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Foreword 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 

IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation
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Preface 

XJ/ACH YEAR, FIRE CAUSES some 6,200 deaths, 30,000 injuries, and $8 bil
lion in property loss in the United States. Nationwide, 2.4 million fires, 
large and small, take their toll. Some, like the 1986 Dupont Plaza Hotel 
fire in Puerto Rico, involve large loss of both life and property. Clearly, 
fire is a major social issue

Most fires involve th
involvement of polymers in fires, there have been no books on current 
research topics in this area of fire research in some years. Given the 
importance of fire and polymers as a social issue and the complexity and 
interest in the relevant basic science, Eli Pearce of Polytechnic Univer
sity of New York and I cochaired a one-week symposium on fire and 
polymers. It was the first major symposium held on fire and polymers at 
an American Chemical Society National Meeting in about five years. 

The symposium was planned as a state-of-the-art meeting, focusing 
on the basic science. Program areas included high heat polymers, fire 
performance of polymers, hazard modeling, mechanism of flammability 
and fire retardation, char formation, effects of surfaces on flammability, 
smoke assessment and formation mechanisms, and combustion product 
toxicity. 

This book is based on that symposium. It is divided into five sections, 
designed to capture a representative segment of the latest research on 
fire and polymers. The book also includes some key contributions not 
presented at the symposium, all edited and organized for this book. The 
contributors are major figures in fire research, drawn from not only the 
United States but also Europe and Israel. 

I gratefully acknowledge the work of Eli Pearce, dean of Arts and 
Sciences and director of the Polymer Research Institute, Polytechnic 
University of New York; Geoffrey N. Richards, director of the Wood 
Chemistry Laboratory, University of Montana; Barbara Levin of the 
National Center for Fire Research, NIST; Stanley Kaufman of Bell 
Laboratories; and Ronald L. Markezich of the Technology Center, 
Occidental Chemical Corporation. Their solicitation of papers was 

xi 
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essential. I also acknowledge the donors of the Petroleum Research 
Fund, administered by the American Chemical Society, for support of 
travel for international speakers at the symposium. 

GORDON L. NELSON 
1988 ACS President 
Florida Institute of Technology 
Melbourne, FL 32902-2366 

January 1990 
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Chapter 1 

Toxic Potency of Fire Smoke 

Measurement and Use 

Barbara C. Levin and Richard G. Gann 

Center for Fire Research, National Institute of Standards and Technology, 
Gaithersburg, MD 20899 

Accurate measuremen
key to reducing huma
summarizes the approaches taken in measuring toxic potency 
and highlights four needed issues still to be researched. 
Direct comparison of only toxic potency values is not a 
valid means of determining the fire safety of materials and 
is not sufficient for evaluating fire hazard. The paper 
describes the N-Gas Model (a new method of assessing toxic 
potency) and two approaches (in which toxic potency is one 
of the factors) for assessing fire hazard: (a) HAZARD I, a 
comprehensive tool for calculating the outcome of a fire, 
and (b) a fire hazard index for comparing the contributions 
of alternative materials to the toxicity component of fire 
hazard. 

As noted ne a r l y f i v e centuries ago, f i r e s produce smoke; and as 
learned t h i s century, most of the f i r e deaths i n t h i s country 
r e s u l t from people breathing that smoke (1). Over the years, the 
United States and Canada have had the worst f i r e l o s s records 
among the i n d u s t r i a l i z e d countries which keep such records (2). At 
present, the United States s u f f e r s 6,000 deaths and 30,000 reported 
i n j u r i e s per year (3). The annual property damage exceeds $7 
b i l l i o n , and the t o t a l cost of f i r e i s over $50 b i l l i o n (4). 

Many f a c t o r s a f f e c t f i r e hazard, or the threat to l i f e s a f e t y 
i n a f i r e . These f a c t o r s include: 

• f i r e s i z e , 
• temperatures generated, 
• v i s i o n impairment by soot and i r r i t a n t gases, 
• smoke t o x i c i t y , 
• ease of escape, 
• b u i l d i n g design, 
• time and c l a r i t y of alarm, and 
• time of extinguishment. 

This chapter not subject to U.S. copyright 
Published 1990 American Chemical Society 
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4 FIRE AND POLYMERS 

There are various innovations that the f i r e science community 
can produce to reduce human los s e s . These include l e s s flammable 
mate r i a l s , e a r l y and accurate f i r e d e t e c t i o n devices, and r e l i a b l e 
suppression systems. Each of these approaches a s s i s t s i n keeping 
the f i r e from becoming large, an important f a c t o r since most 
f a t a l i t i e s i n the United States occur some distance away from the 
room of f i r e o r i g i n from smoke generated from large f i r e s (5). 

As these s t r a t e g i e s are brought to f r u i t i o n , there remains one 
r e l a t e d issue: the determination of a smoke's p o t e n t i a l harm per 
mass of m a t e r i a l burned, i . e . , the t o x i c potency of smoke. 
Accurate measurement of t h i s key c h a r a c t e r i s t i c of f i r e smoke 
permits a more q u a n t i t a t i v e determination of the f i r e ' s t o x i c 
hazard which includes other f a c t o r s as discussed below. Toxic 
potency assessment also t e l l s us whether a small f i r e w i l l produce 
smoke so t o x i c that only a small amount w i l l k i l l . The presence of 
such "supertoxicants" has been a major t o p i c of d i s c u s s i o n w i t h i n 
the f i r e community. 

SMOKE TOXICITY MEASUREMENT 

A l l f i r e smoke i s t o x i c . In the past two decades, a s i z a b l e 
research e f f o r t has r e s u l t e d i n the development of over twenty 
methods to measure the t o x i c potency of those f i r e smokes (6) . 
Some methods have been based on determinations of s p e c i f i c chemical 
species alone. Values f o r the e f f e c t (e.g., l e t h a l i t y ) of these 
chemicals on humans are obtained from (a) e x t r a p o l a t i o n from pre
e x i s t i n g , lower concentration human exposure data or from (b) 
i n t e r p r e t a t i o n of autopsy data from accident and s u i c i d e v i c t i m s . 
The u n c e r t a i n t y i n these methods i s large since: 

• they presume which chemicals i n the smoke are responsible 
f o r i t s t o x i c i t y , 

• the data obtained from autopsies are o f t e n incomplete, 

• autopsy data may have f a i l e d to account f o r metabolic 
changes i n the body or blood (7), or 

• the f a t a l i t y may be the r e s u l t of i n g e s t i o n of the 
toxicant (under which case, an overdose i s l i k e l y ) rather 
than i n h a l a t i o n . 

A second approach to the problem of t o x i c potency measurement has 
been to expose laboratory animals, u s u a l l y rodents, to the smoke 
from the combustion of small samples of a burning m a t e r i a l . 
Measurement of t h e i r response to the smoke leads to one of s e v e r a l 
b i o l o g i c a l endpoints, such as the L C 5 0 (the concentration of smoke 
l e t h a l to .50% of the t e s t animals). In t h i s approach, the animals 
respond to a l l the toxicants that are present i n the smoke. I t 
presumes that rodent m o r t a l i t y can be r e l a t e d to human m o r t a l i t y 
or, more s i m p l i s t i c a l l y , that the r e l a t i v e t o x i c i t y of the smokes 
w i l l be s i m i l a r i n humans and rodents. However, since the r e l a t i v e 
c o n t r i b u t i o n s of the i n d i v i d u a l t o x i c chemicals i n the smoke are 
not determined, a q u a n t i t a t i v e r e l a t i o n s h i p between man and rodent 
i s impossible using t h i s approach. 
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1. LEVIN & GANN Twdc Potency of Fire Smoke 5 

Thus, each of these approaches has i t s drawbacks. While the 
number of methods under serious c o n s i d e r a t i o n has been reduced to a 
few, r e s o l u t i o n of the drawbacks has not been forthcoming. 

Recently, a t h i r d approach has been pursued that e x t r a c t s the 
d e s i r a b l e features of the other methods and minimizes the d i f f i c u l 
t i e s (8-12). This has been c a l l e d the N-gas method. I t i s based 
on the hypothesis that a small number ("N") of gases i n the smoke 
account f o r a large percentage of the observed t o x i c potency. The 
l e t h a l i t y of each of these gases i s determined f o r laboratory 
animals, e.g., r a t s . S i m i l a r measurements f o r combinations of 
these gases t e l l us whether the gases are a d d i t i v e (do not i n t e r a c t 
p h y s i o l o g i c a l l y ) , s y n e r g i s t i c , or a n t a g o n i s t i c . The r e s u l t s of 
these mixed gas tests to date have been reduced to an a l g e b r a i c 
equation which has been e m p i r i c a l l y determined f o r the exposure of 
r a t s to mixtures of CO, C0 2, HCN, and reduced 0 2 (13). 

"ifCOl [HCN
[C0 2] - b d

where brackets i n d i c a t e the a c t u a l atmospheric concentration of the 
gases. We have found that C0 2 acts s y n e r g i s t i c a l l y with CO such 
that as the concentration of C0 2 increases (up to 5%), the t o x i c i t y 
of CO increases. Above 5%, the t o x i c i t y of CO s t a r t s to decrease 
again. The terms m and b define t h i s s y n e r g i s t i c i n t e r a c t i o n and 
equal -18 and 122000 i f the C0 2 concentrations are 5% or l e s s . For 
studies i n which the C0 2 concentrations are above 5%, m and b equal 
23 and -38600, r e s p e c t i v e l y . The term d i s the L C 5 0 value of HCN 
and i s 160 ppm f o r 30 minute exposures or 110 ppm f o r 30 minute 
exposures plus 24 hour post-exposure deaths. (Exposure to CO i n 
a i r only produced deaths during the a c t u a l exposures and not i n the 
post-exposure observation period; HCN d i d cause numerous deaths i n 
the f i r s t 24 hours of the post-exposure p e r i o d ) . The 30 minute 
L C 5 0 of 0 2 i s 5.4% which i s subtracted from the normal concentra
t i o n of 0 2 i n a i r , i . e . , 21%. In our pure and mixed gas st u d i e s , we 
found that i f the value of the above equation i s 1.1 ± 0.2, then 
some f r a c t i o n of the t e s t animals would die. 

I t has been shown that carbon dioxide a l s o increases the 
t o x i c i t y of the other gases c u r r e n t l y included i n the model. For 
example, the 30 minute plus 24 hour L C 5 0 value of HCN decreases to 
75 ppm and that of 0 2 increases to 6.6% i n the presence of 5% C0 2 . 
However, we e m p i r i c a l l y found that the e f f e c t of the C0 2 can only 
be added i n t o t h i s equation once. At t h i s time, we have data on 
the e f f e c t of various concentrations of C0 2 on CO and only have 
information on the e f f e c t of 5% C0 2 on the other gases. Since CO 
i s the t o x i c a n t most l i k e l y to be present i n a l l r e a l f i r e s , we 
have included the C0 2 e f f e c t i n t o the CO f a c t o r . As more informa
t i o n becomes a v a i l a b l e , the N-Gas equation w i l l be changed to 
i n d i c a t e the e f f e c t of C0 2 on the other gases as w e l l . 

Caution: The values used i n the above equation are dependent on the 
t e s t p r o t o c o l , on the source of t e s t animals, and on the r a t 
s t r a i n . I t i s important to v e r i f y the above values whenever 
d i f f e r e n t conditions p r e v a i l and i f necessary, to determine the 
values that would be a p p l i c a b l e under the new c o n d i t i o n s . 
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6 FIRE AND POLYMERS 

At t h i s time, the above equation i s f o r animal exposures of 30 
minutes and includes deaths that occur w i t h i n the f o l l o w i n g 24 
hours. Post-exposure deaths that occur a f t e r that are not 
pr e d i c t e d by the model. Some data e x i s t s to expand t h i s equation 
to other exposure times (11,13). 

To measure the t o x i c potency of a given m a t e r i a l with the N-Gas 
approach, a sample i s combusted under the conditions of concern 
(e.g., non-flaming or flaming) and these p r i n c i p a l components of 
the smoke measured. Based on the r e s u l t s of the chemical a n a l y t i 
c a l t e s t s and the knowledge of the i n t e r a c t i o n s of these four 
gases, an approximate L C 5 0 value i s pre d i c t e d . In one or two 
fu r t h e r t e s t s , s i x ra t s are exposed to the smoke from a sample of 
such s i z e that the smoke should produce an atmosphere that i s 
p r e d i c t e d to be j u s t below the observable l e t h a l l e v e l . The deaths 
of a l l of the animals then i n d i c a t e s the presence of unknown 
tox i c a n t s . S u r v i v a l of a l l the animals allows use of the ap
proximate L C 5 0 c a l c u l a t e
lower l i m i t f o r r a t s . I
L C 5 0 can be determined. Tables I-I I I (13) sho  some t y p i c a l 
r e s u l t s using t h i s method. The good agreement (deaths of the 
animals when the N-gas values were above 0.9) i n d i c a t e s the high 
promise of t h i s approach. This method reduces the elapsed time and 
the number of t e s t animals needed f o r the t o x i c potency determina
t i o n and also i n d i c a t e s whether the t o x i c i t y i s usual ( i . e . , the 
t o x i c i t y be explained by the measured gases) or i s unusual 
( a d d i t i o n a l gases are needed to ex p l a i n the t o x i c i t y ) . 

Table I. Predictability of N-Gas Model Using CO, C O r and Reduced 0 2

a 

N-GAS DEATHS 
EXPOSURE WITHIN POST DAY OF 
VALUE EXPOSURE EXPOSURE DEATH 

0.84 0/6 0/4 
0.89 0/6 0/4 -
0.93 0/6 1/4 0 
0.96 0/5 0/4 -
1.01 3/6 0/3 -
1.06 4/6 1/2 3 
1.07 3/6 1/2 0 
1.12 4/6 0/1 -
1.22 5/6 o/i -

a. The information i n t h i s table was modified from reference 13. 
In a l l experiments, 6 rats were exposed. The t o t a l number of r a t s 
i n the post-exposure observation time changes because some r a t s 
were s a c r i f i c e d f o r blood and some had died during the exposure. 
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1. LEVIN & GANN Toxic Potency ofFire Smoke 

Table II. Predictability of N-Gas Model Using CO, C 0 2 , and H C N 8 

N-GAS VALUE 
WITHIN POST 
EXPOSURE EXPOSURE 

DEATHS 
WITHIN POST DAY OF 
EXPOSURE EXPOSURE DEATH 

0. ,74 0.95 0/6 1/6 0 
0. .87 1.03 0/6 1/6 1 
0, ,93 1.01 0/6 0/6 -
1, .00 1.11 0/6 2/6 1,3 

a. See legend of Table I. 

Table III. Predictability of N-Ga

N-GAS VALUE 
WITHIN POST 
EXPOSURE EXPOSURE 

0.77 
0.91 
1.06 
1.08 
1.22 

1.23 

DEATHS 
WITHIN POST DAY OF 
EXPOSURE EXPOSURE DEATH 

0/6 
0/6 
1/6 
0/6 
4/6 

0/6 
0/6 
1/5 
0/6 
0/2 

a. See legend of Table I. 

The t o x i c potencies of many materials have been measured using 
a v a r i e t y of the t o x i c i t y t e s t methods. Comparison of t o x i c 
potency r e s u l t s between the various methods i s , i n most cases, 
meaningless. The frequent lack of agreement between methods i s due 
to d i f f e r e n t methods of combustion, species of animals, and ex
perimental apparatus ( i . e . , open or clo s e d devices; also r e f e r r e d 
to as dynamic or s t a t i c systems). 

Most importantly, none of the methods have, been s u f f i c i e n t l y 
checked to assess how w e l l they reproduce the gas y i e l d s or even 
the L C 5 0 values from the appropriate segments of r e a l - s c a l e f i r e 
t e s t s . To begin t h i s process, a comparison procedure has been 
developed and a few materials have been checked using the NBS 
bench-scale combustor and the N-gas method (14,15). 

Thus, there remain a small number of d i s c r e t e , h i g h l y important 
t e c h n i c a l issues to be researched i n the f i e l d of t o x i c potency 
measurement: 

A d d i t i o n of a few more key gases to the N-gas equation, 
so that the l e t h a l i t y (both w i t h i n exposure and post
exposure) of most smokes i s e x p l i c a b l e ; 
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3 FIRE AND POLYMERS 

• Determination of the proper combustion c o n d i t i o n s of 
samples under small-scale laboratory c o n d i t i o n s ; 

• V a l i d a t i o n of small-scale r e s u l t s against the r e a l - s c a l e 
f i r e conditions of i n t e r e s t ; and 

• E x t r a p o l a t i o n of the features of the N-gas equation from 
rodents to humans. 

Much of t h i s research could, i n concept, be extended to sub
l e t h a l e f f e c t s . There i s already some i n d i c a t i o n of a r e l a t i o n s h i p 
between the smoke concentrations that cause death and those that 
r e s u l t i n p h y s i c a l c o l l a p s e of the t e s t animals (16). However, 
more subtle e f f e c t s , such as decrease i n human mental a c u i t y , are 
expected to be very d i f f i c u l t to assess using rodent data. 

USES OF TOXIC POTENCY DAT

There i s general agreemen g  regu l a t o r
a l i k e that d i r e c t comparison of L C 5 0 values (or any of the other 
t o x i c potency measures) i s not a v a l i d means of determining the 
r e l a t i v e f i r e s a f e t y of materials. Many other f a c t o r s a f f e c t the 
true hazard that a commercial product presents i n a f i r e . Thus, a 
product with a r e l a t i v e l y high t o x i c potency might be considered 
acceptable i f i t i s used i n small q u a n t i t i e s or i f i t i s d i f f i c u l t 
to i g n i t e . The same product might be considered unacceptable i f 
used i n large q u a n t i t i e s i n a room with a powerful i g n i t i o n source. 
Thus, t o x i c potency numbers are but one f a c t o r i n the c a l c u l a t i o n 
of the threat to people i n f i r e s . 

There are two approaches that may be taken i n i n t e g r a t i n g a l l 
of these f a c t o r s . The f i r s t i s a f u l l c a l c u l a t i o n of the hazard 
from f i r e s . This c a l c u l a t i o n requires the use of a computer and a 
s i z a b l e amount of expert judgment. The second approach involves a 
derived index. This i s generally an a l g e b r a i c combination of a few 
pieces of data leading to a value i n d i c a t i v e of r e l a t i v e f i r e 
s a f ety. An example of each approach i s provided below. 

F i r e Hazard Assessment Methodology. HAZARD I i s a set of pro
cedures combining expert judgment and c a l c u l a t i o n s to estimate the 
consequences of a f i r e r e s u l t i n g from changes i n such aspects as: 
materials f i r e p r o p e r t i e s , f i r e m i t i g a t i o n s t r a t e g i e s , types of 
people present, and elements of b u i l d i n g design (17). The 
procedures involve four steps: 

• Defining the f i r e problem; 

• Defining the f i r e s of concern i n the problem; 

• Using the HAZARD I software to c a l c u l a t e the outcome of 
each of those f i r e s , checking the s e n s i t i v i t y of the 
r e s u l t s to any assumptions made; and 

• Evaluating the consequences of the c a l c u l a t e d f i r e s 
against a required performance l e v e l or t r a d i t i o n a l 
a l t e r n a t i v e . 
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1. LEVIN & GANN Toxic Potency of Fire Smoke 9 

The c a l c u l a t i o n of the f i r e ' s outcome i n the t h i r d step 
includes the d i s t r i b u t i o n of heat, smoke, and t o x i c gases through
out the b u i l d i n g of concern. I t allows the i n t r o d u c t i o n of people 
int o that b u i l d i n g and monitors t h e i r movement i n response to the 
f i r e . They may escape s a f e l y or f a i l to escape due to heat or the 
i n h a l a t i o n of t o x i c smoke. The b e n e f i t s of changing some component 
of the defined f i r e problem i s observed i n the change i n the number 
of deaths predicted, rather than by d i r e c t comparison of the t o x i c 
potencies of the d i f f e r e n t smokes. This mirrors the complexity of 
r e a l - l i f e f i r e s . 

A F i r e Hazard Index. There are a number of s i t u a t i o n s where a l l 
that i s needed i s an i n d i c a t i o n of whether a change i n a s p e c i f i c 
commercial product i s b e n e f i c i a l or not. In these cases, one can 
presume that the people exposed to the f i r e and the b u i l d i n g i n 
which the f i r e e x i s t s are f i x e d . Moreover, i t must be e s t a b l i s h e d 
that t o x i c i t y i s the sol  threat t t smok  obscuratio
or heat. 

With those s i m p l i f i c a t i o n s
t o x i c impact of the smoke are combined. One recent approach (18) 
proceeds as follows. To s t a r t , i t i s c l e a r that the f a s t e r the 
already flaming m a t e r i a l burns, the more mass i s converted from 
s o l i d to smoke. Second, the hazard i s d i r e c t l y r e l a t e d to the 
t o x i c potency of the smoke. Since low L C 5 0 values i n d i c a t e high 
t o x i c potency, t h i s parameter appears i n the denominator. Third, 
the hazard depends on how s w i f t l y the f i r e spreads, i n v o l v i n g more 
and more m a t e r i a l . Flame spread can be considered as a s e r i e s of 
i g n i t i o n s . Again, since a long i g n i t i o n delay time (high r e s i s 
tance to i g n i t i o n ) reduces the hazard, i t als o appears i n the 
denominator. These f a c t o r s lead to the f o l l o w i n g equation: 

. _. . _ , Mass Loss Rate Toxic F i r e Hazard Index oc —- — t i g x L C 5 0 

Note that t h i s index only produces a r e l a t i v e number. Two products 
with widely d i f f e r e n t values of the index might be equally safe i f , 
i n f a c t , n e i t h e r impedes escape. Conversely, two products with 
apparently s i m i l a r values may produce d i f f e r e n t hazard l e v e l s i f 
both products are close to the margin of safety. Thus, the scale 
f o r any index must be " c a l i b r a t e d " , and i t may w e l l be d i f f e r e n t 
f o r each b u i l d i n g or type of occupant. Generally, t h i s w i l l 
r e q u ire a more complete hazard a n a l y s i s and/or f u l l - s c a l e f i r e 
t e s t s . Protocols f o r doing t h i s are c u r r e n t l y under co n s i d e r a t i o n . 

CONCLUSION 

Knowing the impact of smoke t o x i c potency on escape from a f i r e i s 
of s u f f i c i e n t importance that i t has been the subject of research 
f o r over twenty years. As a r e s u l t , we now have a r e a l i s t i c 
p i c t u r e of proper contexts f o r the use of t o x i c potency data and a 
s e r i e s of f i r s t - g e n e r a t i o n t o o l s f o r measuring i t . We als o have a 
v i s i o n of the key t e c h n i c a l issues to be resolved: developing a 
proper small-scale f i r e simulator, r e l a t i n g rodent r e s u l t s to 
people, and v a l i d a t i n g the small-scale data. 
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Chapter 2 

Toxicity of Smoke Containing Hydrogen 
Chloride 

Gordon E. Hartzell1, Arthur F. Grand, and Walter G. Switzer 

Southwest Research Institute, P.O. Drawer 28510, San Antonio, TX 78284 

Hydrogen chloride (HCl)
about which there ha
formed from the combustion of chlorine-containing materials, the most 
notable of which is polyvinyl chloride (PVC). Hydrogen chloride is 
both a potent sensory irritant and also a pulmonary irritant. It is a 
strong acid, being corrosive to sensitive tissue such as the eyes. 
Assessment of the toxicity of HCl in humans is made particularly 
difficult due to the lack of a suitable animal model for its variety of 
toxicological responses. In spite of these difficulties, a clearer picture 
of the role of HCl in the toxicity of smoke is gradually being 
developed. 

The effects of a toxicant may be characterized as being either lethal or sublethal. In 
spite of the common use of lethality as the index in combustion toxicology, the 
sublethal and possibly incapacitating toxic effects are most relevant to escape from a 
fire. When considered along with other factors such as pre-existing state of health 
and physical activity, sublethal effects will ultimately be the most useful to fire scien
tists and engineers in assessing toxic hazard. However, since toxicologists are limited 
with regard to sublethal response data on humans and nonhuman primates, attention 
must be given to the use of the rodent as an animal model, for both lethal and 
sublethal responses. In the case of the asphyxiant or narcosis-producing toxicants, 
carbon monoxide and hydrogen cyanide, it seems generally agreed that the rat is a 
reasonable model. With H Q and its irritant properties, choice of the appropriate 
animal model is quite complicated, particularly for sublethal effects. Rats, mice, 
guinea pigs and baboons have all been used, the latter only to a very limited extent, 
however. 

There appears to be no question that the guinea pig is more sensitive to H Q 
than the rat or the mouse. Whether or not this greater sensitivity is meaningful in 
terms of human exposure is uncertain. Sublethal, respiratory responses of the guinea 
pig to the inhalation of HC1 are claimed to be more comparable to those of humans, 
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i.e., initial sensory irritation, followed by a brief period of pulmonary irritation and 
then bronchoconstriction (1). Furthermore, it has been observed that the guinea pig, 
under conditions of moderate exercise, is more susceptible to HC1 than when it is 
restrained (2). The tendency for severe bronchoconstriction, as well as laryngeal 
spasms and airways protective reflexes, by the guinea pig may cause it to be 
particularly sensitive to HC1, often leading to death either during or shortly after 
exposure. This is seen in the case of 30 minute (14-days postexposure observation) 
LCJO determinations, with the value for the guinea pig being about one-third that for 
the rat (3). There are those who would feel that the guinea pig is too sensitive, 
however. 

A comparison of R D ^ (respiratory depression) and L C ^ values of HC1 
demonstrates that the mouse is also more sensitive than the rat to both the sensory 
irritant and also to the lethal effects of HC1. However, it has been claimed that the 
mouse may still be 7 to 10 times less sensitive than man and that a correction factor 
is required to extrapolate mice lethality data to man (4). The correction factor is 
based on the observation tha
lethal in mice exposed vi
inhalation (5). The assumption was made that the respiratory tract of the mouse 
fitted with a tracheal cannula is comparable to that of a mouth-breathing human, an 
assumption which, to some, may be of questionable validity. It ignores the scrubbing 
capability of man's oral mucosa and marked differences in the tracheobronchial and 
pulmonary regions between the mouse and man (6). Furthermore, studies with the 
baboon, an animal species whose upper airway is recognized as a useful model for 
the human (7), refute the claim that man is more sensitive than the mouse to the 
lethal effects of H Q . These studies have shown unquestionably that baboons can 
survive short exposures to much higher concentrations of HC1 than can the mouse (8). 

Hydrogen chloride was found not to be physically incapacitating to baboons 
subjected to concentrations up to 17,000 ppm for 5 minutes (8). (The toxicant was 
reported, however, to cause an incidence of postexposure death at these high doses.) 
Comparable studies have not been conducted using actual P V C smoke. There have 
been questions as to the extent of respiratory dysfunction and susceptibility to 
infection caused by exposure to hydrogen chloride and P V C smoke. One study using 
baboons exposed to P V C smoke containing up to 4000 ppm HC1 did not, however, 
indicate any significant residual effects on pulmonary function when tested at 3 days 
and again at 3 months postexposure (9). 

Studies of the respiratory effects of both H Q and P V C smoke have been 
conducted, with marked differences being observed between rodents and nonhuman 
primates (9,10). In rodents (mice and rats), the response to both H Q and P V C 
smoke consists of a decrease in respiratory rate and minute volume, the typical 
response to a sensory irritant. In the anesthetized baboon, the responses both to PVC 
smoke and to H Q were similar, being characterized by an increase in respiratory rate 
and minute volume. Blood oxygen (PaOJ values were reduced during exposure to 
both flaming and nonflaming P V C smoke; however, the hypoxemia was not as severe 
as that produced by exposure to a comparable concentration of pure H Q gas. 
Changes in pH and PaC0 2 values in P V C smoke-exposed animals were also less 
marked than in HQ-exposed animals. 

Considerable controversy continues to exist as to what concentration of H Q is 
hazardous to man. Although numerous studies of the acute effects of H Q have been 
conducted with rodents, it is questionable whether lethality data from rodents can be 
directly extrapolated to man because of anatomical differences in the respiratory tract 
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of the rodent and the primate. Interestingly, exposure doses (concentration x time) of 
HC1 which cause postexposure lethality in rats are in the same range as those which 
have resulted in postexposure deaths of baboons, although the data for baboons are 
very limited and the comparison made is rather subjective (11). The lethal toxic 
potency of H Q with rats is actually only somewhat greater than that of carbon 
monoxide (12). Consideration of the exposure dose of carbon monoxide thought to 
be hazardous to humans would lead one, based simply on relative lethal toxic 
potencies, to suspect that exposure of humans to the range of 700 ppm or more of 
HC1 for 30 minutes would be highly dangerous. It would be prudent to realize that 
HC1 is dangerous to humans at concentrations well below those indicated by its lethal 
toxic potency (13,14). 

Hydrogen Chloride in Smoke Toxicity Studies 

Animal model lethality is the most common toxicity index used in the evaluation of 
materials for the toxicity of smoke (15). It is also the most common index used in 
toxic hazard modeling (16). Ther
is most easily incorporated int
available for lethality than for sublethal effects. Extrapolation of lethality results to 
humans is more readily done and with greater confidence. For the purposes of 
current smoke toxicity testing methodology and toxic hazard analyses, a conclusion, 
based on the comparative data shown in Table I, is that the rat is a reasonable model 
for inhalation of HC1 (3). Therefore, subsequent discussions will involve studies 
using rat lethality as the measured toxicological index. It should be added that, 
although most studies have been conducted with HC1, the effects discussed are likely 
to be experienced with irritants in general. 

Table I. Lethal Toxic Potencies of Hydrogen Chloride 
(LCy, Values in ppm) 

Exposure 
Time 
(min) Rats Mice Guinea Pigs Baboons* 

5 15,900a 13,745 b 17,000 
10 8,370 a 10,138c 

15 6,920 a 2,900 d 10,000 
22.5 5,920 a 

30 3,800 a 2,644b l ,350 d 5,000 
60 2,810 a 

a) Hartzell (1 l)-includes 14 days postexposure 
b) Darmer (17)-includes 7 days postexposure 
c) Alarie (18>-includes 3 hours postexposure 
d) Hartzell (3)-includes 14 days postexposure 
* These values are not LC^ ' s , but estimates based on conditions of animals after 

exposure. The 5-minute exposure resulted in postexposure deaths (8). The 15-
and 30-minute exposures yielded subjects that survived indefinitely (11). 

Source: Reprinted with permission from reference 19. 

The consequences of exposure to atmospheres containing multiple toxicants 
have only recently begun to be realized. Although individual fire gas toxicants may 
exert quite different physiological effects through different mechanisms, when present 
in a mixture each may result in a certain degree of compromise experienced by an 
exposed subject. It should not be unexpected that varying degrees of a partially 
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compromised condition may be roughly additive in contributing to incapacitation or 
death. This has been demonstrated in a number of studies, and is a key element in 
the assessment of toxic hazard from analytical data. 

There is a further complication with combined toxicants which is more 
difficult to deal with. Each individual toxicant may have physiological effects other 
than that of its principal specific toxicity. These effects, particularly those involving 
the respiratory system, may alter the rate of uptake of other toxicants. For example, 
hydrogen cyanide is known to cause hyperventilation early in an exposure, with 
fourfold increases in the R M V of monkeys being reported (20). (Respiration 
eventually slows as narcosis results, however.) It has been suggested that this initial 
hyperventilation in primates may result in faster incapacitation from H C N than would 
be expected, along with more rapid COHb saturation should CO also be present. 
Carbon monoxide, in decreasing the oxygen transport capability of the blood, 
eventually results in a condition of metabolic acidosis. A slowing of respiration also 
results from the induced state of narcosis. Carbon dioxide is a respiratory stimulant 
which increases the rate of uptak
formation of COHb from inhalatio
rodents due to sensory irritation, V  primate  pulmonary
tion. With primates, there is also evidence of an irritant (HQ) causing 
bronchoconstriction which may interfere with oxygen reaching the alveoli for diffusion 
into the blood. With all these effects possible in the inhalation of mixtures of 
toxicants in real fire effluents, the situation is extremely complex. Very little research 
using toxicant combinations has been conducted using primates and the full 
seriousness of the combined effects on incapacitation and death of humans exposed to 
fire gas atmospheres is not fully understood. It is reasonable to say, however, that 
the effects described certainly do not favor the safety of those exposed. 

In spite of the complexity of dealing with atmospheres containing multiple 
toxicants, considerable progress has been made in understanding some of the effects 
from studies using rodents. For example, it is fairly well agreed that carbon 
monoxide and hydrogen cyanide appear to be additive when expressed as fractional 
doses required to cause an effect (21,22). Thus, as a reasonable approximation, the 
fraction of an effective dose of CO can be added to that of H C N and the time at 
which the sum becomes unity (100%) can be used to estimate the presence of a 
hazardous condition. 

In the case of mixtures of hydrogen chloride and carbon monoxide, empirical 
analysis of toxicological data shows that exposure doses leading to lethality of rats 
may also be additive (12). This is illustrated in Table II, in which data for mixtures 
of H Q and CO are expressed as fractional lethal doses. Summation of the fractional 
doses approximates unity for 50% lethality in each case. Although not confirmed 
with primates, these studies imply that hydrogen chloride may be much more 
dangerous than previously thought when in the presence of carbon monoxide or, 
conversely, carbon monoxide intoxication may be much more serious in the presence 
of an irritant. A rapid respiratory acidosis was seen in the blood of rats exposed to 
H Q , which when coupled with the metabolic acidosis produced by CO, resulted in 
severely compromised animals. This could be quite serious with real fires involving 
P V C , since carbon monoxide is almost always present from the burning of other 
materials. The effect may have significance with human exposure, such as prolonged 
hypoxemic conditions following rescue or escape. There is also some suggestion that 
the incapacitating effects of carbon monoxide may be enhanced in primates upon 
simultaneous exposure to H Q , the presence of which causes the blood Pa0 2 to be 
decreased (23). This is probably the case with other irritants as well. 
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Table II. Summation of Fractional Effective (Lethal) Doses for 
30-Minute Exposure of Rats to Mixtures of CO and H Q 

CO H Q 
Fractional Fractional I F E D 

ppm Lethal Dose ppm Lethal Dose (50% Lethality) 

6400* 1.0 _ _ 1.0 
5700* 0.89 600 0.16 1.05 
5300* 0.83 1000 0.26 1.09 
4150 0.65 1900* 0.50 1.15 
3000 0.49 2100* 0.55 1.04 
- - 3800* 1.0 1.0 

* Represents experimental L C ^ value in the presence of a fixed concentration of 
the cotoxicant. 

It has recently been observe
doses between HC1 and H C
postexposure) LCJO values for HC1 and H C N , along with three LC*, values for H C N 
in the presence of fixed concentrations of H Q . 

Table III. Summation of Fractional Effective (Lethal) Doses for 
30-Minute Exposure of Rats to Mixtures of H C N and H Q 

H C N H Q 
Fractional Fractional I F E D 

ppm Lethal Dose ppm Lethal Dose (50% Lethality) 

212* 1.0 _ _ 1.00 
219* 1.03 600 0.16 1.19 
116* 0.55 1000 0.26 0.81 
70* 0.33 1900 0.50 0.83 

- - 3800* 1.00 1.00 

* Represents experimental L C ^ value in the presence of a fixed concentration of 
the cotoxicant. 

Particularly striking was the incidence of postexposure deaths from concentrations of 
the toxicants each of which alone would not be expected to result in any 
postexposure lethality. Deaths were often several days after the exposure, as 
illustrated in Table IV. 

Table IV. Pattern of Lethality After Exposure of 
Rats to H Q and H C N 

Exposure Postexposure Number Dead Total 
Average Average Number Number 
H C N (ppm) H Q (ppm) Dead Day 0 Days 1-4 Days 5-14 Dead 

170 - 0 0 0 0 0/6 

- 1800 0 0 0 0 0/6 
100 1900 0 0 0 6 6/6 
180 1000 1 0 2 2 5/6 
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Although in most real multimaterial fires, exposure doses of CO produced 
normally far exceed those of other toxicants, significant combined effects have 
certainly been demonstrated with rodents in the laboratory. In addition to those 
described here with CO, H C N and HC1, such effects have also been reported due to 
C 0 2 and to low oxygen when in combination with the narcotic toxicants (22,25). 
These all need to be studied further, preferably with nonhuman primates, in order to 
determine their impact on hazards to humans. Smoke atmospheres are likely to be 
much more hazardous than one would initially suspect from consideration of the 
concentrations of the individual toxicants taken separately. Perhaps, the major 
concern should not be so much the toxicity of HC1 or H C N , but rather, the toxicity 
of combinations of these gases with CO, C 0 2 and low oxygen as may be present in 
smoke. 

Polyvinyl Chloride Smoke 

Studies have been conducted to expose animals to a constant, known concentration of 
HC1 as produced from the combustio
dependent upon other experimenta
burned. Thus, the technique does not lend itself to determination of an LC*, based 
on P V C . Estimates can be made, however, by referring to published data which were 
obtained using the continuous combustion device (12). 

The 30-minute LC*, values (14-days postexposure) based on HC1 were 
determined for guinea pigs and for rats exposed to smoke produced from both 
flaming and nonflaming P V C . Data are shown in Table V . Both rodent models 
show the same trend, with guinea pigs being considerably more sensitive than rats 
and with the HC1 produced from P V C having a greater "apparent" toxicity. This may 
be due to the presence of other irritants in addition to H Q , or perhaps to 
complications in respiratory penetration patterns involved with the complex 
gas/aerosol/particulate mixtures found in smoke. 

Table V. Lethal Toxic Potencies of Hydrogen Chloride 
Produced from Polyvinyl Chloride 
(30-Minute LC*, Values in ppm)* 

Rat Guinea Pig 

HC1 3,800 (3,100-4,800) 1,350 (1,100-1,800) 
HC1 (PVC Nonflaming) 2,900 (2,200-3,700) 910 (660-1,500) 
H C L (PVC Haming) 2,100 (1,600-2,500) 650 (460-1,240) 

* Values in parentheses are 95% confidence limits. 

Modeling of Toxicological Effects of Fire Effluents 

The apparent additivity of fractional doses of the major fire gas toxicants, including 
HC1, serves as the basis for modeling methodology being developed for use in the 
prediction of the toxic effects of fire effluents. Such methodology is beginning to 
provide useful tools for the assessment of toxic hazards in fires by combustion 
toxicologists and fire safety engineers. In addition to the estimation of toxic hazards 
from time-concentration data for individual toxicants, smoke concentration and toxic 
potency values can also be used for simulation of multimaterial fires (26). One such 
model, termed the fractional effective dose (FED) model, takes the form of Equation 
(1) for (n) materials. The total fractional effective exposure dose at any time (t) 
would be: 
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n 
t C. - b. 

K. dt 0) 
(bi) 

where Q represents smoke concentration (from mass burning rate data) and Ki and b{ 

characterize a material's smoke toxicity (27). (1^ and are the slope and intercept 
of a plot of LCso vs. 1/time-of-exposure for the smoke produced by a burning 
material.) The time at which Equation (1) becomes unity (100%) is the time of 
exposure which would be expected to result in 50% effect. This summation of 
fractional effective doses for smoke from the burning of combinations of materials is 
justified on the basis of the apparent additivity of fractional doses of the major 
individual fire gases (21,22,28-30). Computer programs, using a variety of fire 
scenarios and material input data, have been developed for assessing potential toxic 
hazard for multimaterial fires by this method. 

An obvious utility fo
of exchanging one material fo
addition of a new material, perhaps one of high toxicity but with a low burning rate. 
It can be used to evaluate the contribution of a material that does not become 
involved until the later stages of a fire. The model has the potential of assessing the 
trade-offs of flammability vs. toxicity often encountered with the use of fire 
retardants. 

A word of caution should be made with respect to estimating tenability for 
human exposures. Experimental L C ^ values are determined using rat lethality as the 
bioassay. Judgement should be exercised for human tenability, with limits set 
considerably lower than FED summation at unity. An FED limit of, perhaps, 0.3 
may be more appropriate for assessment of the potential escape of humans. 
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Chapter 3 

Role of Hydrogen Cyanide in Human Deaths 
in Fire 

Y. Alarie, R. Memon, and F. Esposito 

Graduate School of Public Health, University of Pittsburgh, 
Pittsburgh, PA 15261 

Samples of smoke during f ires have indicated that hy
drogen cyanide is
cause the levels foun
However, blood analysis of cyanide in f i re victims has 
revealed high levels of this chemical in f i re victims. 
This study confirms previous studies that cyanide plays 
a definite role in f i re deaths. Thus, i t cannot be i g 
nored when investigating the principal toxicants invol
ved in f ire victims. The fact that hydrogen cyanide is 
more potent and faster acting than carbon monoxide may 
have further importance in f ires involving large quan
tities of nitrogen containing polymers. 

It is well known that hydrogen cyanide can be liberated during combu
stion of nitrogen containing polymers such as wool, s i lk , polyacrylo-
n i t r i l e , or nylons (1, 2). Several investigators have reported cyan
ide levels in smoke from a variety of f i re s (3, 4, 5). The levels 
reported are much below the lethal levels. Thus the role of cyanide 
in f i re deaths would seem to be quite low. However, as early as 1966 
the occurence of cyanide in the blood (above normal values) of f i r e 
victims was reported (6). Since then many investigators have reported 
elevated cyanide levels in f i r e victims (7-13). However, i t has been 
d i f f i cu l t to arrive at a cyanide blood level which can be considered 
lethal in humans. In this report the results of cyanide analysis in 
blood of f i re victims are reported as well as the poss ib i l i ty that 
cyanide may, in some cases, be more important than carbon monoxide as 
the principal toxicant in f i r e smoke. 

MATERIALS AND METHODS 

Sixteen c it ies/jur isdict ions in the U. S. and Canada have part ic ipa
ted in this study as l i s ted in Table I. Fire death reports were co l 
lected from January 1984 until March 1989. For each f i re death, a 
report from the f i r e department was submitted. An autopsy report was 
submitted by the medical examiner or coroner. Laboratory reports on 
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Table I. Participants in Fire Deaths Data Collection 

Cit ies/Jurisdictions Fire chiefs, Project Off icers, 
Medical Examiners, Coroners, 
Pathologists, Analytical Chemists 

Akron 
Ohio 

J . Harris, R. Schueller, W. Cox, 
W. Hamlin 

Birmingham 
Alabama 

N. Gallant, 0. D. Steadman, 
R. M. Br iss ie, C. Walls 

Calgary 
Alberta, Canada 

T. Minhinnett, C. Nickel, J . C. 
Butt 

Columbus 
Ohio J . Ferguson, P. Fardal 

Dallas 
Texas 

D. M i l le r , L. Mount, C. Petty, 
W. T. Lowry 

Denver 
Colorado 

M. Wise, N. Dinerman, G. Ogura, 
D. Wingeleth 

Edmonton 
Alberta, Canada 

R. Walker, T. F. Mansell, G. 
Jones 

Miami 
Florida 

K. McCullough, J . Gi lbert, 
J . Davis, L. R. Bednarczyk 

Newark 
New Jersey 

S. Kossup, A. Freda, R. Goode, 
D. Bar i l lo 

Pierce County 
Washington 

J . Burgess, E. Lacsina, W. Hamlin 

Pittsburgh/Allegheny 
County, Pennsylvania 

J . Harper, R. Jedrzejewski, J . 
Perper, C. Winek, F. Esposito 

Seattle 
Washington 

C. Harris, D. Vickery, D. Ready, 
W. Hamlin 

Syracuse 
New York 

T. F. Hanlon, M. S. Waters, E. 
Mitchell 

Tacoma 
Washington 

T. Mitchel l , R. Beardsly, E. Lac
sina, W. Hamlin 

Wichita 
Kansas 

J . E. Sparr, T. Austin, W. Eckert, 
W. Hamlin 
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blood analysis were submitted by the medical examiner and these data 
are reported here. A total of 369 f i r e f a t a l i t i e s were reported and 
303 of them considered for stat ist ica l evaluation. The cases consid
ered are those 1n which blood could be obtained within a few hours af 
ter death, and was refrigerated and analyzed within 24 hours in most 
cases or 48 hours. Cases in which the victims died after being t rea
ted are omitted. The reports for blood analysis contained informatioi 
for the following items: carboxyhemoglobin, cyanide, ethanol, ben
zene, total hemoglobin, and methemoglobin as given in Table II. Pro
ficiency blood samples were prepared for carboxyhemoglobin, cyanide 
and ethanol determinations. Five laboratories participated with the 
results of one survey presented in Table III. 

RESULTS 

The age group, sex and rac  distribution f th  f i r  victim
given in Figures 1-3. Th
cyanide are presented i  Figure  methemoglobi
below 3% in the majority of the cases and the benzene level below 0.5 
mg/L in the majority of the cases. No value was found above 5.0 mg/L 
No correlation was found between blood carboxyhemoglobin and ethanol 
levels or carboxyhemoglobin and cyanide levels as shown in Figures 7 
and 8. 

DISCUSSION 

As shown in Figure 8, i f we accept a level above 50% COHb level as 
probably lethal for humans, 148 cases had a COHb level exceeding i t . 
This is s l ight ly more than 50% of the total cases (292) evaluated for 
COHb. If we accept a level above 1.0 mg/L cyanide in blood as prob
ably lethal for humans, 47 cases (18%) had a cyanide level exceeding 
i t out of 255 total cases evaluated for this agent. As also shown in 
Figure 8, 39 victims had both carboxyhemoglobin levels and cyanide 
levels above the lethal levels given above while 16 of them had a 
cyanide level above the lethal level but carboxyhemoglobin below the 
lethal l eve l . Cyanide alone, as a cause of death, is therefore not 
encountered as frequently as carbon monoxide. 

The results presented in Figure 8 are very similar to the result 
of Anderson et a l . (8) and both investigations show that a large 
number of victims died with less than 50% COHb and less than 1 mg/L o 
cyanide. We could conclude that in these cases both agents acting 
together wi l l result in less COHb and cyanide at death as demonstrate 
in experimental animals exposed to CO and HCN in combination (12). 
However, i f this was so, the cases with higher than 50% COHb and high 
er than 1 mg/L of cyanide become unexplainable. How can such high 
levels of CO and cyanide together be present, much above what we thin 
is a lethal level for either one alone? At the same time we have re
sults on f i r e victims showing pract ical ly no CO or cyanide. In some 
of the later cases cardiovascular or other diseases may be responsibl 
(12). However, many of such cases reported here were healthy ch i l d 
ren as indicated by the autopsy reports. Thus other contributing 
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Table II. Blood Analysis of Fire Victims for 303 Total Cases 

A 
Distribution 

B C D Detection 
Level Value 

Measurements a 

Carboxyhemoglobin 262 30 8 3 IX 
Cyanide^ 199 56 42 6 .01 mg/L 
Ethanol c 111 165 23 4 .01X 
Benzene 51 30 216 6 .1 mg/L 
Methemoglobin 81 37 180 5 .1 X 
Total Hemoglobin 93 - 203 7 -

Cases reported above
Cases tested but belo
Cases not tested 
Cases unknown 

Spectrophotometry 
Microdiffusion and Spectrophotometry 
Gas Chromatography 

Table III. Comparison of Results 
for Blood Levels of Carboxyhemoglobin, 

Cyanide and Ethanol 

Carboxyhemoglobin Cyanide Ethanol 
(X) (mg/L) (g/dL) 

Levels Levels Levels 

1 2 3 1 2 3 1 2 3 
Target Value - - - 0 3.8 8.6 0.049 0.095 0.540 
Laboratories 

A 19 36 71 0 4.7 9.2 0.045 0.10 0.595 
B 16.4 35.7 72.5 0 3.7 6.6 0.045 0.096 0.578 
C 20.6 40.4 76 0.13 4.1 7.3 0.034 0.082 0.71 
D 19 35 72 0 4.1 6.5 0.045 0.09 0.557 
E 17 36.9 73.1 0 4.0 8.0 

Stat i s t ica l Analysis 
n 5 5 5 5 5 5 4 4 4 

Mean 18.4 36.8 72.9 0.025 4.1 7.5 0.04 0.092 0.609 
SD 1.7 2.1 1.9 0.06 0.36 1.1 0.005 0.008 0.066 

% CV 9.2 5.8 2.6 223 8.8 14.8 13.0 8.5 10.8 
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Male Female Unknown 
Sex 

F i g u r e 2 . D i s t r i b u t i o n by sex o f f i r e d e a t h s . 
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Blood Ethanol (%) 

F i g u r e 4 . L e v e l s o f b l o o d e t h a n o l i n f i r e d e a t h v i c t i m s . 
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F i g u r e 5. L e v e l s o f b l o o d c a r b o x y h e m o g l o b i n i n f i r e d e a t h v i c t i m s . 
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Blood Cyanide (MG/L) 

F i g u r e 6. L e v e l s o f b l o o d c y a n i d e i n f i r e d e a t h v i c t i m s . 
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F i g u r e 7. R e l a t i o n s h i p o f b l o o d e t h a n o l l e v e l s and c a r b o x y h e m o 
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factors must be responsible when low COHb and blood cyanide levels 
are present. Certainly low oxygen must be implicated in some of these 
cases since the combination of low oxygen and cyanide has been shown 
to be particularly effective in causing l e tha l i t y with a blood 
cyanide level of less than 0.6 mg/L (12). The former cases are much 
more d i f f i c u l t to explain. However similar findings have been pre
sented for mice exposed to smoke from some (not a l l ) burning n i t ro
gen containing polymers (12). Blood cyanide levels 3 times above the 
lethal level found with exposure to HCN alone were reached (12). 
With so many other toxicants present in f i r e smoke there must be some 
which reduce the toxicity of HCN. Similar findings were also found 
for cynomolgus monkeys exposed to smoke containing HCN vs. HCN alone 
(14). 

Establishing what the lethal level of blood cyanide is for hu
mans is a d i f f i c u l t task. Based on extensive inhalation studies of 
HCN in mice a level of 1 mg/L of blood was suggested (12). In rats, 
a level of 2 mg/L of bloo
experiments with cynomolgu
150 ppm for 30 min would result in 3 mg/L of blood cyanide and would 
be lethal for these primates. Thus we have a range of 1 to 3 mg/L in 
experimental animals. The lethal leve l , however, has been found to 
be somewhat dependent upon exposure concentration and duration of ex
posure (12). 

Can HCN by i t se l f by responsible for death with inhalation of 
f i r e smoke? While the data shown in Figure 8 indicate that this may 
be so in a few cases, i t is s t i l l a question to be explored. In one 
case, analysis of blood from a victim who died in a small f i r e main
ly involving a carpet, revealed a blood cyanide level of 1.2 mg/L and 
a COHb level less than 5% saturation. When this carpet was burned in 
experimental conditions a large amount of cyanide was generated and 
mice exposed to the smoke reached 1.16 mg/L of blood cyanide with a 
COHb level of 26% at death. Thus in this case cyanide was most pro
bably responsible for this death with some contribution by carbon 
monoxide and possibly other gases in the smoke (12). Recently, the 
toxicologist investigating the deaths of 31 victims at the King's 
Cross underground f i re in London test i f ied that 17 of the victims i n 
haled lethal quantities of cyanide gas (16). Therefore, we must re
view the measurements of atmospheric cyanide made in real f i res (3, 
4 , 5 ) . The methods used have been primitive and give a false sense 
of security. 

CONCLUSIONS 

Nitrogen containing polymers have the potential to release cyanide 
when thermally decomposed. This study demonstrates that cyanide 
plays an important role in f i r e deaths. 
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Chapter 4 

Chemical Analysis of Fire Effluents 

B. Lundgren and G. Stridh 

Swedish National Testing Institute, P.O. Box 857, S-501 15 Bors, Sweden 

In the research project "Fire Hazard - F ire Growth i n 
Compartments in the early stage of Development (1) one 
of the tasks was t
eff luents. The stud
fire test room described in Nordtest F ire Test method 
NT-FIRE 025 (2), a method similar to room tests 
suggested by ASTM and ISO. Since many small scale 
methods are believed to model different stages of 
fire, i t was determined to measure the emission of 
fire effluents from three small-scale methods using 
the same materials as in the full scale f i r e test . The 
small scale test methods are; Nordtest NT-FIRE 004 
(3), DIN 53436 (4) and a cone calorimeter test (5) 
method similar to the NIST type of instrument. In the 
full scale f i re test thirteen different materials were 
investigated. In the small scale f i re tests six 
different materials were investigated. 
This presentation covers some of the basic data and 
derived results are discussed. The gases species of 
oxygen, carbon monoxide and carbon dioxide and nitrous 
oxide have been measured for all the tests . In the 
full scale f i r e tests hydrogen chloride and hydrogen 
cyanides were measured. Hydrocarbons and their r e l a 
t ive abundance were determined by co l l ec t ing gas 
samples on absorbent tubes for later analysis on a gas 
chromatograph and a mass spectrometer. 

In a joint research project in Sweden under the main t i t l e "Fire 
hazard - Fire growth in compartments in the early stage of develop
ment (pre-flashover)" (1, 2) a number of different factors have 
been studied. In the process of developing a f u l l - s c a l e f i r e test 
method - "room-corner" configuration - for surface l i n i n g 
materials, Nordtest NT-FIRE 025, the emission of smoke and gas was 
studied. That study covers data from thirteen different single and 
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combined types of wall l i n i n g products. Some of these materials are 
today c l a s s i f i e d by using different small scale test methods. The 
discussion has for many years been concerned with the question, how 
well do the small scale f i r e test methods model real f i r e situa
tions. 

The purpose of this project was therefore to supply more 
information to answer this question. In the process of doing so the 
following tasks emerged 
- to develop chemical analytical techniques 
- to determine the different chemical species present 
- to compare results for f i r e effluents from f u l l scale and 

small scale f i r e tests 
It was decided to take some of the thirteen materials through 

three small-scale f i r e tests and measure the emission of smoke and 
gases. 

The small scale f i r
Nordtest NT-FIRE 004, th
test. The study covered six different wall l i n i n g materials. 

Test Methods and Materials 

NT-FIRE 004 test method (3) i s used for c l a s s i f i c a t i o n of wall 
l i n i n g materials in the Nordic countries. The burning behaviour, 
smoke emission and temperature increase are normally studied in 
NT-FIRE 004. The equipment consists of a box large enough to hold 
samples of wall l i n i n g materials, size 20 cm x 20 cm on four of the 
six walls. The floor and the back wall of the box have no l i n i n g 
material. Air i n l e t and exhaust chimmery are mounted on the back 
side wall. A gasburner i s mounted on the floor plate having an 
energy output of 5 kW at 3.2 1/min of propane. The concentrations 
of gas species were measured with the aid of a di l u t i n g system i n 
side the chimney of the "box" during the normal run of NT-FIRE 004. 

The DIN 53436 - moving tube furnace (4). The equipment con
sists of a quartz tube, 100 cm long and 40 mm outer diameter. A 
round moving furnace is placed around the quartz tube. The furnace 
may give temperatures inside the tube of at least 600 °C. A tray 
40 cm long holds the samples and a reference body which controls 
the inside temperature. The furnace being 10 cm long i s moved at a 
specified speed over the sample heating continously new sections of 
the material during the experiment. The fumes from the material may 
be ignited with an igniter i f necessary. The test has been per
formed at the Dantest Fire Technology laboratory under the follow
ing conditions: constant temperature 400 °C, ventilation rate 
100 l i t e r of air per hour and the oven moving in the counter air 
current mode over the samples. 

The cone calorimeter used in this study (5) i s a somewhat en
larged version of the model used at the National Institute of Stan
dards and Technology in the United States. This particular equip
ment takes samples of size 20 cm x 20 cm mounted i n a horisontal 
position on top of a load c e l l . Above the sample there i s a cone 
heater and a spark ignitor. Gas samples are taken in fan ventilated 
exhaust duct mounted above the cone heater. The radiation used has 
been 50 kW/m2 and free convection ventilation over the sample. 
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The ventilation rate in the fume hood and ventilation 
duct i s approx 15 l i t e r of air per seconds. The experiments have 
been performed with instrumentation at The Swedish Institute for 
Wood Technology Research. 

The thirteen materials used i n the over a l l study are 
presented i n Table I. From the materials in Table I, numbers 2, 
3, 12, 11, 6 and 8 were chosen for the study i n the small scale 
f i r e tests. 

Analytical Procedures 

The f i r s t part of this study covered the development of 
measuring techniques for a large number of gases. After some 
testing and refinement of the gas analysis system we have 
studied the following species. 

Carbon monixide C
Carbon dioxide C0
Oxygen 0 2 

Nitrous oxides N0/N0z 

Hydrocarbons (CH) n 

Hydrogen chloride HC1 
Hydrogen cyanide HCN 

In the f u l l scale f i r e tests some additional gaseous species 
were studied s p e c i f i c a l l y , i.e. formaldehyde. Not a l l gas species 
were studied i n every test. Hydrogen cyanide and hydrogen chloride 
have only been studied in situations where evolution of these 
species were suspected. HCN and HC1 have only been studied as 
collective (2, 5 or 10 minutes) samples for each f i r e test. It is 
most preferable to follow the concentrations with direct reading 
instruments. This has been the case for carbon monoxide, carbon 
dioxide, oxygen and in three out of four cases for nitrous oxide. 
Drager tubes were used for measurements of nitrous oxides i n the 
DIN 53436 test. 

The amount of hydrocarbons present in the f i r e effluents have 
been measured i n two different ways; 1) amount of non-burnt hydro
carbons 2) soot was separated from gas with a g l a s s f i l t e r and latei 
extracted with cyclohexane. After the porous f i l t e r an absorbent 
glass-tube was connected with either charcoal or Tenax GC as the 
absorbent. Charcoal tubes were later extracted with carbon d i 
sulfide for analysis and Tenax tubes di r e c t l y thermally desorbed tc 
a gas chromatograph and a mass spectrometer. 

For the small scale f i r e test methods i t was possible to 
determine the mass of the sample burnt. In the f u l l scale f i r e tesl 
this could not be done. To make gas emissions comparable between 
the f i r e models, the emissions of gases in the small scale f i r e 
tests have been reduced by the amount of material burnt in each 
case. 

Results 

Results f u l l scale f i r e tests. The analytical results from six of 
the thirteen materials investigated i n the f u l l scale f i r e test an 
presented i n Table II. The integrated amount of each gas from the 
start of the experiment u n t i l flash over in the room has occured i : 
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Table I. Tested Products 

Products Thick Density Weight Moisture Application 
ness content or other 

pretreatment 
(mm) (g m-2) (%) 

1 Insulating 13 250 7.0 -
fiberboard 

2 Medium density 12 600 5.9 -
fiber board 

3 Particle board 10 750 7.1 -
4 Gypsum plaster 13 700 - -

board 
5 PVC wallcover 0.7 

ing on gypsum • 13 
plaster board 

2001) 6 Paper wall- 0.6 2001) - Glued 
cover on gypsum + 13 
plaster board 

3701* 7 Textile wall 0.7 3701* - Glued 
covering on • 13 
gypsum plaster 
board 

1002> 3701* 8 Textile wall 0.7 1002> 3701* - Glued 
covering on • 50 
mineral wool 

9 Melamine 133) 8104> 6.7 Laminate was 
glued on both 
sides of the 
particle 
board 

10 Expanded 50 20 - Glued to non-
polystyrene combustible 

s i l i c a t e 
board 

11 Rigid poly- 30 30 - -
urethane foam 

12 Wood panel, 11 530 10.0 -
spruce 

2001) 13 Paper wall 0.6 2001) - Glued 
covering on + 10 
particle board 

Notes: 
1) The wallcovering only 
2) The mineral wool only 
3) The front laminate was of thickness 1.2 mm 
4) The entire product 
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Table II. Integrated Amount of Gases Generated up to 
Flashover (f.o.) in the F u l l Scale Fire Test 

CO2 CO N0 X (CH) n Time to 
f.o. x> 

(g) (g) (g) (g) (sec) 

Medium density 1950 380 nd 16 134 
fiber board 
Particle board 2340 460 nd 12 150 
Wood panel 2730 410 nd 8 138 
spruce 
Rigid Poly- 3510 350 d 8 14 
urethane foam 
Wall paper nd nd nd nd none 
covering on 
gypsum plaster 
board 
Textile wall 4290 360 nd 10 55 
covering on 
mineral wool 
d = detected, but to small for quantification 
nd = not detected 
1) The time u n t i l flame emerges through the doorway is defined as 
flashover (f.o.). 
2) No flashover within 600 seconds and not after increasing burner 
output. 

being presented. Flashover being defined as the moment when f i r s t 
flame emerges through the opening of the door. 

The overall production of C0 2 during the experiment varies 
between the samples within a factor of two. The amount of C0 2 

produced did not correlate with time to flashover. The production 
of CO increase very much up to flashover for most materials. High 
concentrations of CO are produced directly before flashover i s 
reached. Wall paper covering on gypsum plaster board generated verj 
low concentrations of gases. It i s therefore not possible to give a 
fixed value. Particle board and fiber board seems to generate a 
l i t t l e more hydrocarbon than the rest of the materials. On the 
other hand there is a significant difference i n the time to flash-
over for the different materials. A closer look at the generation 
schemes reveals increasing concentrations of CO and (CH) n just 
before flashover, allowing more time for generation from the wood 
fiber materials. The C0 2 production i s f a i r l y stable during the 
whole of the experiment, for each of the materials. 

The NOx concentrations are very low. Only for r i g i d polyure-
thane foam could NOx be detected before flashover, the value s t i l l 
too low to be specified. Recalculation of data through an estima
tion of average flow through the doorway just before flashover 
leads to typical values of 2 %, 8 % and 500 ppm for CO, C0 2 and 
(CH) n respectively for the materials studied. Both CO, C0 2 

concentrations are reaching levels at which the gases have severe 
effects on humans and in the case of CO become lethal to man withir 
one minute. 
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Results small scale f i r e tests. I n i t i a l l y we had in mind to make a 
comparison between NT-FIRE 025 and NT-FIRE 004 "box test" since 
most l i n i n g materials had been c l a s s i f i e d using that method. It 
turned out that the gases generated by the method NT-FIRE 004 
needed a very high dil u t i o n before they could be fed into our 
direct reading instruments. Instrumentation used for smoke stack 
sampling, EMP-797, turned out to be suitable for our purpose. 

During the experiments with NT-FIRE 004 a continous dilution 
of 1 to 20 was being used. 

The sample sheets were weighed before and after each experi
ment and thus the material being burnt could be determined. The 
integrated amount of gas generated per gram burnt material is 
presented in Table III. The results are presented as average 
results of two similar experiments. 

In each experiment with the cone calorimeter one piece of 
sample, 20 cm x 20 cm, was tested  During the test period three 
pieces of each type of sampl
Table IV are therefore
generated during sets of three experiments. 

Table III. Results from Nordtest NT-Fire 004 

C0 2 CO N0X (CH) n Material 
burnt 

(mg/g) (mg/g) (mg/g) (mg/g) (g) 

Medium density 501 94 0.22 0.15 375 
fiber board 
Particle board 438 71 0.25 nd 333 
Wood panel 772 - - 0.10 263 
spruce 
Rigid Poly- 83 79 4.8 2.3 70 
urethane foam 
Wall paper 919 46 0.46 2.0 123 
covering on 
gypsum plaster 
board 
Textile wall 938 159 0.65 3.7 92 
covering on 
mineral wool 
nd = not detected 

In calculating the data a dilution factor of 1/20 has been 
used for the EPM 797-system. 
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Table IV. Results from the Cone Calorimeter 

C0 2 

burnt 
(mg/g) (mg/g) (mg/g) (mg/g) (g) 

Medium density 1050 33 0.4 nd 184 
fiber board 
Particle board 390 39 1.0 nd 156 
Wood panel 320 54 0.3 nd 99 
spruce 
Rigid Poly- 1650 220 6.0 nd 17 
urethane foam 
Wall paper 1390 61 2.0 nd 33 
covering on 
gypsum plaster 
board 
Textile wall 4050 81 3.0 nd 21 
covering on 
mineral wool 
nd = not determined 

In calculating the data a dilution factor of 10.0 has been 
observed between the cone and the sampling l i n e . 
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In running the DIN 53436 method hydrocarbon and hydrogen 
cyanide has only been determined qualitatively. The cyanide con
centration has been determined four times during the 30 minute 
steady state combustion process. From these experiments the average 
concentration of emission has been estimated. The other results 
presented in Table V from DIN 53436 experiments have been measured 
in similar ways as for the other small scale test methods. It may 
be observed that the amount of material burnt in each experiment is 
smaller than in previous test procedures. The results presented are 
average values of two deteminations of each material. 

Table V. Results from DIN 53436 - Test Method 

C0 2 CO N0 X (CH) n HCN2) Material 

(mg/g

Medium density 610 305 <0.01 trace 0.3 8.2 
fiber board 
Particle board 663 253 0.1 trace 1.2 8.3 
Wood panel 1020 246 0.02 trace 0.4 5.7 
spruce 
Rigid Poly- 580 158 <0.01 nd 5.6 1.9 
urethane foam 
Wall paper 296 74 0.05 nd 0.2 13 
covering on 
gypsum plaster 
board 
Textile wall 1160 220 0.3 nd 1.2 3.0 
covering on 
mineral wool 
1) The measurement of hydrocarbon have only been made qualitatively 
2) Hydrogen cyanides have been investigated using Drager tube only. 
Thus the results are only qualitative. 

A qualitative comparison of the results from the gas chromato
graphy - mass spectrometer study of the different hydrocarbons from 
the wood materials, did not show significant differences between 
results from one method to the other. As far as can be judged i t i s 
mainly the amount of each component that d i f f e r s between the small 
scale test methods and f u l l scale f i r e tests. 

Results from thermally desorbed samples taken from the f i r e 
effluents of the different materials in the f u l l scale f i r e experi
ments are presented in Table VI. The different species of hydro
carbons have been grouped together and presented in three different 
cathegories; T, M and R representing Trace, Medium and Rich concen
tration. In this way i t is possible to get an idea of the amount of 
contribution of different species of hydrocarbons to the f i r e 
effluents of each material. These results agree well in principle 
with results obtained by other researchers (6, 7). 
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Table VI. Organic Species found in the Fire 
Effluents from the Fullscale Fire Test 
NT-FIRE 025 for the Different Materials 

Material Chemical species Material 
, . r . "2 "3" ..4.. " 5 " HQ.. "7" 

Insulating f i b r e -
board R R R T T T T 
Medium density 
fibreboard R R R T T T T 
Particle board R M M R T T T 
Gypsum plaster 
board 
PVC wallcovering on 
gypsum plast board T T R R T T M 
Paper wallcovering 
on gypsum plaster 
board R T R T T T T 
Textile wallcovering 
on gypsum plaster 
board M M M M T T T 
Textile wallcovering 
on mineral woll M M M M M T T 
Melamine faced 
particle board T T T T T T T 
Expanded poly
styrene M T M M T T T 
Rigid polyurethane 
foam M T M T T T T 
Wood panel, spruce M T T R T T T 
Paper wallcovering 
on particle board T T T T T T T 

1 = Alkanes, alkenes, alkynes (C1 - C 5) 
2 = Alkanes, alkenes, alkynes (C 6 - ) 
3 = Aromaties without heteroatoms 
4 = Aromaties with heteroatoms 
5 = Chlorinated hydrocarbons 
6 = Aldehydes 
7 = Alcohols 

T = Trace, concentration < 1 mg/m3 

M = Medium, concentration 1 - 1 0 mg/m3 

R = Rich, concentration > 10 mg/m3 
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Table VII. Comparison between Methods for the Ratio 
C02/CO 

Fu l l NT 004 Cone DIN 
scale "Box" Calorimeter 53436 

Medium density 
filterboard 5.1 5.3 32 2.0 
Particle board 5.1 6.1 10 2.6 
Wood panel, 
spruce 6.7 - 5.9 4.1 
Rigid Polyurethane 
foam 10.0 1.0 7.5 3.7 
Wallpaper 
covering on 
gypsum plaster 
board - 20 23 4.0 
Textile wall 
covering on 
mineral wool 11.9 5.9 50 5.3 

In the international discussions concerning standardisation of 
small scale t o x i c i t y tests i t has been suggested how to compare 
different f i r e scenarios. Oxygen concentration and the ratio of 
C02/C0 concentrations have been given as two of the major 
chemical indices for such a comparison in addition to temperature. 
The results from the f u l l scale f i r e tests constitute accumulated 
concentration during a developing stage. S t i l l i t i s of interest to 
compare those figures with the ones from the small scale f i r e tests 
on the same basis. 

In Table VII the ratio of C0 2 and CO concentrations during 
the experiments are presented for each material and each testing 
procedure. 

Discussion 

A comparison of results for f i r e effluents from f u l l scale and 
small scale f i r e tests has to be done in steps. A f u l l scale f i r e 
is a developing event where temperature and major constitutions 
changes continously. A small scale f i r e test either take one 
instant of that developing stage and try model that or try to model 
the development in a smaller scale. On a p r i o r i t y one level rate of 
heat release, temperature, oxygen concentrations and the ratio of 
C02/C0 concentrations have to be similar for a comparison. The 
f u l l scale f i r e experiments reaches a temperature of 900 °C at the 
moment of flashover, while the small scale f i r e tests are reaching 
temperatures just above 400 °C for NT-FIRE 004 and the cone 
experiments. For the DIN 53436-method the temperature was set to 
400 °C. 
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Keeping in mind the somewhat different approach for the pro
duction of f i r e effluents in the different methods used, one w i l l 
find that the results presented i n Table VII do not d i f f e r dramati
c a l l y much from each other. The results for the cone 
calorimeter are however d i s t i n c t l y higher than the corresponding 
values for the other methods. 

Oxygen concentration and the ratio of C02/C0 are largely 
significant for the rate of ventilation in a f i r e . The f u l l scale 
f i r e test and the box method, NT FIRE 004, are both representing 
developing stages of a f i r e . The cone calorimeter also represent a 
developing f i r e situation under very good ventilation conditions 
since a i r i s driven over the sample partly by convection and partly 
by the draft from the fan i n the exhaust duct. It i s obvious that 
ventilation affects the ratio in Table VII for the cone c a l o r i 
meter. The f u l l scale f i r e test and the box-method demonstrate 
f a i r l y good agreement between the two methods. The DIN 53436-method 
is a steady state procedur
trations of f i r e effluent
observe f a i r l y consistent results from this test. One may also 
observe that the ratio C02/C0 for the DIN-procedure i s approxi
mately half of that observed for the f u l l scale f i r e test most 
probably due to a low ventilation rate. Monitoring of the oxygen 
concentrations during the experiments confirms these observations. 

The low value of 1.0 in Table VII for the r i g i d Polyurethane 
foam i n the box-methods may be explained by low ventilation rate. 
The experiment i s over i n less than 1 minute and most of the 
material i s combusted during that period. The ventilation rate 
becomes to low to generate a "normal" ratio of C02/C0 for fast 
burning materials. In this particular case the oxygen concentration 
become very close to 0 % oxygen. 

In the cone calorimeter two materials, Rigid Polyurethane foam 
and Textile wall covering on mineral wool, give short dips in 
oxygen-concentration down to approx 10-11 % oxygen when ignition 
occurs. The remainder of the time the oxygen concentration i s very 
close to ambient. Wood materials cause a decrease of oxygen con
centration to 15-17 % over the whole experimental time. 

In the DIN 53436 experiments the oxygen concentration i s 
f a i r l y stable over each experiment and varies between 13 to 18 % 
for the different materials. For the f u l l scale f i r e test the 
oxygen concentrations stays close to the ambient almost a l l the way 
up to point of flashover. 

Direct reading instruments may be used i n the studies of f i r e 
effluents from different small scale testing methods. Moisture and 
high concentrations do create problems that has to be considered. 
Such problems may be overcome by using a dil u t i o n system such as 
the EPM 797-system. The instruments used must be fast responding 
since in certain situations the whole event i s over within 
1 minute. This also requires proper attention in the design of the 
sampling l i n e . 

When comparing results from one small scale method to the 
other i t i s observed that an increase in C0 2 in mg/g are not 
stoichiometrically balanced by a decrease in CO mg/g. Carbon takes 
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part in the formation of char and v o l a t i l e hydrocarbons. The amount 
of these species also varies considerably from one method to the 
other. However improvement in precision of the results should be 
possible. 

The total amount of v o l a t i l e hydrocarbons i s very moderate 
compared to the amount of carbon monoxide generated. It is there
fore at this stage from a toxicological point of view less meaning 
f u l l to state the appropriate concentration of each specie. 

Conclusions 

Chemical measurements can be performed during developing stages of 
f i r e using direct reading measurements and sampling techniques l i k e 
sorbent tubes. 

Direct reading instruments are necessary for recording d i f f e 
rent stages of a f i r e in order to compare different methods and 
materials to each other

High precision in
evaluation of different f i r e tests. 

Individual hydrocarbons may be sampled and analysed when the 
information needed j u s t i f i e s the work to find the appropriate con
centration. 

A comparison of large scale and small scale methods require 
records of the mass burnt for a l l methods. If no such information 
the comparison i s only qualitative. 

This study demonstrate similar ranking of each material inde
pendent of test method used. At this stage i t i s premature to 
choose one test as a better small scale model of f u l l scale f i r e s . 
Each method needs further elaboration. 
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Chapter 5 

Toxicity of Particulate Matter Associated 
with Combustion Processes 

R. F. Henderson 

Lovelace Inhalation Toxicology Research Institute, P.O. Box 5890, 
Albuquerque, NM 87185 

Most of the concer
associated with fire
Vapors and gases are the components that are known to 
cause acute toxic i ty , and at high concentrations can 
lead to incapacitation and death. It is clear, how
ever, that the smokes from fires also have particulate 
components in the form of soot and chemical reaction 
products, such as metallic oxides or ozonolysis prod
ucts. The toxicity of these materials must also be 
considered. 

Factors Influencing Toxicity of Particulate Matter 

In evaluating the potential toxicity of airborne particles, i t is 
important to consider where they w i l l deposit in the respiratory 
tract, how long they can be expected to be retained there (or else
where in the body i f the particles clear from the lungs) and the 
inherent toxicity of the particles. A l l of these considerations are 
determined by the physical and chemical characteristics of the 
particles. 

The site of deposition in the respiratory tract w i l l depend on 
the aerodynamic diameter of the particle (Figure 1) (1.2). Particles 
greater than 10 um aerodynamic diameter are not generally considered 
respirable. Particles in the 5-10 um range w i l l deposit mainly in 
the nasopharyngeal region while smaller particles w i l l have s i g n i f i 
cant pulmonary deposition. Recent work indicates that a significant 
fraction of inhaled submicron particles deposit in the nose as well 
as in the lungs (3.4). Thus, particle size plays a key role in 
determining the portion of the respiratory tract that may be a 
target for toxicity of the particle. 

Retention of particles in the lung w i l l depend, in part, on 
their solubility in the milieu of the lung (1). Water soluble 
salts, such as most chlorides, w i l l clear the lung rapidly, while 

0097-6156/90y0425-0048$06.00/0 
© 1990 American Chemical Society 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



5. HENDERSON Toxicity of Particulate Matter 49 

PREDICTED HUMAN DEPOSITION 

0 .01 0.1 1.0 10 1 0 0 

MASS MEDIAN DIAMETER-MICRONS 

Figure 1. Effect of size on particle deposition in the respiratory tract. 
(Reproduced with permission from ref. 1. Copyright 1966 Pergamon.) 
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insoluble metallic oxides w i l l be retained with half-times of clear
ance of hundreds of days (2.5). If the particle is of intermediate 
solubility or contains a mixture of soluble and insoluble compo
nents, the clearance of the particle or i t s soluble fraction w i l l be 
influenced by the surface area available for dissolution. The 
larger the surface area per unit mass, the higher the rate of 
dissolution of the soluble components of the particles, and the 
greater the potential for those components to interact with lung 
tissue. 

The inherent toxicity of the particle w i l l depend on i t s chemi
cal composition. For example, a particle of CdCl2 can be expected 
to be more toxic than NaCl because of the known toxicity of Cd f 2 

(6). In the case of fibrous particles, the toxicity of the mate 
r i a l w i l l also depend on the size and shape of the fibers, with 
long, thin fibers being the most toxic (7,8). 

In summary, the type of airborne particle that is of most 
toxicological concern i
cant deposition in the lung
the lung to be retained in the lung for long periods of time, and is 
inherently toxic to the lung tissue. 

Potential Toxicity of Particles in Smokes 

With the above factors in mind, what can be said about the potential 
toxicity of the particulate matter in smokes? Each f i r e w i l l have 
smoke with a unique composition and this composition w i l l vary with 
time for a single f i r e . However, some generalities can be noted. 
Fires can be expected to produce aerosols due to incomplete combus
tion and the condensation of volatile components. Most of these 
particles that remain airborne in smokes w i l l be in an aerodynamic 
size range of submicron to micron particles (9). Thus, the smokes 
wi l l have respirable-sized particles and a significant fraction of 
those particles, i f inhaled, w i l l be deposited in the deep lung 
(2.5). Such small particles w i l l also remain suspended in air 
longer than larger particles and thus, w i l l pose a potential expo
sure hazard for a longer period of time. In addition, small 
particles have a large surface area per unit mass and, therefore, 
the potential to adsorb or desorb more associated chemicals than 
larger particles. Thus, the soot in smokes has the potential for 
carrying various adsorbed toxicants into the deep lung where they 
may be desorbed. 

Second, many of the particles produced, such as soot and 
metallic oxides, w i l l have low solubility in the lung. Thus, once 
deposited, these particles w i l l remain in the lung for long periods 
of time with a greater potential for exerting whatever inherent 
toxicity they may have than would soluble particles (1.5). A l l of 
these factors must be considered in evaluating the toxicity of 
particulate matter in smokes. 

Toxicity of Soot from a Controlled Combustion Process 

One common particulate component of smokes is soot. For the 
remainder of this paper, the toxicity of soot w i l l be addressed. 
Soot results from incomplete combustion of carbonaceous material 
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such as wood or f o s s i l fuels. Variations in the toxicity of soot 
should depend on the type and amount of chemicals adsorbed to the 
soot. As a model, the soot produced from a controlled combustion 
process--the burning of a standard fuel in a diesel engine w i l l be 
considered. The toxicity of soot from the exhaust of a diesel 
engine w i l l then be compared to the toxicity of pure carbon black, a 
soot with negligible adsorbed organic chemicals. 

Physical/Chemical Characteristics of Diesel Soot. The diesel soot 
discussed in this paper is from exhaust generated by a 1980, 
5.7-liter Oldsmobile engine operating on a dynamometer using the 
Federal Test Procedure urban driving cycle and burning a stan
dardized certification fuel (D-2 Diesel Control Fuel, Phillips 
Chemical Co.) (10,11). The carbon black is Elftex 12 from the Cabot 
Corporation. The physical characteristics of the two soots are 
similar. Both types of particles have volume median diameters of 
~ 0.1 um with surface area
et a l . Inhal. Toxicol.
is soluble in the lung. The distinguishing characteristic of the 
diesel soot is that i t contains 10-30% by weight of organic com
pounds (amount varies with the operating condition of the engine) 
that are extractable into methylene chloride while pure carbon black 
has negligible amounts of extractable organic material. 

The extractable organic matter associated with the diesel soot 
has been chemically characterized and is known to have some biolog
ic a l activity (Table I) (12). Most of the mass of the material 
extracted is in the form of high molecular weight aliphatic com
pounds, probably from unburned fuel and motor o i l . The bacterial 
mutagenic activity, however, is mainly associated with the aromatic 
hydrocarbon fraction. Highly mutagenic nitroaromatic derivatives 
would be expected to form from the interaction of aromatic compounds 
in the fuel with the NO2 formed during the combustion process. Such 
nitroaromatic compounds have been detected in diesel fuel treated 
with NO2 and in the extracts of soot collected from the exhaust of 
diesel engines (Table II) (13). Thus, diesel soot contains com
pounds that can interact with the genetic material, DNA. Organic 
extracts of diesel soot have also been shown to be carcinogenic in 
mouse skin assays (14). The next question is whether such compounds 
are available to the lung tissue when diesel soot is inhaled and 
deposited in the lung. 

Table I. Extractable Organic Matter in Diesel Soot 

Bacterial 
Fractions from LH-20 Chromatography Mass (%) Mutagenicity (%) 
High MW aliphatic hydrocarbons 58 7 
Aromatic hydrocarbons & derivatives 19 81 
Polar compounds 23 12 

SOURCE: Data from Bechtold et al. (72). 
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Table II. MS/MS Analysis of Nitroaromatics a 

Relative Intensity of Normalized Mass Spectra 
A B C 

Fuel F i l t e r Extract Dilution Tunnel 
Compounds Aromaties + N0 2 New Engine Sediment Extract 

Naphthalene NO2 + + 
Biphenyl-N02 +++ ++ +++ 
Fluorene-N02 ++ + 
Phenanthrene NO2 ++ + 
Dinitrobiphenyl 
Pyrene NO2 + 
Dinitrofluorene 

SOURCE: Data from Henderson et al. (13). 
aAnalysis of nitroaromatic  found b  treatin  diesel fuel with NO2 
(column A) compared t
of exhaust from a diese
diesel soot deposited in a dilution tunnel of an animal exposure 
system (V3). 

Bioavailability of Soot-Adsorbed Organic Chemicals. If the organic 
compounds adsorbed to soot are available for direct interaction with 
the DNA of the lung or i f the compounds are available for metabolism 
to DNA-reactive compounds by lung microsomal enzymes, the potential 
genotoxicity of the diesel particles could be significant, p a r t i 
cularly in view of the persistence of the insoluble soot particles 
in the lung. In one study performed in vitro. 1^C-benzo(a)pyrene 
(BaP), a typical aromatic compound produced in combustion processes, 
was adsorbed onto diesel soot and the a b i l i t y of lung or liver 
microsomes to f a c i l i t a t e removal of the l^C-BaP was observed (Figure 
2) (15). Transfer of BaP from the soot to the microsomes was found 
to be dependent on the l i p i d content of the microsomes with greater 
amounts of BaP found in association with the more l i p i d lung micro
somal fractions than with the liver microsomes. After two hours of 
incubation, the amount of BaP transferring from the soot to the 
microsomes leveled off at approximately 3% of the BaP originally on 
the soot, and of that, only 1-2% was metabolized (Table III). This 
indicates that soot-adsorbed chemicals are not readily available to 
the lung, but that microsomes or the lipids in the milieu of the 
lung may f a c i l i t a t e a very slow removal of a small fraction of the 
chemicals. This slow removal, however, could be significant over a 
long period of time. 

Acute Toxicity of Diesel Soot. The acute toxicity of diesel soot 
deposited in the lung is low compared to that of toxic particles 
such as Ga203 (16) or nickel salts (17,). In rats that had similar 
lung burdens of diesel soot or Ga203 (0.5-0.6 mg/g lung), there was 
no evidence of an inflammatory response to the soot, as evaluated by 
bronchoalveolar lavage, while there was a strong inflammatory 
response to the Ga203 (18.19). Less than 0.5 mg/g lung of Ni3S2, 
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INCUBATION TIME (hr) 

Figure 2. Bioavailability of soot-adsorbed benzo(a)pyrene (BaP). The transfer of 
1 4 C - B a P from diesel soot to microsomes was measured. Microsomal protein (0.5 
mg) was incubated at 37 * C with the [1 4C]-benzo(a)pyrene-coated diesel particles. 
( 0 ) lung microsomes and 0.2 m M N A D P H ; (O) lung microsomes; (A) liver 
microsomes with 0.2 m M N A D P H ; (A) liver microsomes; ( • ) 0.5 mg albumin; 
( • ) buffer (0.15 M phosphate buffer, p H 7.7, containing 3 m M M g C l 2 and 0.1 
m M E D T A ) . The presence of N A D P H , a cofactor necessary for BaP metabolism, 
did not affect the transfer of BaP from the soot. (Reproduced with permission 
from ref. 15. Copyright 1988 Elsevier.) 
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Table III. ( 1 4C)Benzo(a)pyrene Metabolites Formed in 
Incubation Medium and on Diesel P a r t i c l e s 8 

BaP Metabolites 
Particle-Associated BaP Free BaP 

BaP Metabolites Particle (%) Medium (%) Medium (%) 
9,10-diol ND ND 33.3-42.4 
7,8,9,10-tetrol ND ND 12.8-14.0 
3-hydroxy ND 1.2-1.5 ND 
B(a)P 100 98.5-98.8 44.8-52.7 

ND = not detected. 
a[14)BaP-coated diesel particles or I 1 4C]BaP were incubated at 
37°C with liver microsomes (1 mg protein) and 0.2 mM NADPH for 
1 h. The data indicate the percent of the BaP present as parent 
compound or as individual metabolites in each of the fractions. 
SOURCE: Reprinted with permission from ref. 15. Copyright 1988 Elsevier. 

NiS04 and NiCl2 i n s t i l l e
tory response (17). However, analysis of bronchoalveolar lavage 
fl u i d from rodents exposed to diesel exhaust containing 3.5 mg 
soot/m3, 7 h/day for 2, 12 or 17 days indicated no influx of 
inflammatory cells (20). Thus, the diesel soot, at lung burdens of 
0.5 mg/g lung, does not produce an acute inflammatory response. 

Chronic Toxicity of Inhaled Diesel Soot in Animal Studies. Numerous 
studies on the chronic toxicity of inhaled diesel engine exhaust 
have been reported. Studies conducted in the United States (Nation
al Institute of Occupational Safety and Health, Environmental 
Protection Agency, Southwest Research Institute, General Research 
Laboratories, Lovelace Inhalation Toxicology Research Institute), in 
Germany (Fraunhofer Institute for Aerosol Research), Switzerland 
(Batelle-Geneva Research Institute) and Japan (Japan Automobile 
Institute) have been summarized in the proceedings of an interna
tional meeting on the subject (14). 

One of the studies at the Fraunhofer Institute clearly indi
cated that the toxicity resulting from chronic inhalation of diesel 
engine exhaust was due to the particulate component of the exhaust 
and not the gases (21). Rats were exposed by inhalation over most 
of their l i f e span to fi l t e r e d or unfiltered diesel exhaust. 
Exposures were 19 h/day, 5 days/wk with soot concentrations of 4 
mg/m3. A l l of the measures of toxicity determined, including 
decreases in body weight, alveolar clearance, and various measures 
of lung function, as well as the induction of lung tumors, were 
observed only in animals exposed to the unfiltered exhaust. 

In a study conducted at the Lovelace Inhalation Toxicology 
Research Institute (ITRI), rats were exposed for up to 30 months, 7 
h/day, 5 days/wk, to diesel exhaust containing 0, 0.35, 3.5, or 7.1 
mg soot/m3 of air. The diesel engine exhaust was generated as 
indicated in the section of this paperon "Physical/Chemical 
Characteristics of Diesel Soot." The lowest exposure concentration, 
0.35 mg soot/m3, is directly relevant to some occupational exposures 
and is 10 to 100 times higher than any current or anticipated 
environmental exposures. Observations of the animals were made at 
6-mo intervals and included measures of dosimetry (mg soot/g lung), 
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microdosimetry (level of DNA adducts), clearance of secondarily 
introduced tracer particles from the lung, inflammatory responses, 
immune responses, respiratory function and histopathology. The 
gaseous and particulate contents of the diesel exhaust are shown in 
Table IV (22). 

Table IV. Diesel Exhaust Composition 

Control 
(Air-Exposed) Low Medium HiRh 

Particles (mg/m3) 0.01 0.35 3.5 7.1 
C0 2 (%) 0.2 0.2 0.4 0.7 
CO (ppm) 1 3 17 30 
Hydrocarbons (ppm) 3 4 9 13 
NO2 (ppm) 0 0.1 0.3 0.7 
NO (ppm) 

SOURCE: Data from Henderson et al. (13). 

The accumulation of particles in the lung with time (Figure 3) 
indicated that there was a greater lung burden in animals exposed to 
the two higher exposure levels than would be expected based on the 
deposition and clearance rates observed in the low level-exposed 
rats (23). This suggested that chronic exposure to the high levels 
of particles had impaired the normal clearance mechanisms of the 
lung. This hypothesis was confirmed by studies on the a b i l i t y of 
the soot-laden lungs to clear inhaled 1 3*Cs-labeled fused alumino-
s i l i c a t e particles (FAP) from the lungs (Figure 4). The two high 
level-exposed groups of animals cleared the secondary particles with 
a half-time twice that of the control and low level-exposed rats 
(23). 

There was a detectable response of the lung to the inhaled 
diesel soot only at the two highest exposure concentrations. The 
inflammatory response detected in the bronchoalveolar lavage f l u i d 
was exposure concentration-dependent and, in general, increased with 
time of exposure and increasing lung burden (Figure 5) (22). Part 
of the soot was cleared to the lymph nodes; these sites had in
creased total cells and increased antigen-specific antibody form
ing cells in response to subsequent immunization (24). Respiratory 
function changes were consistent with development of dust pneumo
coniosis at the two higher exposure concentrations (25). The 
histopathology observations indicated a progressive inflammatory, 
proliferative and fibrotic lung disease in animals exposed at the 
two higher concentrations, with a small but significant increase in 
tumors (Table V) (11). 

In summary, these life-span studies in rodents suggest that 
large quantities of diesel soot deposited in the lung are toxic. 
However, there was no life-span shortening at any level of expo
sure. For noncarcinogenic endpoints there appeared to be a 
threshold relationship with no significant responses at the low 
exposure concentration and progressive alterations of many 
parameters at the higher exposure concentrations when lung burdens 
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0 6 1

MONTHS OF EXPOSURE 

Figure 3. Accumulation of diesel soot in lungs exposed to diesel engine exhaust 
containing 0.35, 3.5, or 7.0 mg soot/m3. Lung burdens at the lower exposure 
concentration did not exceed 1.0 mg/g lung (Data from ref. 23). 

Figure 4. Clearance of 134Cs-fused aluminosilicate particles from lungs of rats 
exposed to diesel exhaust (Data from ref. 23). 
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Figure 5. Pulmonary inflammatory response to chronic diesel exhaust exposure as 
measured in bronchoalveolar lavage fluid. The total amount or activity of 
material removed from the lung has been normalized to the weight of control 
lungs. Inflammatory response is indicated by influx of neutrophils (PMN) . 
Cytotoxicity is indicated by extracellular lactate dehydrogenase ( L D H ) . 
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the increase in protein in the lavage fluid. (Reproduced with permission from 
ref. 22. Copyright 1988 Academic.) 
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Table V. Percentages of Rats with Lung Tumors 
Following 30 Months Exposure to Diesel Exhaust 

Adenocarcinomas + Squamous 
Exposure Squamous Cell Cysts 
Group Adenomas Carcinomas Only A l l Tumors 

High 0.4 7.7a 4.9a 12.8a 

Medium 2.3a 0.5 0.9 3.6a 

Low 0 1.3 0 1.3 
Control 0 0.9 0 0.9 

difference from control significant at p < 0.05. 
SOURCE: Reprinted with permission from ref. 23. Copyright 1987 Academic. 

of particles were so high as to impair normal clearance mechanisms. 
The observation of greates
the highest exposure groups
is due to the organic material associated with the diesel soot or 
whether the tumors arise, in part, as a result of the overloading of 
the lung with particles and the resulting chronic inflammatory 
response. To determine i f the organic material on the soot could 
interact with DNA, shorter-term (12 wk) studies (Bond et a l . 
Toxicology, in press; Bond et a l . In Assessment of Inhalation 
Hazards: Integration and Extrapolation Using Diverse Data, 1989, in 
press) were conducted and indicated that the diesel soot caused an 
increase in the total DNA adducts (DNA altered by covalent binding 
of reactive organic compounds), but the increase was equal for a l l 
exposure levels (Figure 6). This may be because even the low lung 
burdens saturate some step necessary for the formation of the 
adducts. This finding is unexpected based on the fact that the 
organic chemicals adsorbed to the soot are only slowly available. 
This paradox w i l l be addressed again in the discussion of the 
formation of DNA adducts in response to exposure to carbon black. 
The regional distribution of the DNA adducts in the respiratory 
tract of diesel exhaust-exposed rats appears to agree with the known 
deposition pattern of submicron particles, with the highest 
concentration of adducts in the nasal and the pulmonary tissue 
(Figure 7) (Bond et a l . In Assessment of Inhalation Hazards: Inte
gration and Extrapolation Using Diverse Data. 1989, in press). 

To further investigate the role of genetic vs epigenetic 
mechanisms in the induction of the tumors, one can compare the 
response of rats to diesel soot to that e l i c i t e d by the pure form of 
soot, carbon black. 

Comparison of Toxicity of Diesel Soot and Carbon Black 

In studies conducted at the ITRI, rats were exposed to 3.5 and 10 mg 
particles/m** air of either Elftex 12 carbon black or diesel exhaust. 
These exposures were 7 h/day, 5 days/wk for 12 wk (Wolff et a l . 
Inhal. Toxicol.. in press; Bond et a l . In Assessment of Inhalation 
Hazards: Integration and Extrapolation Using Diverse Data. 1989, in 
press). Dosimetry (mg particles/g lung), microdosimetry (DNA 
adducts), pulmonary inflammation, and histopathology of the lungs of 
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Figure 6. DNA adduct concentrations in rat lungs exposed to diesel exhaust 
containing 0.35, 3.5, or 7 mg/m3 soot. 7 h/day, 5 days/wk for 12 wk. Quantitation 
was by the 32P-postlabeling technique (Bond et al. Toxicology, in press; Bond et al. 
In Assessment of Inhalation Hazards: Integration and Extrapolation Using Diverse 
Data, 1989, pp 315-324). 
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Figure 7. Regional distribution of D N A adducts in the respiratory tract of diesel 
exhaust-exposed rats (Bond et al. In Assessment of Inhalation Hazards: Integration 
and Extrapolation Using Diverse Data, 1989, pp 315-324). 
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rats exposed to the two types of soot were compared. The presence 
of adsorbed organic compounds did not affect either the accumulation 
or the clearance of the particles from the lung and the lung burdens 
were identical in animals exposed to either particle. The micro-
dosimetry studies showed fewer total adducts in lung tissue from the 
carbon black-exposed rats than from the diesel exhaust-exposed rats, 
but the adducts in the diesel exhaust-exposed rats were not dose 
dependent, an observation in agreement with earlier findings (Figure 
8) (Bond et a l . In Assessment of Inhalation Hazards: Integration 
and Extrapolation Using Diverse Data. 1989, in press). Also, the 
degree of difference in the concentration of the total adducts in 
the DNA of rats exposed to the two types of particles was not as 
great as one would expect, based on the degree of difference in the 
extractable organic compounds associated with the particles. This 
observation, combined with the fact that there was not a significant 
increase in the number of lung tumors observed in the long-term 
studies at the lowest exposur
concentration of the tota
rather i t is more likely to be the level of specific DNA adducts 
that w i l l correlate with the induction of tumors. 

The inflammatory responses, which were small, and the histo-
pathological responses to the two types of particles were identical, 
indicating that the adsorbed organic compounds do not influence the 
acute response to the diesel soot. The remaining question is whether 
long-term exposures to carbon black would induce the same incidence 
of tumors as did long-term exposures to diesel soot. Those studies 
are underway at the ITR1 and at the Fraunhofer Institute. 

Epidemiology Studies of Diesel Soot Toxicity 

In addition to animal studies, epidemiology studies by Garshick et 
a l . (26.27) point to an association between exposure to diesel 
exhaust and lung cancer. In a case-control study in railroad 
workers, workers 64 yr of age or younger at death and with 20 yr of 
work in a diesel-exhaust-exposure job had an increased relative odds 
of lung cancer of 1.4 (26). The same authors reported a retrospec
tive cohort study with a large (55,407) cohort of U.S. railroad 
workers (2_7). A relative risk for lung cancer of 1.45 was found for 
workers with the longest history of diesel exhaust exposures. Based 
on these and other epidemiology studies, as well as animal research, 
the International Agency for Research on Cancer (IARC) has desig
nated diesel exhaust as an animal carcinogen and a probable human 
carcinogen (IARC. Monograph on the Evaluation of the Carcinogenic 
Risk of Chemicals to Humans, 1989, in press). 

Conclusions 

Knowing the results of epidemiology studies on the association 
between diesel exhaust exposure and lung cancer, and animal studies 
on the toxicity of two types of soot, what can we conclude concern
ing the toxicity to humans of soot associated with fires? Combus
tion processes produce small, respirable size soot particles. The 
composition of the soot from fires can vary widely with the condi-
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tions of the f i r e . Such soot, i f inhaled and deposited in the deep 
lung, can be expectd to be retained in the lung for a long time. 
Small lung burdens (less than 1.0 mg soot/g lung), of the type of 
soot generated by the combustion of diesel fuel, do not appear to 
e l i c i t adverse effects. Thus, for acute exposures, such as in 
fire s , when lung burdens would not be expected to reach 1 mg/g lung, 
toxicity due to a similar type of soot particle would be of l i t t l e 
concern. Repeated inhalation of high concentrations of soot could 
lead to accumulation of soot in the lung, impaired clearance of 
particles, enhanced accumulation of soot, and eventually to pulmo
nary fibrosis and cancer. However, firefighters, the persons most 
likely to have repeated exposures to soot from fi r e s , are supplied 
with protective breathing equipment that should prevent any 
overexposure to soot. 

L i t t l e is known about the toxicological significance of mate
ri a l s that may be adsorbed to the soot in various types of fires. 
The studies described abov
the toxicity of soot in
have not been done for soot from fi r e s . The small respirable soot 
particles represent an ideal vehicle for carrying various adsorbed 
toxic substances into the deep lung and this potential must be 
considered when evaluating the toxicity of fire-generated soot. 
Finally, in the present review, there has been no discussion of the 
potential that some particles generated by the chemical reactions in 
smokes might be respiratory tract irritants that could produce acute 
changes in breathing patterns or bronchoconstriction, just as many 
gases and vapors do (28). 

In summary, fires represent a particularly complex problem for 
toxicologists. The exposure atmospheres are a mixture of many 
substances, and no two fires are alike. One aspect of the mixture 
that has received relatively l i t t l e attention is the particulate 
component of smokes. From studies on carbon black and on soot in 
diesel exhaust we now have information on the chronic toxicity of 
soot. An area in which we need additional information is the poten
t i a l for fire-generated soot to adsorb toxic materials, and then to 
deposit and desorb such materials in the lung. For this information 
we must await the results of future research. 
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Chapter 6 

Toxic Hazard and Fire Science 

Howard W. Emmons 

Division of Applied Sciences, Harvard University, Cambridge, MA 02138 

The manner in which toxicological knowledge must work together 
with the knowledge f huma  behavior  fir  dynamics d 
chemistry to produc
proposed. A hypothetica
with adequate accuracy in order to design fire safety to a 
performance code. The example may give the impression that this 
can already be done. In fact, each computer code used contains 
dozens of assumptions, some very crude, so that the accuracy of 
present predictions are unacceptably low. 

The ultimate objective of the study of t o x i c i t y of fire-produced toxic 
agents i s the design and construction of a f i r e - s a f e environment. There 
are many ways to accomplish thi s aim. We might develop materials which, 
when heated, produce no toxic gases. We might use materials which do not 
burn. 

These f a n c i f u l solutions to the f i r e problems of society are already 
possible. We could make everything from steel, reinforced concrete, and 
ceramics, a solution that i s uncomfortable, unesthetic, and unacceptable. 
We thus commit ourselves to a balancing of risk, cost, and d e s i r a b i l i t y . 
We would l i k e our b u i l t environment to s a t i s f y a performance code which 
states that " a l l occupants of this building w i l l be able to safely exit or 
reach a safe refuge area no matter where or when a f i r e s t a r t s . " 

This performance code may seem equally f a n c i f u l . It i s the purpose 
of thi s paper to discuss what i s necessary to reach that goal and to show 
the progress to date. 

We can see what i s necessary by looking at more mature engineering 
f i e l d s to see how safety i s assured. Building structural design, for 
example, s a t i s f i e s a performance code which avoids building collapse by 
requiring the safe support of specified f l o o r loads for various purpose 
rooms. The structural engineer selects an appropriate detailed design by 
use of s c i e n t i f i c a l l y derived and carefully validated formulas. 

F i r e safety design requires the same kind of approach. We must 
develop the necessary s c i e n t i f i c quantitative understanding of f i r e so as 
to be able to predict the leve l of a building's f i r e safety. Again, 
looking at structural engineering, we see the use of simple formulas for 
beams, columns, joints, reenforcing rods, etc., which permit quantitative 
evaluation of structural safety. The phenomena of f i r e also results i n 
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formulas—sometimes not so simple—by which f i r e s ignite, grow, decay, and 
extinguish. However, i n the f i r e case, the interactions of physical, 
chemical, psychological, and physiological effects are so complex and 
numerous that, u n t i l the advent of the modern computer, comprehensive 
quantitative predictions of f i r e safety were far beyond our computing 
capacity. 

What needs to be predicted to assure f i r e safety? Occupants must 
be alerted to the existence of a f i r e i n t h e i r building. We must be able 
to predict what they w i l l do; v e r i f y the alarm, t r y to f i n d and extinguish 
the f i r e , notify others of danger, help handicapped, and move along an 
escape route. As they delay t h e i r escape more, the f i r e continues to grow. 
Thus, by the time that they walk, run, crawl along the escape route, there 
may be hot, toxic gas along the way. If the exposure i s too high, they may 
be incapacitated and perhaps later, die. 

To predict a safe escape from a building, we must know where the 
occupants may be, predict their behavior, predict t h e i r exposure to hot, 
toxic gases, and predict the effect of these gases. Before any of these 
predictions are possible, we need to predict the f i r e . The f i r e location, 
i g n i t i o n , and growth control
detects and announces an emergency
building design controls the time history of the gas temperature and 
composition on the escape route and these d e t a i l s must be predicted by 
s c i e n t i f i c a l l y - b a s e d f i r e safety engineering. With this information, i t 
w i l l be possible to predict the time of the alarm and the hazards on 
various escape routes. It w i l l then be possible to predict whether or not 
a l l building occupants can safely escape. 

This f i r e safety engineering program may sound as f a n c i f u l as some 
of my f i r s t suggestions. It was considered impossible 30 years ago. In 
fact, 30 years ago, i t was impossible. But in 1989, i t i s not only 
possible, but a l l parts of the required science are making si g n i f i c a n t 
progress toward the minimum necessary l e v e l , and present computer codes can 
predict many, but by no means a l l , of the essential parts of t h i s program 
(albeit at unacceptably low accuracy). 

I l l u s t r a t i v e Example 

To make clear how far we have come along this road, l e t us compute a 
s p e c i f i c f i r e . Consider an apartment house with various apartments opening 
onto a 44m (144.4 ft) long corridor, Figure 1. A f i r e occurs in a 4 x 5 x 
2.4m (13x16x8 ft) room 30 meters (98.4 ft) from the open end of the 
corridor. A family, father, mother, young boy, and baby, are asleep i n a 
suite of rooms at the closed end of the corridor. The room where the f i r e 
occurs contains a bed, polyurethane mattress, an upholstered polystyrene 
frame, polyurethane foam padding and fabric chair and a wooden dresser. 
The f i r e starts i n the upholstered chair. The door to the f i r e room i s 
closed u n t i l the photoelectric detector in the room alarms and the occupant 
after ten seconds leaves the room and leaves the door open. The occupants 
in the distant suite, after various delays, move down the corridor to 
escape. 

At present, there i s no one computer f i r e code s u f f i c i e n t l y compre
hensive to compute this f i r e , including the people's response. In fact, no 
combination of present codes can solve this problem with the required 
engineering accuracy. To get an approximate i l l u s t r a t i v e solution to thi s 
case, a number of different computer f i r e codes must be used i n succession 
and hand f i t data transferred from one to the next. The computer programs 
used to make this (low accuracy) prediction and some of t h e i r often severe 
limitations w i l l be indicated. 

The f i r e i n the chair grows proportional to the heat feedback from 
a l l sources, which change with time. The flames and hot gases r i s e to the 
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c e i l i n g . A photoelectric detector at the c e i l i n g alarms. The f i r e room 
occupant awakes, runs out of the room and leaves the door open. The flames 
from the chair, the hot layer of gas and the gradually heating c e i l i n g , a l l 
radiate to the bed and dresser. These items heat up and at t h e i r i g n i t i o n 
temperature start to burn. As they burn, radiation from t h e i r flames 
enhance the burning rate of a l l burning objects and their plumes add to the 
hot c e i l i n g layer. Since the door has been l e f t open, hot c e i l i n g layer 
gas, as soon as i t i s deep enough, flows out at the top of the door and 
cold a i r flows in at the bottom. Soon the rate of pyrolysis i n the room i s 
so high that a l l flammable pyrolysis gases cannot burn i n the room; the 
room f i r e becomes oxygen starved. A l l of these phenomena were computed 
using the computer f i r e code FIRST. (1) (The computation took about ten 
minutes for 2,000 seconds of f i r e time on a VAX 8600.) 

There i s , as yet, no code which w i l l compute when the c e i l i n g layer 
with excess pyrolyzate w i l l ignite and burn, nor the time when flames w i l l 
come out of the door into the corridor, nor the buoyant flow down the 
corridor. However, the computer f i r e code FAST, (2) starting with a given 
gaseous fuel release rate i  compute  th  d i s t r i b u t i o f th
resultant gases through a
provides for five rooms an
dividing the corridor into four, 11m (36 ft) long rooms separated by vents 
the f u l l width of the corridor and 2m (6.5 ft) high. FAST calculates the 
resultant hot layer depth, temperature and composition i n each room (four 
of which are simulated parts of the corridor). (This calculation took 12 
hours on an IBM-PC-AT.) 

Since the hot layer i n the f i r e room, because of 02 starvation, 
contains up to 20 mass percent fuel, and neither FIRST nor FAST can burn 
this f u e l i n the corridor (which i s what r e a l l y happens), FAST was t o l d to 
burn a l l of the fuel i n the f i r e room so that a l l the available energy i s 
released, even though in the wrong place, and i s distributed by FAST to the 
four (simulated corridor) rooms. 

It was assumed that the alarm which sounded in the f i r e room was 
barely audible in the suite of rooms. Father and mother slowly awaken and 
prepare to move (70 seconds). The computer program EXITT Q) was used 
which sends father to investigate the f i r e and then to awaken the boy, 
mother to get her baby and a l l to go down the corridor to escape. 

Fi n a l l y , the computer program HAZARD (4) can compute the incapaci
tation or death of persons during an escape attempt. This program was not 
used because a more detailed calculation i s needed for the future and w i l l 
be i l l u s t r a t e d here. 

Results of I l l u s t r a t i v e Example — The Fire Dynamics 

The rate of heat release in the f i r e room i s shown i n Figure 2. The smoke 
at the c e i l i n g i s s u f f i c i e n t to sound the alarm at 109.2 seconds. The 
chair burns out early. The bed and dresser, after being ignited at about 
300 seconds, are soon limited i n heat release by the limited oxygen 
available. The pyrolysis rate i s shown in Figure 3. The layer of hot 
smokey gas at the c e i l i n g has a maximum temperature of 1000° K, a maximum 
fuel content of 20 percent, and a maximum carbon monoxide content of 5500 
ppm, as shown in Figure 4. 

The flow of hot gas out of, and fresh a i r into, the f i r e room i s 
shown i n Figure 5. The f i r e room occupant wakes up and escapes at 121 
seconds, 12 seconds after the alarm. He leaves the door open so f i r e gases 
start to flow out. The outflow increases rapidly to 1.2 kg/sec while the 
inflow, somewhat later, reaches 1 kg/sec. The outflowing hot layer gas 
carries i t s fuel content which reaches a maximum of about .22 kg/sec. 
When t h i s fuel i s burned in the corridor at the open door, 4.4 Mw i s being 
released. Compare this to the maximum of 1.68 Mw i n the f i r e room. The 
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6. EMMONS Toxic Hazard and Fire Science 71 

Time after Ignition Seconds 

Figure 2. The rate of heat release, Mw, predicted for the f i r e room by 
computer f i r e code FIRST. The resultant heat release consists of con
tributions from an upholstered chair, a bed, and a dresser. These 
l a t t e r two show severe burning limitations by the limited oxygen supply. 
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Figure 4. Some properties of the c e i l i n g hot layer predicted by FIRST: 
Temperature (••••) K; CO concentration ( ) ppm; Unburned 
fuel pyrolyzate ( ) %. 
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Figure 5. Flow through f i r e room door, kg/sec, predicted by FIRST: 
Upper hot layer outflow ( ) containing unburned flammable 
pyrolyzate ( ); Lower cold layer inflow ( ). 
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sudden change i n flow rates at 300 seconds may look wrong, but i s con
sistent with the frequently observed pulse of gas which occurs i n real 
f i r e s as new heated fuel rapidly ignites. 

On Figure 3 i s shown ( ) the mass pyrolysis rate used i n 
computing the combustion product d i s t r i b u t i o n by FAST. FAST ignores oxygen 
starvation so i t w i l l burn a l l the pyrolyzed fuel i n the f i r e room instead 
of burning the excess pyrolyzate i n the corridor. The hot toxic gases flow 
out along the corridor c e i l i n g leaving a r e l a t i v e l y cool, nontoxic layer of 
a i r returning at the fl o o r . The depth of this cold layer computed by FAST 
i s shown i n Figure 6. The times and positions at which the cold layer i s 
deeper than 1.2 meters are shown (\ \ \ \ \ \ \ ) . In these positions and 
times, an able adult can move at 1.3 m/sec to escape. Only early i n the 
f i r e (before about three minutes) i s the cold layer deep enough to avoid 
crawling. 

The temperature of the hot layer i n the corridor i s shown i n 
Figure 7. In the corridor, the hot gas i s untenable for an upright person 
next to the open f i r e room door after about 160 seconds. After about four 
minutes, the radiation fro
person to pass. Furthermore
higher than that calculate
which would burn i n the corridor, thus providing flame temperature r a d i 
ation i n addition to the hot layer temperature computed here. 

The carbon monoxide i n the corridor i s shown on Figure 8. The data 
on CO production, especially during oxygen starvation, i s very inadequate. 
These computed values are probably too small. It w i l l , nonetheless, serve 
as an i l l u s t r a t i v e example. Figures 6-8 constitute the hazard maps for the 
escape route, i n this case, the corridor. The time l i n e for the f i r e i s 
given in Table I. 

The Occupant Actions 

In the present example, the only f i r e detector i s i n the f i r e room. When 
i t alarms, the f i r e room occupant i s awakened immediately, but occupants i n 
the suite can hardly hear i t . They are slow to respond. The program EXITT 
knows where a l l persons are, decides mother w i l l get baby, seeks the 
shortest path to get there and calculates the time at 1.3 m/sec. Mother 
and baby then follow the shortest route to the corridor door. The times 
required for these actions are given i n Table II. 

Simultaneously, the Father goes to the corridor door to investigate 
the f i r e . It i s bad. He decides to return to awaken his son and they then 
go to escape down the corridor. Again, Table II gives the time l i n e . 

Having arrived at the corridor, can the suite occupants make i t to 
safety? Mother with baby arrives at time 286.4 seconds (Table I I ) . At 
this time, the cold layer at the floor i s only .9 meter deep (Figure 6). 
The corresponding hot layer temperature i s about 335° K (62° C) (Figure 7), 
but the cold layer temperature i s the o r i g i n a l low value. Also, the CO i s 
about 1000 ppm in the layer above. To escape, the mother must crawl taking 
84.6 seconds to reach the open end and safety. The l i n e A-A on Figures 6-8 
show the conditions during her escape. 

The father and boy encounter conditions on l i n e B-B. They must also 
crawl i n order to avoid breathing CO of 5000 ppm and a maximum temperature 
of 625° K (352° C), which i s l e t h a l . They w i l l a l l escape, i f they can 
remain low enough and are not incapacitated by radiation from the hot layer 
over their heads. Mother encounters about 450° K (177° C) overhead for 
about 61 seconds, while father and boy would have to endure over 500° K 
(227° C) overhead for a minute with about 600° K (327° C) for 17 seconds. 
Mother and baby may make i t to safety, but father and boy w i l l probably 
succumb to the high temperature radiation. 
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Position along Corridor m 

Figure 6. Height above the flo o r of the interface between the upper 
(hot) and lower (cold) layers in the corridor, m, predicted by FAST: 
(A-A) Mother-baby escape route; (B-B) Father-boy escape route; 
(\ \ \ \) Region where running i s possible; (F-F) Latest possible 
escape route without crawling. 
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C 

77 

1000 

ICT 20 ' 30 
Position along Corridor m 

40 44 

Figure 7. Hot layer temperature i n corridor, K, predicted by FAST: 
(A-A) Mother-baby escape route; (B-B) Father-boy escape route; 
(C-C) Path of overhead radiation temperature exposure for person, i f 
heat incapacitated at 20 m from exit; (F-F) Latest possible escape 
route without crawling; (\ \ \ \) Temperature not yet changed from 
ambient. 
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Figure 8. Carbon monoxide i n corridor, ppm, predicted by FAST: 
(A-A) Mother and baby escape route; (B-B) Father and boy escape 
route; (D-D) Escape route through toxic but cooled layer. Numbers 
show probability of incapacitation location. (E-E) Shows CO exposure 
for any person incapacitated (3.4%) 5 meters from the corridor e x i t . 
Numbers show probability of death location. 
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Table I. Time Line of Fire 

79 

time-seconds 

0 Ignition of chair (flaming starts) 
109.2 Photoelectric detector i n f i r e room alarms 
121 F i r e room occupant leaves and leaves door open 
160 Hot layer at end of corridor f a l l s to 1.2 meters from f l o o r 
185 Hot layer i n corridor by f i r e room door becomes incapacitating 

T = 350° K (77° C) 
277.4 Bed heated to 520° K (247° C) ignites 
278.3 Bed f i r e oxygen starved — flames probably come out the f i r e 

room door at about this time (hot layer fuel = 9.85%) 
310 Maximum CO in the f i r e room, 5500 ppm 
314.1 Dresser heated to 600° K (327° C) ignites 
315.5 Dresser oxyge
350 Maximum hea
390 Minimum depth of cold layer i n f i r e room, .5 m 
400 Maximum CO i n corridor 14,500 ppm 
480 Minimum depth of cold layer i n corridor .29 m 
580 Maximum temperature i n corridor at f i r e room door, 1180° K 

(907° C) 
610 Maximum temperature at corridor closed end, 710° K (437° C) 
770 Maximum temperature i n f i r e room, 1013° K (740° C) 
772.5 Bed ceases to be oxygen starved 
845.3 Dresser ceases to be oxygen starved 
953 Bed reduced to lKg 

-3000 Dresser reduced to lKg 

Table II. Time Line of Occupants 

time-seconds 

109.2 Alarm sounds i n f i r e room. Father and mother vaguely hear i t 
and are slow to awake. 

179 .2 (109, .2 + 70) Father and mother p a r t i a l l y dressed and 
start to move. 

183 .8 (179 .2 + 4.6) Mother gets baby. 
188, .8 (183, .8 + 5) Mother starts to exit with baby. 
193, .2 (179. .2 + 14) Father arrives at corridor door to 

investigate f i r e . 
201, .8 (188, .8 + 13) Mother arrives at corridor to escape with 

baby. 
203, .2 (193, .2 + 10) Father concludes the f i r e i s real and 

returns to get boy 
212. .9 (203, .2 + 9.7) Father arrives in boy's room. 
222, .9 (212. .9 + 10) Father awakens boy and starts to e x i t . 
232, .6 (222, .9 + 9.7) Father and boy arrive at corridor door. 
286, .4 (201, .8 + 84.6) Mother with baby crawls to exit door. 
317, .2 (232. .6 + 84.6) Father and boy crawl to exit door. 
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So long as they stay out of the hot layer, the exposure to toxic gas 
i s negligible. We might note, however, i f Father and/or boy i s incapaci
tated by heat just at the end of the hottest overhead gas, i . e . , at 20 
meters (66 ft) from the open end of the corridor, they would f a l l into the 
cold layer at the floor and s t i l l receive l i t t l e CO. However, they would 
encounter temperature radiation conditions along l i n e C-C i n Figure 7. The 
maximum overhead temperature ranges up to 950° K (677° C), more than enough 
to set t h e i r clothing a f i r e . They would not survive unless f i r e f i g h t e r s 
with breathing apparatus and a fog nozzle got into the corridor within a 
minute or so. 

To continue the i l l u s t r a t i o n of hazard considerations, l e t us 
suppose that the CO composition of Figure 8 i s encountered f l o o r to c e i l i n g 
on an upper flo o r where the gas had already been cooled by heat transfer to 
building and contents below so that no high temperature hazard exists. 

Suppose a person t r i e d to escape at 365 seconds (Figure 8) where the 
CO encountered i s 10,000 ppm and he/she travels at .5 m/sec along l i n e 
D-D. In th i s process, the person would encounter CO, shown as D-D i n 
Figure 9. This i s the exposur

The Fractional Effectiv
exposed person i s defined

F E D = 2j I - j ^ - 1 ^ i = specie (1) 
1 tfc) 1 

where for 
Incapacitation Lethality 

K (ppm) (sec) b (ppm) K (ppm) (sec) b (ppm) 

CO 2.2 x 10 6 233 x 6.2 x 10 6 1778 x 
V FEDI > FEDL 

HCN 4.2 x 10 4 92 ' 1.9 x 10 5 66 ' 

Assuming the above coefficients from rat data apply to humans, a 
person w i l l have received an IC50 or LC50 dose, i f the corresponding FED=1. 
When our knowledge of toxic hazard i s complete, there w i l l be a single 
algorithm for both incapacitation and death since these effects follow each 
other. However, for now, the FED approach which requires two separate 
calculations, i s the latest advance. 

For persons following path D-D, Figure 8, they w i l l have received an 
FEDI = 0.525 for incapacitation and an FEDL = .170 for l e t h a l i t y by the 
time they reach the corridor e x i t . The exposure i s far less than a dose 
for 50 percent ef f e c t . What, i f anything, can be said about the escapees 
condition? Figure 10 i s drawn following Hartzell et al.'s suggestive 
figure (Figure 6 i n Ref. 7). By this figure, FEDI = .525 corresponds to 5 
percent incapacitation, while FEDL = .17 corresponds to a completely 
negligible probability of death. For each individual person, the 
probability of escape i s 95 percent, with the percent probability of being 
incapacitated along the escape path D-D, Figures 8 and 9, varying as 
indicated by the small numbers. 

Once incapacitated, the person f a l l s to the floor and continues to 
breath CO from the changing f i r e gases. If a person f a l l s 5 meters (16 ft) 
from the open end of the corridor, further exposure occurs along the l i n e 
E-E i n Figure 8. This exposure i s also plotted i n Figure 9. At the 
incapacitation time (444 seconds, 5 m along corridor), the l e t h a l dose i s 
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0 1 1 1 1 1 1 " L 
300 400 500 600 700 800 900 1000 

Time after Ignition Seconds 

Figure 9. CO exposure experienced on escape route: (D-D) numbers are 
probability of incapacitation; (E-E) CO exposure of incapacitated 
person 5 meters from corridor e x i t . Numbers are probability of death. 
Line at 1778 ppm below which CO makes no contribution to death. 
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100 
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or Death 

60 
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FED for Incapaation or Death by Fire Gases 

Figure 10. The percent probability of incapacitation or death as 
dependent on the corresponding Fractional Effective Dose (FED) defined 
by Equation 1. 

only FEDL = .17. As the FEDL increases along E-E, the probability of 
dying increases as shown by the small numbers along E-E. 

As a l a s t i l l u s t r a t i o n , return to the o r i g i n a l problem of Figure 1 
and ask. how much time the family i n the suite has, i f they are to be able 
to safely run at 1.65 m/sec to exit at the open end of the corridor. In 
order to run, the program HAZARD assumes that the hot-cold interface i s at 
least 1.2 meters from the f l o o r . The latest they could leave the suite i s 
at 160 seconds following the dashed l i n e F-F in Figure 6. 

In order to get out of the suite by 160 seconds, they must respond 
within 160 - 109.2 = 50.8 seconds after the alarm sounds. This i s not much 
time. If there had been a s e l f - c l o s i n g door on the f i r e room, the corridor 
would have been passable for a much longer period and the family could 
ea s i l y escape. 

Conclusions 

The i l l u s t r a t i v e examples could be produced only by using both f i r e 
dynamics and human factor information, which contains many crude approxi
mations to the real world and omits completely many important ef f e c t s . 
However, i t i s clear that real progress i s being made toward attaining a 
s u f f i c i e n t l y accurate predictive understanding of f i r e and i t s consequences 
so that a performance code can eventually be attained. The computer f i r e 
codes need to be made more comprehensive. There needs to be a mechanism 
set up to evaluate the v a l i d i t y of computer f i r e codes for use with a legal 
performance code, just as i s done with a l l other legal codes. 

The t o x i c o l o g i c a l "facts" I have used goes beyond present validated 
knowledge and thus indicates directions that future work might take to 
produce the data that can actually be used i n a computer f i r e model. 
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As soon as a r e a l l y Comprehensive Computer F i r e Code, including 
human reactions and hazard effects, i s available, we w i l l be able to obtain 
t o x i c i t y data for humans. Every f i r e i n which there are deaths i s a 
t o x i c i t y test run with no control. Surely, of the 6000 or so such f i r e s i n 
the U.S. every year, a few hundred w i l l be i n s u f f i c i e n t l y well-defined 
conditions that a comprehensive f i r e code w i l l be able to predict where the 
bodies should be found. If the bodies are not found where expected, the 
rat data can be modified appropriately. 
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Chapter 7 

Historical Aspects of Polymer Fire Retardance 

Raymond R. Hindersinn 

Hindersinn Associates, 4288 Lower River Road, Youngstown, NY 14174 

The h i s tory of polymer fire retardance i s reviewed 
from its inceptio
most recent development
retardants and inherently fire retardant polymers. 

EARLY HISTORY 

The control of polymer flammability, which has enjoyed 
considerable success i n the l a s t forty years, had i t s 
beginnings i n antiquity with the f i r s t early attempts to 
reduce the flammability of natural c e l l u l o s i c materials 
such as cotton and wood (1-3) . Some of these early 
developments are summarized i n Table I. Perhaps the 
e a r l i e s t reference to t h i s development was reported by the 
Greek histo r i a n Herodotus (484-431 BC) who noted that the 
Egyptians were imparting a degree of f i r e retardance to 
wood by soaking i t i n alum (potassium aluminum su l f a t e ) . 
About two centuries later, the Romans "improved" the 
process by adding vinegar to the mixture. M i l i t a r y 
applications for f i r e retardant wood were subsequently 
reported i n the f i r s t century B.C. by Vitruvius where 
early siege towers were protected against incendiaries by 
a thick coating of clay reinforced with hair. An 
"incombustible cloth" was subsequently developed i n the 
17th century for Parisian theater curtains by treating 
canvas with a mixture of clay and gypsum. The f i r s t 
patent on a f i r e retardant treatment for wood and t e x t i l e s 
was issued to Wyld i n 1735. 
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A basic s c i e n t i f i c investigation of f i r e retardancy, 
however, remained to be i n i t i a t e d by Gay-Lussac i n France 
at the request of King Louis XVIII i n 1821 who was again 
interested i n reducing the flammability of theater 
curtains. This researcher noted that the ammonium s a l t s 
of s u l f u r i c , hydrochloric and phosphoric acids were very 
effect i v e f i r e retardants on hemp and linen and that the 
effect could be improved considerably by using mixtures of 
ammonium chloride, ammonium phosphate and borax. This 
work has withstood the test of time and remains v a l i d to 
th i s day. Thus the basic elements of modern f i r e 
retardant chemistry had been defined early i n recorded 
history and remained the state of the art u n t i l early i n 
the twentieth century. The most effect i v e treatments for 
c e l l u l o s i c materials being concentrated i n Groups III, V 
and VII elements. 

In 1913, the renowne
became interested i
flammability of a then popular fabric known as 
"flannelette" and in the process of his work f i r s t defined 
the most important requirements for a f i r e retardant 
fabric which included properties such as du r a b i l i t y , f e e l , 
non-poisonous nature, low cost and p r i n t a b i l i t y a f t e r 
treatment. The Perkins treatment consisted of 
impregnating the fabric with aqueous solutions of sodium 
stannate and ammonium sulfate. A subsequent heat 
treatment converted the chemicals to insoluble stannic 
oxide which was believed to be the active retardant. The 
Perkins process did not win popular favor and further 
s c i e n t i f i c work on f i r e retardance remained dormant u n t i l 
World War II when new developments i n synthetic polymers 
ushered i n a new era of f i r e retardant chemistry. 

MODERN FIRE RETARDANT DEVELOPMENTS 

The advent of synthetic polymers was of special 
significance since the water soluble inorganic s a l t s 
defined up to that time were of l i t t l e or no u t i l i t y i n 
these largely hydrophobic materials. Modern developments 
therefore were concentrated on the development of polymer 
compatible permanent f i r e retardants. Although a 
multitude of individual products have since been 
developed, Table II attempts to l i s t the most s i g n i f i c a n t 
developments with the largest impact on the direction of 
f i r e retardant chemistry. 

CHLORINATED PARAFFIN AND ANTIMONY OXIDE. The demands of 
the armed forces i n World War II for a f i r e retardant, 
waterproof treatment for canvas tenting led to the 
development of a combination treatment containing a 
chlorinated paraffin (CP), antimony oxide and a binder 
(4., 5) . This was the f i r s t d e f i n i t i o n of the halogen-
antimony synergistic combination which has since been 
shown to be so effe c t i v e i n many f i r e retardant polymer 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



7. HINDERSINN Historical Aspects of Polymer Fire Retardance 89 

TABLE I 

Early Historical Fire Retardant Developments 

Development Date 
• Alum used to reduce the flammability of wood by Egyptians. 

• Romans used a mixture of alum and vinegar on wood. 

• Mixture of clay and gypsum used to reduce flammability of 
theater curtains. 

• Mixture of alum, ferrous sulfat
textiles by Wyld in Great Britain

• Alum used to reduce flammability of balloons. 

• Gay-Lussac reported a mixture of (NH4)3 P04 , NH4C1 and borax 
to be effective on linen and hemp. 

• Perkin described a FR treatment for cotton using a mixture of 
sodium stannate and ammonium sulfate. 

About 450 B.C. 

About 200 B.C. 

1638 

1783 

1821 

1912 

TABLE I I 
Most Important Modern Developments 

in Polymer Fire Retardance 

1) Chlorinated paraffin, antimony oxide and a binder 
as a treatment on canvas. 

2) Chlorine containing unsaturated polyesters. 

3) Filler-like retardants. 

4) Oxygen index method of evaluating relative polymer 
flammability. 

5) Intumescent fire retardant systems. 

6) Inherently fire retardant polymers. 
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products and the f i r s t introduction of organic halogen 
compounds in place of the inorganic s a l t s previously i n 
vogue. 

REACTIVE FIRE RETARDANTS. This new treatment was then 
immediately applied to polyvinyl chloride (PVC) and 
unsaturated polyesters; both products which entered the 
development stage during World War II. The new products 
enjoyed a degree of success in PVC, because of the need 
for a p l a s t i c i z e r to allow processing of that polymer. 
The p l a s t i c i z i n g nature of the CP, however, not only 
reduced the desirable physical properties of the polyester 
laminates but tended to "wash out" in many environments i n 
which these products were being used thus reducing or 
eliminating the desirable f i r e retardant properties for 
which they had been added i n the f i r s t place. These major 
deficiencies of CP
reactive f i r e retardan
would be chemically reacted into the polyester at some 
stage of the polyester synthesis and/or fabrication of the 
f i n a l product and thus confer permanent f i r e retardant 
properties to the f i n a l product. 

The f i r s t f i r e retardant polyester containing a 
reactive f i r e retardant monomer was introduced by the 
Hooker Electrochemical Corporation i n the early 1950*s 
containing chlorendic acid as the reactive monomer (6) . 
This pioneering development rapidly led to the 
introduction of variety of reactive halogen and phosphorus 
containing monomers, such as tetrabromophthalic anhydride, 
chlorostyrene and tetrabromobisphenol A, which found 
application i n a wide variety of condensation polymer 
systems. 

FIRE RETARDANT FILLERS. The next major f i r e retardant 
development resulted from the need for an acceptable f i r e 
retardant system for such new thermoplastics as 
polyethylene, polypropylene and nylon. The p l a s t i c i z e r 
approach of CP or the use of a reactive monomer were not 
applicable to these polymers because the c r y s t a l l i n i t y 
upon which t h e i r desirable properties were dependent were 
reduced or destroyed in the process of adding the f i r e 
retardant. Additionally, most halogen additives, such as 
CP, were thermally unstable at the high molding 
temperatures required. The introduction of inert f i r e 
retardant f i l l e r s in 1965 defined two novel approaches to 
f i r e retardant polymers. 

One of these products was a thermally stable 
insoluble chlorocarbon prepared from cyclooctadiene and 
hexachlorocyclopentadiene. The diadduct, dodecachlor-
dodecahydrodi-methanodibenzo [a, e] cyclooctene, has the 
structure given i n I and i s commonly referred to as a 
cycloaliphatic chlorine compound (7). 
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cr 

ci 
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•ci 

CI CI 

The extreme i n s o l u b i l i t y of t h i s high melting 
thermally stable hydrocarbon allowed i t to be compounded 
into most thermoplastics without decomposition or 
discoloration. Its high chlorine content (65.1% by 
weight) and f i l l e r - l i k e properties not only increased the 
heat d i s t o r t i o n and flexural modulus of the o r i g i n a l 
polymer, without the degradation of such important 
properties as e l e c t r i c a l and water resistance, but was 
essentially non-migrating at elevated temperatures and i n 
aqueous environments
effective aromatic
polystyrene and ABS, the product s t i l l finds considerable 
u t i l i t y i n f i r e retardant nylon compositions. 

The other f i r e retardant f i l l e r , hydrated aluminum 
oxide (or alumina) (8), exerts i t s f i r e retardant effect 
in polymer compositions by dehydrating under flame 
conditions and preventing burning by injecting large 
amounts of non-flammable water vapor into the atmosphere 
adjacent to the heated polymer surface. Self 
extinguishment i s conferred by cooling the surface and 
displacing the oxygen necessary for continued 
flammability. Because of i t s r e l a t i v e l y low decomposition 
temperature (245-320°C) hydrated alumina finds i t s greatest 
u t i l i t y i n polymer compositions requiring low processing 
temperatures, such as polyesters, where i t s low cost, 
hydrophobicity and reinforcing properties can be used to 
great advantage. Its effectiveness i s also limited when 
applied to polyolefins because the large quantities 
required for effe c t i v e f i r e retardance make processing 
d i f f i c u l t or impossible. The major advantages of t h i s 
f i r e retardant system are low smoke production and no 
hydrogen halide off-gases produced during pyrolysis on 
f i r e exposure. 

OXYGEN INDEX TEST METHOD. Prior to the introduction of 
the Oxygen Index Test (01) in 1966 by Fenimore and Martin 
(9), f i r e retardant polymer research was dependent upon a 
plethora of test methods with variable degrees of 
stringency for f i r e retardant evaluation. Not only were 
test results related only to a burning or s e l f -
extinguishing set of observations, but compositions 
passing one set of test conditions could not e a s i l y be 
related to behavior in a more demanding set of conditions. 
Additionally, the required test specimens varied from 
films, coatings, foams and r i g i d p l a s t i c s , a l l of which 
affected the degree of i g n i t a b i l i t y of the specimen. 
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The 01 test i s carried out on a f i l m specimen i n a 
variable mixture of oxygen and nitrogen with that gas 
mixture being determined in which a small change i n gas 
composition a l t e r s the burning characteristics of the 
material from s e l f extinguishing to a burning 
c l a s s i f i c a t i o n . The oxygen concentration at t h i s point 
was reported as a r a t i o or index of oxygen concentration 
to the t o t a l concentration of oxygen and nitrogen i n the 
mixture multiplied by a hundred. The 01 for a i r under 
t h i s system i s reported as 21. As indicated in Table III, 
a l l materials could now be assigned an 01 value that would 
relate i t s r e l a t i v e flammability to any other material 
provided that the material was capable of burning in pure 
oxygen. Such an assignment was extremely useful i n f i r e 
retardant research a c t i v i t i e s since the simple 
determination of a composition's oxygen index allowed an 
estimate of i t s r e l a t i v
interest i s the r e l a t i v
since i t s high 01 value of 65 has often been used to 
decrease the flammability of more flammable polymers. 

Subsequent research on the test has also shown that 
the temperature of the test conditions could be increased 
to allow the assignment of 01 values to f i r e resistant 
materials not e a s i l y flammable in pure oxygen at room 
temperature (10. 11). Fenimore and co-workers (12) also 
used the oxygen index test conditions to study the 
mechanism of f i r e retardant systems by comparing the 01 i n 
oxygen/nitrogen and nitrous oxide/nitrogen oxidizing 
atmospheres. 

Despite i t s usefulness as a research t o o l , however, 
the test conditions cannot be related to real f i r e 
situations and large scale testing i s s t i l l required to 
determine the f i r e resistance of materials i n actual f i e l d 
conditions. 

INTUMESCENT FIRE RETARDANT SYSTEMS. As previously 
mentioned, the r e l a t i v e l y high 01 value for elemental 
carbon i n Table III has led to the recent development of 
FR additive systems for many highly flammable polymers 
which obtain t h e i r f i r e retardant effect by catalyzing the 
pyrolysis of the polymer backbone into carbonaceous char 
or by supplying the carbonaceous ingredients in the 
additive mixture. Thus the polymer i s then converted from 
a composition with an 01 of 20 into an 01 approaching that 
of carbon, well above the value of 25-30 required for most 
f i r e retardant systems. This approach to polymer f i r e 
retardance not only requires a lower level of additives to 
obtain a required degree of f i r e retardance but often 
reduces the large volumes of heavy smoke evolved during 
exposure of the halogen/antimony oxide compositions to 
flame conditions. The large quantities of undesirable 
halogen halide that accompanies the pyrolysis of these 
l a t t e r compositions i s also eliminated. 
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Although the use of intumescent combinations of a 
polyhydric organic compound, an acid forming catalyst and 
a gas forming component have long been known to form 
excellent f i r e protective coatings for flammable 
substrates (13) , the incorporation of one or more of these 
components into the basic polymer composition to confer an 
intumescent character when exposed to flame temperature i s 
only a recent development. The chemical composition of 
the polymer substrate seems to be an important variable i f 
not the most important variable i n determining the 
effectiveness of t h i s approach to polymer f i r e retardance 
and d i r e c t l y determines the loading l e v e l and number of 
ingredients required for effective results. Some of the 
intumescent systems and t h e i r effectiveness i n the 
recommended polymer substrates are summarized i n Table IV 
together with representative results of a commercial 
halogen/antimony oxid
f i r s t system, designate
contains a l l three components of the intumescent coating 
compositions incorporated into a single water insoluble 
thermally stable additive that can be conveniently 
compounded into polypropylene and injection molded without 
premature decomposition. As can be seen, a 20% f i r e 
retardant l e v e l by weight i s s u f f i c i e n t to confer a VO 
rating by the UL 94 flammability test (14) while a 48% 
loading i s required for the same degree of f i r e retardance 
with the conventional cycloaliphatic chlorine/antimony 
oxide system. By comparison, only one weight percent or 
less of an aromatic metal sulfonate (an acid forming 
component) i s required to attain a f i r e retardant rating 
by the ASTM D635 test conditions (15, 16) to the highly 
aromatic polycarbonate substrate. 

The t h i r d composition in Table IV seems to be related 
to the aromatic sulfonate/polycarbonate technology just 
discussed with some modifications being necessary i n order 
to compensate for the a l i p h a t i c nature of the 
polypropylene (17, 18) substrate. In t h i s case the 
aromatic sulfonate i s replaced with a metal s a l t 
(preferably magnesium stearate). A s i l i c o n e o i l and or 
gum has been added to enhance the intumescent character 
and a small amount of inert f i l l e r and decabromodiphenyl 
oxide i s included probably to improve the molding 
characteristics of the t o t a l composition. Fire retardant 
compositions with a good surface char can be obtained at 
t o t a l loadings only about half that required for the 
halogen/antimony oxide composition. 

THERMALLY STABLE POLYMERS 

No discussion of polymer f i r e retardance would be complete 
without at least a b r i e f mention of the highly aromatic 
polymers, a l l of which are very d i f f i c u l t l y flammable i f 
they burn at a l l (19). Although the low flammability of 
phenolic and furane resins are well known, these thermally 
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TABLE III 
Limiting Oxygen Indexes 

of Various Materials 
01 

Material [%i 
Poly oxy methylene 15 
Candle 16 
Polymethylmethacrylate 17 
Polypropylene 17 
Polystyrene 18 
Chlorinated Polyether 23 
Polycarbonat
Polyphenylen
Polyvinyl Chloride (No Plasticizer) 45 
Polyvinylidene Chloride 60 
Carbon 65 
Polytetrafluoroethylene 95 

SOURCE: Data from ref. 9. 

TABLE IV 
Some Representative Intumescent FR Systems 

Approx. Loading 
Level Required for 

Recommended V-0 Designation Oxygen 
FR System Application ViaUL-94 Index 

> = r ° ^ o l o ^ ( / > o 
o-J o© ^—o 

NH3® 

NP) N 

H 2 N ^ N ^ N H 2 

Polypropylene 20 

MELABIS 
Aromatic Sulfonates Polycarbonates 1* -

Magnesium Stearate/ 
Suicone/Talc 

Polypropylene 21.8 30 

Cycloaliphatic Chlorine 
Antimony Oxide 

Polypropylene 48 26 

* This composition has only a SE rating by ASTM D 635 
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s t a b l e l i n e a r p o l y m e r s a r e u n i q u e b e c a u s e o f t h e i r 
c o n t r o l l e d c h e m i c a l s t r u c t u r e y i e l d s e x c e p t i o n a l 
p r o p e r t i e s w i t h o u t t h e n e e d f o r f i l l e r s a n d / o r 
r e i n f o r c e m e n t s o r a l o n g c u r i n g c y c l e f o r t h e i r h i g h 
t e m p e r a t u r e p r o p e r t i e s a n d t h e r m a l r e s i s t a n c e . T h e h i g h 
c o s t o f t h e f i n i s h e d p o l y m e r s a n d t h e i r o f t e n s p e c i a l i z e d 
f a b r i c a t i o n t e c h n i q u e s , h o w e v e r , w i l l l i m i t t h e i r u t i l i t y 
f o r t h e f o r e s e e a b l e f u t u r e t o s p e c i a l i z e d a p p l i c a t i o n s 
w h e r e e c o n o m i c s a r e o f s e c o n d a r y i m p o r t a n c e . T h e t h e r m a l 
a n d f l a m m a b i l i t y c h a r a c t e r i s t i c s o f o n l y a f ew 
r e p r e s e n t a t i v e c o m m e r c i a l p o l y m e r s a r e s u m m a r i z e d i n T a b l e 
V . T h e o x y g e n i n d e x e s o f t h e s e u n m o d i f i e d p o l y m e r s a r e 
w e l l a b o v e t h a t n e c e s s a r y f o r f i r e r e t a r d a n t r a t i n g s a n d 
m o s t h a v e VO c l a s s i f i c a t i o n s u n d e r U L 9 4 t e s t c o n d i t i o n s . 
Some w i l l a l s o w i t h s t a n d d i r e c t f l a m e c o n d i t i o n s f o r 
a p p r e c i a b l e l e n g t h s o f t i m e w i t h o u t l o s i n g t h e i r c o h e r e n c e 
a n d w i t h o u t e m i t t i n
u n u s u a l l y n o x i o u s g a s e s

TABLE V: Some Thermally Stable Polymers 
Oxygen UL-94 

Chemical Structure Mp. c Tg c index Rating 

-o-(c\l-
* ' J 

427 

n 

— 190 30 
_ n 

285 88-93 46-53 VO 

n 

- - ® - c - o - @ 

o / — \ o 
-o-l-fQ-'c-

421 369 42 VO 

_ n 
SOURCE: Data from ref. 17. 
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Chapter 8 

Prospective Approaches to More Efficient 
Flame-Retardant Systems 

Edward D. Weil, Ralph H. Hansen, and N. Patel 

Polytechnic University, Brooklyn, NY 11201 

Possible routes to majo
surveyed with referenc  reporte y
systems, and with reference to theory. In flame studies, some 
highly efficient quenching species have been noted. Char forma
tion is a major factor in flame retardancy, and there are several 
approaches for improving the yield and integrity of char or for 
producing barrier layers containing elements other than carbon. 
The role of condensed phase oxidation is discussed in reference to 
the possibility of finding inhibitors. Examples of flame retardant 
systems based on oxidative dehydrogenation, Friedel-Crafts, and 
other catalytic modes are examined. Polyblending may prove to be 
a useful approach to flame retardancy, but results are difficult to 
predict. Some favorable ("synergistic") interactions between flame 
retardants can be expected to lead to efficient systems. 

Currently available flame retardants must often be employed at concentrations at 
which they have adverse effects on the other properties of flame-retarded plas
tics or textiles. 

It is our intention to point out clues, mostly from the literature, some from 
our own work, which suggest approaches to new flame retardant systems with 
greatly increased efficiency. Both vapor phase and condensed phase mechanisms 
will be considered. 

Vapor Phase Flame Retardants 

Flame retardants currently in use which operate by inhibiting vapor phase flame 
chemistry may be far from optimum. Those flame retardant systems which 
evolve hydrogen chloride, and perhaps even those which evolve hydrogen 
bromide, may be acting by little more than a physical effect (1). Some of our 
own work on tris(dichloroisopropyl) phosphate in polyurethane foams also sug
gests a physical mode of action (2). 

Although there seems little doubt that antimony trihalides play a chemical 
role in inhibition of free radical chain reactions in the flame zone, a comparison 
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of antimony trichloride as a flame inhibitor in model hydrocarbon flames shows 
certain other inhibitors with at least an order of magnitude greater activity, iron 
carbonyl and chromyl chloride for example (3) (Table I). 

Table I. Comparison of Concentration of Inhibitor Needed 
for 30% Reduction of Burning Velocity of Hexane Air Mixture 

Inhibitor Weight % Needed 
Antimony trichloride 1.64 
Phosphorus oxychloride 0.% 
Tetraethyl lead 0.18 
Iron pentacarbonyl 0.10 

Model flame studies in hydrogen-oxygen flames show that vaporized Mg , Cr, 
M n , Sn or U salts are active as radical recombination catalysts at about 1 ppm 
(4). It was not determine
reactions in the vapor phas

As suggested by such experiments on model flames, it appears possible that 
vapor phase flame retardants better by one or two orders of magnitude than the 
best present systems may be found for use in plastics. 

Efficient Physical Barriers to Heat, Air and Pyrolysis Products 

Carbonaceous char barriers may be formed by the normal mode of polymer 
burning, and besides representing a reduction in the amount of material burned, 
the char may act as a fire barrier. The relationship of char yield, structure, and 
flame resistance was quantified by Van Krevelen (5) some years ago. For poly
mers with low char-forming tendencies, such as polyolefins, one approach to 
obtain adequate char is to add a char-forming additive. Such additives generally 
bear a resemblance to intumescent coating ingredients (6, 7). 

Thermal calculations suggest that the char barrier approach can be highly 
efficient if optimized. Funt and Magill (8) showed that a 1 mm layer would 
keep an underlying substrate from reaching ignition temperature when the exter
nal fire atmosphere was at 743 # C , and a 2.7 mm layer would suffice when the 
fire atmosphere was at 1500 # C (Table II). 

Table II. Effect of a Closed-Cell Char Foam in Preventing a Substrate 
from Reaching Ignition Temperature (300 * C) 

Thickness (cm) External Temp. (*C) 
0.01 342 
0.1 743 
0.27 1500 
1.0 4600 

Intumescent layers of such thicknesses are not difficult to achieve, but let us 
consider some limitations to this approach as well as some clues to improving 
intumescent char or char-like barriers. 
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Permeability of Carbonaceous Foam 

To perform optimally, the char, or similar barrier should be continuous, 
coherent, adherent and oxidation-resistant. It should be a good thermal insula
tor (which implies closed-cell character) and it should have low permeability to 
gases, to liquid pyrolysate, and to molten polymer. Moreover, the char must be 
formed in a timely manner before the polymer is extensively pyrolyzed. 

Gibov et al. (9) showed that combustion vapors and air could penetrate 
through a typical char layer. Capillarity served to bring molten polymer to the 
surface where it could pyrolyze and burn. One answer to this problem is obvi
ously to create a closed cell foam. Gibov et al. showed that the incorporation 
of boric acid and ammonium phosphate helped minimize penetrability of the 
char (Fig. 1). 

In a more macroscopic way, cracking or exfoliation of the char can occur to 
cause exposure of the underlying material to burning. In rigid polyurethane 
foams, this can sometimes b  massiv  fallin f th  char
ing the foam underneath t
small cracks can appear, o  piece  genera y
improve the coherence of char may be to apply one of the principles used in 
formulating improved intumescent coatings (11), namely, to include in the for
mulation a high aspect-ratio inorganic filler as a "bridging agent". 

Oxidative Destruction of the Char Layer and Its Prevention 

The char layer from a burning polymer, while it exerts protective action, is itself 
vulnerable to oxidation. This can manifest itself either during flaming combus
tion as a constant destruction of the char as it forms, or as afterglow. Means 
for prevention of this undesired char destruction have been reported. In studies 
on preventing combustion of carbon fibers, incorporation of borates, phosphates, 
or low melting glasses has been shown to be effective (12, 13). 

However, other types of barriers besides carbonaceous char have been shown 
to function in flame retardancy. In brief, these include the following: 

1. Glassy coatings using low melting glasses 

2. Glassy foams 

3. Carbonaceous foams with substantial noncarbon content 

4. Fluorocarbon films and coatings 

5. Metallic surface coatings 

The idea that borates may form a glassy film has long been in the literature, 
supported by visual observation of the melting behavior of many borates. The 
deliberate synthesis of efficient low melting glasses as fire barriers was under
taken by Kroenke, Myers and Licursi (14, 15) at B . F. Goodrich. Some effi
cient glass forming flame retardants were found, based on sulfate glasses. A par
ticularly efficient foamed glassy material was based on ammonium borate (16). 

Chars having a substantial silica content were formed by fire exposure of 
siloxane-carbonate polymers, and were shown by Kambour (17) to be excellent 
fire barriers, resistant to oxidation and with good insulating ability (Fig. 2). 
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Figure 1. Effect of ammonium phosphate on penetrability (Darcy Constant) of 
char from novolak pyrolysis. 
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Figure 2. Oxygen index of silicone/bisphenol-A polycarbonate block polymers of 
varying silicone block content. 
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The importance of thermally stable char was shown to be critical in a further 
study of siloxane block polymers by General Electric researchers. (18). The 
char enhancing action of magnesium soaps and a special silicate silane (19) and 
likewise the char stabilizing action of lead salts (20) were demonstrated in 
polyolefins by General Electric investigators. 

A n efficient flame retardant effect was demonstrated with 2-mil zinc coatings 
on polyphenylene oxide-polystyrene blends (Noryl) by Nelson (21). The action 
may relate to enhanced char formation by chemistry specific to this blend. 
However, other metal coatings on some other polymers also appeared to contri
bute a measurable flame retardant effect. 

Free Radical Inhibitors in the Condensed Phase 

Studies by Steutz et al. (22), Burge and Tipper (23), Cullis et al. (24) and Brau-
man (25) on combustion of polyolefins show that surface (condensed phase) oxi
dation plays a significant part i  flaming degradation  Steut t al d that 
oxygen penetrated well beneat
The contribution of surfac  degradatio  polystyren
conditions relevant to burning has also been shown recently (26). In principle, 
therefore, an antioxidant system in the condensed phase should have a flame 
retardant effect. 

Experimental evidence for this theoretical prediction is hard to find. Most 
antioxidants and free radical scavengers are not effective at the temperatures of 
the oxidatively-pyrolyzing surface. A t these temperatures, initiation of oxidative 
chain reactions is very rapid and any sacrificial antioxidant is rapidly destroyed. 
However, it is possible that in a formulation "on the edge" between propagation 
and extinguishment, the use of a free radical inhibitor could favor extinguish
ment. We were able to show small but statistically significant oxygen index 
elevations by means of anti-oxidants in marginally flame retarded polyethylene 
(27) (Table in). 

Table III. Effects of Some Antioxidants on the Oxygen Index 
of Marginally Flame Retarded Polyethylene 

Antioxidant (each at 2%) Oxygen Index 
none 22.1 ± 0.4 
2,6-di-tert-butyl-p-cresol 23.6 
octyl-N-phenyl-alpha-naphthylamine 24.2 
tyN'-diphenyl-p-phenylenediamine 24.2 
phenothiazine 23.8 

A n interesting proposal has been made by Czech researchers that triaryl 
phosphates may act in the condensed phase of burning polystyrene as free radi
cal scavengers (28). If this is in fact one of the modes of action, triaryl phos
phates are not very efficient in this system. New types of high temperature 
antioxidant systems based on polyconjugated aromatic structures (29) or based on 
reducing agents such as metals (30) have been suggested by Russian workers; 
these may offer leads to antioxidants effective at the surface of burning plastics. 
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One of the present authors (31) has developed a series of additives which 
combine the features of both free radical inhibitors and flame retardants of the 
tetrabromophthalimide or chlorendic imide type with hindered phenol antioxidant 
structures such as the following compounds: 

We have recently evaluated the chlorendic imide/hindered phenol for its 
effect on the oxygen index of polyethylene, and we found only a miniscule 
increase, not considred statistically significant, in comparison to the same loading 
of chlorine as chlorendic anhydride. We believe that if the antioxidant approach 
to flame retardancy is to be successful, special high temperature antioxidant 
structures must be designed for this purpose. 

Catalytic Modes of Flame Retardant Action 

Certain catalytic modes have been well exploited in flame retardant systems, 
namely the dehydrating action of compounds which yield strong acids under 
flaming or smoldering conditions. Friedel-Crafts and other acid catalyzed con
densation reactions have been exploited to increase char. These mechanisms 
don't work very well for polymers of mainly hydrocarbon character. Are there 
other modes of catalysis which might work better? 

In principle, if a polyolefin could be made to undergo oxidative dehydroge-
nation to form water and char, its heat of combustion could be reduced to 
about one-third the heat of its complete combustion to carbon dioxide and 
water. Not only would this afford a drastic reduction in flammability (in view of 
the cooperative effects of reducing the heat of combustion while providing a 
char barrier), but in the optimal case, the only combustion product would be a 
harmless vapor, water. In view of these potential benefits, it is worth reviewing 
the dehydrogenation/oxidative dehydrogenation mode of catalysis to see what 
might be done. Regarding this concept, the literature is sparse, but some 
encouragement is found. 

One very efficient system which may work this way was reported by Chien 
and Kiang (32) who found that 1.5% chromium, introduced by the £tard reac
tion, raised the oxygen index of polypropylene to 27 (Fig. 4) and char formation 
was promoted. Tlie hypotheses as to mode of action included the idea that 
dehydrogenation catalysis might be involved. 

Cullis and Hirschler (33) found that zinc acetylacetonate and cobalt acetyla-
cetonate at 1% in polypropylene afforded self-extinguishing properties by the 
A S T M D635 test (Table IV) . These additives appear to be catalytic pro-oxidants 
which enhanced the carbon yield. 
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Figure 3. Content of oxygen in condensed phase of burning polypropylene 
varying distances below the surface. 
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Figure 4. Effect of chromium content on oxygen index of polypropylene. 
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Table IV. Flame Retardant Effect of Some Metal Compounds 
in Polypropylene at 1% by the ASTM D635 Test 

Compound Charring Drip Fire Rating 
Nickel A c A c slight yes burns 
Cupric stearate slight yes burns 
Cobalt A c A c yes no self-ext. 
Zinc A c A c yes no self-ext. 

Studies at the International Tin Research Institute showed that 2.5% zinc 
stannate strongly enhanced the flame retardant action of A T H in ethylene-acrylic 
rubber, and enhanced the char yield (34) (Fig. 5). 

Hitachi Cable Ltd. (35) has claimed that dehydrogenation catalysts, exempli
fied by chromium oxide—zinc oxide, iron oxide, zinc oxide, and aluminum 
oxide-manganese oxide inhibit drip and reduce flammability of a polyolefin 
mainly flame retarded with A T
A T H and M g ( O H ) 2 are o
metal oxides to increase char, possibly by this mechanism. 

Working with polymethyl methacrylate, Sirdesai and Wilkie (36) have shown 
that certain phosphine-platinum complexes undergo oxidative insertion reactions 
and thus catalyze crosslinking leading to flame retardance. This catalyst is 
expensive and not particularly efficient, but serves as a lead. 

Probably the most efficient flame retardant system ever discovered for a 
polymer is platinum, which at 1 ppm flame retards silica-filled silicones and 
increases unburned residue (Fig. 6). In a very thorough study by MacLaury at 
G E (37), platinum was shown to exert a catalytic action to induce coupling 
between chains and with the filler. The detailed mechanism is still uncertain; 
nevertheless, the remarkable efficacy of platinum in this system supports the idea 
that very efficient f.r. agents may be designed by using catalysis principles. 

Polyblends of Flame Retardant with Non-flame-retardant Plastics 

The principles needed to design a polymer of low flammability are reasonably 
well understood and have been systematized by Van Krevelen (5). A number of 
methods have been found for modifying the structure of an inherently flammable 
polymer to make it respond better to conventional flame retardant systems. For 
example, extensive work by Pearce et al. at Polytechnic (38, 39) has demon
strated that incorporation of certain ring systems such as phthalide or fluorenone 
structures into a polymer can greatly increase char and thus flame resistance. 
Pearce, et al. also showed that increased char formation from polystyrene could 
be achieved by the introduction of chloromethyl groups on the aromatic rings, 
along with the addition of antimony oxide or zinc oxide to provide a latent 
Friedel-Crafts catalyst. 

However, from a commercial standpoint, modifying the polymer mainly for 
improved flame retardancy is usually done reluctantly, since other properties usu
ally suffer and cost is generally increased. The present trend for developing 
improved polymers is to utilize polyblending. Can a polyblending approach 
achieve efficient flame retardancy? 

Commercial examples are notably P V C - A B S blends and the blends of 
polyphenylene oxide with polystyrene. In the case of PPO-PS blends, it has 
been shown that the good char forming ability of the P P O greatly helps flame 
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TEMPERATURE 

Figure 5. Effect of tin compounds on oxygen index vs. temperature of ethylene-
acrylic rubber containing 50% A T H . Key: # , 2.5% Z n S n ( O H ) 6 ; • , 2.5% S n 0 2 ; 
0 » no tin. 
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Figure 6. Effect of platinum on burning time and unburnt residue of silicone 
rubber containing 44 % silica. 
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retardancy, requiring only the addition of a triaryl phosphate which serves to 
flame retard the polystyrene pyrolysate which reaches the vapor phase (40). 

Polytetrafluoroethylene has an oxygen index of 95%, and is relatively imper
vious to gases. The use of a low level of finely divided P T F E as an anti-
dripping additive in flame retardant polycarbonates is described in the patent 
literature, and is in commercial use (41). 

Can we expect highly efficient flame retardant systems by blending a small 
amount of a very flame retardant high-charring polymer with a large amount of 
a very flammable low-charring polymer? We know from the somewhat analo
gous area of textile blends that results can deviate radically from the "rule of 
averages" - in the wrong direction for blends of f.r. cotton and P E T - and that 
new burning chemistry can even be elicited (42)! Perhaps some favorable cases 
remain to be discovered. 

"Synergism* 

The quantitative relationshi
concentration of flame retardant is usually not linear, and there is no logical 
reason to expect combinations of different flame retardants to show a linearly 
additive result either (43). The actual result is often found to be "synergistic" or 
"antagonistic", or in regression analysis terminology, the interaction term is often 
found to be statistically significant. 

Some painstaking and elegant studies by Antia, Cullis and Hirschler (44) 
show what can be accomplished by optimizing flame retardant compositions. For 
example, by "contour-mapping" the oxygen index of A B S as a function of the 
concentration of decabromodiphenyl oxide, antimony oxide and ferric oxide, they 
discovered that the highest achievable oxygen index was with mixtures having all 
three additives present within a certain defined range of composition. 

Careful attention to quantitative activity vs. concentration relationships, to 
the effect of interaction terms in combinations (using computerized regression 
analysis and experimental design), and careful observation of the manner in 
which one mode of action supports and reinforces another, seems likely to lead 
us to the next generation of highly efficient flame retardant systems. 
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Chapter 9 

Ternary Reactions among Polymer Substrates, 
Organohalogens, and Metal Oxides 

in the Condensed Phase under Pyrolytic 
Conditions 

M. J. Drews, C. W. Jarvis, and G. C. Lickfield 

School of Textiles, Clemson University, Clemson, SC 29634 

The results reported here represent part of an 
extensive and continuing investigation 
concerning the antimony oxide/organohalogen 
synergism in flame retardant chemistry and in 
particular into the mechanisms of volatile 
antimony species formation during pyrolytic 
degradation and combustion, and the role of the 
polymer substrate in these reactions. Mixtures 
of decabromodiphenyl oxide (DBDPO) with antimony 
oxide, inert f i l lers , a variety of active metal 
powders and two different polymer substrates 
(high density polyethylene and polypropylene) 
were pyrolyzed isothermally in the TGA and the 
volatile DBDPO pyrolysis products characterized 
by capillary gas chromatography (CGC) and 
CGC/MS. Based on the results of these and other 
supporting experiments, mechanisms are proposed 
to account for the observed product 
distributions. 

The antimony oxide/organohalogen synergism i n flame r e t a r d a n t 
a d d i t i v e s has been the s u b j e c t of c o n s i d e r a b l e r e s e a r c h and 
d i s c u s s i o n over the past twenty-five years (1-17). In a d d i t i o n to 
antimony oxide, a v a r i e t y of bismuth compounds and molybdenum oxide 
have been the subject of s i m i l a r s t u d i e s (18-20) . Despite t h i s 
i n t e n s i v e i n v e s t i g a t i o n , r e l a t i v e l y l i t t l e has been c o n c l u s i v e l y 
e s t a b l i s h e d about the s o l i d s t a t e chemical mechanisms of the metal 
component v o l a t i l i z a t i o n , except i n those cases where the 
organohalogen component i s cap a b l e of undergoing e x t e n s i v e 
intramolecular dehydrohalogenation. 

In the e a r l i e r l i t e r a t u r e , s e v e r a l d i f f e r e n t mechanisms have 
been proposed to account f o r the antimony v o l a t i l i z a t i o n which 
occurs during the combustion of polymer substrates i n the presence 
of antimony oxide and an organohalogen. 
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110 FIRE AND POLYMERS 

These r e a c t i o n sequences can be separated i n t o two cate g o r i e s 
according to whether or not the organohalogen component can undergo 
intramolecular dehydrohalogenation. 

For t h o s e organohalogen compounds which can undergo 
in t r a m o l e c u l a r dehydrohalogenation, r e a c t i o n sequence [1] has been 
proposed as the p r i n c i p a l route to the ge n e r a t i o n of v o l a t i l e 
antimony containing species (3, 5, 7, 18, 20). 

R-CH2CHX-R * R-CH=CH-R + HX t 

6 HX + Sb 20 3 • 2 SbX 3 + 3 H20 T 

Examples of a d d i t i v e s and polymer substrates which could react 
v i a [1] would be c h l o r i n a t e d p a r a f f i n waxes, hexabromocyclododecane 
(HBCD) and p o l y ( v i n y l c h l o r i d e ) or poly(vinylbromide). 

For those organohalogen compounds which cannot r e a d i l y undergo 
i n t r a m o l e c u l a r d e h y d r o h a l o g e n a t i o n , two a l t e r n a t i v e r e a c t i o n 
sequences, [2] and [3]
containing species have

R-CH2CH2-R • 2 R-CH2-

R-CH2- + R'-X • R-CH2-Rf + X-
[2] 

X- + R-CH2CH2-R • HX + R-CH2CH-R 

6 HX + Sb 20 3 • 2 SbX 3 t + 3 H20 t 

Sb 20 3 + R-X • {SbO---X---R}* 
[3] 

n {SbO---X---R}* • SbX 3 t + {R2O}* 

Examples of ad d i t i v e s to which e i t h e r or both of these r e a c t i o n 
sequences c o u l d apply are decabromodipheny1 oxide (DBDPO), 
tetrabromobisphenol-A (TBBPA) and the c h l o r i n a t e d cyclopentadiene 
adducts. 

There i s s u b s t a n t i a l data to support r e a c t i o n sequence [2] and 
some data suggesting sequence [3] (21, 22) may occur under c e r t a i n 
p y r o l y s i s c onditions, but no evidence has been published f o r [3] i n 
the absence of a large excess of polymer substrate. In the case of 
[2] and [3] i t has been suggested that these r e a c t i o n s would be 
dependent on the carbon-halogen bond strength i n the organohalogen 
component (9). 

Presumably other metal oxide compounds, such as bismuth or 
molybdenum oxide, c o u l d undergo s i m i l a r r e a c t i o n s under the 
appropriate c o n d i t i o n s . 

More r e c e n t l y , based on the r e s u l t s of an extensive s e r i e s of 
small s c a l e degradation studies, two a d d i t i o n a l mechanisms f o r the 
v o l a t i l i z a t i o n of antimony from antimony oxide/organohalogen flame 
retardant systems have been proposed (23,24). Of these two proposed 
mechanisms, [4] and [5], [4] does not i n v o l v e HX formation at a l l 
and [5] suggests an important r o l e f o r the d i r e c t i n t e r a c t i o n of the 
polymer substrate with the metal oxide p r i o r to i t s r e a c t i o n with 
the halogen compound. 
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9. DREWS ET AL. Ternary Reactions under Pyrolytic Conditions 111 

Sb 20 3 + Polymer • Sb° + [Polymer-O-] 
[4] 

Sb° + R-X • [SbX nO yR z] + [R] 

Sb 20 3 + Polymer • [Sb 20 3-Polymer] * 
[5] 

[Sb 20 3-Polymer] * + R-X — • [SbX nO yPolymer] + [R* ] * 

Mechanism [4] was based on studies i n v o l v i n g the d i r e c t r e a c t i o n 
of antimony metal with DBDPO i n the absence of a hydrogen source. 
The data from these experiments c l e a r l y show that i f the oxide i s 
reduced to the metal, d i r e c t i n t e r a c t i o n with DBDPO would occur, and 
that t h i s i s a s p e c i f i c and hig h l y exothermic r e a c t i o n . However, no 
d i r e c t evidence f o r the presence of m e t a l l i c antimony i n mixtures 
co n t a i n i n g antimony oxide, a polymer substrate and an organohalogen 
compound was obtained. 

Mechanism [5] was base
se q u e n t i a l p y r o l y s i s experiment
mechanism [5] d i f f e r s fro  [3], p r i m a r i l y  [5]  propose
to be surface c a t a l y t i c i n nature, and that the r e a c t i o n between the 
oxide p a r t i c l e surface and the organohalogen was considered only as 
the f i r s t step, i n i t i a t i n g the process l e a d i n g to the eventual 
formation of v o l a t i l e antimony species. 

The r e s u l t s reported here represent only a small part of an 
exte n s i v e and co n t i n u i n g i n v e s t i g a t i o n designed to e l u c i d a t e , i n 
more d e t a i l than had p r e v i o u s l y been e s t a b l i s h e d , the mechanisms of 
v o l a t i l e antimony and other metal s p e c i e s formation d u r i n g the 
p y r o l y t i c degradation and combustion and the r o l e s of the polymer 
substrate and organic halogen sources i n these r e a c t i o n s . Because 
of i t s commercial and p o t e n t i a l mechanistic (since i t contains no C-
H bonds) s i g n i f i c a n c e , much of the emphasis of t h i s work has been 
focused on the s o l i d state chemistry which occurs with DBDPO as the 
halogen source. 

Experimental 

The thermal a n a l y s i s , tube furnace, and other apparatus p r e v i o u s l y 
employed i n t h i s work, as well as the procedures f o r measuring the 
antimony v o l a t i l i z a t i o n g r a v i m e t r i c a l l y have been d e s c r i b e d 
elsewhere (23-25). For the c o l l e c t i o n of the v o l a t i l e organics from 
the p y r o l y s i s experiments, the use of various t r a p designs and a 
v a r i e t y of s o l v e n t s was i n v e s t i g a t e d . For the m a j o r i t y of the 
c a p i l l a r y gas chromatographic (CGC) and CGC/MS a n a l y s i s procedures, 
an Ace Glass Works glass microimpinger containing 20.0 ml of solvent 
(benzene, xylene or toluene) connected by a b a l l j o i n t to the purge 
o u t l e t of the p y r o l y s i s apparatus (DuPont Instruments 951 TGA 
module) was used. 

The CGC a n a l y s i s of the v o l a t i l e d egradation products were 
perf o r m e d u s i n g a P e r k i n - E l m e r Sigma 2000 c a p i l l a r y gas 
chromatograph. The column used was e i t h e r a fused s i l i c a 0.25 
micron, bonded methyl s i l i c o n e (10 m, 0.25 mm I.D.) or a methyl/5% 
phenyl s i l i c o n e (15 m 0.25 mm I.D.) bonded phase. The c a r r i e r gas 
was helium and the c a p i l l a r y column head pressure was maintained at 
20 p s i . The make-up gas f o r the pulsed e l e c t r o n capture d etector 
(ECD) was 95% Ar/5% methane supplied at a flow rate of 60 ml/min. 
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A l l of the i n j e c t i o n s were 1 m i c r o l i t e r and the c a p i l l a r y column 
s p l i t r a t i o was nominally set at 200:1. Column and program times 
and temperatures were v a r i e d depending on the v o l a t i l e products 
being analyzed. 

A l l of the i n i t i a l CGC organobromine d e g r a d a t i o n products 
assignments were based on the use of r e l a t i v e r e t e n t i o n time 
s t a n d a r d s . The r e l a t i v e r e t e n t i o n times f o r the p a r t i a l l y 
brominated degradation products were e s t a b l i s h e d e i t h e r by the 
s y n t h e s i s of the expected degradation products or by the use of 
s e l e c t i v e debromination r e a c t i o n s . 

In the l a t t e r stages of t h i s i n v e s t i g a t i o n , CGC/MS was employed 
to confirm the assignments of the r e l a t i v e r e t e n t i o n time standards. 
The i n s t r u m e n t a t i o n used i n the m a j o r i t y of these experiments 
c o n s i s t e d of a Hewlett-Packard 5890A c a p l i l l a r y gas chromatograph 
i n t e r f a c e d d i r e c t l y to a HP-5970B mass s e l e c t i v e d e t e c t o r (MSD). 
A l l of the data a c q u i s i t i o n and a n a l y s i s were done using a HP-59970C 
Chemstation and s o f t w a r e . A l i m i t e d number of a d d i t i o n a l 
experiments were c a r r i e
c a p i l l a r y column employe
HP, 25m, methyl/5% pheny  phase,
s i l i c a with a f i l m t h i c k n e s s of 0.33|Xm. The chromatographic 
c o n d i t i o n used f o r these experiments were as s i m i l a r to those 
employed f o r the p r i o r CGC a n a l y s i s as the instrumentation would 
permit. 

For the decabromodiphenyl oxide (DBDPO) p y r o l y s i s r e a c t i o n s , two 
d i f f e r e n t procedures were used to s y n t h e s i z e the s e r i e s of 
brominated d i p h e n y l oxides and dibenozofurans employed as the 
r e l a t i v e r e t e n t i o n time standards: AlBr3/Br2 i n ethylene dibromide 
and Fe° (metal)/Br2 i n te t r a c h l o r o e t h y l e n e . The rate of the i n i t i a l 
bromination steps i n the former r e a c t i o n was so r a p i d that only the 
higher degree of bromination adducts could be i s o l a t e d . The rate of 
the Fe°/Br2 r e a c t i o n was found to be much slower, e s p e c i a l l y during 
the i n i t i a l stages, and these r e a c t i o n s y i e l d e d a broader range of 
r e l a t i v e r e t e n t i o n time reference peaks. 

In a t y p i c a l bromination experiment 1.0 g of diphenyl ether (or 
dibenzofuran) , 1.0 g of Fe° powder and 15 ml of Br2 were added to 
approximately 250 ml of te t r a c h l o r o e t h y l e n e . The mixture was gently 
heated with s t i r r i n g f o r a pe r i o d of up to two weeks. At i n t e r v a l s , 
approximately 20 Ul of the r e a c t i o n mixture was withdrawn, d i l u t e d 
to 3 ml with benzene and the r e s u l t a n t s o l u t i o n a n a l y z e d 
chromatographically. The assignment of degrees of bromination to 
s p e c i f i c r e t e n t i o n times was based on f o l l o w i n g the progression of 
the very slow reaction, and the assumption that the longest observed 
r e t e n t i o n times correspond to the f u l l y brominated s p e c i e s . This 
assumption could be confirmed f o r the DBDPO but not a b s o l u t e l y f o r 
the octabromodibenzofuran (OBDBF), since no pure OBDBF standard was 
a v a i l a b l e . 

An analogous s e r i e s of d i b e n z o d i o x i n r e l a t i v e r e t e n t i o n time 
standards were prepared from dibenzodioxin (DBD) using Fe°/Br2 and 
the same procedure used to brominate the ether and the furan. The 
DBD i t s e l f was prepared by r e f l u x i n g ortho-chlorophenol with NaOH. 

The r e l a t i v e r e t e n t i o n times employed i n the study of the HBCD 
p y r o l y s i s r e a ctions were obtained by the use of s e l e c t i v e chemical 
debromination. The HBCD was s e l e c t i v e l y debrominated u s i n g Zn° 
(metal) powder i n a r e f l u x i n g ether s o l u t i o n . A small amount of 
a c e t i c a c i d was used as the c a t a l y s t . 
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A l l of the organohalogen compounds s t u d i e d were commercial 
products obtained from various manufacturers and used as rec e i v e d . 
Only the DBDPO was p u r i f i e d f u r t h e r by r e c r y s t a l l i z a t i o n f o r some of 
the chromatography and thermal a n a l y s i s experiments. Samples of 
antimony t r i o x i d e and antimony pentoxide were a l s o obtained from 
commercial sources. The u l t r a p u r e antimony t r i o x i d e , bismuth 
t r i o x i d e , bismuth metal, antimony metal, dibenzofuran and diphenyl 
ether were a l l obtained from A l d r i c h Chemicals. The poly(propylene) 
(PP) r e s i n was 0.7 m f i , food grade from Novamont and the 
poly(ethylene) was u n s t a b i l i z e d , high molecular weight, HDPE from 
American Hoechst. 

Results and Discussion 

On the b a s i s of the data obtained from the e a r l y thermal a n a l y s i s 
and tube furnace p y r o l y s i s experiments performed during the i n i t i a l 
phases of t h i s i n v e s t i g a t i o n , i t became apparent that i n order to 
e s t a b l i s h the p r i n c i p a
v o l a t i l e antimony species
DBDPO i t s e l f would need

To accomplish t h i s o b j e c t i v e a c a p i l l a r y gas chromatograph was 
used and an a n a l y t i c a l p r o t o c o l f o r the a n a l y s i s of the v o l a t i l e 
degradation products of DBDPO developed. While there has r e c e n t l y 
been considerable a c t i v i t y with respect to the c h a r a c t e r i z a t i o n of 
the thermal degradation products of c h l o r i n a t e d and brominated 
aromaties (26-30), i n c l u d i n g DBDPO (29,30), at the time t h i s work 
was f i r s t undertaken during l a t e 1984, nei t h e r an a n a l y t i c a l method 
nor a n a l y t i c a l standards were a v a i l a b l e f o r the study of the thermal 
degradation products of DBDPO. Therefore, s e v e r a l sets of r e l a t i v e 
r e t e n t i o n time standards were pre p a r e d c o r r e s p o n d i n g to the 
a n t i c i p a t e d p a r t i a l l y brominated degradation products of DBDPO (24). 
These r e l a t i v e r e t e n t i o n time standards i n c l u d e d a s e r i e s of 
p a r t i a l l y brominated r e a c t i o n products based on d i p h e n y l oxide, 
dibenzofuran and dibenzodioxin. 

In order to confirm the r e l a t i v e r e t e n t i o n times e s t a b l i s h e d f o r 
DBDPO u s i n g only CGC, a d d i t i o n a l s e t s of p a r t i a l l y brominated 
diphenyl oxides and dibenzofurans were synth e s i z e d using the Fe°/ 
Br2 procedure. The course of these reactions was followed by both 
CGC and CGC/MS. As a r e s u l t , i t was p o s s i b l e to simultaneously 
c o n f i r m the previous r e l a t i v e r e t e n t i o n time peak assignments as 
w e l l as t o c o r r e l a t e the r e t e n t i o n times between the two 
instruments. Some of the pe r t i n e n t comparative r e t e n t i o n time data 
obtained from these experiments i s summarized i n Table I. Upon 
completion of the i n d i v i d u a l r e a c t i o n s , a c o c k t a i l c o n t a i n i n g both 
p a r t i a l l y brominated furans and diphenyl oxides was mixed. A t y p i c a l 
CGC chromatogram and a CGC/MS t o t a l i o n chromatogram f o r t h i s 
c o c k t a i l are shown i n Figures 1 and 2, r e s p e c t i v e l y . 

On the basis of the r e s u l t s obtained from these combined CGC and 
CGC/MS experiments i t was p o s s i b l e to p o s i t i v e l y confirm a l l of the 
r e l a t i v e r e t e n t i o n times assignments which had p r e v i o u s l y been made 
using CGC a n a l y s i s alone. 

A l l of the DBDPO and HBCD thermal d e g r a d a t i o n experiments 
reported here were c a r r i e d out isothermally with a nitrogen purge i n 
a thermal g r a v i m e t r i c analyzer (TGA) at temperatures between 390 and 
410° C f o r DBDPO and 240° C f o r HBCD, r e s p e c t i v e l y . 
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Table I. Comparison of the Isomer Retention Ranges 
Obtained from CGC and CGC/MS Anal y s i s of the 

Rel a t i v e Retention Time Standards 

Rentention Time Range, min 

Diphenyl Oxides DJbenzQfurans 

Bromine# CGC ( 1 ) CGC/MS ( 2 ) CGC ( 1 ) CGC/MS ( 2 ) 

3 11 19 13-15 22-23 
4 15 23-24 19-20 27-28 
5 19-21 27-27 23-24 32-35 
6 22-24 31-34 27-28 40-44 
7 25-27 37-40 33-34 60 
8 29-30 45-51 44-45 98-100 
9 35-36 70-75 

10 48-50 112-115 

Perkin-Elmer Sigma 2000,15m,methyl/5% phenyl 
s i l i c o n e column 
HP-5980-A,25m, methyl/5% phenyl s i l i c o n e column. 
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The samples pyrolyzed included the pure organohalogen compound, 
simple mixtures of the organohalogen and a second component 
r e p r e s e n t a t i v e of a p o s s i b l e a d d i t i v e or r e a c t i o n product present 
d u r i n g the thermal d e g r a d a t i o n of a flame r e t a r d e d polymeric 
m a t e r i a l , such as Sb203 or a polymer substrate, and ternary mixtures 
c o n t a i n i n g a l l t h r e e components. A f t e r some p r e l i m i n a r y 
e x p e r i m e n t a t i o n with a v a r i e t y of mixing t e c h n i q u e s , i t was 
concluded t h a t the most r e p r o d u c i b l e r e s u l t s were ob t a i n e d by 
preparing the sample mixtures d i r e c t l y i n the quartz sample pans f o r 
the TGA p y r o l y s i s experiments. The r a t i o n a l e f o r the choice of 
temperature ranges and experimental c o n d i t i o n s employed have been 
described i n d e t a i l elsewhere (24,25). 

When pure DBDPO was p y r o l y z e d at 390° C and the v o l a t i l e 
products analyzed by CGC, 98% was recovered. The only r e a c t i o n of 
note appeared to be the degradation of the nonabromodiphenyl oxide 
which had been detected as an impur i t y present i n the s t a r t i n g 
sample. 

These r e s u l t s are
reported i n the l i t e r a t u r
thermal and thermal o x i d a t i v e degradation of DBDPO, i n which >90% 
degradation was reported (28) . We confirmed that temperature was 
the p r i n c i p a l cause f o r these d i f f e r e n t observations, by reproducing 
the 600° C isothermal p y r o l y s i s of DBDPO i n which l e s s than 10% 
unreactive DBDPO was recovered. 

As t h i s work progressed, i t became convenient f o r comparative 
purposes to express the p y r o l y s i s r e s u l t s f o r a s p e c i f i c p y r o l y s i s 
experiment i n terms of the extent of the observed r e a c t i o n of the 
i n i t i a l o r g a n o h a l o g e n component c o n t e n t r e c o v e r e d 
chromatographically. The extent of r e a c t i o n data as determined by 
the CGC a n a l y s i s of the v o l a t i l e r e a c t i o n products f o r the p y r o l y s i s 
of some r e p r e s e n t a t i v e simple mixtures of DBDPO are summarized i n 
Table I I . As i l l u s t r a t e d by these data, the r e s u l t s obtained f o r 
the DBDPO/Sb203 mixture suggest that, i n the absence of a polymer 
subs t r a t e , Sb203 e x h i b i t s the same extent of r e a c t i o n as observed 
fo r other i n e r t f i l l e r s such as glass beads or alumina. 

Previous thermal a n a l y s i s studies had i n d i c a t e d that while Sb203 
d i d not react d i r e c t l y with DBDPO, there was some evidence that the 
r e a c t i o n of a polymer substrate with the Sb203 generated a species 
which was very r e a c t i v e (23) , and that t h i s product was antimony 
metal (Sb°) . Therefore, simple mixtures of DBDPO with powdered 
antimony, bismuth and zinc metals (mole r a t i o of bromine to metal of 
3:1) were pyrolyzed and the extent of re a c t i o n determined by CGC. 

As shown by the data f o r these mixtures als o presented i n Table 
I I . , under the conditions employed here, a l l of these metals reacted 
d i r e c t l y with DBDPO. From a mechanistic p e r s p e c t i v e , that f o r a l l 
three metals the p r i n c i p a l DBDPO v o l a t i l e r e a c t i o n product was 
observed to be the octabromodibenzofuran (OBDBF) was considered to 
be the most important r e s u l t of these experiments. The observed 
r e a c t i v i t y of the metal towards the DBDPO decreased i n the order Zn° 
> Sb° > Bi° . Of these data, only the r a t h e r l a r g e observed 
d i f f e r e n c e i n the r e l a t i v e r e a c t i v i t i e s of Sb° (-38% OBDBF) and Bi° 
(-9% OBDBF) was unexpected based upon the thermodynamics f o r the 
formation of t h e i r respective h a l i d e s . 

While s e v e r a l a d d i t i o n a l experiments i n d i c a t e d that the low 
melting point of Bi° (271° C) may have e f f e c t e d the observed extent 
of r e a c t i o n , other f a c t o r s such as s i g n i f i c a n t d i f f e r e n c e s i n the 
surface areas of the powdered metals cannot be ru l e d out. 
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By analogy to the u t i l i z a t i o n of Zn° i n the W u r t z - F i t t i g 
r e a c t i o n (31), Scheme [6] i l l u s t r a t e d f o r Zn° i s proposed to account 
f o r the observed r e a c t i o n between DBDPO and any other a c t i v e metals 
such as Sb° or Bi°. 

Zn 
[6] 

Z n ZnBr 2 

The two polymer substrate  i n v e s t i g a t e d t f th  stud f 
DBDPO mixtures were polypropylen
polyethylene (HDPE). Whil
random chain s c i s s i o n , r a d i c a l mechanisms, chain t r a n s f e r occurs 
much more r e a d i l y during the p y r o l y s i s of PP because of the presence 
of the t e r t i a r y hydrogens. In a d d i t i o n , only primary chain end 
r a d i c a l s are formed when the HDPE ch a i n c l e a v e s h o m o l y t i c a l l y . 
Therefore, a comparison of the PP/DBDPO and the HDPE/DBDPO mixtures' 
v o l a t i l e product d i s t r i b u t i o n s was undertaken. 

In comparing the r e s u l t s of these experiments as summarized i n 
Tables I II and IV, i t was found that the extent of r e a c t i o n was 
much greater f o r the HDPE/DBDPO mixtures (only -8% undegraded DBDPO) 
than f o r the corresponding PP/DBDPO samples (-64% undegraded DBDPO). 
In a d d i t i o n , the peak area f r a c t i o n f o r the octa-ether was almost an 
order of magnitude greater, the furans' areas three times and the 
unassigned peaks' area f r a c t i o n more than f i v e times that measured 
f o r the PP/DBDPO mixtures (=20% as compared to =3%). One p o s s i b l e 
mechanism which would be c o n s i s t e n t with the observed data, 
e s p e c i a l l y c o n s i d e r i n g the magnitude of the d i f f e r e n c e i n the 
observed extent of degradation between HDPE and PP, i s the chain 
t r a n s f e r r e a c t i o n shown i n Scheme [7]. 

H H 
I I 

R-C-C-R' 
I I 
H CH 3 

H 
I 

R-C-
I 
H 

H 
I 

•C-R' 
I 
CH 3 

[7] 

H H 

R-C- • B r 5 - ( ^ O S [ g ] - B r 5 -A*. R-c-Br • ^ - ( ^ " [ g j - B r , ] 

H H 

Further evidence that the p r i n c i p a l degradation pathway involves 
chain r a d i c a l attack on the DBDPO as shown i n [7] and not halogen 
r a d i c a l attack as would occur i n [2] includes the r e l a t i v e l y small 
q u a n t i t y of HBr formed (23,25) as w e l l as the l a r g e number of 
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Table I I . Summary of V o l a t i l e Product CGC A n a l y s i s 
f o r the Extent Reaction of Simple 
Mixture Pyrolyzed at 390°C i n the TGA 

Mixtures DPO^io D P 0 1 9 f 8 D P 0 1 7 / 6 D P 0 1 5 / 4 DBF 28, ,7 DBF 2 6-4 

DBDPO/Sb203 94 .7 1.6 0.7 1.6 0.1 
DBDPO/AL2O3 92 .8 0.6 
DBDPO/GB3 91.8 
DBDPO/Bi° 81.6 5.3 
DBDPO/Zn° 52.5 2.8 0.4 10.1 14.1 
DBDPO/Sb° 58.3 3.0 38.4 

Brominated diphenyl oxides 
Brominated dibenzofurans 
Glass Beads 

Table I I I . Summary of the V o l a t i l e Product GC Analysis f o r 
the DBDPO/PP Mixture 

Pyrolyzed at 390°C i n the TGA 

Component Peak Area, % 

Br # DPCT DBF PHENOLS BENZENES 

3 
4 
5 
6 
7 
8 
9 

10 

0.2 
0.4 
2.9 

23.6 
64.3 

0.3 
2.8 
2.5 

0.3 
0.3 

Brominated Diphenyl Oxides 
Brominated Dibenzofurans 
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brominated a l k y l fragments detected by the ECD detector during the 
CGC a n a l y s i s . 

From a m e c h a n i s t i c p e r s p e c t i v e , one of the most important 
a s p e c t s of the r e s u l t s of these experiments i s the f u r t h e r 
confirmation of the formation of v o l a t i l e metal h a l i d e species by a 
r e a c t i o n pathway, as i l l u s t r a t e d by Scheme [6], th a t does not 
include the formation of HX. 

In t h i s regard, i t should be noted at t h i s point that one of the 
products i d e n t i f i e d by CGC/MS from these p y r o l y s i s r e a c t i o n s was 
SbBr3. Furthermore, the data presented concerning the importance of 
the polymer s u b s t r a t e i n the degradation of the DBDPO and the 
proposed chain r a d i c a l t r a n s f e r mechanism [7] would suggest that the 
condensed phase chemistry could be much more important i n antimony 
oxide/organohalogen flame retardant systems than had been p r e v i o u s l y 
thought. 

Several s e r i e s of ternary mixtures c o n t a i n i n g DBDPO with PP and 
a v a r i e t y of metals, metal oxides and other t h i r d components have 
been pyrolyzed i n the TG
CGC. The CGC data fro
three d i s t i n c t c a t e g o r i e
r e a c t i o n . In the f i r s t c l a s s , Class I, the extent of r e a c t i o n was 
found to be not s i g n i f i c a n t l y g r e a t e r than that measured f o r the 
PP/DBDPO mixture alone. 

The data f o r the Class I components (Fe°, 100 mesh-size g l a s s 
beads and chromatographic grade aluminum oxide) are summarized and 
compared to that from the simple PP/DBDPO mixture data i n Table V. 
As i l l u s t r a t e d by the data i n Table V, i n t h i s c l a s s , =50% of the 
t o t a l v o l a t i l e peak area corresponded to undegraded DBDPO and the 
p r i n c i p a l degradation product was found to be the nonabromo ether 
(=33%). Of these r e s u l t s , only the Fe° (metal) data was s u r p r i s i n g 
since i t implied that Fe° was a c t i n g only as an i n e r t f i l l e r and not 
forming s i g n i f i c a n t q u a n t i t i e s of i r o n h a l i d e s under these 
experimental c o n d i t i o n s . During the review of t h i s manuscript i t 
was suggested that the Fe° may have been surface oxidized, while the 
TGA was c a r e f u l l y purged and a l l of the metal samples were reagent 
grade or u l t r a p u r e , surface o x i d a t i o n cannot be r u l e d out as an 
explanation for the observed lack of r e a c t i v i t y f o r the Fe° samples. 

The second c l a s s , C l a s s I I , was r e p r e s e n t e d by Zn° and 
molybdenum (III) oxide (M0O3). These data are summarized and 
compared to the r e s u l t s f o r the simple PP/DBDPO mixture i n Table VI. 
As shown by the data i n Table VI, only -20% of the t o t a l product 
peak area was accounted for by the undegraded DBDPO i n t h i s c l a s s . 

In a d d i t i o n , =20% of the product peak area was assigned to furan 
formation as compared to =10% f o r Cl a s s I. Perhaps, the most 
s i g n i f i c a n t r e s u l t s from t h i s c l a s s are those f o r the M0O3 mixture 
since these data represent a c l e a r i n d i c a t i o n that t h i s metal oxide 
can undergo chemistry s i m i l a r to that observed f o r Sb203 as has been 
suggested but seldom supported i n the past l i t e r a t u r e . 

The t h i r d c l a s s , Class I I I , contained those mixtures e x h i b i t i n g 
the greatest extent of r e a c t i o n . Included i n t h i s c l a s s were Sb203, 
Sb°(metal), Bi°(metal), bismuth t r i o x i d e (Bi203) and antimony 
t r i s u l f i d e (Sb2S3). These data are summarized and compared to those 
from the simple PP/DBDPO mixture i n Table VII. 
In these ternary mixture experiments, unreacted DBDPO accounted f o r 
=4% or l e s s of the t o t a l v o l a t i l e peak product areas. 
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Table IV. Summary of the V o l a t i l e Product CGC An a l y s i s 
f o r the DBDPO/PE Mixture Pyrolyzed at 390° i n the TGA 

Peak Area, % 

Bromine # Diphenyl Oxides Dibenzofurans 

5 — 0.8 
6 1.
7 5.
8 25.8 1.1 
9 21.9 
10 7.5 

Table V. Summary of the V o l a t i l e Product CGC Anal y s i s 
f o r the Class I Extent of Reaction Ternary 

Mixtures at 390°C 

Component Peak Areas, % 
Mixtures DPO 1^ DP0 19 f8 DP0 17 /6 DP0 15 f4 DBF 2g,7 DBF 2 g_4 

PP/DBDPO/Fe° 
56.4 30. .6 .1 .1 8. .1 0. .5 

PP/DBDPO/Glass beads 
49.6 35. .8 .1 .1 8. .4 0. .2 

PP/DBDPO/AL203 
49.5 36. .2 .1 .1 9. .8 1. .1 

PP/DBDPO 
64.3 26. .5 0.6 .1 5. .3 0. .3 

Brominated diphenyl oxides 
Brominated dibenzofurans 
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Table VI. Summary of the V o l a t i l e Product CGC Ana l y s i s f o r 
the Class II Extent of Reaction 

Ternary Mixtures at 390°C 

Component Peak Areas, % 
Mixtures D P 0 1 I Q DP0 1g /8 DP0 17 /g DP0 15 /4 DBF 28,7 DBF 2g_4 

PP/DBDPO/Zn° 
26.4 43.6 1.0 0.1 12.3 5.7 

PP/DBDPO/M0O3 
15.2 36.

PP/DBDPO 
64.3 26.5 0.6 0.1 5.3 0.3 

Brominated diphenyl oxides 
Brominated dibenzofurans 

Table VII. Summary of the V o l a t i l e Product CGC Analysis f o r 
the Class III Extent of Reaction Ternary 

Mixtures at 390°C 

Component Peak Areas, % 
Mixtures D P 0 1 I Q DP0 19 /8 DP0 17 f6 D p 0 1 5 , 4 DBF 28,7 D B F 2 5.4 

PP/DBDP0/Sb203 
3.3 29. .3 8.0 1, .4 9. .0 22, .4 

PP/DBDPO/Bi203 
1.4 8. .7 9.2 7 . .5 2. ,9 16, .3 

PP/DBDPO/Sb° 
2.0 16, .7 28.8 0, .1 9. .3 12, .2 

PP/DBDPO/Bi° 
0.8 4 . .4 11.3 8, .0 2. .8 22, .7 

PP/DBDP0/Sb2S3 
3.2 19, .0 6.7 5, .7 4. .2 18, .2 

PP/DBDPO 
64.3 26, .5 0.6 0, .1 5, .3 0, .3 

Brominated diphenyl oxides 
Brominated dibenzofurans 
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The most s i g n i f i c a n t c h a r a c t e r i s t i c of these data, as compared 
to that from Class I and I I , was the o v e r a l l increase i n component 
peak areas f o r the lower degree of bromination furans (4 to 6 
bromines accounting f o r 12-20% as compared to =2% f o r Class I and a 
maximum of 14% f o r Class II) and ethers (6 and 7 bromines accouting 
f o r 7-29% as compared to =1% f o r Class I and a maximum f o r 4% f o r 
Class I I ) . 

In a d d i t i o n , f o r the Class I I I components, at l e a s t =30% and as 
much as =60% of the peak areas c o u l d not be assigned t o known 
r e l a t i v e r e t e n t i o n times. In comparing the r e s u l t s obtained within 
t h i s c l a s s , the g r e a t e s t o v e r a l l extent of DBDPO r e a c t i o n was 
observed f o r the mixture c o n t a i n i n g PP/DBDPO/Bi°. Also, somewhat 
s u r p r i s i n g l y , there was e s s e n t i a l l y no d i f f e r e n c e observed between 
the e x t e n t of r e a c t i o n s f o r the DBDPO/PP/Sb203 and the 
DBDPO/PP/Sb2S3 mixtures. These r e s u l t s would suggest that Sb2S3 
should be at l e a s t as e f f e c t i v e an a d d i t i v e i n DBDPO/oxide flame 
retardant formulations as Sb203 m In a d d i t i o n , i f the sulphur i t s e l f 
was vapor phase a c t i v e , Sb2S3 could be more e f f e c t i v e than Sb203

The e x t e n t of r e a c t i o
PP/DBDP0/Sb203 and PE/DBDPO/Sb20  compare
t h e i r r e s p e c t i v e polymer/DBDPO simple mixtures i n Table V I I I . As 
was observed e a r l i e r , a greater extent of r e a c t i o n was found f o r the 
PE ternary mixture than f o r the PP ternary mixture, and both of the 
t e r n a r y mixtures showed s i g n i f i c a n t l y g r e a t e r extent of r e a c t i o n 
than the r e s p e c t i v e simple mixtures. I f the data summarized i n 
Table VIII are compared to those i n Tables I I I and IV, i t would 
appear as i f the presence of the Sb203 tended to reduce the 
d i f f e r e n c e s observed between the two polymer systems. However, 
since the extent of rea c t i o n f o r the PE ternary mixture was so great 
that only =50% of the peak areas could be assigned i t i s d i f f i c u l t 
to d i s c e r n with c e r t a i n t y that t h i s i s t r u l y the case. In any case, 
i t i s c l e a r that these two s i m i l a r polymers e x h i b i t s i g n i f i c a n t 
d i f f e r e n c e s i n the extent of the DBDPO r e a c t i o n and these r e s u l t s 
emphasize the importance of the polymer s u b s t r a t e d e g r a d a t i o n 
chemistry with respect to the formation of the v o l a t i l e metal 
species. 

S e v e r a l e x p e r i m e n t s c o n s i d e r e d as p e r t i n e n t t o the 
i n t e r p r e t a t i o n of the ternary mix data with respect to the p o s s i b l e 
r o l e of p o t e n t i a l s p e c i e s formed i n - s i t u , such as SbBr3 f were 
c a r r i e d out with HBCD and HBCD mixtures. The organohalogen HBCD i s 
prepared by the bromination of c y c l o d o d e c a t r i e n e and nominally 
contains bromines at the 1, 2, 5, 6, 9 and 10 p o s i t i o n s on the 
a l i p h a t i c r i n g . 

In the study of the p y r o l y s i s of HBCD u s i n g bromine i o n 
s e l e c t i v e electrodes, i t was found that an average of three bromines 
per molecules was l o s t on h e a t i n g above the decompositio n 
temperature (25). These data, and the organic l i t e r a t u r e , suggested 
t h a t one product of t h i s e l i m i n a t i o n r e a c t i o n s h o u l d be a 
cy c l o d o d e c a t r i e n e r i n g c o n t a i n i n g three v i n y l l i c bromines which 
would be r e l a t i v e l y d i f f i c u l t to remove, i f the proposed e l i m i n a t i o n 
mechanism was c o r r e c t . When t h i s same r e a c t i o n was analyzed by the 
use of CGC, i t was found that the p y r o l y s i s of HBCD by i t s e l f at 
240° C y i e l d s a v a r i e t y of products with d i f f e r e n t degrees of 
bromination (13% -Brg, 7% -Brs, 17% -Br4, 31% -Br3, 19% -Br2 and 
2% -Bri) and not only the proposed t r i e n e . 
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Of these d i f f e r e n t products the t r i e n e was found to be the 
p r i n c i p a l product and the average l o s s of bromine was i n f a c t 
observed to be 3. However, c l e a r l y a l a r g e percentage of the 
debromination d i d not occur s o l e l y by the proposed c o n c e r t e d 
e l m i n a t i o n (25) . However, GC/MS a n a l y s i s of the de g r a d a t i o n 
products i d e n t i f i e d SbBr3 as one of the p r i n c i p a l products from a 
simple mixture of HBCD and Sb203. 

To e v a l u a t e the e f f e c t s of s p e c i e s such as SbBr3 on the 
degradation of HBCD a d d i t i o n a l experiments were performed which 
compared the CGC v o l a t i l e product d i s t r i b u t i o n s , the time to 50% 
weight loss (isothermal TGA) and the temperature at 50% weight l o s s 
(dynamic TGA) fo r mixtures of HBCD with Sb°, Sb203, g l a s s beads and 
SbBr3. Of these mixtures, as shown by the data i n Tables IX and X, 
the HBCD/SbBr3 was the most r e a c t i v e mixture as evidenced by the 
shortest time to 50% weight loss and the greatest extent of re a c t i o n 
based on the t o t a l CGC area counts. In a second experiment, Bi203 
was pyrolyzed at 280°C with HBCD

Based on the GC/M
mixture, i t was assume
conditions with Bi203 would be BiBr3, v i a the d i r e c t r e a c t i o n of the 
Bi203 with the HBr formed from the decomposing HBCD. Both the TGA 
weight lo s s and residue data were consistent with the formation of a 
s i g n i f i c a n t q u a n t i t y of BiBr3 under the c o n d i t i o n s employed. 
Confirmation of the formation of BiBr3 by GC/MS was u n s u c c e s s f u l . 
The BiBr3 formed " i n - s i t u " was then subsequently pyrolyzed at 390° 
with a mixture of PP/DBDPO. This ternary mixture was found to y i e l d 
the most complete extent of re a c t i o n data f o r any system which had 
been studied as only 0.3% of the t o t a l v o l a t i l e product peak area 
was found to be undegraded DBDPO. However, the nature of these 
experiments makes i t d i f f i c u l t to t r u l y assess the s i g n i f i c a n c e of 
these data and any future work with t h i s system would have to be 
c a r r i e d out with well c h a r a c t e r i z e d BiBr3. 

The o v e r a l l r e s u l t s obtained from the HBCD mixture experiments 
were i n t e r p r e t e d i n terms of a c a t a l y t i c e f f e c t of strong Lewis 
a c i d s such as SbBr3 or BiBr3 on the degradation of the HBCD by 
f a c i l i t a t i n g the l o s s of halogen. In the polymer/oxide/DBDPO 
t e r n a r y mixtures the i n - s i t u formation of these s p e c i e s should 
produce a s i m i l a r e f f e c t on the halogen lo s s from the system. 

In a d d i t i o n , s i n c e BiBr3 i s s i g n i f i c a n t l y l e s s v o l a t i l e than 
SbBr3 (bp. 441°C vs. 288°C), i n a ternary mix r e a c t i o n at 390°C, the 
BiBr3 would be expected to remain i n the r e a c t i o n mixture f o r longer 
periods of time than the SbBr3. Consequently, i t could appear to be 
a more e f f e c t i v e c a t a l y s t than SbBr3 under these experimental 
conditions and therefore, y i e l d a higher o v e r a l l extent of r e a c t i o n . 

These data suggest that the formation of species such as SbX3 
may not only be important because of t h e i r v o l a t i l i t y and flame 
i n h i b i t i o n , but a l s o f o r the r o l e they p l a y i n the s o l i d s t a t e 
degradation chemistry. 

Summary 

From the r e s u l t s of the small s c a l e thermal a n a l y s i s experiments 
p r e v i o u s l y reported (23,25), i t was concluded that the antimony 
v o l a t i l i z a t i o n and bromide r e l e a s e observed f o r t e r n a r y mixtures 
c o n t a i n i n g organobromine compounds, which d i d not undergo 
i n t e r m o l e c u l a r dehydrohalogenation, c o u l d not be accounted f o r 
s o l e l y on the basis of HBr formation during degradation. 
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Table V I I I . Summary of V o l a t i l e Product CGC Ana l y s i s f o r 
the Extent of Reaction of PP and PE Ternary 

Mixtures Pyrolyzed at 390°C i n the TGA 

Component Peak Areas, % 
Mixtures D P 0 1 I Q DP0 19 /8 DPO 1?^ d p q 1 5 , 4 d b f 2 8 , 7 d b f 6 - 4 

DBDPO/PP/Sb203 
3.3 29.

DBDPO/PE/Sb203 
0.6 16.2 8.5 6.7 2.2 15.5 

1 Brominated diphenyl oxides 
2 Brominated dibenzofurans 

Table IX. Summary of the V o l a t i l e Product CGC An a l y s i s 
f o r the HBCD Mixtures Pyrolyzed Isothermally i n the 

TGA at 240° 

Mixture Peak Area, % 
Bromine # Neat Sb° Sb2C>3 SbBr3 Glass Beads 

1 2.3 
2 19.3 21.8 4. 3 28.4 3.2 
3 31.1 15.2 9. 7 41.5 
4 17.3 51.4 36. 8 18.6 45.5 
5 7 .1 • - 2.2 
6 12 .7 11.8 46. 9 

Count 4.5 0.3 0. 4 0.1 2.5 

( 1 ) T o t a l i n t e g r a t o r counts fo r the e n t i r e chromatogram 
m u l t i p l i e d by (10~ 6). 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



126 FIRE AND POLYMERS 

Table X. Summary of the Time to 50% Weight Loss Data 
for the HBCD Mixtures Pyrolyzed Isothermally i n 

the TGA at 240° 

Sample Time to 50% Weight Loss, min. 

HBCD 
HBCD/Sb° 
HBCD/Sb203 
HBCD/SbBr3 
HBCD/Glass Beads 

11.5 
2.6 
6.8 
2.3 

From the CGC and CGC/MS a n a l y s i s of the t h e r m a l l y i n i t i a t e d 
r e a c t i o n s of HDPE and PP with DBDPO and a v a r i e t y of other 
components reported here, i t has been shown that attack of polymer 
chain r a d i c a l s on the DBDPO i s the most probable f i r s t mechanistic 
step i n the ternary mixture p y r o l y t i c degradation of DBDPO. 

Experiments with antimony metal and DBDPO c l e a r l y demonstrated 
f o r the f i r s t time that antimony v o l a t i l i z a t i o n was p o s s i b l e i n the 
complete absence of any source of hydrogen at polymer p y r o l y s i s 
temperatures. 

On the basis of the r e s u l t s obtained from a d d i t i o n a l experiments 
with other metals i t was concluded that i n the presence of a c t i v e 
metal such as Sb° or Bi° or Zn° d i r e c t attack on the DBDPO would 
r e a d i l y occur. However, a l l attempts to d i r e c t l y measure the extent 
of Sb° formation from Sb203 d u r i n g polymer d e g r a d a t i o n were 
unsuccessful. 

From the s i n g l e component, simple mixture and ter n a r y mixture 
extent of r e a c t i o n data presented, i t was concluded that the extent 
of DBDPO r e a c t i o n i n the t e r n a r y mixtures s t u d i e d , which was 
measured by CGC and CGC/MS a n a l y s i s , was g r e a t e r than c o u l d be 
accounted f o r on the b a s i s of the r e a c t i v i t y of the i n d i v i d u a l 
components i n i t i a l l y present. Taken together these data suggest 
that a r e a c t i o n i n t e r m e d i a te or product was formed d u r i n g the 
degradation of the ter n a r y mixtures which was e i t h e r : (a) more 
r e a c t i v e towards DBDPO i t s e l f or (b) a powerful c a t a l y s t f o r the 
subsequent dehalogenation of the DBDPO. 

Data obtained from s t u d i e s on the dehydrohalogenation of HBCD 
with metal oxides and metal h a l i d e s c l e a r l y show the c a t a l y t i c 
e f f e c t of stro n g Lewis a c i d s on t h i s r e a c t i o n . These r e s u l t s 
suggest that any s i m i l a r metal h a l i d e or oxyhalides could exert a 
s i m i l a r e f f e c t on the dehydrohalogenation of other halogenated 
organics formed during the course of the s o l i d s t a t e degradation 
i n c l u d i n g the o r i g i n a l halogen source i t s e l f . 

F i n a l l y , the r e s u l t s r e p o r t e d here c l e a r l y demonstrate the 
u t i l i t y of u t i l i z i n g the flame retardant a d d i t i v e s as s e n s i t i v e 
probes i n t o studying the course of the s o l i d s t a t e chemistry which 
occurs during p y r o l y s i s . 
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Chapter 10 

A Novel System for the Application of Bromine 
in Flame-Retarding Polymers 

Menachem Lewin1, Hilda Guttmann, and Nader Sarsour 

School of Applied Science and Technology, Hebrew University and Israel 
Fiber Institute, P.O.B. 8001, Jerusalem, Israel 91 080 

Experiments pertaining to a new system for the applica
tion of bromine to flame retardant polypropylene and 
foamed polystyrene are described. The FR compound, 
ammonium bromide, is formed in the amorphous regions of 
the polymer phase by the interaction of bromine sorbed 
on the polymer and ammonia, sorbed subsequently. Gaseous 
nitrogen which is also produced, expands and brings about 
the rearrangement of the chains to produce a porous 
structure. The ammonium bromide produced is finely 
divided and imparts FR properties to the polymer. 
Amounts of NH4Br in the polymer are determined by the 
concentration of the bromine in the bromine water, tem
perature, time and structure of the polymer. 5.2% of 
NH4Br containing PP fabric gave an O.I. value of 24.2 
and the effectivity, e.g. slope of plot of O.I. vs % Br 
was 1.24, as compared to 0.6 for aliphatic bromine. 
Treatment of foamed beads of PS enabled production of 
materials containing up to ca 300 % of NH4Br, with O.I. 
values of up to 39, the effectivity decreasing with in
creasing % NH4Br. The effectivity was significantly 
higher for PS samples expanded after encapsulation of 
NH4Br. The results are discussed in the light of the 
behavior of NH4Br in pyrolysis and of the specific 
thermal properties of the cellular polymers. 

Bromine i s applied to flame r e t a r d i n g (FR) polymers i n a number of 
systems, which are divided i n t o two major groups, according to the 
way i n which the FR agent i n t e r a c t s with the polymer [1]. In one 
group, e.g. the r e a c t i v e systems, the bromine i s chemically bound 
with the polymer. The i n t r o d u c t i o n of the bromine i n t o the polymer 
molecule can be c a r r i e d out by copolymerizing a bromine-containing 

Current address: Polymer Research Institute, Polytechnic University, Brooklyn, N Y 11201 

0097-6156/90/0425-0130$06.00/0 
© 1990 American Chemical Society 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



10. LEWIN ET AL. Bromine in Flame-Retarding Polymers 131 

monomeric u n i t with the main monomers to form the polymer, as i n 
the case of copolymerizing dibromoterephtalic with t e r e p h t a l i c a c i d 
and ethylene g l y c o l to form poly(ethylene t e r p h t a l a t e ) [2]. Another 
approach i s the d i r e c t bromination of the polymer as i n the case of 
the bromination of the l i g n i n i n wood [3] or of polystyrene [4], 
The i n t r o d u c t i o n of bromine can als o happen by g r a f t polymerization 
[ 5 1 . 

The second group comprises the mixing of the polymer with non-
r e a c t i v e bromine compounds. This can be done by adding the compound 
to the melt i n the extruder, by t o p i c a l d e p o s i t i o n or coating of 
the polymer with a s u i t a b l e formulation containing the compound, as 
w e l l as by exhaustion of d i s s o l v e d compounds from a solvent bath 
[1]. Cases are also known i n which the bromine compound was en
capsulated i n the polymer i n order to avoid d e l e t e r i o u s i n t e r a c t i o n 
[6]. 

In the present study, a new way of introducing a non-reactive 
bromine-containing compound
treatment, which can be
[7,8] i n the s o l i d s t a t e , i s performed i n two consecutive stages: 
1. immersion of the polymer ( f i b e r , f i l m , beads, etc.) i n an aqueous 
bromine s o l u t i o n f o r a predetermined time, during which the bromine 
i s sorbed on the polymer; 2. treatment of the bromine-containing 
polymer with an ammonia s o l u t i o n , i n which the bromine i s exother-
m i c a l l y reduced by the ammonia i n the amorphous regions of the poly
mer, without a chemical i n t e r a c t i o n with the polymer, according to 
the o v e r a l l equation: 

3 B r 2 + 8NH 3 « 6NI?4Br + N 2 (1) 

This treatment, termed " p o r o f i c a t i o n " , produces two major e f f e c t s : 
1. the production of NH^Br as an u l t r a f i n e powder d i s t r i b u t e d and 
trapped between the chains; 2. the simultaneously-formed n i t r o g e n 
gas expands, c r e a t i n g s i z e a b l e l o c a l pressures, b r i n g i n g about the 
repacking of the chains and the formation of pores, thus changing 
the s t r u c t u r e of the amorphous regions of the polymer. This happens 
without impairing the strength p r o p e r t i e s [1]. 

The a p p l i c a t i o n of t h i s system f o r flame r e t a r d i n g , f i r s t r e 
ported i n t h i s paper f o r polypropylene (PP) and foamed polystyrene 
(PS), u t i l i z e s the trapped or encapsulated NH^Br. The flame r e 
tarding p r o p e r t i e s of NltyBr were already reported upon i n the 
l i t e r a t u r e [9 - 11] and appeared to be h i g h l y e f f e c t i v e , although 
no q u a n t i t a t i v e assessment of the FR a c t i v i t y and comparisons with 
other bromine-containing FR agents are given. I t s use was l i m i t e d 
by i t low temperature of decomposition i n t o ammonia and hydro-
broraic a c i d , of ca 220°C, which was, i n most cases, lower than the 
polymer processing temperatures, causing c o r r o s i o n of equipment and 
p o l l u t i o n . The i n t r o d u c t i o n of the NH^Br int o the polymer a f t e r 
the main high temperature processing stages may overcome the major 
obstacles mentioned above and enable i t s use. 

Experimental 

M a t e r i a l s : PP f a b r i c prepared from h i g h l y oriented f i l m - s l i t f i b e r s . 
PS foam: 3 samples provided by I s r a e l Petrochemical I n d u s t r i e s , H a i f a , 
were used. Sample 1: commercial foamed 5 mm beads containing a 
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bromine-based flame retardant, with an 0.1. of 22.8; density -
0.014 g/cm-*. Sample 2: commercial 3 mm beads of foamed PS not con
taining flame retardant with an O.I. of 18.4, and density of 
0.0145 g/cm^. Sample 3: unfoamed 1 mm beads, containing 6% pentane. 
The specimens of this sample were steam foamed after the porofica-
tion treatment and deposition of the NH^Rr, to beads of density of 
0.0145 g/cm for testing. Pure liquid bromine and a 25% NH3 solu
tion were obtained from Frutarom Electrochemical Industries, Haifa. 
A G.E. 0.1. tester was used for the flammability measurements. 
The foamed PS samples were placed in a meshed-wire bag, made of 
stainless steel and mounted in the 0,1. cylinder. The measurements 
were accurate and reproducible within 0.1 0.1. units. 

Bromine solution was prepared by shaking liquid bromine in 
water at room temperature in closed glass vessels and suitably 
diluted. The details of the bromine and ammonia stages were given 
in a previous publication [8], 

PP and PS accuratel
knitted cotton bags, weighte
bromine-water solutions  stoppere  glas , place
thermostat for varying time intervals. The cotton bags were then 
removed from the bromine solution, lightly squeezed and immersed 
in the ammonia solution, similarly placed in a thermostat for 15 
minutes, with shaking. The polvmer was then thoroughly rinsed in 
running water for 30 minutes, removed from the cotton bags and dried 
in a i r . 

The analytical methods used were described previously [7,8]. 
The amounts ot NH^Br deposited in the polymer were determined, in 
most cases, from weight increase. In the case of small concentra
tions of NH^Br, the polymer was dissolved in a solvent and the re
maining NH^Br determined argentometrically. Density was determined 
by weighing known volumes of polymer. 

Results and Discussion 

Polypropylene. 3 series of experiments, in which the f i r s t stage 
was performed with Br 2 solutions of 3 different concentrations, at 
28°C and various time intervals are summarized in Figure 1. The 
amounts of NH^Br found in the polymer increase with Br 2 concentra
tion to a maximum concentration of 5.7% of NH^Br. The 0.1. values 
of the samples (Fig. 1) appear to correlate closely with the NH^Br. 
Table I shows the average effectivity, e.g. the slope of the plot 
of 0.1. vs % Br for the PP fabric to be 1.24. This value is seen in 
Table I I to be considerably higher than the value of 0.6 reported by 
van Krevelen [12] for aliphatic and aromatic bromine compounds and 
of 0.5 found by Green [13] for aliphatic Br compounds. According to 
Green [13], 10% of aliphatic bromine are needed to produce a PP with 
an 0.1. of 23.5, as compared to 4.6% Br from NH^Br, which produced 
an 0.1. of 24.2 in the present experiments. 

In Figure 2, taken from reference [12], we inserted curve 5, 
which contains our present results. It is evident that the NH^Br 
is more effective for PP than aliphatic or aromatic bromine through
out the 1 - 6 % bromine range when no synergists are added. 
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Figure 1. Weight % of N H 4 B r and O.I. of treated PP fabric vs. time of contact 
with three B r 2 water solution at 28 * C. 
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Table I. Change i n 0.1. with Br 
Content for PP Fibers 

E f f e c t i v i t y 
4 0.1. 

Br 
Wt.% 0.1. %Br 
1.63 22.13 1.55 
2.9 23.84 1.46 
3.26 23.88 1.31 
4.10 24.02 1.08 
4.24 24.08 1.06 
4.65 24.24 1.0 

Av. 1.24 

Table I I . E f f e c t i v i t v of Various Br Compounds 
i n Flame Retarding PP 

FR Compound *0.I./%Br Reference 

A l i p h a t i c Br 0.6 12 
A l i p h a t i c Br 0.5 13 
Aromatic Br 0.45 12 
NH ABr by 
P o r o f i c a t i o n 1.24 t h i s paper 

It i s of i n t e r e s t to note that s i m i l a r r e s u l t s were pre
v i o u s l y obtained i n t h i s laboratory for c e l l u l o s e . A part of these 
r e s u l t s i s reproduced i n Table I I I . In these experiments, chroma
tographic grade paper s t r i p s were Q u a n t i t a t i v e l y treated with s e v e r a l 
flame retardants, i n c l u d i n g NH^Br i n a s e r i e s of concentrations, 
dried i n a i r and tested by i g n i t i n g at 3 d i f f e r e n t angles. The % Br 
needed to prevent i g n i t i o n of the sample was determined. I t i s e v i 
dent that the e f f e c t i v i t y of the Br i n NH Br i s more than twice 
higher than i n t r i s ( 2 , 3 dibromopropyl) phdsphate and i n t r i s ( t r i -
bromophenyl)phosphate [14]. 

The high flame r e t a r d i n g e f f e c t i v i t y of NH Br as compared to 
organic bromine-containing materials has not been adequately d i s 
cussed i n the l i t e r a t u r e . I t i s l o g i c a l l y exnlained by the fo l l o w i n g 
data: 1. decomposition of NH^Br y i e l d s HBr d i r e c t l y , which i s con
sidered to be the d e s i r a b l e favored p y r o l y s i s product of a polymer-
flame retardant system [15]; 2. the d i s s o c i a t i o n energy of NH^Br 
to HBr and NH3 i s much lower than the bond d i s s o c i a t i o n energies 
of bromine i n organic compounds [15,16,17]. The d i s s o c i a t i o n con-
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- 2 - 1 0 I 2 3 4 5 6 7 8 9 

-%Br 
Figure 2. Flame retardancy of PP: (1) aromatic Br; (2) aliphatic Br; (3) aliphatic 
and (4) aromatic Br with S b ^ 0 3 as synergist. (Curves 1-4 reprinted with 
permission from ref. 12. Copyright 1977 John Wiley and Sons. Curve 5, this 
paper; data from Table I.) 
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stant (4.58 x 10"* at 300°) and the degree of d i s s o c i a t i o n (16.1 at 
330°C) increase at 320°C to 4.97 x lCT* and 38.7, r e s p e c t i v e l y , and 
decrease at higher temperatures. Sizeable amounts of HBr are there
fore r e a d i l y a v a i l a b l e when PP and PS begin to decompose at 300°C 
[18]. At t h i s temperature, NH^Br sublimes and e x i s t s i n a gaseous 
phase. 

* 
Table I I I . Flammability L i m i t s of Bromine Compounds 

on C e l l u l o s e 

%Com-
Compound Angle pound %Br %P ZN 
T r i s ( 2 , 3 dibromo- 90 24.8 17 1.1 
propy1)phosphate 45 20.5 14.1 0.91 

0 8.6 5.9 0.38 

T r i s ( t r i b r o m o -
phenyl)phosphate 19.3 

0 7.8 5.4 0.23 

Hexabromocyclo- 90 34.5 a l l t e s t si t r i p s burned 
dodecane 45 31.4 23.4 

0 12.7 9.4 

2,4,6-tribromophenol 0 30.7 22.3 a l l t e s t 
s t r i p s burned 

2,4,6-tribromoaniline 0 31.6 23.0 a l l t e s t 
s t r i p s burned 

Ammonium bromide 90 8.8 7.2 1.3 
45 7.0 5.7 1.0 
0 3.4 2.8 0.49 

* From Reference 14. 

Polystyrene Foam. 2 t y p i c a l experiments i n which samples 1 and 2 were 
treated f o r various time i n t e r v a l s with a 0.42NBr? s o l u t i o n at 28°C 
are presented i n Figures 3 and 4. Amounts of NH^Br of up to 287% 
of the weight of the PS foam ( d e n s i t i e s up to 0.053 g/cm ) were 
deposited i n specimens of sample 1. 0.1. values of above 38 were 
obtained. S i m i l a r r e s u l t s were obtained with sample 2, with 0.1. 
values of up to 36 and lower NH^Br contents. The amounts of NH^Br 
generally increased with the temperature and time of the bromine 
sorption stage (Table IV and V). 

The dependence of 0.1. on % NH^Br i n foamed PS (sample 1) pre
pared with s e v e r a l concentrations of B r 2 i s shown i n Figure 5. I t 
can be c l e a r l y seen that the FR e f f e c t i v i t y decreases with the i n 
crease i n wt % of the NH^Br. A s i m i l a r r e s u l t i s seen f o r sample 
2. This decrease can t e n t a t i v l e y be explained by the large excess 
of bromine i n the polymer, which i s not f u l l y u t i l i z e d through the 
gaseous FR mechanism t y p i c a l of bromine compounds. This excessive 
NH^Br can be looked upon as a f i l l e r . 
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Figure 4. Weight % of N H 4 B r (A) and O.L (B) in PS foam, sample 2 vs. time in 
0.42N B r 2 a t 28 # C . 
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Table IV. E f f e c t of Temperature of B r 2 Sorption on X Deposited 
NH*Br and 0.1. In. Cone, of B r 2 : 0.31N; Sample 1. 

Temp., °C X N ^ B r 0.1. 
10 min. 30 min. 120 min. 10 min. 30 min. 120 min." 

5 87 109 128 30.3 31.8 32.5 
28 97 126 178 31.2 32.6 35.8 
AO 109 147 225 32.1 34.02 37.1 

Table V. E f f e c t of In. B r 2 Concentration on X NH,Br Deposited 
and 0.1. Temp. 28°C; Sample 1. 

In. Cone. N X NH^Br 0.1
10 min. 3

0.089 18 26 34 24.1 25.6 26.2 
0.189 56 77 87 28.2 29.6 30.2 
0.31 97 126 178 31.2 32.6 35.8 
0.42 135 195 287 33.6 36.9 38.7 

Figure 6 summarizes r e s u l t s of a s e r i e s of experiments i n which 
the bromine s o r p t i o n and ammonia stages were c a r r i e d out on unfoaraed 
PS beads, containing 6% of absorbed gaseous pentane. The p o r o f i c a -
t i o n treatment did not a f f e c t the pentane and the smaples could be 
expanded by steam i n the usual manner, to obtain foam d e n s i t i e s of 
0.0145 g/cm . I t i s noteworthy that the amounts of NH ABr deposited 
are much smaller than i n the case of the foamed samples 1 and 2. 
The maximum amount, 35 wt.%, of NHABr was already obtained a f t e r 
ca 30 minutes' treatment i n bromine water of 0.42N at 28°C. The 
corresponding maximum 0.1. value of 30.5, measured on the specimens 
a f t e r the expansion i n d i c a t e s a much higher FR e f f e c t i v i t y than i n 
Samples 1 and 2 (see Table VI). This may be due to several reasons. 
The s t r u c t u r e of the foam may be d i f f e r e n t i n the former due to the 
p o r o f i c a t i o n treatment being c a r r i e d out p r i o r to the foaming. It 
i s p o s s i b l e that the l i n i n g s (membranes) between the c e l l compart
ments i n the foam have d i f f e r e n t i n s u l a t i o n p r o p e r t i e s due to 
d i f f e r e n t density or thickness [19]. I t has been found i n previous 
work [8] i n these l a b o r a t o r i e s that the p o r o f i c a t i o n treatment pro
duces very small pores down to the range of 0.01 - 0.001 microns. 
Thus, the presence of such pores, f i l l e d with n i t r o g e n or a i r and 
NH ABr i n the membranes between the l a r g e r foam c e l l s i s i n d i c a t e d . 
This w i l l , however, bring about a much f i n e r and more homogeneous 
d i s t r i b u t i o n of the NH^Br i n the foam. It w i l l concentrate more i n 
the membranes, rather than being deposited i n s i d e the c e l l s as i s 
probably the case when the p o r o f i c a t i o n i s c a r r i e d out on the ex
panded PS. The bromine during the s o r p t i o n stage d i f f u s e s and 
accumulates into the c e l l s and reacts with ammonia i n the c e l l s 
rather than i n the membrane. The large amounts of NHABr formed 
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Figure 5. O.L vs. weight % N H 4 B r in foamed PS (sample 1) treated with four 
concentrations of aqueous B r 2 at 28 * C. 
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Time , mm. 

Figure 6. Weight % of N H 4 B r (A) and O.I. (B) in unfoamed PS beads (sample 3) 
vs. time in B r , solution. 
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i n samples 1 and 2 point to t h i s p o s s i b i l i t y . The Br present i n 
high l o c a l concentrations i n the c e l l w i l l tend to be l e s s e f f e c t i v e 
i n combustion than the Br i n the membrane. It w i l l have to d i f f u s e 
a f t e r sublimation during p y r o l y s i s through the c e l l and in t o the 
membrane before i n i t i a t i n g the flame i n h i b i t i o n c y c l e . 

Table VI. Flame Retarding of PS Foam with Ammonium 
Bromide Produced i n the Polymer 

E f f e c t i v i t y 
Range of NJ?ABr ^ 0.1. 

Sample present % wt. Range of 0.1. C B r 

( i ) 0 - AO 22.8-27.2 0.085 
5 mm AO - 1A5 27.2-3A.3 0.068 

beads 1A5 -

(2) 1A - 26 2A-26.9 0.28 
3 mm 22 - 56 26.3-30.1 0.137 

beads 85 - 1A5 32.1-36.2 0.089 

(3) 
unfoamed 
beads 0 - 3 5 18.6-30.5 0.A0 

On the other hand, the presence of the small pores i n the mem
branes ( c e l l w a l l s ) , due to the p o r o f i c a t i o n treatment before foam
ing, increases the thermal i n s u l a t i o n value of these membranes. 
According to Woolley [19], t h i s can have a marked e f f e c t on the 
growth of f i r e i n a compartment, due to the conservation of heat. 

For a given heat f l u x , the time t s needed to a t t a i n a given 
surface temperature i s given by "~ 

t s ~ K$ C (2) 

where K- heat c o n d u c t i v i t y , f- density and £ i s the surface heat. 
T s w i l l be by two orders of magnitude lower f o r a PS foam of 

a density of 0.02 g/cm3 than f o r a s o l i d PS with a density of 1.05 
g/cm3, while the K increases only by a f a c t o r of 2.35 and C de
creases by 15%. A decrease i n the density and heat c o n d u c t i v i t y due 
to formation of small pores i n the membranes may thus p a r t l y o f f s e t 
the simultaneous increase i n the e f f e c t i v e n e s s of the Br i n the mem
brane. 

The above considerations, based on equation 2, al s o explain the 
higher FR e f f e c t i v i t y of Br i n s o l i d PS as compared to foamed PS, 
shown i n Table v i i . It appears, however, that the NH^Br deposited 
according to the present study i s almost as e f f e c t i v e i n foamed PS 
as aromatic Br compounds i n s o l i d PS. 

It should be r e a l i z e d that flammability of foams i s a complex 
subject area and the "mechanism by which c e l l u l a r polymers with 
d i f f e r e n t p h y s i c a l forms ( c e l l s i z e s , etc.) lose heat at high tem
peratures have received s u r p r i s i n g l y l i t t l e a t t e n t i o n " [19]. The 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



10. LEWIN ET AL. Bromine in Flame-Retarding Polymers 143 

above discussion cannot be considered as conclusive and much addi
tional work appears to be needed in order to elucidate further the 
flammability behavior of cellular polymers treated by various FR 
methods. 

Table VII. (A O.I./%Br) of Various Bromine Compounds in 
Flame Retarding Polystyrene 

Tvne of PS FR Compound AO.I./%BR Ref. 
Solid PS Aliphatic Br 1.1 12 
Solid PS Aromatic Br 0.3 12 
Impact PS Aromatic Br 0.27 13 

Foamed PS 
Treated before foaming NĤ Br 0.40 this paper 
Treated after foaming NH4Br 0.032-0.28 this paper 
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Chapter 11 

Flame-Retardant Latices for Nonwoven Products 

P. A. Mango and M. E. Yannich 

Air Products and Chemicals, Inc., Allentown, PA 18195 

Nonwoven products ranging from medical disposables to automotive 
fabrics are required to meet specific flammability standards. These 
fabrics are generally composed f cellulosi  and/o  syntheti  fiber
which are flammable. Additionally
the fabric to impart propertie  strength
and overall binding. It is the purpose of this paper to describe the 
various polymer coatings commonly used in the nonwovens' industry 
and their effect on flammability of the substrates. Additionally, the 
effect of flame retardant additives, commonly used in latex 
formulations, will be discussed. 

As nonwovens penetrate more markets traditionally held by other materials, the 
need for flame retardancy is frequently encountered. In hospitals, nurses' caps, 
surgeon's masks, surgical drapes and insulation gowns are required to meet 
flammability standards. In automobiles, nonwoven carpets, high loft padding and 
fiberfill must meet federal and industry flammability standards. In building 
materials, nonwoven drapes, blinds, wall coverings, air filters, and furniture 
fiberfill are all subject to local flammability ordinances. These are a few of the 
applications that the nonwovens' manufacturer must establish an effective flame 
retardant product for. 

Air Products, a manufacture of latex binders, has completed a comprehensive 
study of flame retardants for latex binder systems. This study evaluates the 
inherent flammability of the major polymer types used as nonwovens binders. In 
addition, 18 of the most common flame retardants from several classes of materials 
were evaluated on polyester and rayon substrates. Two of the most widely 
recognized and stringent small scale tests, the NFPA 701 vertical burn test and the 
MVSS-302 horizontal burn test, are employed to measure flame retardancy of a 
latex binder-flame retardant system. Quantitative results of the study indicate 
clear-cut choices of latex binders for flame retardant nonwoven substrates, as well 
as the most effective binder-flame retardant combinations available. 

Latex Binders Used in Flame Retardant Nonwovens 
There are several polymer systems widely employed as nonwoven binders: 

acrylics 
ethylene-vinyl chloride copolymers (EVCL) 
vinyl acetate-ethylene copolymers (VAE) 
polyvinyl chloride and copolymers (PVC) 
styrene-butadiene copolymer (SBR) 
polyvinyl acetate homopolymers (PVAC) 

0097-6156/90A)425-0145$06.00/0 
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Each is used to some degree in nonwovens requiring flame retardancy, even 
though some actually impart flammability where others are inherently flame 
retardant. Table I summarizes the characteristics of some representative polymers 
widely used on rayon and polyester nonwoven substrates. Table II further identifies 
binder physical and chemical properties. Each binder was evaluated for its inherent 
flame retardancy on polyester and rayon as well as its flame retardancy in 
combination with commonly available flame retardants. 

Flame Retardants for Nonwovens 

There are literally hundreds of flame retardants commercially available for 
nonwoven polyester and rayon. These can be subdivided into durable and non
durable. In this paper, non-durable means water soluble in room temperature 
water. Durable means able to withstand at least five washes in hot water with 
detergent. Flame retardants with performance somewhere in between, often called 
semi-durable, were not utilized in this study. Table III is a compilation of the flame 
retardants included in the study

• halogen containing compounds (with or without antimony) 
• phosphorus containing compounds 
• hydrated compounds 
• other inorganic salts 

The different classes of chemicals act in different ways to inhibit combustion. 
Prior to combustion of a nonwoven, several stages(l) occur: 

• substrate temperature elevated by heating 
• decomposition of substrate 
• evaporation of decomposition products 
• oxidation 

Each class of flame retardant attacks the combustion process at different stages. 
For example, the hydrated compounds (alumina trihydrate, sodium silicate) contain 
bound water which is released upon heating and acts to reduce the temperature of the 
substrate. The phosphorus containing compounds(2) are thought to decompose to 
phosphoric acids which form stable nonvolatile products preventing libration of 
flammable materials. These are sometimes called solid phase flame retardants. A 
third mechanism for stopping combustion is to retard oxidation. So called vapor 
phase flame retardants, primarily the halogenated compounds with or without 
antimony, decompose to form free radicals which react with flammable matter. 
Without antimony, hydrogen halides are the precursor species; with antimony, 
antimony trihalide is the precursor. Hydrogen halides alone form noncombustible 
gases which oxygen starve the oxidation, act as a heat sink, and interfere with the 
free radical chain reaction. Antimony trihalides volatilize and are stronger 
inhibitors of the same free radical reaction. Because fire retardant mechanisms are 
not fully understood, this study developed empirical data - no correlation to or 
elucidation of mechanism was attempted. 

Flame Retardant Test Pertinent to Nonwovens 

There are many flame retardant tests used with some frequency for nonwovens. 
This study uses two of the most widely utilized and stringent tests: NFPA-701, a 
vertical flame test and MVSS-302, a horizontal test. 
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Table II. Physical and Chemicals Properties of Selected Binders 

Binder Tare) 
Ionic 

Nature DH 
Viscosity 
(CPS) % Solids 

EVCL + 30 Anionic 8.0 100 50 

Acrylic (Soft) -22 Nonionic 3.0 550 46 

Acrylic (Moderate) 0 Anionic 3.0 100 50 

PVC 

PVC (Plasticized) + 14 Anionic 9.8 43 56 

VAE (Very Soft) 0 Anionic 5.5 700 52 

VAE (Moderate) -25 Nonionic 5.5 200 52 

SBR - 1 4 Anionic 5.7 110 50 

NFPA-701 (large and small scale): These tests are sanctioned by the National 
Fire Protection Association, a volunteer organization of fire protection 
professionals. Figure 1 illustrates the set up. The vertical alignment of flame and 
sample allows maximum heat and flammable gases to feed the flame front of the 
sample, assisting further combustion. 

MVSS-302: This test, Motor Vehicle Safety Standard 302, is a Federal 
Standard for materials used in interiors of automobiles. High loft polyester pads in 
door panels, dash boards, and behind upholstery are key targets in the nonwovens 
area. Figure 2 illustrates this test set up. The horizontal alignment of the sample, 
with flame impingement at a 90° angle, allows heat and flammable gases to transfer 
away from the moving flame front. 

A third test often cited, Oxygen Index (O.I.) is an ASTM test which measures the 
flammability of the base polymers. The flammability of the polymer film may alone 
differ significantly from the flammability of the same polymer on a nonwoven 
substrate. Theoretically, the higher O.I. for a sample film, the higher its 
nonflammability. 
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Table III. Flame Retardants for Nonwovens 

Retardant No Manufacturer Composition Durability 

Caliban P-44 1 White 
Chemical 

Decarbromodiphenyl oxide/ 
Antimony Trioxide/Water 

Durable 

Caliban P-95 2 White 
Chemical 

Antimony Trioxide/Water Durable 

ND-74 3 White 
Chemical 

Inorganic Salts Organic 
Buffer 

Nondurable 

Fyarestor 100 4 Pearsall 
Chemical 

Bromochlorinated Paraffins Durable 

Fyarestor 330 5 Pearsal
Chemical Compound/Water 

ID-28-70A 6 Pearsall 
Chemical 

Bromine-Phosphorus 
Compound/Water 

Nondurable 

N-22 7 Nyacol 
Products, Inc. 

Pentabromodiphenyl oxide/ 
Antimony Pentoxide/Water 

Durable 

A-1530 8 Nyacol 
Products, Inc. 

Antimony Pentoxide Durable 

N-24 9 Nyacol 
Products, Inc. 

Bromochloro/Antimony 
Pentoxide/Water 

Durable 

X-12 1 0 Spartan Blend of Organic Salts Nondurable 

CM 1 1 Spartan Blend of Organic Salts Nondurable 

Fyran J3 1 2 Crown Metro 
Inc. 

Ammonium Sulfamate/Water Nondurable 

Dlammonium 
Phosphate 

1 3 - Diammonium Phosphate Nondurable 

Delvet 65 1 4 Diamond 
Shamrock 

Chlorinated Paraffins/Water Durable 

Santicizer 
141 

1 5 Monsanto 2-ethylhexyl diphenyl 
phosphate 

Durable 

Hydral 710 1 6 Alcoa Aluminum Trihydrate Durable 

Firebrake ZB 1 7 U.S. Borax Zinc Borate Durable 

CRF-NW 1 8 Chem-Cast Tricresyl Phosphate Durable 
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SAMPLE 
HOLDER FRAME 

Figur

Figure 2. MVSS-302 test configuration. 

Flame Retarding Nonwovens 

In flame retarding nonwovens, the contribution of components may not be additive. 
Rather, the interaction of binder, flame retardant, and substrate is critical in the 
performance of the flame retardant nonwoven. Similarly, the flammability of a 
binder film or the flammability of a flame retardant coated woven cloth often do not 
predict the flame retardancy of the same binder or flame retardant on a nonwoven 
substrate of rayon or polyester. Actual data on a nonwovens substrate is the only 
accurate measure of a system's flame retardancy. For this study, two widely used 
substrates were selected. The first, lightweight rando rayon, is representative of 
material used in nurse caps, surgeon's masks, and miscellaneous coverstock. This 
material is constructed of 1 1/2 denier fiber, weighs 1 1/2 ounces per square 
yard, and is relatively dense web. Rayon as a material is water absorbent, burns 
rather than melts, and is readily flammable. This fiber ignites around 400°C(2.) 
and has an oxygen index of about 19.0. Certain binders adhere well to rayon while 
others do not. Apparently, this lack of affinity for the substrate affects flame 
retardancy, as will be demonstrated later. 
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The second substrate utilized was a high loft polyester, representative of 
material used in air filters, furniture padding, and automobile interior pads. The 
material used here is constructed of 1 1/2 denier fiber, weighs 1 1/2 ounces per 
square yard, and is relatively open in construction. Polyester as a material is 
water resistant and flammable. This fiber ignites at around 520°C, but melts at 
about 265°C. In many flame retardant tests, the polyester will melt and "shrink" 
away from the flame, giving spurrious results. Once again, not all binders have an 
affinity for this substrate, and flame retardancy is affected. 

Each substrate was saturated or sprayed with binder or binder-flame retardant 
to attain a 40% dry add-on. The high loft polyester was tested using the MVSS-302 
protocol as this type material often is utilized in applications requiring this test. 
The rando rayon was tested using NFPA-701 protocol, as this test is one of the most 
stringent used with nonwovens. 

Flammability of Latex Binder on Substrate 

The first experimental progra
binders alone on nonwoven substrates
study. From composition, the halogen containing binders would be expected to 
perform best as flame retardants. Logically, the more halogen, the better the 
performance. Empirically, however, this expectation is only supported by the 
oxygen index values on stand alone binder films. Once coated on a substrate, 
especially polyester, this supposition is not borne out. Airflex 4530, an ethylene-
vinyl chloride copolymer containing 46 weight % chlorine is superior to the 
approximately 56 weight % containing PVC. The simplistic hypothesis that flame 
retardant performance of a material correlated with halogen content is not 
supported. A second finding is that oxygen index does not correlate well with actual 
flame retardancy on substrates. Evidently, the liberation of hydrogen chloride and 
the resultant formation of combustion inhibiting free radicals is rate dependent on 
the molecular environment. Surrounded by other polymer chains, the rate is rapid. 
When absorbed and bonded to a substrate, this rate may be slowed. While the actual 
cause is not completely understood, the effect is empirically shown in Table V. A 
final conclusion drawn from Table V is that for tests less stringent than MVSS-302 
on polyester, a binder alone can be sufficient to attain flame retardancy. For more 
stringent tests or more flammable substrates such as rayon or cotton, none of the 
binders investigated here provide flame retardancy alone. 

Flammability of Binder-Flame Retardant Systems on Polyester 

The second experimental program conducted was an evaluation of binder-flame 
retardant combinations on high loft polyester. Each of the eighteen flame retardants 
in Table III were screened for flame retardant performance with a latex binder on 
polyester. Six of the best performing flame retardants were selected for more 
extensive testing, the results of which appear in Table V. Two new findings are 
noted in this table; TACKY, indicating a plasticization of the polymer by the flame 
retardant which causes severe surface tackiness, and FLOCKS, indicating the latex 
binder and flame retardant, at concentrations used here, are not compatible and 
severe flocculation of latex or flame retardant occurs. With these new limitations, 
further observations are: 

• EVCL's are compatible with all flame retardants tested, and perform well with 
all but one. 
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154 FIRE AND POLYMERS 

• Two of the other binders, VAE and PVC, pass with three of the six flame 
retardants (which is the next best performance). 

• Addition of a dioctyl phthalate plasticizer (DOP) increases flammability and 
incompatability of PVC with flame retardants. 

• Acrylics, in general, are flammable materials with or without flame retardants. 

A significant advantage to performing well with a wide range of flame 
retardants is formulating flexibility. There are many factors which limit the 
choice of flame retardants asided from flame retardant performance and 
compatability. For example, environmental constraints (no antimony to the sewer, 
no ammonia in the workplace) and compatability constraints (shorter than normal 
shelf life with certain emulsions) may limit the choice. 

Another issue is the PVC dilemma: to plasticize or not to plasticize. If PVC is 
not plasticized, it shows some latitude in flame retardant acceptability and good 
performance in flame testing, but does not film form well and is stiff. If PVC is 
plasticize (most commonly with DOP), flammability increases and incompatability 
with additives proliferates. Additionally
present performance and environmenta
by blending a plasticized and unplasticize  Approache g
plasticizers, monomers copolymerized with VCM, have shown varied success. Using 
ethylene as the comonomer, as is done with EVCL's gives excellent results. 
Incorporating an acrylate may solve some problems, but significantly raises 
flammability. 

An additional advantage illustrated in Table V is the potential to use less flame 
retardant with certain binders to achieve desired performance. This can lead to 
advantages in strength and hand, or cost advantages in lower added costs. 

Flammability of Binder-Flame Retardant Systems on Rayon 

Another experimental program was conducted with binder-flame retardant 
combinations on rando-rayon. The eighteen flame retardants were paired with a 
latex binder and screened for performance in an NFPA-701 flame retardant test. 
Seven of the best performing flame retardants were chosen for further study. 
Additionally, since all seven happened to be non-durable, the best performing 
durable flame retardant was added at a higher add-on and flame retardant level. 
More than coincidence is probably responsible for the easy penetration and 
deposition of the non-durable (water soluble) flame retardant. The durable (non-
water soluble) flame retardants, restricted to surface deposition are not as 
effective. The results of the testing, using the stringent NFPA-701 test protocol, 
are summarized in Table VI. Once again, several conclusions can be made: 

• EVCL's pass with five of the eight flame retardants, and is very close on two 
others. None of the flame retardants were incompatible with the EVCL's. 

• The next best latex, PVC, passed with three of the eight. 
• In this test, one VAE, the acrylic, and the plasticized PVC latexes failed with 

all of the retardants. 

Conclusions 

The performance of several latex binders in flame retardant testing of nonwoven 
polyester or rayon substrates with and without added flame retardants has been 
investigated. Correlation of coating flammability (i.e. by oxygen index) to actual 
performance on a substrate is poor. Results generated on both rayon and polyester 
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156 FIRE AND POLYMERS 

substrates have demonstrated a clear performance advantage In flame retardancy for 
an ethylene-vlnyl chloride copolymer containing 46% chlorine over all other 
considered latexes, with and without added flame retardants. A postulated advantage 
for PVC latex, containing about 56% chlorine, was not observed and plasticized PVC 
demonstrated poor flame retardant tolerance. Acrylics and SBR, with and without 
flame retardants, exhibited little flame retardancy. 
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Chapter 12 

Zinc Borate as a Flame Retardant, Smoke 
Suppressant, and Afterglow Suppressant 

in Polymers 

Kelvin K. Shen1 and T. Scott Griffin2 

1United States Borax and Chemical Corporation, Los Angeles, CA 90010 
2United States Borax Research Corporation, Anaheim, CA 92801 

Zinc Borate (2ZnO·3B2O3∙3.5H2O) is a unique 
multifuntional fire retardant. It can function 
as a flame retardant, smoke suppressant, afterglow 
suppressant, as well as an anti-tracking agent in 
polymers. It has been used extnesively as a fire 
retardant in PVC, polyolefin, nylon, polyester, 
epoxy, acrylic, urethane, rubbers, etc. 

The use of bromine or chlorine halogen sources to impart f i re 
retardancy in polymers is well known in the plastics industry. 
The halogen source can be physically blended into the resin 
(additive approach) or chemically bui lt into the polymer backbone 
(reactive approach). In order to enhance f i re retardancy, antimony 
oxide is usually used as a synergistic additive. In recent years, 
considerable effort has been expended to find either partial or 
complete substitutes for antimony oxide. This effort has been 
spurred by the desire to achieve smoke reduction, better 
cost/performance balance, to obtain a product with low tinting 
strength, and by the concern for the possible toxicity of antimony 
oxide. One of these substitutes is a special form of zinc borate 
with a molecular formula of 2Zn0-3B 20 3-3.5H 20, known in the trade 
as FIREBRAKE ZB (J., 2). 

Zinc borates with different mole ratios of Zn0:B 20 3:H 20 can 
be readily prepared by reacting zinc oxide with boric acid (Fig. 
1). Among a l l these zinc borates, the compound with a molecular 
formula of 2Zn0-3B 20 3-3.5H 20, is the most commonly used f i re 
retardant. This art ic le wil l review recent research results on 
the use of this particular form of zinc borate as a multifunctional 
f i re retardant. 

0097-6156/90/0425-00157$06.25/0 
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158 FIRE AND POLYMERS 

DISCUSSION 

The m a j o r a d v a n t a g e s o f u s i n g t h e z i n c b o r a t e can be summar i zed 
as f o l l o w s : 

1. H i gh D e h y d r a t i o n T e m p e r a t u r e - In c o n t r a s t t o o t h e r f o r m s 
o f z i n c b o r a t e s , t h e w a t e r o f h y d r a t i o n o f t h e z i n c b o r a t e 
i s r e t a i n e d up t o 2 9 0 ° C , t h u s a l l o w i n g i t t o be u sed i n 
p o l y m e r s r e q u i r i n g h i g h p r o c e s s i n g t e m p e r a t u r e s . The p r o p o s e d 
m o l e c u l a r s t r u c t u r e f o r t h e z i n c b o r a t e i s d e p i c t e d i n F i g . 
2. The h i g h d e h y d r a t i o n t e m p e r a t u r e can be e x p l a i n e d by 
t h e a b s e n c e o f i n t e r s t i t i a l w a t e r i n t h e c r y s t a l l a t t i c e . 

2. C o m p l e t e l y R e a c t e d M a t e r i a l - The z i n c b o r a t e c o n t a i n s no 
f r e e z i n c o x i d e . T h u s , i t does n o t have s e r i o u s d e t r i m e n t a l 
e f f e c t s on t h e t h e r m a l s t a b i l i t y o f PVC o r c h l o r i n a t e d p a r a f f i n 
as f r e e z i n c o x i d e d o e s . 

3. A M u l t i f u n c t i o n a l Smok
A f t e r g l o w S u p p r e s s a n t

4. Low T i n t i n g S t r e n g t h - The z i n c b o r a t e has a r e f r a c t i v e i n d e x 
s i m i l a r t o most o r g a n i c p o l y m e r s , w h i c h r e s u l t s i n t h e 
r e t e n t i o n o f c o n s i d e r a b l e t r a n s l u c e n c y . T h i s p r o v i d e s f o r 
e a s y v i s u a l i n s p e c t i o n o f t h e f i n i s h e d p r o d u c t s and a l l o w s 
t h e use o f l o w e r p i gmen t l o a d i n g s i n f o r m u l a t i o n s r e q u i r i n g 
deep s h a d e s . 

5. I m p r o v i n g E l e c t r i c a l P r o p e r t i e s - The z i n c b o r a t e has good 
a n t i t r a c k i n g and a n t i a r c i n g p r o p e r t i e s . 

6. Low T o x i c i t y - U n l i k e a n t i m o n y o x i d e , t h e z i n c b o r a t e i s 
c o n s i d e r e d n o n - t o x i c . 

The p e r f o r m a n c e o f t h e z i n c b o r a t e as a f i r e r e t a r d a n t i s 
s ummar i zed i n t h e f o l l o w i n g : 

ZINC BORATE IN HALOGEN-CONTAINING POLYMERS. 
AS A FLAME RETARDANT. The z i n c b o r a t e i s an e f f i c i e n t 

s y n e r g i s t o f o r g a n i c h a l o g e n s o u r c e s . In c e r t a i n 
h a l o g e n - c o n t a i n i n g s y s t ems s u ch as u n s a t u r a t e d p o l y e s t e r , epoxy 
(_3), and r i g i d PVC, t h e z i n c b o r a t e a l o n e can o u t p e r f o r m a n t i m o n y 
o x i d e as shown by t h e Oxygen I ndex and UL -94 t e s t s ( F i g . 3 , 4 , 
and 5 ) . 

In o t h e r h a l o g e n - c o n t a i n i n g s y s t e m s , s u ch as f l e x i b l e PVC 
and p o l y o l e f i n s , i t i s p r e f e r a b l e t o use t h e z i n c b o r a t e i n 
c o n j u n c t i o n w i t h a n t i m o n y o x i d e f o r maximum p e r f o r m a n c e . In 
f l e x i b l e PVC, f o r e x a m p l e , t h e z i n c b o r a t e a l o n e i s n o t v e r y 
e f f e c t i v e i n t h e Oxygen Index t e s t ( F i g . 6 ) , b u t a c o m b i n a t i o n 
o f t h e z i n c b o r a t e and a n t i m o n y o x i d e ( 1 : 1 r a t i o ) o u t p e r f o r m s 
e q u a l w e i g h t o f a n t i m o n y o x i d e a t a t o t a l l o a d i n g o f more t h a n 
10 p h r (4_). In t h e p r e s e n c e o f a l u m i n a t r i h y d r a t e ( A T H ) , t h e 
b e n e f i c i a l e f f e c t o f u s i n g a c o m b i n a t i o n o f t h e z i n c b o r a t e and 
a n t i m o n y o x i d e i s d r a m a t i c a l l y i n c r e a s e d ( F i g . 7 ) . 

AS A SMOKE SUPPRESSANT. A n t i m o n y o x i d e p e r f o r m s w e l l as 
a f l a m e r e t a r d a n t i n f l e x i b l e PVC, h o w e v e r , as a gas phase f l a m e 
r e t a r d a n t , i t s use can d r a s t i c a l l y i n c r e a s e t h e smoke p r o d u c t i o n 
d u r i n g PVC c o m b u s t i o n as i l l u s t r a t e d i n F i g . 8 . The z i n c b o r a t e , 

In Fire and Polymers; Nelson, G.; 
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EPON 828 (1/8" CASTING) 
DECHLORANE PLUS 25 (25 PHR) 
TRIETHYLENETETRAMINE (13 PHR) 
(-11.8% CL) 

^ 2B:SB 20 3(1:1) ^ 

0 2 4 6 
ADDITIVE (PHR) 

Fig. 4. Oxygen Index and UL-94 Tests 
ratable, sample completely consumed), 
permission from Ref. 2. Copyright 
1985). 

V-0 

10 

on Epoxy (NR - not 
(Reproduced with 

Plastics Compounding 
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PVC (100 PARTS) 

42 V I I I I * 

0 1 2 3 4 5 
ADDITIVE (PHR) 

Fig. 5. Rigid PVC Conduit Formulation. (Reproduced with 
permission from Ref. 2. Copyright Plastics Compounding 
1985). 
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PVC 
32 |- DOP (50 PHR) 

BA/CD/ZN STABILIZER ( 3 PHR) 
EPOXY SOYA (5 PHR

 ZB: S B 0 ( 1 : 1 ) 

SB 203 

— ZB 

ATH 

10 15 20 
TOTAL ADDITIVE (PHR) 

25 30 

Fig. 6. Oxygen Index of Flexible 
(Reproduced with permission from Ref. 2. 
Compounding 1985). 

PVC Formulations. 
Copyright Plastics 
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0 5 10 15 20 25 

TOTAL ADDITIVE ( P HR) 

Fig. 7. Oxygen Index of Flexible PVC Formulations Containing 
Alumina Trihydrate (30 phr). ZB - Zinc Borate. (Reproduced 
with permission from Ref. 2. Copyright Plastics Compounding 
1985). 
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Fig. 8. NBS Smoke Test of Flexible PVC. ZB - Zinc Borate. 
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on t h e o t h e r h a n d , i s an e f f e c t i v e smoke s u p p r e s s a n t . Used w i t h 
a n t i m o n y o x i d e , f o r m u l a t i o n s w i t h h i g h r a t i o s o f z i n c b o r a t e 
t o a n t i m o n y o x i d e y i e l d t h e g r e a t e s t smoke r e d u c t i o n ( F i g . 9 ) . 

In t h e p r e s e n c e o f ATH, t h e z i n c b o r a t e r e d u c e s smoke 
e f f e c t i v e l y , even when used w i t h a n t i m o n y o x i d e a t a 1:1 r a t i o . 
F i g . 10 shows t h i s d r a m a t i c smoke r e d u c t i o n . 

AS AN AFTERGLOW SUPPRESSANT. Due t o i t s u n i q u e g l a s s - f o r m i n g 
a b i l i t y ( i . e . , f r o m t h e B 2 0 3 m o i e t y ) , t h e z i n c b o r a t e can a l s o 
f u n c t i o n as an a f t e r g l o w s u p p r e s s a n t as i l l u s t r a t e d i n T a b l e 
I ( 5 J . In a d d i t i o n , t h e z i n c b o r a t e i s a l s o an e f f e c t i v e 
a n t i t r a c k i n g and a n t i a r c i n g a g e n t ( ^ ) . In a 1978 U.S. P a t e n t , 
ICI d i s c l o s e d t h e use o f t h e z i n c b o r a t e i n c o m b i n a t i o n w i t h 
a n t i m o n y o x i d e and D e c h l o r a n e P l u s (an o r g a n i c c h l o r i n e s o u r c e ) 
t o g i v e a V -0 r e i n f o r c e d n y l o n - 6 , 6 ( 28% f i b e r g l a s s ) w i t h h i g h 
t r a c k i n g r e s i s t a n c e . W h i l e a n t i m o n y o x i d e can d e c r e a s e t h e 
t r a c k i n g r e s i s t a n c e , t h e z i n c b o r a t e c an improve t h e t r a c k i n g 
r e s i s t a n c e . ( T a b l e I I )
b o r a t e , when r e l e a s e d a
t h e a r c s . The r e s u l t i n g a n h y d r o u s z i n c b o r a t e u n d e r g o e s 
v i t r i f i c a t i o n and d i s p l a y s good e l e c t r i c a l i n s u l a t i o n p r o p e r t i e s . 

MODE OF ACTIONS IN HALOGEN-CONTAINING POLYMERS. In 
h a l o g e n a t e d p o l y m e r s , s uch as f l e x i b l e PVC, t h e z i n c b o r a t e 
m a r k e d l y i n c r e a s e s t h e amount o f c h a r f o r m e d d u r i n g c o m b u s t i o n ; 
whe rea s t h e a d d i t i o n o f a n t i m o n y o x i d e , a v a p o r phase f l a m e 
r e t a r d a n t , has l i t t l e e f f e c t on c h a r f o r m a t i o n . A n a l y s i s o f 
t h e c h a r shows t h a t a b o u t 8 0 - 9 5 % o f a n t i m o n y v o l a t i l i z e d , whe rea s 
t h e m a j o r i t y o f b o r on and z i n c f r o m t h e z i n c b o r a t e r e m a i n e d 
i n c h a r (86% and 6 1 % ) , r e s p e c t i v e l y . ( T a b l e I I I ) . The f a c t 
t h a t t h e m a j o r i t y o f t h e bo ron r e m a i n s i n t h e c o n d e n s e d phase 
i s i n a g reement w i t h t h e f a c t t h a t b o r i c o x i d e i s a good a f t e r g l o w 
s u p p r e s s a n t . The z i n c s p e c i e s r e m a i n i n g i n t h e c o n d e n s e d phase 
can a l t e r t h e p y r o l y s i s c h e m i s t r y by c a t a l y z i n g t h e 
d e h y d r o - h a l o g e n a t i o n and p r o m o t i n g c r o s s - l i n k i n g , r e s u l t i n g i n 
t h e i n c r e a s e d c h a r f o r m a t i o n and a d e c r e a s e i n b o t h smoke 
p r o d u c t i o n and f l a m i n g c o m b u s t i o n . The B 2 0 3 m o i e t y o f t h e z i n c 
b o r a t e can f o r m a g l a s s y l a y e r i n h i b i t i n g f u r t h e r o x i d a t i o n o f 
t h e c h a r . 

ZINC BORATE IN HALOGEN-FREE POLYMERS. 
AS A FLAME RETARDANT AND SMOKE SUPPRESSANT. In r e c e n t y e a r s , 

t h e d e v e l o p m e n t o f h a l o g e n - f r e e f i r e r e t a r d a n t p o l y m e r s has been 
a s u b j e c t o f c o n s i d e r a b l e i n t e r e s t , b e c a u s e t h e s e p o l y m e r s w i l l 
n o t p r o d u c e any c o r r o s i v e and t o x i c h y d r o g e n - h a l i d e g a s e s d u r i n g 
c o m b u s t i o n . One o f t h e common a p p r o a c h e s t o f l a m e - r e t a r d a 
h a l o g e n - f r e e p o l y m e r has been t h e a d d i t i o n o f h i g h l o a d i n g s 
( 1 00 - 200 p h r ) o f ATH. ATH can unde r go an e n d o t h e r m i c d e h y d r a t i o n 
by r e l e a s i n g 34% by w e i g h t o f w a t e r i n t h e t e m p e r a t u r e r ange 
o f 2 2 0 ° - 4 5 0 ° C . R e c e n t l y , i t was f o u n d t h a t t h e r e a r e m a j o r 
a d v a n t a g e s i n p a r t i a l l y r e p l a c i n g ATH w i t h t h e z i n c b o r a t e as 
a f i r e r e t a r d a n t i n a v a r i e t y o f h a l o g e n - f r e e p o l y m e r s y s t ems 

F i g . 11 i l l u s t r a t e s t h e smoke s u p p r e s s i o n e f f e c t o f t h e 
z i n c b o r a t e when u sed i n c o n j u n c t i o n w i t h ATH i n a h a l o g e n - f r e e 
e t h y l e n e - v i n y l a c e t a t e (EVA) s y s t e m . Sumitomo E l e c t r i c , i n a 

In Fire and Polymers; Nelson, G.; 
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PVC 100 PARTS 
DOP 50 
EPOXY 5. 
STAB  3! 

250 ' • • • 
0 2 4 6 8 10 

ADDITIVE (PHR) 

Fig. 9. NBS Smoke Test ( ) and Oxygen Index Test (-
of Zinc Borate in Flexible PVC. 
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TOTAL ADDITIVE (PHR) 

Fig. 10 . NBS Smoke Test of Flexible PVC Containing Alumina 
Trihydrate. ZB - Zinc Borate. 
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Table I. F i r e Retardant Magnetic P o l y p r o p y l e n e 3 

Compositions Compositions 

F e r r i t e (% by wt.) b 70 70 70 70 

DBDPOc 35 35 35 -
Brominated Polystyrene - - - 40 

Sb 20 3 12 12 12 14 

Zinc Borate - 20 40 10 

Afterflame (sec.) 0 0 0 0-2 

Afterglow (sec.) 115-127 22-28 10-15 3-5 

UL-94 (1/16 in.) HB V-0 V-0 V-0 

aYokoda, K., et. a l . , U. K. Patent application GB 2,115,822A 
(1983, to Kanegafuchi Kagaku), U. S. Patent 4,490,498. 

DA11 the other additives are parts per hundred parts resin 
by wt. 

cDecabromodipheny1 oxide. 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 
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Table II. Thermoplastic Nylon-6,6 Compositions 

UL-94 (1.6 mm) 
Tensile 
strength 

Components 50%RHb 70C C (MN/m2) CTRd 

Zinc Borate (15 wt-%) F a i l F a i l 141 >600 
Dechlorane 515 (10 wt-%) F a i l F a i l 147 300 
Dechlorane 515 (10 wt-%) 

plus Sb 20 3 (5 wt-%) 
V-0 V-0 140 200 

Dechlorane 515 (10 wt-%) 
plus Zinc Borate (15 wt-
plus Sb 20 3 (0.1 wt-%) %) 

V-l V - l 138 500 

Dechlorane 515 (10 wt-%) 
plus Zinc Borate (1
plus Sb 20 3 (lwt-%) 

V-0 V-l 137 475 

Dechlorane 515 (10 wt-%) V-0 V-0 - <350 
plus Zinc Borate (15 wt-%) 
plus Sb 20 3 (2 wt-%) 

a. Maslen, A.J., and W.H. Taylor, U.S. Patent 4,105,621 (1978, 
to ICI); nylon-6,6 with 28% glass fiber. 

b. Measured after conditioning at 50% RH and 23C for 48 hours. 
c. Measured after conditioning at 70C for one week. 
d. Comparative tracking resistance. 

Table III. Ignition of Flexible PVC at 560°C a 

Per Percent of Original Elements in Char 

Sample (phr) 
cent 
Char Zn B Sb CI C H 

No Additive 8.3 - 0.1 14.0 4.0 

Sb 20 3(10) 8.8 6.3 0.1 17.2 4.8 

ZBb(10) 18.6 60.6 85.8 2.3 24.7 7.9 

Sb 20 3(5)+ 16.3 64.2 73.8 19.9 1.0 24.7 7.0 

ZB (5) 

aPVC - Geon 121 (100 parts), DOP (50), Epoxy Soya (5), 
Ferro 6V6A (3); 1/8 inch thick sample. 

bZinc Borate. 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 
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™ 1 , • « t . i . 1 

200/0 150/50 100/100 50/100 0/20 

ZB (phr)/ATH (phr) 

Fig. 11. NBS Smoke Test of Ethylene-Vinyl Acetate. ZB 
Zinc Borate, ATH - Alumina Trihydrate. 
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1986 U.S. patent, disclosed that a highly f i l l e d combination 
of ATH and unspecified zinc borate in an EVA cable produced a 
much lower optical transmission signal loss than a conventional 
fluoropolymer in an optical composite cable application (Table 
IV). 

More recently, General Electr ic reported the use of the 
zinc borate as a smoke suppressant in a halogen-free 
silicone-polyetherimide copolymer (Q). 

MODE OF ACTION IN HALOGEN-FREE POLYMERS. To quantify the 
zinc borate char forming performance, EVA samples containing 
ATH and/or the zinc borate were pyrolyzed at 500°C in an oven; 
and the residues were weighed and analyzed for carbon content 
(_7). It was found that ATH (200 phr) catalyzed the combustion 
of EVA via a glowing combustion mode. As a result, i t decreased 
the char y ie ld , relative to the control without any additive, 
in the powdery residue. Partial replacement of ATH with the 
zinc borate (100 phr each
char and a change-ove
smouldering combustion mode. At 550°C (Table V), a l l four samples 
underwent a flaming combustion and showed low char yields. 
Interestingly, partial replacement of ATH with the zinc borate 
(100 phr each) resulted in a significant delay of the time to 
se l f - ign i t ion. In addition, this combination produced a porous 
and hard residue, attributed to the sintering between the zinc 
borate and ATH. This was confirmed by the Scanning Electron 
Microscopy study of the residues (Fig. 12). 

Differential Scanning Calorimetric (DSC) analyses of EVA 
samples in air showed that 50% replacement of ATH with the zinc 
borate at a total loading of 200 phr resulted in a remarkable 
305 cal/g less of exothermicity in the oxidative-pyrolysis 
temperature range of 362-562°C (Fig. 13). Differential 
Thermogravimetric (DTG) analyses in a ir showed that the same 
partial replacement resulted in a delay of the peak 
"oxidative-pyrolysis weight loss rate" by 55°C (Fig. 14). 

The increase in char y ie ld , the decrease in exothermicity, 
and the delay of the peak oxidati ve-pyrolysis rate by the zinc 
borate indicate that i t can alter the oxidative-pyrolysis chemistry 
of the polymer in the condense phase and render i t less susceptible 
to combustion. More importantly, the zinc borate and ATH can 
form a porous and hard residue at temperatures above 550°C. This 
hard residue can protect the unburned polymer from being exposed 
to high temperatures and further combustion. 

CONCLUSIONS 

In halogen-containing polymers, the multifunctional zinc borate 
can function as a flame retardant, smoke suppressant, and afterglow 
suppressant. 

In halogen-free polymers, the zinc borate in combination 
with ATH at high loadings can also function as a flame retardant 
and smoke suppressant by releasing water and forming a porous 
ceramic residue, which acts as a thermal insulator. 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 
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Table IV. Flame Retardant E t h y l e n e - V i n y l A ce t a t e 
O p t i c a l Composite C a b l e 3 

Components (phr ) 
Oxygen 

Index (%) 
Maximum Smoke D 

Dens i ty (Dm) 
T e n s i l e S t rength 

(kq/mm 2) 

ATHC(50)+ZB(50) 30 90 0.61 

ATH(75)+ZB(75) 32 75 0.66 

ATH(100)+ZB(100) 35 75 0.65 

ATH(125)+ZB(125) 55 60 0.79 

MgC0 3(50)+ZB(50) 31 88 0.59 

MgC0 3(75)+ZB(75) 34 73 0.63 

MgC0 3(100)+ZB(100) 

MgC0 3(125)+ZB(125) 60 50 0.66 

a V i n y l a c e t a t e content 60%; U.S. Patent 4,575, 184 (1985 to Sumitomo 
E l e c t r i c ) . 

^Flaming mode, sample t h i c k n e s s unkown, Dm-maximum s p e c i f i c o p t i c a l d e n s i t y . 

c A lum ina t r i h y d r a t e . 

Tab le V. P y r o l y s e s o f Ha l ogen -F ree EVA a t 550°C i n A i r a 

Compos i t i on (ph r ) 

Pe rcen tage o f O r i g i n a l 
Carbon Remaining i n 

Res idue (%) 

Mode o f 
Combust ion 

( t ime ) d 

Res idue 
Hardness 

No a d d i t i v e 0.6 F laming 
(3 s e c . ) 

Very 
S o f t 

ATHb(200) 0.7 Glowing 
(15 s e c . ) 
F laming 
(1 m in . 25 s e c . ) 

Very 
S o f t 

ZBC(200) 1.6 F laming 
(1 m in . ) 

Very 
Hard 

ZB(100)+ATH(100) 0.9 F laming 
(1 m in . 40 s e c . ) 

Very 
Hard 

a P y r o l y s e s c a r r i e d ou t i n a f o r c e d - a i r oven f o r 6 m inu te s . 

b A l u m i n a T r i h y d r a t e . 

c Z i n c B o r a t e . 

d T ime f o r combust ion to s t a r t . 

In Fire and Polymers; Nelson, G.; 
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F i g . 12. S c a n n i n g e l e c t r o n m i c r o g r a p h s (6000 x ) o f r e s i d u e s 
o f a i r - p y r o l y s e s o f h a l o g e n - f r e e e t h y l e n e - v i n y l a c e t a t e , 
c o n t a i n i n g Z i n c B o r a t e (33%) and a l u m i n a t r i h y d r a t e (ATH) 
( 3 3 % ) . A t 500°C ( t o p p i c t u r e ) , a powdery r e s i d u e was 
o b t a i n e d ; no s i n t e r i n g t o o k p l a c e between t h e Z i n c B o r a t e 
( s m a l l p a r t i c l e s ) and ATH ( l a r g e p a r t i c l e s ) . A t 550°C ( b o t t o m 
p i c t u r e ) , a h a r d and po rou s r e s i d u e was o b t a i n e d ; Z i n c B o r a t e 
a c t e d as a s i n t e r i n g a g e n t . A h a r d and po r ou s r e s i d u e i s 
a good t h e r m a l b a r r i e r . 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 
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Fig. 13. Differential Scanning Calorimetric Analyses of 
Ethylene-Vinyl Acetate. ZB - Zinc Borate, ATH - Alumina 
Trihydrate. 
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100 200 300 400 500 600 700 

TEMPERATURE (°C) 

Fig. 14. Differential Thermogravimetric Analyses of 
Ethylene-Vinyl Acetate. ZB - Zinc Borate, ATH - Alumina 
Trihydrate. Zero values for the ordinates of success curves 
are at about 10%/min. intervals. 
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Chapter 13 

The Design of Flame Retardants 

Charles A. Wilkie 

Department of Chemistry, Marquette University, Milwaukee, WI 53233 

A detailed understandin
polymer and an additive will permit one to use that information 
to design new flame retardants. The reaction between poly(methyl 
methacrylate), PMMA, and red phosphorus is described and that 
information used to determine that CIRh(PPh3)3 should be used as 
a flame retardant. The results of this investigation are then used 
to choose the next additive. A recurring theme is the efficacy of 
cross-linking as a means to impart an increased thermal stability. 

The process of burning requires that large polymer chains be broken down 
to give smaller and smaller molecules. Eventually a stage is reached at 
which the molecules produced have sufficient volatility to escape the 
surface and enter the gas phase. One may choose to intervene either at 
an early stage in the decomposition process, and have a relatively small 
number of molecules present, or at some later stage when many molecules 
are present. It seems most advantageous to prevent the initial 
decomposition of the polymer and instead cause aggregation, and charring, 
of the polymer chains. Van Krevelen (i) has shown that there is a 
correlation between char residue and the oxygen index of a polymer, the 
higher the char, the lower the flammability. Parker (2) has noted that an 
increase in aromaticity yields high char residues which also correlate with 
the oxygen index. 

It has been pointed out (3) that additives to protect polymers from heat 
and light are developed largely on a empirical basis. The basic 
understanding of the chemical functions of additives in polymeric systems 
is frequently unclear. Several rather fundamental questions about the 
course of a reaction between an additive and a polymer need to be 
answered and that information used to design suitable additives for the 
stabilization of polymers. 
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We separate the process of polymer burning into two stages, a fuel 
generation stage and a stage where these fuels are consumed. The 
generation of fuel typically does not require the presence of oxygen while 
the burning stage, of course, does require oxygen. In this work only the 
decomposition, and hence fuel generation, of the polymer is investigated. 
If one can find methods to prevent fuel generation, then flame retardancy 
of the polymer is a natural consequence. The objectives of this work are 
to understand how a particular polymer and an additive interact, i.e., at 
what site in the polymer does reaction occur and what functionality of the 
additive causes this reaction. If enough information on reactions of 
additives and polymers becomes available then this will permit the rational 
design of a suitable flame retardant. 

There is a severe temperature requirement in these investigations. 
Since the polymer must be processed, it is necessary that no reaction 
between the additive and the polymer occur at or below the processing 
temperature. The reactio
between the processing temperatur
of the polymer occurs. 

We note at the outset that our objective is not immediately to design 
flame retardants, rather it is to build up enough information that will permit 
the design of flame retardants. None of the materials that are described 
in this paper would be suitable additives, however the detailed reaction 
information that becomes available through this work will permit flame 
retardants to be designed. 

In this paper we describe the reaction of poly(methyl methacrylate), 
PMMA, and red phosphorus and use that information to predict that the 
reaction of Wilkinson's catalyst, CIRh(PPh3)3, and PMMA may be a 
worthwhile investigation. Finally information from this reaction is utilized to 
identify other potential additives and the reaction of these cobalt compounds 
with PMMA is described. Part of the strategy that will be explored is a 
strategy of cross-linking to produce materials with greatly increased thermal 
stability. 

Experimental 

Chemicals used in this study were obtained from Aldrich Chemical 
Company. 1 H NMR spectra were obtained on a Varian EM-360, 1 3 C NMR 
spectra were obtained on a JEOL-FX-60Q or a GE QE-300. An Analect 
FX-6200 FT-IR spectrometer was used for infrared spectroscopy and a 
Hewlett-Packard Model 5980 with a model 5970 mass-selective detector 
was used for GC-MS. TGA measurements were performed on a Perkin-
Elmer TGA-7 instrument. HPLC measurements were obtained using a 
Waters Instrument. 

All reactions were performed in evacuated sealed Pyrex tubes of about 
80 cm 3 volume. Typically, a vessel is thoroughly evacuated on a high 
vacuum line (pressure < 1 x 10"5 Torr) for several hours, then it is sealed 
off from the line and placed in a muffle furnace preheated to the desired 
temperature. After two hours the tubes are removed and immediately 
cooled in liquid nitrogen. Care must be taken in these operations, tubes 
have been known to explode in the oven and upon removal. Typically, the 
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material was dissolved in a solvent, separated by chromatography, and 
identified by spectroscopy. Some tubes were equipped with break-seals, 
upon removal from the oven these were resealed to the vacuum line and 
gasses were quantified by pressure-volume-temperature measurements and 
identified by infrared spectroscopy. 

PMMA and Model Reactions. Reactions between PMMA and red 
phosphorus were carried out with the ratio of PMMA to red phosphorus 
varying from 10:1 to 1:1, i.e., 1.0g PMMA and 0.1 g phosphorus to 1.0g 
PMMA and 1.0g phosphorus, at temperatures ranging from 300°C to 375°C. 
The PMMA-rhodium system used a 1.0g sample of PMMA and 0.5g of 
CIRh(PPh3)3 at 260°C for 2 hours. Reactions with the model compound, 
dimethylglutarate, DMG, utilized a 1:1 stoichiometry, 0.17g DMG and 1.0g 
CIRh(PPh3)3 (4-7). 

Preparation of Cobalt Hvdroqenatio
following Brauer (8), HCo[P(OPh)
Synthesis procedure (9), and K 3Co(CN) 5 was prepared following the 
procedure of Adamson (10). 

Reaction of K3Co(CN)6 with PMMA. A 1.0 g sample of PMMA and 1.0g 
of the cobalt compound were combined in a standard vessel and pyrolyzed 
for 2 hrs at 375°C. The tube was removed from the oven and the contents 
of the tube were observed to be solid (PMMA is liquid at this temperature). 
The tube was reattached to the vacuum line via the break-seal and opened. 
Gases were determined by pressure-volume-temperature measurements on 
the vacuum line and identified by infrared spectroscopy. Recovered were 
0.22g of methyl methacrylate and 0.11g of CO and C 0 2 . The tube was 
then removed from the vacuum line and acetone was added. Filtration 
gave two fractions, 1.27g of acetone insoluble material and 0.30g of 
acetone soluble (some soluble material is always lost in the recovery 
process). The acetone insoluble fraction was then slurried with water, 
0.11g of material was insoluble in water. Infrared analysis of this insoluble 
material show both C-H and C-0 vibrations and are classified as char 
based upon infrared spectroscopy. Reactions were also performed at lower 
temperature, even at 260°C some char is evident in the insoluble fraction. 

Reaction of HCofPfOPh)^ with PMMA. A 1.0g sample of PMMA and 1.0g 
of the cobalt compound were combined as above. After pyrolysis at 375°C 
for two hours the tube is noted to contain char extending over the length 
of the tube with a small amount of liquid present. The gases were found 
to contain CO, C 0 2 , hydrocarbon (probably methane), and 0.1 Og methyl 
methacrylate. Upon addition of acetone, 1.0g of soluble material and 0.19g 
of insoluble may be recovered. The infrared spectrum of the insoluble 
fraction is typical of char. 

Reaction of K3Co(CN)5 with PMMA. A 1.0g sample of PMMA and 1.0g of 
K3Co(CN)5 were combined as above. After pyrolysis for two hours at 
375°C the tube was noted to contain char. The gases consisted of 0.07g 
CO, 0.23g C 0 2 , and 0.11g methyl methacrylate, these were separated by 
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standard vacuum line techniques and identified by infrared spectroscopy. 
The tube was then opened and chloroform and acetone added. The 
soluble fraction had a mass of 0.36g while the insolubles were 1.1 Og. The 
insoluble fraction was slurried with water and filtered, 0.22g was insoluble. 
The infrared spectrum was typical of char. 

Oxygen-Index Measurements. The measurement of oxygen-index was 
performed by bottom ignition, as discussed by Stuetz (11). 

Results and Discussion 

The majority of investigations reported in the literature report on the efficacy 
of a material as a flame retardant but do not address the chemistry that 
gives rise to this retardant effect. The objective of this work is to come to 
an understanding of the course of the reaction between polymer and 
additive and to use tha
additives. Since the purpos
occurs between the additive and the polymer, unusually large amounts of 
the additive relative to the polymer are used. This permits one to more 
easily determine the course of the reaction. 

PMMA - Red Phosphorus System. The initial reaction that was investigated 
was that between PMMA and red phosphorus (4-5). Phosphorus was 
chosen since this material is known to function as a flame retardant for 
oxygen-containing polymers Q2). Two previous investigations of the 
reaction of PMMA with red phosphorus have been carried out and the 
results are conflicting. Raley has reported that the addition of organic 
halides and red phosphorus to PMMA caused moderate to severe 
deterioration in flammability characteristics. Other authors have reported 
that the addition of chlorine and phosphorus compounds are effective flame 
retardant additives (12). 

The initial observation is that PMMA is essentially completely degraded 
to monomer by heating to 375°C in a sealed tube while heating a mixture 
of red phosphorus and PMMA under identical conditions yields a solid, non-
degraded, product as well as a lower yield of monomer. One may observe, 
by C NMR spectroscopy, that the methoxy resonance is greatly decreased 
in intensity and methyl, methoxy phosphonium ions are observed by 3 1 P 
NMR. Additional carbonyl resonances are also seen in the carbon 
spectrum, this correlates with a new carbonyl vibration near 1800 cm"1 in 
the infrared spectrum and may be assigned to the formation of anhydride. 
The formation of anhydride was also confirmed by assignment of mass 
spectra obtained by laser desorption Fourier transform mass spectroscopy, 
LD-FT-MS. 

Mass spectra (5) were obtained by the addition of potassium bromide 
to the sample as an ion source. Since the molecular weight of a methyl 
methacrylate monomer is 100, one expects to see peaks in the mass 
spectrum at 100n + 39, where n is the number of monomer units and 39 
is a potassium ion. In the low mass region, up to 1200, peaks are 
observed at 100n + 41, while in the high mass region, 2100-2200, the 
peaks occur at 100n + 37, in the intermediate mass region the peaks are 
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at 100n + 39 as expected. This is clear evidence for hydrogen transfer 
reactions that occur between various ions. Indirect evidence for such 
hydrogen transfer has been reported (13). This investigation only detected 
PMMA oligomers up to 2200 molecular weight, there is no reason to think 
that higher oligomers may not be observed with improved instrumentation. 

The evidence presented above clearly indicates that red phosphorus 
attacks PMMA at a carbonyl site with the elimination of methyl and methoxy 
and the formation of anhydrides. The evidence indicates that anhydride 
formation occurs via an intra-molecular process, this second bond along the 
polymer chain does provide added stability that will render depolymerization 
more difficult and the polymer more thermally stable. The suggested 
course of the reaction between red phosphorus and PMMA is delineated 
in Scheme 1. 

Scheme 1 

The previous conflicting investigations may now be rationalized. Red 
phosphorus is known to thermally convert to white phosphorus, which will 
burn in air. If white phosphorus is formed, a fire is expected and no flame 
retardant activity will be observed. On the other hand, if the phosphorus 
reacts with the polymer as in Scheme 1_, then thermal stabilization is 
expected. The efficacy of red phosphorus seems to be closely related to 
the efficiency of mixing of the additive and the polymer, when they are well-
mixed the phosphorus will react with the polymer and lead to flame 
retardant activity, if the mixing is poor then the phosphorus will be 
converted to the white allotrope and burning will result. Since all of the 
work reported herein was carried out in sealed tubes under vacuum, the 
phosphorus must react and lead to stabilization of the polymer against 
molecular weight loss and fuel production, i.e. thermal stabilization. 
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The Importance of Cross-Linking. The observation that intramolecular 
anhydride formation leads to an increase in stability with respect to 
molecular weight loss and fuel generation suggests that cross-linking is an 
advantageous process for thermal stabilization of polymers. One stage of 
the analysis of this work was to determine that cross-linking should be a 
goal of this work and to begin to identify reagents that will effectively 
convert thermoplastic materials into cross-linked thermosets during the 
burning process and produce an intractable char. The reaction is shown 
below as Scheme 2. 

Scheme 2 

On the left we show four polymer strands, all independent of each 
other, on the right these are now cross-linked. An input of thermal energy 
to a polymeric system (shown as cleavage in the figure) is sufficient to 
cause breakage of a bond to liberate a small molecule which is the source 
of fuel for polymer degradation. On the left side note that the cleavage of 
any bond will yield such small molecules. On the other hand, in the cross-
linked structure (right-hand side), cleavage of any one bond is insufficient 
to produce small molecules, rather a second, and very specific, bond must 
also be broken. Since bond cleavage is a random process, it is unlikely 
that the specific bond will be cleaved without a great deal of thermal input, 
i.e., a very high temperature is required to produce small molecules. Thus 
the cross-linked structure is inherently less likely to produce fuel since much 
more heat is required to cause disruption of the molecule to produce the 
small molecules required for burning to occur. 

PMMA - Wilkinson's Catalyst System. The reaction with phosphorus 
identifies the carbonyl as the site of reactivity in PMMA, accordingly an 
additive that will react at the carbonyl site should be used. Since 
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Wilkinson's catalyst, CIRh(PPh3)3, is known to react with acid halides with 
the elimination of the carbonyl, this reagent was chosen (14). 

CIRh(PPh3)3 + RCOCI ==> RCI + CIRh(CO)(PPh3)2 

The reaction between CIRh(PPh3)3 and PMMA produces both chloroform 
soluble and chloroform insoluble fractions (6-7). The soluble fraction 
contains a material which is very much like PMMA but also contains 
anhydride by FT-IR analysis. This polymeric fraction also contains rhodium, 
ligated by methyl and methoxy as well as triphenylphosphine. The 
chloroform insoluble fraction is about 25% of the total material and will not 
dissolve in any common laboratory solvent. Charring of PMMA under such 
conditions has not been previously seen. The char contains rhodium and 
is also found to retain chloroform, indicative of cross-linking. TGA analysis 
indicates that the chloroform may be driven off at about 150°C and the 
remainder is non-volatile

Films containing abou
subjected to oxygen index, TGA, and DSC measurements. The oxygen 
index, bottom ignition (1J_), increases from about 14 for pure PMMA to 
about 20 for the rhodium compound in PMMA. TGA analysis indicates that 
about 25% of the sample is non-volatile at 600°C and the glass transition 
temperature increases by about 15°C by DSC. 

In order to better understand the reaction of CIRh(PPh3)3 and PMMA 
model compound studies were begun. The model of choice is 
dimethylglutarate, DMG, since this provides a similar structure and a 
suitable boiling point for sealed tube reactions. 

I I I I 
0=1 c C = 0 0 = c C = 0 

I I I I 
H 3 C 0 O C H 3 H 3 C O 6 C H 3 

PMMA DMG 
The reaction of DMG and CIRh(PPh3)3 leads to the formation of several 
rhodium compounds, six of which were isolaied and characterized. The 
compounds arise from oxidative insertion of the rhodium species into a 
carbon-oxygen bond of the DMG followed by ligand exchange reactions (7). 

We believe that a similar reaction occurs between PMMA and 
CIRh(PPh3)3. A summary of the reaction is presented in Scheme 2. 

The initial step is an oxidative addition of RhCI(PPh3)3 to a C-0 bond 
of the ester moiety and produces rhodium-carbon and rhodium-oxygen 
bonds. Adjacent rhodium species can undergo further reaction with the 
formation of anhydride linkages. This anhydride formation may occur 
between adjacent pairs of reactants, between pairs in the same chain, or 
between pairs that are present in different chains. All of these reactions 
are observed, and in however the last reaction is the one of interest here 
since this leads to cross-linking and char formation. Rhodium is present 
in both the chary material and in the soluble fractions. From the reaction 
pathway in order for rhodium elimination to occur, two rhodium-inserted 
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H X C H , 

W W C H j - C C H ^ C - W W W + CIRh(PPh ; 5 ) 3 

Cz=0 

H3CO DCH 7 

oxidative addition 

H,C 

* v A A A A CH«— C w w w 

l 
o = c 

I 
Rh 

H 3 c i 

I 

C H , 
I 3 

W W W CH« C 'WSAAA, 

I 
c=o 
I 
0 
1 

Rh 

I 
C H 3 

loss of rhodium 

CH, 

A/WNA C H j — C * W W W 

C = 0 

I 
*sC — C H j w w v 

C H , 

H,C 
J1 

CH 3 
w w w 

1 1 
• " ^ C H T - C — C H - - C 

I I 
0=-C c = o 

Scheme 3 

moieties must be in close proximity. Since this cannot always occur, 
rhodium must be present both in the char as well as in the soluble fraction. 

It is unlikely that CIRh(PPh3)3 will ever be useful as a flame retardant 
due to its red color, expense, and the potential toxicity associated with a 
heavy metal. An additional disadvantage of the rhodium system is the fact 
that char formation occurs at a temperature of 250°C, since this is near the 
processing temperature of PMMA char formation may occur during 
processing rather than under fire conditions. This discovery is nonetheless 
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important because it allows one to delineate a set of requirements for flame 
retardants that function by this mechanism. These requirements are: 

1. The compound must be able to effectively bind to 
carbonyl, thus it must be a transition metal 
compound. 

2. The compound should be coordinatively unsaturated 
- capable of undergoing oxidative addition to the 
carbonyl. 

3. Since Wilkinson's catalyst is a catalyst for a variety 
of reactions, a compound known to have catalytic 
activity may be desirable. This is a corollary of 2. 

4. The compound should be colorless and inexpensive. 

Extension to Cobalt Compounds. We believe that this set of requirements 
provide an excellent guid
function as flame retardant
known as a hydrogenation catalyst and since a hydrogenation catalyst must 
possess all of the characteristics identified above, it seems reasonable to 
suggest that transition metal compounds that are known to function as 
hydrogenation catalysts may be useful flame retardants additives for 
PMMA. Cobalt compounds were selected for investigation since cobalt is 
in the same periodic family as rhodium and cobalt compounds may be 
expected to be inexpensive, possibly colorless, and possibly non-toxic. Two 
cobalt hydrogenation catalysts were identified, K 3Co(CN) 5 (15-16) and 
C3H5Co[P(OMe)3]3 (17). Both the cobalt(ll) cyanide, K3Co(CN)5, and the 
cobalt(lll) analogue, K3Co(CN)6, were selected for further study. The allyl 
cobalt phosphite was very air-sensitive and thus not suitable for these 
investigations. A related hydridocobalt compound, tetrakis-
triphenylphosphitehydridocobalt, HCo[P(OPh)3]4, was chosen for study. We 
have found that the oxygen index increases by about 5 or 6 points, from 
14 for neat PMMA to about 19 or 20 for all three of these compounds, 
K3Co(CN)5, K3Co(CN)6, and HCo[P(OPh)3]4. 

Char formation and reduced monomer production are observed for all 
of these additives upon reaction with PMMA. Char formation increases as 
a function of temperature, for the hydrido cobalt compound, there is 5% 
char at 262°, 8.5% at 322°, 15% at 338°, and 19% at 375°C; the cobalt(lll) 
cyanide produces 3% char at 338° and 11% at 375°C; the cobalt(ll) 
cyanide yields 11% char at 375°C. At the highest temperature, 375°C, the 
amount of monomer formation is 22% for K3Co(CN)5, 11% for K3Co(CN)6, 
and 10% for HCo[P(OPh)3]4. Ideally one would hope to observe no 
monomer formation and complete char production. Such is not the case 
here, these materials probably have no utility as flame retardant additives 
for PMMA since monomer formation, even at a reduced level, will still 
permit a propagation of the burning process. While somewhat positive 
results for these three additives do not prove the validity of the hypothesis, 
we take this to be a starting point in our search for suitable additives, 
further work is underway to refine the hypothesis and to identify other 
potential hydrogenation catalysts and other additives that may prove useful 
as flame retardants for PMMA 
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It should be noted that other schemes for the production of anhydrides 
are also possible. We should also note that anhydride formation is not the 
only means of cross-linking PMMA chains, other schemes for cross-linking 
are also under investigation. 

Conclusion 

In this paper we have presented evidence to show that it is quite feasible 
to determine the detailed course of reaction between a polymer and an 
additive. Further, the understanding of this reaction pathway provides 
insight into new additives and schemes for the identification of efficacious 
flame retardant additives. Finally, we have elucidated schemes for the 
cross-linking of PMMA and have shown that the schemes do provide a 
route for flame retardation
this work is not to directl
purpose is to expose the chemistry that occurs when a polymer and an 
additive react. This exposition of chemistry continually provides a new 
starting point for further investigations. The more that pathways for 
polymeric reactions are determined the more information is available to 
design suitable additives to prevent degradation of polymers. 
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Chapter 14 

Inorganic Tin Compounds as Flame, Smoke, 
and Carbon Monoxide Suppressants 

for Synthetic Polymers 

P. A. Cusack1 and A. J. Killmeyer2 

1International Tin Research Institute, Uxbridge, United Kingdom 
2Tin Research Institute, Inc., Columbus, OH 43201 

In view of the curren
flame- and smoke-suppressant systems for synthetic 
polymers, certain inorganic tin compounds have been 
evaluated as fire retardants in a number of plastic and 
elastomeric substrates. The results obtained indicate 
that tin compound additives, in particular, zinc 
hydroxystannate and zinc stannate, exhibit beneficial 
properties both in halogenated and halogen-free 
formulations. The tin compounds appear to act 
predominantly in the condensed phase by a char
-promoting mechanism, and this leads to a significant 
decrease in the amounts of smoke and toxic gases 
evolved during polymer combustion. The observed carbon 
monoxide-suppression is particularly interesting, 
since CO inhalation is now known to be the cause of 
death in the vast majority of fire fatalities. 

The l a s t two decades have seen a major growth i n the use of synthetic 
polymers as materials for construction, i n s u l a t i o n , packaging, 
upholstery and transport a p p l i c a t i o n s (_1_). Unfortunately, t h i s 
period has also seen a dramatic increase i n the number of serious 
f i r e s , and the number of deaths and i n j u r i e s i n f i r e s remains 
a p p a l l i n g l y high. F i r e deaths are normally v i o l e n t i n nature, and 
smoke i n h a l a t i o n and not f i r e i t s e l f i s the k i l l e r that accounts 
for over 80% of f i r e deaths (2). Therefore, recent advances i n f i r e 
t e s t i n g have placed great emphasis i n developing products that have 
low flame spread properties and are low smoke producing. 

The use of flame retardants i n polymers has increased 
dramatically i n recent years, i n p a r a l l e l to the growth of the 
p l a s t i c s industry (J_). Data for the U.S. consumption of these 
chemicals during 1985 are presented i n Table I. Many of the 
e x i s t i n g commercial a d d i t i v e s , however, have problems associated 
with t h e i r use. In p a r t i c u l a r , c e r t a i n flame-retardant systems are 
known to cause an increase i n the amount of smoke and t o x i c / c o r r o s i v e 
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gases generated by p l a s t i c s i f they burn ( M . In a d d i t i o n , a number 
of the commercial f i r e retardants have been found to possess 
undesirable t o x i c o l o g i c a l properties themselves, ( 5 , 6 ) and there has 
been considerable i n t e r e s t i n f i n d i n g new, safer chemical a d d i t i v e s 
for flammable materials. 

Table I. Flame Retardants for P l a s t i c s 
(USA Consumption, 1 9 8 5 ) 

Chemical Metric tonnes 
ADDITIVES: 

Alumina t r i h y d r a t e 
Antimony oxides 
Boron compounds 
Bromine compounds 
Chlorine compounds 
Phosphorus compounds 
Others 

REACTIVES 

9 3 , 9 0 0 
1 6 , 0 0 0 
5,000 

17,000 

8,100 
8,900 

TOTAL = 1 8 9 , 9 0 0 

SOURCE: Data from the Fire Retardant Chemicals Association. 
Reproduced with permission from ref. 3. Copyright 1985 Modern Plastics. 

As a r e s u l t , several inorganic compounds have found a p p l i c a t i o n 
i n t h i s f i e l d , and alumina t r i h y d r a t e , A 1 ( 0 H ) i s now by f a r the 
highest volume flame retardant (3). I t s use, however, i s l i m i t e d to 
those polymers which can t o l e r a t e the ex c e p t i o n a l l y high loadings 
required to be e f f e c t i v e , without s e r i o u s l y a f f e c t i n g the mechanical 
properties of the substrate (]_). 

At the present time, inorganic t i n compounds f i n d a r e l a t i v e l y 
small use i n natural polymers, p a r t i c u l a r l y as f l a m e - r e s i s t t r e a t 
ments for woollen rugs and sheepskins ( 8 , 9 ) . Although c e r t a i n other 
metal d e r i v a t i v e s have received more a t t e n t i o n , there has been much 
i n t e r e s t r e c e n t l y i n the p o t e n t i a l use of t i n chemicals as flame 
retardants and smoke suppressants for synthetic polymers ( 1 0 ) . 

The purpose of t h i s paper i s to b r i e f l y review recent research 
i n t o the e f f e c t i v e n e s s and mode of a c t i o n of t i n compounds as f i r e 
retardants i n a number of halogenated and halogen-free, p l a s t i c and 
elastomeric substrates. 

TIN ADDITIVES 

Anhydrous t i n ( I V ) oxide ('Superlite' grade) and B-stannic a c i d 
('Metastannic acid') were supplied by Keeling & Walker Ltd., Stoke-
on-Trent. ' 3-stannic a c i d paste' was prepared at Chinghall Ltd., 
Milton Keynes, by d i s p e r s i n g Keeling & Walker's Metastannic a c i d , at 
a l e v e l of 7 3 % i n a phthalate p l a s t i c i s e r . ' C o l l o i d a l t i n oxide', a 
2 5 % aqueous d i s p e r s i o n of SnO^, was supplied by Nyacol Products Inc., 
Ashland, Mass., U.S.A. 

Zinc hydroxystannate and zinc stannate were synthesised at 
I.T.R.I, according to previously reported procedures: ( 1 1 , 1 2 ) 
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Na 2Sn(OH) 6 + Z n C l 2

 H 2 ° ^ ZnSn(OH) c | + 2NaCl 

ZnSn(OH), ^ ZnSnO^ + 3H o0 
b 3 2 

The i d e n t i t i e s of the products were confirmed by i n f r a r e d 
spectroscopy and x-ray powder d i f f r a c t i o n pat terns . Phys i ca l data 
on the inorgan ic t i n add i t i ve s s tudied are g iven in Table II. 

TEST METHODS 

Flammabi l i ty . Flammabil i ty of the samples, i n the form of t h i n 
s t r i p s of approximate dimensions of 120mm x 7mm x 3mm was determined 
by measurement of t h e i r oxygen ind i ces (01's) according to ASTM 
D2863, using a Stanton-Redcroft FTA module. 

It has been es tab l i shed that the 01 values of polymers f a l l , :.n 
some cases d ramat i ca l l y  whe  th  surroundin  mixtur  i  heated 
(J_). Consequently, the 0
e levated temperatures, an
samples were determined us ing a Stanton-Redcroft HFTA instrument. 
The temperature index (TI) of a polymer i s def ined as the temperature 
at which the te s t specimen jus t supports combustion in a i r . 

Smoke dens i ty . Op t i ca l dens i ty measurements on the smoke evolved 
from burning p l a s t i c samples were c a r r i e d out us ing an NBS Smoke 
Chamber. The samples, which measured 75mm x 75mm, with a th ickness 
of 0.6 - 4mm, were burned in the ' f l a m i n g 1 mode i n accordance with 
ASTM E662-79. S p e c i f i c smoke dens i ty (Ds) values reported are the 
averages of three independent determinat ions. 

Carbon Monoxide Evo lu t i on . Determination of the carbon monoxide 
evolved during combustion of polymer samples i n NBS Chamber 
experiments was c a r r i e d out using a Telegan CO Sensor (Type 3 F ) . 
Quoted values are the numerical averages of three independant 
determinat ions. 

HALOGEN-CONTAINING POLYMER SYSTEMS 

The f lame-retardant ac t i on of ch lo r i ne and bromine compounds, e i the r 
as p h y s i c a l l y - i n c o r p o r a t e d add i t i ve s to an organic polymer or as 
part of the polymer s t ruc ture i t s e l f , i s wel l e s tab l i shed (J_). 
Indeed, halogenated compounds f i nd extens ive commercial use as 
flame retardants , (3.) and these are of ten used i n conjunct ion with 
' s y n e r g i s t s ' , such as antimony t r i o x i d e or phosphorus d e r i v a t i v e s 
(J_). However, ha logen-conta in ing polymers genera l l y evolve large 
amounts of smoke and co r ro s i ve gases dur ing combustion, and 
there i s a great demand for novel smoke-suppressant formulat ions . 

Po lyester r e s i n s . The f i re -per formance c h a r a c t e r i s t i c s of 
unsaturated po lyester re s i n s are of utmost importance i n many 
a p p l i c a t i o n areas, p a r t i c u l a r l y in the cons t ruc t i on , t r anspor ta t i on 
and e l e c t r o n i c s i ndu s t r i e s (J_3). Consequently, these p l a s t i c s 
represent one of the major growth areas for f i r e retardants i n 
recent years (J_4). 
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E a r l i e r studies at the ITRI have demonstrated the e f f e c t i v e n e s s 
of t i n ( I V ) oxide, both i n i t s anhydrous and hydrous forms, as a 
flame- and smoke-retardant a d d i t i v e for laboratory-prepared polyester 
r e s i n formulations (J_5). In a recent study, c a r r i e d out i n 
c o l l a b o r a t i o n with a major U.K. company, a number of inorganic t i n 
a d d i t i v e s have been incorporated i n t o a commercial brominated 
polyester r e s i n . Although t h i s r e s i n , which contains 28% by weight 
bromine, i s i n t r i n s i c a l l y flame-retardant, g i v i n g samples with an 
01 of ca. 41 and which meet the UL94-VO c l a s s i f i c a t i o n , formulations 
with improved flame and smoke prop e r t i e s are sought. 

Antimony t r i o x i d e , 3-stannic a c i d (hydrous t i n ( I V ) oxide), zinc 
hydroxystannate, and z i n c stannate were incorporated i n t o the 
commercial brominated polyester r e s i n at l e v e l s of 1,2,5 and 10% by 
weight. No processing problems were encountered and the samples 
cured s a t i s f a c t o r i l y to give r i g i d , opaque s t r i p s . 

The i n c o r p o r a t i o n of Sb^O^ i n t o the polyester leads to an 
i n t e r e s t i n g flammabilit
observed up to an a d d i t i v
dramatically (Figure 1). I t has previously been reported (16,17) 
that the optimum atomic r a t i o of halogen: antimony i n s y n e r g i s t i c 
flame-retardant systems appears to depend upon the nature of the 
host polymer, and may often be f a r greater than the s t o i c h i o m e t r i c 
proportions ( v i z . 3*1). Indeed, the 01 of polypropylene containing 
a c h l o r i n a t e d hydrocarbon passes through a very sharp maximum, with 
i n c r e a s i n g Sb 0 , at a Cl:Sb r a t i o of ca. 25:1 (J_8). In the 
brominated polyester, the Br:Sb atomic r a t i o f o r optimum flame 
retardancy a l s o appears to be about 25:1. 

Of the t i n a d d i t i v e s studied, the anhydrous and hydrated zinc 
stannates, ZnSnO and ZnSn(OH), r e s p e c t i v e l y , are considerably more 
e f f e c t i v e flame-retardant s y n e r g i s t s with the bromine present i n the 
p l a s t i c than 3-stannic a c i d (Figure 1). In l i n e with t h i s 
observation, o x i d i c t i n - z i n c systems have previously been found to 
e x h i b i t superior flame-retardant p r o p e r t i e s to t i n oxides alone (19-
22). In a d d i t i o n , ZnSnO gives higher values of 01 than Sb 20 at a l l 
i n c o r p o r a t i o n l e v e l s stuaied, and, i n f a c t , the 1% ZnSnO - containing 
p l a s t i c s outperform samples containing 2% Sb 20~. 

It i s i n t e r e s t i n g to note that 3-stannic a c i d i s s i g n i f i c a n t l y 
more e f f e c t i v e as a flame retardant than anhydrous Sn0 2 at low 
a d d i t i v e l e v e l s (Figure 2) as previously reported i n a number of 
halogen-containing polymer systems (15,22,23). In t h i s connection, 
thermal a n a l y s i s studies of ABS-decabromobiphenyl-tin(IV) oxide 
systems have shown that very l i t t l e t i n ( I V ) bromide or t i n ( I V ) 
oxybromide i s v o l a t i l i s e d when anhydrous Sn0 2 i s used, but, i f the 
t i n i s present as 3-stannic a c i d , and i f the atomic r a t i o of Br:Sn 
i s higher than s t o i c h i o m e t r i c ( v i z . 4:1), then s i g n i f i c a n t 
v o l a t i l i s a t i o n occurs, g i v i n g r i s e to a vapour-phase flame-retardant 
a c t i o n (23). This d i f f e r e n c e i n r e a c t i v i t y between the two forms 
of t i n ( I V ) oxide may be due to the d i f f e r e n c e i n the surface areas 
of these materials: despite being a coarser powder i n terms of i t s 
average p a r t i c l e s i z e (Table I I ) , hydrous SnO has a surface area of 
at l e a s t an order of magnitude greater than that of the anhydrous 
material (24). 

The advantage of using a paste d i s p e r s i o n of a flame-retardant 
a d d i t i v e i n t h i s polyester r e s i n formulation i s evident from the 
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0.1. 
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Additive (%) 

Figure 1. Relationship between the flammability and metal 
compound l e v e l of brominated polyester r e s i n samples. 
(Reproduced with permission from Ref.31*, Copyright 1989 
John Wiley & Sons Ltd.) 
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m °* 

• 2% 

(hyd) (hyd) S n 0 2 

' pas te ' 

Figure 2. E f f e c t of incorporation l e v e l of t i n oxide a d d i t i v e s 
on the flammability of brominated polyester r e s i n . 
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data shown i n Figure 2. At i n c o r p o r a t i o n l e v e l s of 2% and 5%, a 
d i s p e r s i o n of 3-stannic aci d i n a phthalate p l a s t i c i s e r (supplied by 
Chinghall Limited, Milton Keynes, U.K.), gives a s i g n i f i c a n t l y 
improved flame-retardant performance over that of powdered 3-stannic 
a c i d , presumably because of i t s more uniform d i s t r i b u t i o n i n the 
polymer matrix. 

A further improvement i n flame-retardant e f f i c i e n c y i s observed 
when a c o l l o i d a l d i s p e r s i o n of t i n ( I V ) oxide i s incorporated i n t o 
the polyester. At a 1.5% a d d i t i o n l e v e l , c o l l o i d a l SnO^ gives an 
01 value (49.0) which i s markedly higher than that obtained with 5% 
loadings of e i t h e r anhydrous SnO (47.7) or 3-stannic a c i d (47.9), 
as powdered a d d i t i v e s (Figure 2). In a d d i t i o n to i t s increased 
flame-retardant a b i l i t y , c o l l o i d a l Sn0 2 o f f e r s the further advantages 
of translucency i n the cured p l a s t i c , ease of incorporation and non-

s e t t l i n g i n the r e s i n p r i o r to cure. 
Evaluation of the smoke generated during flaming combustion of 

the brominated polyeste
Chamber. The data obtained
summarised i n Table I I I , c l e a r l y i n d i c a t e that both zinc 
hydroxystannate and zinc stannate, when incorporated at l e v e l s of 2% 
or 5%, s i g n i f i c a n t l y reduce both the t o t a l amount and the rate of 
production, of smoke evolved from the burning brominated r e s i n . 
Although 3-stannic a c i d and antimony t r i o x i d e have a s l i g h t 
b e n e f i c i a l e f f e c t on the rate of smoke emission, neither a d d i t i v e 
decreases the maximum o p t i c a l density of the smoke, s a t u r a t i o n 
l e v e l s being reached i n each case. 

Furthermore, ZnSn(OH). and ZnSnO are found to be highly 
e f f e c t i v e as CO suppressants i n the r e s i n , when assessed i n a novel 
t e s t assembly comprising the NBS Smoke Chamber i n conjunction with 
the continuous CO monitor (Figure 4 and Table I I I ) . Substantial 
reductions i n CO l e v e l s produced from zinc stannate-containing 
samples i n the NBS Smoke Chamber are evident at 3 minutes a f t e r 
i g n i t i o n and these e f f e c t s continue throughout the t e s t s , so that 
maximum l e v e l s of CO, a f t e r 10 minutes burning, are als o much lower 
than for the base p l a s t i c . Antimony t r i o x i d e and B-stannic a c i d , 
although showing some CO-suppressing a b i l i t y , are considerably l e s s 
e f f e c t i v e i n t h i s respect than e i t h e r ZnSn(OH)^ or ZnSnO (Table I I I ) . 

Hence, the zinc stannates have been shown to impart b e n e f i c i a l 
p roperties to t h i s polymer system, i n terms of flammability and 
smoke/carbon monoxide evolution, and the improvements i n performance 
are c l e a r l y superior to those exhibited by the commercially a v a i l a b l e 
antimony t r i o x i d e . 

Other Halogenated Systems. Inorganic t i n compounds have been found 
to e x h i b i t flame-retardant and smoke-suppressant properties i n a 
number of halogen-containing synthetic polymer compositions. In 
p a r t i c u l a r , Touval (22) reported that hydrous t i n ( I V ) oxide i s at 
l e a s t as e f f e c t i v e as antimony t r i o x i d e when incorporated as a 
flame-retardant synergist with c h l o r i n e - c o n t a i n i n g compounds i n 
various thermoplastics i n c l u d i n g polyethylene, polypropylene and 
a c r y l o n i t r i l e - b u t a d i e n e - s t y r e n e (ABS p l a s t i c ) . S i m i l a r l y , Fukatsu 
(25) demonstrated the flame-retardant s u p e r i o r i t y of hydrous Sn0 2 

over Sb 20 , at l e v e l s of 0.5% - 3%, i n a p o l y ( v i n y l a l c o h o l ) - p o l y 
( v i n y l c h l o r i d e ) blended f a b r i c . 

Recent studies at I.T.R.I., c a r r i e d out i n c o l l a b o r a t i o n with 
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D, 

Time (min.) 

Figure 3- E f f e c t of inorgan ic add i t i ve s on the dens i ty of the 
smoke evolved from brominated po lyes ter r e s i n i n the NBS-type 
Smoke Chamber. 
(Reproduced with permiss ion from Ref.34, Copyright 1989 
John Wiley & Sons Ltd. ) 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



Ta
bl

e 
II

I.
 

Ef
fe

ct
 
of

 I
no

rg
an

ic
 
Ad

di
ti

ve
s 

on
 
th

e 
Fi

re
 
Pr

op
er

ti
es

 o
f 

Br
om

in
at

ed
 
Po

ly
es

te
r 

Re
si

n 

Ad
di

ti
ve

 
Fl

am
ma

bi
li

ty
 

01
 

D 
(3

mi
n)

* 

Sm
ok
e 

De
ns

it
y 

Re
dn
*(

3m
in

) 
D_

(m
ax

) 
Ti

me
(m

in
)t

o 
D 

= 
0
0 

CO
 
Ev

ol
ut

io
n 

(p
pm

) 

Ac
tu

al
(3

mi
n)

* 
Re

dn
(3

mi
ns

) 
Ma
x.
**
 Re

dn
 

(m
ax

).
 

No
ne
 

41
.2

 
s 10
00
 

-
CO
 

s 3.
0 

22
25

 
-

59
50

 
-

2%
 
Sb

2
0 3

 

" 
Sn

0 2
(h

yd
) 
51

.2
 

85
1 

14
.9

% 
00
 

4.
0 

16
50
 

25
.8

% 
47

00
 

21
.0

% 
2%

 
Sb

2
0 3

 

" 
Sn

0 2
(h

yd
) 
45
.1
 

87
9 

12
.1

% 
GO
 

4.
0 

18
25
 

18
.0

% 
54

63
 

8.
2%

 

" 
Zn

Sn
(0

H)
6 
53

.4
 

70
2 

29
.8

% 
85

0 
-

11
00
 

50
.6

% 
33

00
 

44
.5

% 

" 
Zn

Sn
0 3

 
54

.2
 

73
7 

26
.3

% 
88
1 

-
13
90
 

37
.5

% 
36

45
 

38
.7

% 

5%
 
Sb

2
0 3

 

" 
Sn

0 2
(h

yd
) 

46
.2

 
10
00
 

0%
 

CO
 

3.
0 

19
17
 

13
.8

% 
47

83
 

19
.6

% 
5%

 
Sb

2
0 3

 

" 
Sn

0 2
(h

yd
) 
47

.9
 

89
9 

10
.1

% 
CO
 

3.
5 

16
90
 

24
.0

% 
49

67
 

16
.5

% 
" 

Zn
Sn

(O
H)

6 
56

.0
 

62
9 

37
.1

% 
94

9 
-

10
13

 
54

.5
% 

28
13

 
52

.7
% 

" 
Zn

Sn
0 3

 
56
.1
 

67
2 

32
.8

% 
00
 

7.
5 

86
6 

61
.1

% 
25

87
 

56
.5

% 

* 
Me

as
ur

em
en

ts
 
re

co
rd

ed
 
3 

mi
nu

te
s 

af
te

r 
ig

ni
ti

on
 
of

 s
am

pl
e.

 

**
Me

as
ur

em
en

ts
 
re

co
rd

ed
 
at

 e
nd

 o
f 

ex
pe

ri
me

nt
, 

i
.
e
. 
10
 m

in
ut

es
 a

ft
er

 
ig

ni
ti

on
 
of

 s
am

pl
e.

 

(R
ep

ro
du

ce
d 

w
ith

 p
er

m
is

si
on

 f
ro

m
 R

ef
. 3

4,
 C

op
yr

ig
ht

 1
98

9 
Jo

hn
 W

ile
y 

&
 S

on
s 

Lt
d.

) 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



CUSACK & KILLMEYER Inorganic Tin Compounds 

[CO] p . p . m . 

T i m e ( m i n . ) 

Figure 4. E f f e c t of inorganic a d d i t i v e s on the emission of 
carbon monoxide from brominated polyester r e s i n i n the NBS-type 
Smoke Chamber. 
(Reproduced with permission from Ref.34, Copyright 1989 
John Wiley & Sons Ltd.) 
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200 FIRE AND POLYMERS 

external organisations, have shown that c e r t a i n inorganic t i n 
a d d i t i v e s , i n c l u d i n g SnO^, ZnSnCOH)^ and ZnSnO , are e f f e c t i v e flame-
and smoke-retardants i n a range of c h l o r i n a t e d polymers, i n c l u d i n g 
r i g i d PVC, (26) f l e x i b l e PVC and neoprene. 

Hence, i t i s apparent that c e r t a i n inorganic t i n compounds are 
very e f f e c t i v e flame retardants and smoke suppressants for 
halogenated polymer formulations. Since these a d d i t i v e s are 
generally non-toxic, t h e i r p o t e n t i a l use as p a r t i a l or t o t a l 
replacements for e x i s t i n g commercial flame retardants, such as 
antimony t r i o x i d e , i s thought to merit serious consideration. 

HALOGEN-FREE POLYMER SYSTEMS 

In recent years, there has been i n c r e a s i n g concern about the 
t o x i c i t y and c o r r o s i v e nature of the smoke and gases generated during 
the combustion of halogen-containing polymers (27). Consequently, 
there i s a considerable deman
s p e c i f i c a t i o n 'low smok
p a r t i c u l a r l y for use i n underground transport, shipping and power 
s t a t i o n s . As a r e s u l t , there has been much i n t e r e s t i n the use of 
non-toxic inorganic a d d i t i v e s and f i l l e r s , and the market for these 
compounds i s l i k e l y to continue i t s rapid growth i n the years ahead 
(28). 

E t h y l e n e - a c r y l i c Rubber. The use of PVC as a wire and cable 
i n s u l a t i o n material has declined i n recent years, and i t has been 
replaced to a s i g n i f i c a n t extent by halogen-free elastomeric 
compositions. At the present time, such formulations are made 
flame-retardant by the incorporation of alumina t r i h y d r a t e (ATH). 
Although ATH i s e s s e n t i a l l y non-toxic and r e l a t i v e l y inexpensive, 
high a d d i t i o n l e v e l s are necessary for e f f e c t i v e n e s s , and t h i s often 
r e s u l t s i n a marked d e t e r i o r a t i o n i n the mechanical properties of 
the polymer (29). While recent advances i n production technology 
and surface coating have mitigated some of the problems associated 
with high f i l l e r loading, (29) improved systems comprising 
combinations of ATH with other a d d i t i v e s are under i n v e s t i g a t i o n . 

A c o l l a b o r a t i o n has been undertaken with the Admiralty Research 
Establishment, Poole, U.K., i n which the f i r e - r e t a r d a n t properties 
of a number of inorganic t i n compounds i n a non-halogenated, ATH-
f i l l e d e t h y l e n e - a c r y l i c rubber formulation, are being assessed. 
Preliminary r e s u l t s have ind i c a t e d that a marked flame-retardant 
synergism e x i s t s between c e r t a i n t i n compounds (at a 2.5% l e v e l ) and 
ATH (50% loading), and an increase i n 01 from 27.5 ( f o r no t i n 
a d d i t i v e ) to 33.0 was observed for the ZnSn(OH)^ containing 
formulations. I t has been reported (30_) that an ATH loading of 60% 
i s necessary to r a i s e the 01 of e t h y l e n e - a c r y l i c rubber to a value 
of 33, and that such a formulation meets the MOD Naval S p e c i f i c a t i o n 
NES 518. Hence, i t appears that lower t o t a l a d d i t i v e l e v e l s are 
required for adequate performance when ATH - ZnSn(OH)^ combinations 
are used than when ATH i s incorporated alone. This s i g n i f i c a n t 
reduction i n the f i l l e r content may prove advantageous i n terms of 
the mechanical properties of the polymeric substrate. 

Elevated temperature 01 data (Figure 5) i n d i c a t e that the t i n -
containing elastomers r e t a i n t h e i r flame-retardant s u p e r i o r i t y up to 
a temperature of 250°C above which the samples undergo extensive 
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Figure 5. E f f e c t of temperature on the flammability of 
e t h y l e n e - a c r y l i c rubber samples. 
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thermal degradation and determination of 01 1s becomes i m p r a c t i c a l . 
I t i s of i n t e r e s t to note that the polymer containing ZnSn(OH)^ does 
not burn i n a i r even at 250°C and, accordingly, t h i s composition has 
a temperature index of at l e a s t 50°C above that of the rubber 
containing ATH alone. The 01 and high temperature 01 data therefore 
provide s u b s t a n t i a l evidence as to the ben e f i t of using ZnSn(OH)^ as 
a flame-retardant synergist with alumina t r i h y d r a t e f i l l e r . 

Other Non-halogenated Systems. Although o x i d i c t i n compounds, 
i n c l u d i n g hydrous Sn0 2 and ZnSn(OH)., can impart a high degree of 
flame-resistance to c e l l u l o s i c substrates, such as cotton f a b r i c (19) 
and paper, they are generally i n e f f e c t i v e as flame retardants i n 
halogen-free synthetic polymer formulations, unless the composition 
has a r e l a t i v e l y high inorganic f i l l e r content. 

However, these t i n a d d i t i v e s can e x h i b i t s i g n i f i c a n t smoke-
suppressant properties i n non-halogenated polymers. In a programme 
of studies c a r r i e d out a
Research Limited, Chessington
hydroxystannates and stannates were screened as smoke suppressants 
i n halogen-free g l a s s - r e i n f o r c e d polyester (GRP) panels (31). The 
best r e s u l t obtained was for a 2phr (parts per hundred of r e s i n ) 
i n c o r p o r a t i o n l e v e l of ZnSnO , which gave a 46% reduction i n smoke 
density compared to the c o n t r o l sample. 

Furthermore, H i r s c h l e r ( 3 2 ) has i n v e s t i g a t e d the smoke-reducing 
a b i l i t y of a number of metal hydroxides and oxides, at in c o r p o r a t i o n 
l e v e l s of up to 40 phr i n a c r y l o n i t r i l e - b u t a d i e n e - s t y r e n e (ABS) 
copolymer. At the lowest a d d i t i v e l e v e l studied (10 phr), SnO gave 
a higher degree of smoke suppressancy ( v i z . 58%), than any of the 
other compounds, and loadings of at l e a s t 30 phr were found to be 
necessary to achieve comparable performance with e i t h e r A1(0H) or 
Mg(0H) 5 

Tne e f f e c t i v e n e s s of inorganic t i n compounds as flame and smoke 
retardants, both alone and i n combination with inorganic f i l l e r s , i n 
several halogen-free thermoplastic, thermosetting and elastomeric 
substrates, i s c u r r e n t l y under i n v e s t i g a t i o n at the ITRI. 

MECHANISTIC STUDIES 

Although there have been many studies on the mode of a c t i o n of f i r e 
retardants generally, (J_6) the mechanistic behaviour of t i n a d d i t i v e s 
i s l e s s c l e a r , and may depend on several f a c t o r s i n c l u d i n g the r a t i o 
of halogen: t i n i n the system. 

Thermal a n a l y s i s has been used extensively to study i n d e t a i l 
the various i n d i v i d u a l stages occurring during the breakdown of 
polymers under the a c t i o n of heat, and can provide u s e f u l information 
regarding the mode of a c t i o n and the e f f e c t i v e n e s s of flame-retardant 
a d d i t i v e s . Simultaneous thermogravimetry (TG), d i f f e r e n t i a l 
thermogravimetry (DTG) and d i f f e r e n t i a l thermal a n a l y s i s (DTA), have 
been used at the ITRI to i n v e s t i g a t e the thermal breakdown of 
various t i n - c o n t a i n i n g polymers and of the a d d i t i v e s themselves. 

Simultaneous TG/DTA studies of zinc hydroxystannate (Figure 6), 
i n d i c a t e that dehydration of t h i s compound occurs during the 
temperature range 190°-285°C, with a loss of 19.1% of i t s i n i t i a l 
weight, t h i s corresponding to the l o s s of 3 moles of water: 
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Figure 6. Simultaneous TG/DTA traces of zinc hydroxystannate 
i n a i r . 
(Reproduced with permission from Ref.34, Copyright 1989 
John Wiley & Sons Ltd.) 
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ZnSn(OH). • ZnSnCL + 3H o0 
o 3 2 

This thermal dehydration i s accompanied by a large endotherm 
(absorption of heat), as previously reported (J_2). A secondary 
process occurs at higher temperatures (ca_. 580°-800°C), accompanied 
by a broad exotherm, due to a s o l i d state r e a c t i o n i n which no 
weight lo s s i s observed: (12) 

ZnSnO^ • i Zn 2SnO^ + J Sn0 2 

Extensive thermoanalytical studies have been c a r r i e d out on the 
brominated polyester r e s i n system. Figure 7 shows the d i f f e r e n c e s 
i n the thermal breakdown behaviour of the 2% ZnSnO -containing 
polyester, when the atmosphere i s a i r as opposed to argon. Although 
there are s l i g h t d i f f e r e n c e s i n the i n i t i a l decomposition stages, 
the most s i g n i f i c a n t d i s s i m i l a r i t y occurs at higher temperature where, 
i n a i r , a t h i r d d i s t i n c
accompanied by a large exotherm
o f f of r e s i d u a l char. 

The reactions of the polymer i n a i r are obviously more relevant 
to i t s flammability than those i n argon, and thermal a n a l y s i s data 
for brominated polyester samples i n a i r , are presented i n Table IV. 
In the absence of any inorganic a d d i t i v e , the r e s i n loses about 80% 
of i t s weight during the i n i t i a l decomposition stage, t h i s 
corresponding to the loss of styrene and HBr, (33) followed by char 
oxidation (13-7% l o s s ) at a DTG max (temperature of maximum rate of 
weight l o s s ) of ca. 528°C. 

Incorporation of a 2% l e v e l of e i t h e r ZnSn(OH)^ or ZnSnO int o 
the r e s i n , leads to marked d i f f e r e n c e s i n i t s thermal degradation 
p r o f i l e . The i n i t i a l decomposition comprises two d i s t i n c t stages, 
the major step occurring at a lower temperature than that of the 
untreated polymer, which may be i n d i c a t i v e of promotion of bromine 
v o l a t i l i s a t i o n by the zinc stannates. Furthermore, the amount of 
residue burnt o f f i n the char oxidation step i s g r e a t l y increased i n 
the t i n - c o n t a i n i n g samples, and the temperature at which t h i s 
process occurs i s s i g n i f i c a n t l y higher than i n the base r e s i n . 
Hence, the t i n a d d i t i v e s may also be a c t i n g as condensed phase char 
promotors. 

In contrast to these observations, a 2% a d d i t i o n of S b
2 ° 3 t o 

the polymer r e s u l t s i n only a s l i g h t change i n i t s thermal 
decomposition, with only a modest increase i n char residue, which i s , 
i n turn, burnt o f f at a s l i g h t l y higher temperature than that of the 
corresponding stage i n the untreated r e s i n (Table IV). These 
fi n d i n g s i n d i c a t e that S ^ 0 ^ n a s l i t t l e condensed phase f i r e -
retardant a c t i v i t y i n t h i s p o l yester system, and t h i s i s i n agree
ment with the generally accepted observation that antimony a d d i t i v e s 
operate p r i m a r i l y i n the vapour phase by i n t e r f e r i n g with the free 
r a d i c a l reactions associated with combustion processes (1,16). 

Continuous monitoring of the carbon monoxide and carbon dioxide 
evolved during thermal decomposition of brominated polyester r e s i n 
samples, has been c a r r i e d out using a simultaneous thermal a n a l y s i s -
mass spectrometry technique. In order to allow measurement of the 
carbon monoxide evolved, the atmosphere chosen for these runs was 
21% oxygen i n argon, since the peak at 28 atomic mass u n i t s (amu) 
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Weight (%) 
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Temp. (°C) 

Figure 7. Simultaneous TG/DTA t races of brominated po lyes ter 
r e s i n conta in ing 2% ZnSnO in a i r and in argon. 
(Reproduced with permiss ion from Ref.34, Copyright 1989 
John Wiley & Sons Ltd. ) 

due to n i t rogen (N^) i n a i r , would have obscured the CO peak, a l so 
at 28 amu. CO^ was monitored at 44 amu. The r e s u l t s obtained 
(Table V) c l e a r l y show that the presence of 5% B-stannic ac id i n the 
r e s i n s u b s t a n t i a l l y reduces both the t o t a l amounts o f , and the ra tes 
of evo lu t ion of , CO and CO^, produced dur ing thermal degradation of 
the p l a s t i c . 
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Table V. Ana lys i s o f Gases Evolved During Thermal 
Degradation o f Brominated Po lyes ter Resin Samples 

-
Sample „ . ̂ . „ . * * 

- S p e c i f i c Emission 
Carbon Monoxide Carbon Dioxide 

No a d d i t i v e 
5% Sn0 2(hyd) 

1+ II++ Tota l 1+ II++ Tota l 
65 146 211 78 375 453 
18 70 88 30 232 262 

ft 
Atmosphere : 21% oxygen i n argon; heat ing rate = 20°C/min. 

*» 
Integrated gaseous product ion, normalised for i n i t i a l sample 
weight ( a r b i t r a r y u n i t s ) . 

+ F i r s t major decomposition stage (ca. 350-370°C) . 

Second major decomposit io  stag  (ca  540 -560°C)

Further i n s i gh t i n to the mode of a c t i o n of the i n d i v i d u a l 
a d d i t i v e s i s provided by simple combustion experiments, c a r r i e d out 
i n a i r . Table VI shows that the y i e l d of i n v o l a t i l e carbonaceous 
char, formed when brominated po lyes ter i s burned to complet ion, i s 
more than doubled when brominated po lyes ter i s burned to complet ion, 
i s more than doubled when 5% add i t i ons of e i t h e r 3-stannic ac id or 
z inc stannate are made to the p l a s t i c , t h i s observat ion being 
cons i s tent with condensed phase behaviour. Elemental ana l y s i s of 
the res idues suggests that , although i n the case of 3-stannic a c i d , 
only a smal l f r a c t i o n of the t i n i s v o l a t i l i s e d , a very s i g n i f i c a n t 
propor t ion of both the z inc and the t i n i s v o l a t i l i s e d from the z inc 
s tannate -conta in ing polymer, which may be i n d i c a t i v e of vapour phase 
a c t i o n . I n te re s t i n g l y , the extent of bromine lo s s i s s i g n i f i c a n t l y 
reduced for t i n - c o n t a i n i n g samples, p a r t i c u l a r l y those conta in ing 
ZnSnO . Antimony t r i o x i d e , which undergoes almost complete 
v o l a t i l i s a t i o n i n the polymer, shows l i t t l e char enchancing behaviour 
and operates p r i m a r i l y i n the gas phase. The apparent a b i l i t y of 
z inc stannate to act i n both the condensed and vapour phases may 
account for i t s o v e r a l l f l ame-retardant s u p e r i o r i t y to the other 
inorgan ic add i t i ve s s tud ied . 

CONCLUSIONS 

1. Zinc hydroxystannate and z inc stannate are very e f f e c t i v e f lame-
retardant synerg i s t s when incorporated at l e v e l s of 1-10% in to 
a brominated po lyes ter r e s i n , and are, i n genera l , markedly 
super ior to other inorgan ic a d d i t i v e s s tud ied i n c l u d i n g , 
antimony t r i o x i d e , anhydrous t i n ( IV ) oxide, and 3-stannic a c i d . 

2. The sur face area and degree of d i spe r s i on i n the polymer matrix 
of the f i r e - r e t a r d a n t add i t i ve has a pronounced e f f e c t on i t s 
e f f i c i e n c y . C o l l o i d a l t i n ( IV ) oxide i s s i g n i f i c a n t l y more 
e f f e c t i v e , i n terms of i t s f lame-retardant a b i l i t y , than 
powdered t in ( IV ) oxide or 3-stannic a c i d . 
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3. ZnSnCOH)^ and ZnSnO , at l e v e l s of 2% or 5%, s i g n i f i c a n t l y 
decrease both the t o t a l amount and the rate of production, of 
smoke and carbon monoxide generated from brominated polyester 
r e s i n , when burnt under l i m i t i n g or flaming conditions. 
Antimony t r i o x i d e and B-stannic a c i d only e x h i b i t marginal 
benefits i n terms of smoke and CO suppression i n t h i s polymer 
system. 

4. Thermoanalytical and r e l a t e d mechanistic studies i n d i c a t e that 
the t i n a d d i t i v e s are p r i m a r i l y condensed phase flame retardants, 
and these can a l t e r the p y r o l y s i s of halogenated polymers by 
promoting the lo s s of halogen and enhancing c r o s s - l i n k i n g , to 
give an increase i n the y i e l d of thermally-stable carbonaceous 
char, with a concomitant decrease i n the generation of v o l a t i l e 
flammable products. This reduction i n the amount of f u e l 
supplied to the flame leads to the observed suppression of 
smoke and carbon monoxide. In a d d i t i o n , p a r t i a l v o l a t i l i s a t i o n 
of zinc and t i n occur
containing ZnSn(OH)
ad d i t i v e s may contribut  vapou  phas , 
which may account for t h e i r s u p e r i o r i t y to t i n oxide i t s e l f , 
where the extent of t i n v o l a t i l i s a t i o n i s very low. Antimony 
t r i o x i d e has l i t t l e e f f e c t on the thermal breakdown of the 
polymer and operates p r i m a r i l y i n the gas phase. 

5. Certain inorganic t i n compounds are e f f e c t i v e flame-retardant 
synergists when incorporated at a 2.5% l e v e l i n t o a 50% ATH-
f i l l e d e t h y l e n e - a c r y l i c rubber composition. Tin-containing 
elastomer formulations r e t a i n t h e i r flame-retardant s u p e r i o r i t y 
at environmental temperatures up to 250°C, and samples 
containing 2.5% ZnSn(OH)^ do not s u s t a i n combustion i n a i r at 
t h i s temperature. 

6. In general, t i n compounds do not e x h i b i t flame-retardant 
properties i n halogen-free polymer systems, unless the 
composition contains a high inorganic f i l l e r loading. However, 
t i n a d d i t i v e s often act as smoke suppressants i n non-halogenated 
polymers. 

7. Inorganic t i n compounds, i n p a r t i c u l a r , zinc hydroxystannate and 
zinc stannate, are e f f e c t i v e f i r e retardants i n a number of 
polymer systems. They appear to have advantages over c e r t a i n 
e x i s t i n g commercial a d d i t i v e s , namely: 

(a) Non-toxicity 
(b) No d i s c o l o r a t i o n of substrate 
(c) E f f e c t i v e at low l e v e l s 
(d) L i t t l e apparent e f f e c t on mechanical properties 
(e) Flame-retardant synergism with halogens and/or 

alumina t r i h y d r a t e 
(f) Smoke suppression 
(g) Decrease i n carbon monoxide production 
(h) Wide range of a p p l i c a b i l i t y 
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Chapter 15 

Mechanism of Thermal Degradation 
of Fire-Retardant Melamine Salts 

L. Costa, G. Camino, and M. P. Luda di Cortemiglia 

Dipartimento di Chimica Inorganica, Chimica Fisica e Chimica 
dei Materiali, Via Pietro Giuria 7, 10125 Torino, Italy 

A thorough study of the mechanism of degradation of 
several fire retardan
using thermogravimetry
spectroscopic characterisation of the products of 
degradation. 
The salts can be classified in three main classes: 
salts which undergo thermal dissociation to acid and 
melamine; salts of strong acids which catalyse melamine 
condensation; salts of acids which react with melamine 
condensation products. Implications of the thermal 
behaviour of the salts in the mechanism of f ire 
retardance is briefly discussed. 

The i n c r e a s i n g u n d e r s t a n d i n g o f f i r e h a z a r d i n t h e c a s e o f o r g a n i c 
p o l y m e r i c m a t e r i a l s has r e c e n t l y b r o u g h t t o g e n e r a l a t t e n t i o n t h e 
i m p o r t a n c e o f s u c h f a c t o r s a s f o r m a t i o n o f d e n s e s m o k e a n d o f 
c o r r o s i v e o r t o x i c p r o d u c t s i n f i r e s c e n a r i o s ( 1 - 3 ) . T h u s , t h e 
e m p h a s i s i n t h e e v a l u a t i o n o f f i r e r e t a r d a n t s y s t e m s i s now s h i f t i n g 
f r o m p u r e f l a m e e x t i n g u i s h i n g p a r a m e t e r s t o a m o r e c o m p r e h e n s i v e 
a p p r a i s a l o f h a z a r d i n f i r e r e t a r d e d m a t e r i a l s i n w h i c h p r o d u c t i o n o f 
smoke, c o r r o s i v e and t o x i c p r o d u c t s i s i n c l u d e d . I n t h i s r e s p e c t , some 
w e l l e s t a b l i s h e d c l a s s e s o f f i r e r e t a r d a n t s , a s f o r examp le h a l o g e n -
b a s e d s y s t e m s , seem t o be r a t h e r u n s a t i s f a c t o r y . M o s t c u r r e n t 
d e v e l o p m e n t s i n t h i s f i e l d i n v o l v e i n d e e d h a l o g e n - f r e e s y s t e m s s u c h as 
c h a r f o r m i n g o r i n t u m e s c e n t a d d i t i v e s ( 4 - 7 ) . T h e s e a c t i n t h e 
c o n d e n s e d phase i n d u c i n g t h e f o r m a t i o n o f c h a r on t h e s u r f a c e o f t h e 
p o l y m e r i c m a t e r i a l w h i c h p r o t e c t s i t f r o m t h e a c t i o n o f t h e f l a m e . 

Me l am ine and i t s s a l t s a r e w i d e l y u sed i n f o r m u l a t i o n s o f f i r e 
r e t a r d a n t a d d i t i v e s , p a r t i c u l a r l y o f t h e i n t u m e s c e n t t y p e ( 4 - 7 ) . The 
r o l e p l a y e d by me l am ine s t r u c t u r e s i n t h e s e a d d i t i v e s i s however no t 
y e t u n d e r s t o o d . The t h e r m a l b e h a v i o u r i s o f pa ramount i m p o r t a n c e i n 
s t u d i e s o f t h e f i r e r e t a r d a n c e mechan i sm. I t i s known t h a t me lam ine 
u n d e r g o e s p r o g r e s s i v e c o n d e n s a t i o n on h e a t i n g w i t h e l i m i n a t i o n o f 
ammonia and f o r m a t i o n o f p o l y m e r i c p r o d u c t s named " m e l a m " , " m e l e m " , 
" m e l o n " (8,9). The f o l l o w i n g s c h e m a t i c r e a c t i o n i s r e p o r t e d i n t h e 
l i t e r a t u r e (10-12): 

0097-6156/90/0425-0211$08.00/0 
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me l am ine meiam 

> C 6 H 3 N 9 

melon 
(1) 

W h i l e t h e r e i s c l e a r e v i d e n c e t h a t melam i s t h e d i m e r o f m e l a m i n e 
i n w h i c h two s - t r i a z i n e r i n g s a r e c o n n e c t e d by a NH b r i d g e ( d i 6 , [ 2 , 4 
d i a m i n o - 1 , 3 , 5 - t r i a z i n e ] a m i n e ) ( 1 0 ) : 
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d i f f e r e n t s t r u c t u r e s have been p r o p o s e d f o r melem ( 8 - 1 4 ) , e . g . 
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f o r w h i c h t h e r e i s no t y e t a f i n a l p r o o f s u p p o r t i n g one o f them. As 
f a r as me lon i s c o n c e r n e d , i t i s g e n e r a l l y a g r e e d t h a t i t i s f o r m e d by 
e l i m i n a t i o n o f ammonia between amino g r o u p s o f melem, w h i c h e v e r i t s 
s t r u c t u r e ( 8 - 1 3 ) . The d i f f i c u l t i e s e n c o u n t e r e d i n t h e a s s i g n m e n t o f 
s t r u c t u r e s t o t h e s e p r o d u c t s depends on t h e f a c t t h a t t h e y a r e e i t h e r 
s p a r i n g l y s o l u b l e ( m e l a m i n e , m e l a m , m e l e m ) o r i n s o l u b l e ( m e l o n ) . 
T h e r e f o r e c h a r a c t e r i s a t i o n i s p r a c t i c a l l y r e s t r i c t e d t o t h e use o f UV 
and s o l i d s t a t e IR s p e c t r o p h o t o m e t r y . ( 1 5 - 1 6 ) In p a r t i c u l a r , i n s p i t e 
o f t h e u n c e r t a i n t y o f t h e s t r u c t u r e o f m e l e m a n d c o n s e q u e n t l y o f 
m e l o n , t h e r e i s a f a i r l y good ag reement i n t h e l i t e r a t u r e on t h e i r IR 
s p e c t r u m (16 ) ( F i g u r e 1 ) . I t can be s een t h a t me 1 amine,_ melam, melem 
and me lon a l l show t h e t y p i c a l a b s o r p t i o n a t 795 -815 cm due t o o u t 
o f p l a n e d e f o r m a t i o n o f t h e s - t r i a z i n e r i n g whe rea s t h e y show c l e a r l y 
d i s t i n g u i s h a b l e f e a t u r e s i n t h e comp lex r e g i o n be tween 1000-1700 cm 
i n v o l v i n g a b s o r p t i o n s due t o N H 2 , NH, CN and s - t r i a z i n e r i n g ( 1 6 - 1 7 ) . 

As f a r as f i r e r e t a r d a n c e i s c o n c e r n e d , i t i s t o be n o t e d t h a t 
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m e l a m i n e h e a t e d i n an o p e n s y s t e m ( F i g u r e 2 ) m o s t l y e v a p o r a t e s 
u n a l t e r a t e d a b o v e 2 5 0 * C l e a v i n g a l i t t l e r e s i d u e ( c a . 7 % , ) o f 
c o n d e n s a t i o n p r o d u c t s w h i c h a r e more t h e r m a l l y s t a b l e t h a n m e l a m i n e 
i t s e l f : melam t o a b o u t 3 5 0 # C , melem 4 5 0 # C , me lon 600*C ( 1 8 ) . The y i e l d 
o f c o n d e n s a t i o n p r o d u c t s c a n be i n c r e a s e d by h e a t i n g m e l a m i n e i n a 
c l o s e d s y s t e m w i t h however l i m i t a t i o n by e q u i l i b r i u m w i t h ammonia 
e v o l v e d . ( 1 1 . 1 8 ) . T h e r e f o r e , when m e l a m i n e i s i n c o r p o r a t e d i n a 
p o l y m e r , i n t h e a b s e n c e o f r e a c t i o n s w i t h t h e m a t r i x , i t s h o u l d l e a v e 
t h e m a t e r i a l when t h e r m a l d e g r a d a t i o n o c c u r s , w i t h n e g l i g i b l e 
c o n t r i b u t i o n t o t h e c h a r r e d r e s i d u e p o s s i b l y f o r m e d . I n t h i s c a s e t h e 
c o n t r i b u t i o n o f m e l a m i n e t o f i r e r e t a r d a n c e c o u l d be s o u g h t i n a 
b l o w i n g a c t i o n d u r i n g t h e c h a r r i n g s t e p o f i n t u m e s c e n t s y s t e m s , i f 
t e m p e r a t u r e o f e v a p o r a t i o n and c h a r r i n g c o n v e n i e n t l y m a t c h . O t h e r w i s e , 
t y p i c a l gas phase a c t i o n s c o u l d be p e r f o r m e d by v o l a t i l i s e d m e l a m i n e 
s u c h a s d i l u t i o n o f f l a m m a b l e g a s e s , e t c . 

A c o m p l e t e l y d i f f e r e n t s i t u a t i o n may a r i s e when m e l a m i n e 
d e r i v a t i v e s , e . g . m e l a m i n
m a t e r i a l , o w i n g t o t h e t h e r m a
t h e t y p e o f a c i d c omb ined w i t h m e l a m i n e . We have c h a r a c t e r i s e d t h e 
t h e r m a l b e h a v i o u r o f a w i d e number o f me l am ine s a l t s and f o u n d t h a t 
t h e y may be c l a s s i f i e d i n t o t h r e e ma in c l a s s e s : 

1. S a l t s w h i c h unde r go t h e r m a l d i s s o c i a t i o n t o a c i d and m e l a m i n e 
2. S a l t s o f s t r o n g a c i d s w h i c h c a t a l y s e me l am ine c o n d e n s a t i o n 
3. S a l t s o f a c i d s w h i c h r e a c t w i t h m e l a m i n e c o n d e n s a t i o n p r o d u c t s . 

E x a m p l e s o f t h e t h r e e c l a s s e s , i n c l u d i n g s a l t s u s e d i n f i r e 
r e t a r d a n t a p p l i c a t i o n s , a r e shown and d i s c u s s e d h e r e . The r e s u l t s 
o b t a i n e d on h e a t i n g i n n i t r o g e n a r e r e p o r t e d s i n c e t h e y a r e i d e n t i c a l 
t o t h o s e o b t a i n e d i n a i r . On t h e o t h e r h a n d , t h e s u p p l y o f 
c o m b u s t i b l e v o l a t i l e p r o d u c t s t o t h e f l a m e i n p o l y m e r c o m b u s t i o n i s 
e s s e n t i a l l y due t o t h e t h e r m a l d e g r a d a t i o n p r o c e s s . T h e r o l e o f 
o x y gen i n t h i s s t e p i s s t i l l m a t t e r o f d e b a t e and i t m i g h t depend on 
t h e t y p e o f p o l y m e r and c o n d i t i o n s o f c o m b u s t i o n s u c h a s p r e s e n c e o r 
a b s e n c e o f f l a m e . F o r e x a m p l e , i n t h e p r e s e n c e o f t h e f l a m e , o xygen 
i s p r e s e n t a t t h e m a t e r i a l s u r f a c e i n low c o n c e n t r a t i o n and m i g h t 
s i m p l y c a t a l y s e t h e t h e r m a l d e g r a d a t i o n p r o c e s s by h e a t r e s u l t i n g f r o m 
l i m i t e d t h e r m a l o x i d a t i o n o f t h e p o l y m e r i c m a t e r i a l . 

E x p e r i m e n t a l . 

M a t e r i a l s . M e l a m i n e and m e l a m i n e s a l t s w e r e s u p p l i e d by SKW, 
T r o s t b e r g , FRG. Melam was p r e p a r e d by h e a t i n g e q u i m o l a r amounts o f 
me l am ine and 2 , 4 - d i a m i n o - 6 - c h l o r o - s - t r i a z i n e ( 1 9 ) . R e f e r e n c e melam 
h y d r o b r o m i d e and n i t r a t e were p r e p a r e d by r e a c t i n g melam w i t h 20% 
s o l u t i o n s o f HBr and HN0 3 r e s p e c t i v e l y ( 2 0 ) . 
The rma l d e g r a d a t i o n . A Du P o n t 951 t h e r m o b a l a n c e - 1 0 9 0 t h e r m a l a n a l y s e r 
s y s t e m was u sed c o n n e c t e d t o a U t r a p p r o v i d e d w i t h e n t r a n c e and e x i t 
s t o p c o c k s . S t a n d a r d c o n d i t i o n s w e r e : 10 mg s a m p l e ; h e a t i n g r a t e , 
1 0 # C / m i n ; n i t r o g e n f l o w , 60 cm / m i n . V o l a t i l e p r o d u c t s , swept by t h e 
p u r g i n g n i t r o g e n , c onden se o u t e i t h e r on t h e g l a s s e n v e l o p e o f t h e 
t h e r m o b a l a n c e e m e r g i n g f r o m t h e f u r n a c e ( h i g h b o i l i n g p r o d u c t s ) o r i n 
t h e U t r a p c o o l e d a t l i q u i d n i t r o g e n t e m p e r a t u r e ( g a s e o u s p r o d u c t s ) . 
D e g r a d a t i o n p r o d u c t s were g e n e r a l l y i d e n t i f i e d by F o u r i e r T r a n s f o r m 
I n f r a r e d ( FT IR , P e r k i n E l m e r 1710) e i t h e r i n KBr p e l l e t s ( r e s i d u e s and 
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F i g u r e 2. T h e r m o g r a v i m e t r i c and d i f f e r e n t i a l t h e r m o g r a v i m e t r i c 
c u r v e s (TG and DTG) o f m e l a m i n e , h e a t i n g r a t e 1 0 # C / m i n ; n i t r o g e n , 
60 c r r r / m i n . 
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h i g h b o i l i n g componen t s ) o r i n a gas c e l l a f t e r t r a n s f e r f r o m t h e U 
t r a p t h r o u g h a vacuum l i n e . 31P s o l i d s t a t e NMR was r e c o r d e d on a 
J e o l J X - 2 7 0 i n s t r u m e n t e q u i p p e d w i t h m a g i c a n g l e s p i n n i n g a c c e s s o r y 
u s i n g CP-Mass c r o s s p o l a r i s a t i o n m a g i c a n g l e s p i n n i n g w i t h r o t a t i o n 
s peed o f t h e s amp le ( U ^ ) be tween 3.5 - 4 .2 kHz . 
T h e r m o g r a v i m e t r y - e v o l v e d gas a n a l y s i s ( TG -EGA ) . D e t e r m i n a t i o n o f w a t e r 
and ammon ia e v o l v e d on h e a t i n g wa s c a r r i e d o u t by c o n t i n u o u s 
m o n i t o r i n g o f t h e i r c o n t e n t i n t h e gas p u r g i n g s t r e a m e x i t i n g t h e 
t h e r m o b a l a n c e . W a t e r w a s m e a s u r e d b y u s i n g a s p e c i f i c p r o b e 
( H y g r o m e t e r I I I , P a n a m e t r i c s ) . Ammonia was measu red by b u b b l i n g t h e 
gas s t r e a m i n t o 0 .1N s u l p h u r i c a c i d s o l u t i o n whose c o n d u c t i v i t y was 
c o n t i n u o u s l y r e c o r d e d . C o n d u c t i v i t y v a r i a t i o n w a s c o n v e r t e d i n t o 
ammonia e v o l v e d by means o f c a l i b r a t i o n w i t h t i t r a t e d NH^OH s o l u t i o n s . 

R e s u l t s and D i s c u s s i o n . 

S a l t s w h i c h Undergo D i s s o c i a t i o

C y a n u r a t e . The TG o f d i m e l a m i n e c y a n u r a t e ( F i g u r e 3) i s c h a r a c t e r i s e d 
by t h r e e d e g r a d a t i o n s t e p s as shown by t h e DTG c u r v e . I n t h e f i r s t 
( 2 5 0 - 3 5 0 * 0 , o n l y me l am ine i s v o l a t i l i s e d as shown by IR. The w e i g h t 
l o s s i n t h i s s t e p (30%) c o r r e s p o n d s t o e l i m i n a t i o n o f one m o l e c u l e o f 
m e l a m i n e p e r m o l e c u l e o f s a l t ( c a l c u l a t e d 3 3 % ) . I ndeed t h e IR o f t h e 
r e s i d u e a f t e r me l am ine l o s s ( f i g u r e 4 ) , i s i d e n t i c a l w i t h t h a t o f 
r e f e r e n c e m e l a m i n e c y a n u r a t e . T h i s b e h a v i o u r was f o u n d t o be t y p i c a l 
o f s a l t s o f p o l y f u n c t i o n a l a c i d s o w i n g t o d e c r e a s e o f a c i d i t y w i t h 
i n c r e a s i n g number o f a c i d i c f u n c t i o n s . T h u s , t h e s e c o n d m o l e c u l e o f 
m e l a m i n e b e i n g l e s s t i g h t l y b o u n d , m o s t l y t e n d s t o e v a p o r a t e on 
h e a t i n g ( s i m i l a r l y t o m e l a m i n e h e a t e d a l o n e ) g i v i n g o n l y a n e g l i g i b l e 
amount o f c o n d e n s a t i o n . 

Above i t s m e l t i n g p o i n t ( 3 6 0 # C ) a b o u t 90% o f me l am ine c y a n u r a t e 
i s c o n v e r t e d t o v o l a t i l e p r o d u c t s ( 3 6 0 - 4 5 0 # C , 2nd s t e p ) i n w h i c h f r e e 
me l am ine and me l am ine c y a n u r a t e were r e c o g n i s e d by IR. T h i s i n d i c a t e s 
t h a t a c o m p e t i t i o n t a k e s p l a c e between e v a p o r a t i o n o f t h e u n a l t e r a t e d 
s a l t and i t s t h e r m a l d i s s o c i a t i o n t o m e l a m i n e a n d c y a n u r i c a c i d . 
M e l a m i n e behave s t h e n as d e s c r i b e d above w h i l e c y a n u r i c a c i d w h i c h , 
h e a t e d a l o n e i n TG v o l a t i l i s e s c o m p l e t e l y above 300 *C , i s known t o 
decompose t o c y a n i c a c i d ( 8 ) . 

The IR o f t h e r e s i d u e l e f t a t 4 5 0 # C i s s i m i l a r t o t h a t o f 
c o n d e n s a t i o n p r o d u c t s o b t a i n e d f r o m TG o f me l am ine and t h e y i e l d (7%) 
i s t h a t e x p e c t e d on t h e b a s i s o f m e l a m i n e c o n t e n t o f t h e s a l t . The 
c o n d e n s a t e f r o m me l am ine c y a n u r a t e seems however t o c o r r e s p o n d t o a 
somewhat l a r g e r d e g r e e o f c o n d e n s a t i o n , s i n c e i t s h o w s by IR a 
s t r u c t u r e c l o s e t o me lon w h i c h i s o b t a i n e d f r o m me l am ine a t h i g h e r 
t e m p e r a t u r e ( 5 0 0 # C ) i n TG. T h i s s u g g e s t s t h a t c y a n u r i c a c i d f r e e d by 
h e a t i n g may d i s p l a y a c a t a l y t i c a c t i o n on t h e c o n d e n s a t i o n o f me l am ine 
o f t h e t y p e d i s c u s s e d b e l o w , whose e f f i c i e n c y i s however l i m i t e d by 
d e c o m p o s i t i o n t o v o l a t i l e c y a n i c a c i d . T h e m e l a m i n e c o n d e n s a t e 
u n d e r g o e s t h e n c o m p l e t e f r a g m e n t a t i o n t o v o l a t i l e p r o d u c t s ( H C N , 
( C N ) 2 , NH 2 CN, h i g h b o i l i n g f r a g m e n t s ) on h e a t i n g t o 6 5 0 # C ( 3 r d s t e p , 
F i g u r e 3) as i n t h e c a s e o f me l am ine ( F i g u r e 2 ) . S u m m a r i s i n g , t h e 
f o l l o w i n g scheme can a c c o u n t f o r t h e t h e r m a l b e h a v i o u r o f d i m e l a m i n e 
c y a n u r a t e : 

In Fire and Polymers; Nelson, G.; 
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•> 1 r 
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T e m p e r a t u r e , ° C 

F i g u r e 3. TG, DTG c u r v e s o f d i m e l a m i n e c y a n u r a t e . C o n d i t i o n s as 
F i g u r e 2. 

4000 3000 2000 1500 1000 500 
wavenumber, cm" 

F i g u r e 4. IR o f r e s i d u e o f d i m e l a m i n e c y a n u r a t e h e a t e d a t 350 *C : 
me l am ine c y a n u r a t e (by c o m p a r i s o n w i t h r e f e r e n c e compound) . 

In Fire and Polymers; Nelson, G.; 
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d i m e l a m i n e c y a n u r a t e 
step 1 i 2 5 0 - 3 5 0 # C / 

me l am ine c y a n u r a t e + me l am ine 
step 2 J 3 6 0 - 4 5 0 # C / (3 ) 

me l am ine + c y a n u r i c a c i d > c y a n i c a c i d 

e v a p o r a T T o T T ^ ^ e l o n + NH^ 
step 3 | >500*C 

d e c o m p o s i t i o n 

A b e h a v i o u r s i m i l a r t o t h a t o f c y a n u r a t e i s o b s e r v e d f o r t h e o x a l a t e . 

o - P h t a l a t e . I n t h e f i r s t s t e p o f v o l a t i l i s a t i o n o f m e l a m i n e o -
p h t a l a t e ( 220 -28CTC, F i g u r e 5) a m i x t u r e o f o - p h t a l i c a n h y d r i d e and o -
p h t a l i c a c i d i s e l i m i n a t e d , as i d e n t i f i e d by IR. The r e s i d u e (60%) 
shows t h e IR s p e c t r u m o f f r e e m e l a m i n e . I n t h i s c a s e , upon m e l t i n g o f 
t h e s a l t ( 2 4 0 - 2 8 0 # C ) , t h
where i t d i s t i l l s a s a m i x t u r
The c a l c u l a t e d amount o f o - p h t a l i c a c i d i n t h e s a l t i s 57% t o be 
compared w i t h 40% w e i g h t l o s s t o 2 80 *C . However t h e IR s p e c t r u m o f t h e 
c o m m e r c i a l o - p h t a l a t e we have u sed shows t h e p r e s e n c e o f f r e e me l am ine 
i n d i c a t i n g t h a t t h e a c i d was i n d e f e c t . On t h e o t h e r h a n d , a few 
p e r c e n t o f t h e a c i d o r o f i t s d e g r a d a t i o n p r o d u c t s may be l e f t i n t h e 
r e s i d u e a t 2 8 0 * C s i n c e i t s s u b s e q u e n t t h e r m a l b e h a v i o u r i s n o t 
i d e n t i c a l t o t h a t o f f r e e m e l a m i n e . I n deed t h e DTG c u r v e o f t h e s e c o n d 
s t e p o f d e g r a d a t i o n i n w h i c h e v a p o r a t i o n - c o n d e n s a t i o n o f me l am ine 
t a k e s p l a c e ( 2 8 0 - 4 0 0 * 0 , F i g u r e 5 ) i s m o r e c o m p l e x t h a n t h e 
c o r r e s p o n d i n g s t e p o f F i g u r e 2. M o r e o v e r , a l a r g e r amount o f m e l a m i n e 
c o n d e n s a t e i s l e f t f r o m m e l a m i n e o - p h t a l a t e a t 4 0 0 ' C ( 1 3 % ) a s 
compared t o t h a t c a l c u l a t e d ( c a . 6%) on t h e b a s i s o f me l am ine c o n t e n t 
o f t h e s a l t . F i n a l l y , t h e c o n d e n s a t e o b t a i n e d a t 4 0 0 # C i s 
c h a r a c t e r i s e d by an IR s p e c t r u m s i m i l a r t o t h a t f o r m e d by h e a t i n g 
m e l a m i n e c y a n u r a t e b u t i t seems more s t a b l e by a b o u t 100 *C , d e g r a d i n g 
be tween 6 0 0 - 7 5 0 # C . 

T h e t h e r m a l d e g r a d a t i o n o f m e l a m i n e o - p h t a l a t e c a n b e 
s c h e m a t i c a l l y r e p r e s e n t e d a s f o l l o w s : 

me l am ine o - p h t a l a t e 
\ step 1 \ | 2 2 0 - 2 8 0 * 0 / 

o - p h t a l i c a c i d + o - p h t a l i c a n h y d r i d e + H 2 0 + me l am ine ( 4 ) 
step 2 ^ ^ ^ J ^ 2 8 0 j 4 0 0 # C ^ 

e v a p o r a t i o n me lon + N H 3 

step 3 ) >600*C 
d e c o m p o s i t i o n 

S a l t s o f S t r o n g A c i d s w h i c h C a t a l y s e M e l a m i n e C o n d e n s a t i o n . 

H y d r o b r o m i d e . A comp lex p r o c e s s t a k e s p l a c e i n t h e f i r s t s t e p o f 
w e i g h t l o s s o f m e l a m i n e h y d r o b r o m i d e ( 2 5 0 - 4 0 0 # C ) as shown by t h e DTG 
c u r v e o f F i g u r e 6. The p r o d u c t s e v o l v e d i n t h i s s t e p were shown t o be 
a m i x t u r e o f me l am ine h y d r o b r o m i d e ( I R ) and ammonium b r o m i d e ( IR and 
X - r a y ) . The IR s p e c t r u m o f t h e r e s i d u e ( 5 5 % a t 4 0 0 # C ) w h i c h i s 
compared w i t h t h e o r i g i n a l s a l t i n F i g u r e 7, i s i d e n t i c a l w i t h t h a t o f 
r e f e r e n c e melam h y d r o b r o m i d e . F u r t h e r m o r e , t h e IR o f t h e r e s i d u e 

In Fire and Polymers; Nelson, G.; 
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Tempera tu re , °C 

F i g u r e 5. TG, DTG c u r v e s o f me lam ine o - p h t a l a t e . C o n d i t i o n s a s 
F i g u r e 2. 
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F i g u r e 6. TG, DTG c u r v e s and r a t e o f ammonia e v o l u t i o n ( a r b i t r a r y 
u n i t s ) f o r me l am ine h y d r o b r o m i d e . C o n d i t i o n s a s F i g u r e 2. 
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t r e a t e d w i t h 1% NaOH i s t h a t o f m e l a m . T h e s e d a t a s how t h a t 
e v a p o r a t i o n o f me l am ine h y d r o b r o m i d e compete s w i t h t h e c o n d e n s a t i o n o f 
me l am ine t o t h e d i m e r melam: 

NH 0 N H 0 N H 0 

I I I 

2 N N . HBr > N N N N • HBr + NH.Br ( 5 ) 

I II I II I II 
H 2 N-C C - N H 2 H 2 N-C C C C - N H 2 

N N X NH N 

The b y - p r o d u c t ammonium b r o m i d e i s shown t o v o l a t i l i s e i n s i m i l a r 
c o n d i t i o n s i n TG. T h i s i s a d i f f e r e n t b e h a v i o u r a l t o g e t h e r f r o m t h a t 
o f me l am ine i n whose t h e r m a l c o n d e n s a t i o n melam can be i s o l a t e d w i t h 
d i f f i c u l t y o n l y i n c a r e f u l l y c o n t r o l l e d e x p e r i m e n t a l c o n d i t i o n s 
( 1 1 , 1 7 ) . I ndeed melem i s
and t h i s l e d some a u t h o r
p r o d u c t o f t h e c o n d e n s a t i o n o f me l am ine t o melem and me lon ( 1 9 , 2 2 ) , 

T h e h i g h y i e l d o f c o n d e n s a t i o n c o u l d b e d u e t o f a v o u r e d 
n u c l e o p h i l i c a t t a c k when t h e amino g r o u p o f me l am ine i s p r o t o n a t e d : 

N H 3 B r N H 3 

\ : / 

NH 

\ / / 
B r > ^ C — N H — + N H 4 B r (6 ) 

Q u a n t i t a t i v e c o n d e n s a t i o n o f me l am ine t o melam on h e a t i n g a t 2 9 0 # C i n 
t h e p r e s e n c e o f z i n c c h l o r i d e and a c i d s was p r e v i o u s l y r e p o r t e d i n t h e 
l i t e r a t u r e ( 2 0 , 2 3 ) . The r e a s o n f o r l i m i t a t i o n o f t h e c o n d e n s a t i o n 
p r o c e s s t o t h e d i m e r has however n o t been d i s c u s s e d . 

Melam h y d r o b r o m i d e u n d e r g o e s t h e r m a l d e g r a d a t i o n be tween 4 5 0 -
550 *0 (2nd s t e p , F i g u r e 6) w i t h c o m p l e t e e l i m i n a t i o n o f b r o m i n e e i t h e r 
t h r o u g h e v o l u t i o n o f ammonium b r o m i d e , w h i c h i s t h e m a j o r p r o d u c t , o r 
me l am ine h y d r o b r o m i d e a s shown by IR. A l s o a s m a l l amount o f f r e e 
ammonia i s e v o l v e d i n t h i s s t e p i n w h i c h me lon i s f o rmed a s shown by 
t h e IR o f t h e r e s i d u e a t 5 5 0 * 0 ( c a . 3 5 % o f o r i g i n a l m e l a m i n e 
h y d r o b r o m i d e ) . 

These d a t a s u g g e s t t h a t , on h e a t i n g , c o n d e n s a t i o n o f melam t o 
me lon o c c u r s e i t h e r t h r o u g h a r e a c t i o n s i m i l a r t o R e a c t i o n 5 w i t h 
e l i m i n a t i o n o f ammonium b r o m i d e o r t h r o u g h r e a c t i o n be tween f r e e amino 
g r o u p s g i v i n g ammonia. F o r m a t i o n o f me l am ine h y d r o b r o m i d e , i n t h i s 
p r o c e s s , i s i n a g reement w i t h r e p o r t e d p r o d u c t i o n o f me l am ine d u r i n g 
t h e r m a l c o n d e n s a t i o n o f melam ( 1 2 ) . D e g r a d a t i o n o f me lon t a k e s p l a c e 
as e x p e c t e d (18 ) above 6 00 * 0 ( 3 r d s t e p ) . The t h e r m a l b e h a v i o u r o f 
me l am ine h y d r o b r o m i d e can be d e s c r i b e d a s f o l l o w s : 

me lam ine h y d r o b r o m i d e 
step 1 I 2 5 0 - 4 0 0 * 0 

e v a p o r a t i o n melam h y d r o b r o m i d e + N H 4 B r ^ ^ 
step 2 \ | 4 5 0 - 5 5 0 * 0 / / (7 ) 

me lon + N H 3 + me l am ine h y d r o b r o m i d e + NH^Br 
step 3 | >600*C 

d e c o m p o s i t i o n 

In Fire and Polymers; Nelson, G.; 
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N i t r a t e . The t h e r m a l b e h a v i o u r o f t h e n i t r a t e ( F i g u r e 8 ) , i s 
q u a l i t a t i v e l y s i m i l a r t o t h a t o f t h e h y d r o b r o m i d e ( F i g u r e 6 ) . Above 
i t s m e l t i n g p o i n t ( 2 2 5 * C ) , m e l a m i n e n i t r a t e u n d e r g o e s c o m p e t i n g 
e v a p o r a t i o n and c o n d e n s a t i o n t o m e l a m n i t r a t e w i t h e v o l u t i o n o f 
ammonium n i t r a t e ( 1 s t s t e p , 2 5 0 - 3 7 0 * 0 . M e l a m i n e n i t r a t e and ammonium 
n i t r a t e , w h i c h v o l a t i l i s e s b e t w e e n 2 3 0 - 3 2 0 * 0 i n T G , w e r e i n d e e d 
i d e n t i f i e d by IR i n t h e v o l a t i l i s e d m a t e r i a l . M o r e o v e r , t h e IR 
s p e c t r u m o f t h e r e s i d u e o f t h i s s t e p o f d e g r a d a t i o n ( 42% , F i g u r e 9B) 
i s i d e n t i c a l t o t h a t o f r e f e r e n c e melam n i t r a t e . T h e r e f o r e i n t h i s 
s t e p o f d e g r a d a t i o n a r e a c t i o n s i m i l a r t o R e a c t i o n 5 t a k e s p l a c e i n 
w h i c h HNOo i s s u b s t i t u t e d f o r HBr . 

S i m i l a r l y t o m e l a m i n e h y d r o b r o m i d e , i n t h e s e c o n d s t e p o f w e i g h t 
l o s s ( 3 7 0 - 4 5 0 * 0 , F i g u r e 8 ) , IR d a t a show t h a t melam n i t r a t e e v o l v e s 
f u r t h e r ammonium n i t r a t e , a m m o n i a and me l am ine n i t r a t e g i v i n g me lon 
w h i c h decomposes c o m p l e t e l y t o v o l a t i l e p r o d u c t s above 500 *C . The 
d e g r a d a t i o n scheme i s t h e n : 

step 1 
melam in

2 5 0 - 3 7 0 * 0 

\ 
e v a p o r a t i o n 
step 2 

melon + 
step 3 j >500*C 

d e c o m p o s i t i o n 

melam n i t r a t e + 
\ I 3 7 0 - 4 5 0 * 0 

/ 
NH 4N0 3 

NH 3 + 
/ 

N H 4 N 0 3 + me l am ine n i t r a t e ( 8 ) 

S u l p h a t e . M e l a m i n e s u l p h a t e e l i m i n a t e s t h e w a t e r o f c r y s t a l l i s a t i o n 
on h e a t i n g between 100 - 230*C a s shown by TG, DTG and w a t e r e v o l u t i o n 
c u r v e s o f F i g u r e 10 ( 1 s t s t e p ) . T h e a m o u n t o f w a t e r e v o l v e d 
c o r r e s p o n d s t o one m o l e c u l e p e r m o l e c u l e o f s a l t ( c a l c u l a t e d w e i g h t 
l o s s : 7.4% e x p e r i m e n t a l : 8% ) . The IR o f t h e a n h y d r o u s s a l t i s shown i n 
F i g u r e 11A i n w h i c h t h e t y p i c a l s t r o n g band o f s u l p h a t e a n i o n g r oup a t 
1095 cm i s e v i d e n t . 

I n t h e r a n g e 3 0 0 - 4 0 0 * 0 ( 2 n d s t e p , F i g u r e 1 0 ) , t h e v o l a t i l e 
p r o d u c t s were i d e n t i f i e d as ammonia and w a t e r by u s i n g t h e s p e c i f i c 
d e t e c t o r s and me l am ine by IR. From t h e w e i g h t l o s s and t h e measu red 
amount o f w a t e r and ammonia ( 0 . 66 and 0 .35 mo le p e r mo le o f s a l t 
r e s p e c t i v e l y ) i t c an be c a l c u l a t e d t h a t a t t h e u tmo s t 15% o f t h e 
me lam ine p r e s e n t i n t h e s u l p h a t e s h o u l d be v o l a t i l i s e d . T h i s shows 
t h a t , i n c o n t r a s t t o t h e above s a l t s o f s t r o n g a c i d s ( h y d r o b r o m i d e , 
n i t r a t e ) w h i c h t e n d t o e v a p o r a t e on h e a t i n g ( > 2 5 0 * C ) , m e l a m i n e 
s u l p h a t e r e a c h e s d e c o m p o s i t i o n t e m p e r a t u r e ( > 3 0 0 * O w i t h l i b e r a t i o n o f 
me l am ine b e f o r e v a p o r p r e s s u r e a l l o w s s i g n i f i c a n t v o l a t i l i s a t i o n o f 
t h e s a l t . A t t h i s t e m p e r a t u r e t h e f r e e d me l am ine w i l l t h e n v o l a t i l i s e . 
However , s i m i l a r l y t o t h e p r e v i o u s s a l t s , a l s o i n t h e c a s e o f t h e 
s u l p h a t e , t h e l o s s o f s - t r i a z i n e s t r u c t u r e s i s l i m i t e d by t h e v e r y 
e f f i c i e n t p r o m o t i o n o f m e l a m i n e c o n d e n s a t i o n d e m o n s t r a t e d by 
s i m u l t a n e o u s e v o l u t i o n o f ammonia. I n d e e d , i t c an be c a l c u l a t e d t h a t 
abou t 0 .4 m o l e c u l e s o f ammonia i s e l i m i n a t e d p e r me l am ine m o l e c u l e 
l e f t i n t h e conden sed phase w h i c h i s c l o s e t o t h e amount c o r r e s p o n d i n g 
t o c o m p l e t e c o n v e r s i o n t o melam ( 0 . 5 ) . 

L i m i t e d d e c o m p o s i t i o n o f t h e s u l p h a t e and e x t e n s i v e me l am ine 
c o n d e n s a t i o n o v e r l a p i n t h i s s e c o n d s t e p w i t h c o n d e n s a t i o n o f 
s u l p h u r i c a c i d r e s i d u e s t o p y r o s u l p h u r i c s t r u c t u r e s . T h i s i s shown by 
w a t e r e v o l u t i o n and a p p e a r a n c e o f t y p i c a l a b s o r p t i o n s o f p y r o s u l p h a t e 
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4000 3000 2000 1500 1000 500 
wavenumber, env 

F i g u r e 7. IR o f me l am ine h y d r o b r o m i d e (A) and o f r e s i d u e a t 4 0 0 # C 
( B ) : melam h y d r o b r o m i d e (by c o m p a r i s o n w i t h r e f e r e n c e compound) . 

100 200 300 400 500 600 700 800 
Temperature ,°C 

F i g u r e 8. TG, DTG c u r v e s and r a t e o f ammonia e v o l u t i o n ( a r b i t r a r y 
u n i t s ) f o r me l am ine n i t r a t e . C o n d i t i o n s a s F i g u r e 2. 
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F i g u r e 10 . TG , DTG and r a t e o f w a t e r a n d a m m o n i a e v o l u t i o n 
( a r b i t r a r y u n i t s ) . C o n d i t i o n s a s F i g u r e 2. 
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a n i o n i n t h e IR s p e c t r u m o f t h e r e s i d u e a t 4 0 0 # C ( e . g . : 1020, 1050, 
1225 cm , F i g u r e 11B) w h i c h w e r e a s s i g n e d by c o m p a r i s o n w i t h 
r e f e r e n c e ammonium p y r o s u l p h a t e . The r e a c t i o n s o c c u r r i n g i n t h i s s t e p 
w o u l d t h u s i n v o l v e a c omb i ned c o n d e n s a t i o n o f me l am ine t o melam and o f 
s u l p h u r i c a c i d t o p y r o s u l p h u r i c a c i d . F o r e x a m p l e , c o n d e n s a t i o n o f 
me l am ine c o u l d t a k e p l a c e a s i n R e a c t i o n 5, f o l l o w e d by c o n d e n s a t i o n 
t o melam ammonium p y r o s u l p h a t e : 

r— N H 2 tfH» - I 

HLN-C X C C -NH. 

i _ 2 N / N o / S ' j 

• H 2 S 2 0 7 + H 2 0 

2x 

NH 0 

I
yC C 

2 N ^ N • H 2 S 0 4 > \ 

( 9a ) 

2x | ( 9b ) 
C 

N ^ N • H 2 S 0 4 + N H 4 H S 0 4 

H 2 N-C C-NHo M - C X yC C - N H 9 

2 V N i / V 

N H 2 

H 0 N-C 

N H 0 

/ \ 
N N 

C -NH 0 

0 0 II M 
• H0 - S - 0 - S - 0NH 

II H 
0 0 

4 + H 2 0 

(9 ) 

C o n d e n s a t i o n o f s u l p h u r i c a c i d r e s i d u e s c o u l d a l s o i n v o l v e t w o 
m o l e c u l e s o f melam s u l p h a t e g i v i n g d i m e l a m p y r o s u l p h a t e ( 9 a ) . On t h e 
o t h e r h and , ammonium s u l p h a t e g i v e s diammonium p y r o s u l p h a t e i n TG 
b e t w e e n 2 7 0 - 3 5 0 * C ( 9 b ) . T h e o v e r a l l r e s u l t o f t h e c o m b i n e d 
c o n d e n s a t i o n p r o c e s s w o u l d n o t change i f c o n d e n s a t i o n o f s u l p h u r i c 
a c i d r e s i d u e s p r e c e e d s t h a t o f m e l a m i n e . I n t h i s c a s e d i m e l a m i n e 
p y r o s u l p h a t e w o u l d be t h e f i r s t p r o d u c t o f r e a c t i o n . The f o l l o w i n g 
c o n d e n s a t i o n p r o c e s s l e a d i n g t o melam c o u l d t h e n o c c u r w i t h f o r m a t i o n 
o f t h e t h r e e t y p e s o f p y r o s u l p h a t e s d i s c u s s e d a b o v e . F o r m a t i o n o f t h e 
me lam s a l t o f p y r o s u l p h u r i c a c i d on h e a t i n g m e l a m s u l p h a t e wa s 
p r e v i o u s l y r e p o r t e d ( 2 0 ) . 

Ammonia i s e v o l v e d h e r e i n t h e c o n d e n s a t i o n p r o c e s s o f me l am ine 
t o melam whe rea s t h e r e s p e c t i v e ammonium s a l t s a r e e v o l v e d i n t h e 
c a s e o f t h e h y d r o b r o m i d e and n i t r a t e . R e a c t i o n s 9 and 9b show t h a t 
ammonia s h o u l d be n e u t r a l i s e d by p y r o s u l p h u r i c a c i d g r o u p s . I n TG we 
h a v e f o u n d t h a t d i a m m o n i u m p y r o s u l p h a t e e l i m i n a t e s a m m o n i a a b o v e 
3 5 0 * C , w i t h however c o m p l e t e d e c o m p o s i t i o n : 

( N H 4 ) 2 S 2 0 7 > 2NH 3 + 2 S 0 3 + H 2 0 (10 ) 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 
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N e v e r t h e l e s s , t h i s r e a c t i o n a l o n e c a n n o t a c c o u n t f o r t h e b e h a v i o u r o f 
me l am ine s u l p h a t e s i n c e i t i m p l i e s t h e e l i m i n a t i o n o f one mo le o f SOo 
p e r mo le o f ammonia w h i c h w o u l d e x c e e d by abou t 70% t h e e x p e r i m e n t a l 
w e i g h t l o s s i n t h i s s t e p o f d e g r a d a t i o n . M o r e o v e r , we d i d n o t have 
e v i d e n c e o f r e l e v a n t e l i m i n a t i o n o f S 0 3 . On t h e o t h e r h a n d , w a t e r 
e v o l v e d ( 0 . 6 6 m o l e / g a t o m S ) i s l a r g e r t h a n t h a t c a l c u l a t e d f o r 
R e a c t i o n 9 o r 9 a , 9b ( 0 . 5 0 m o l e / g atom S ) . T h e r e f o r e i t seems t h a t 
ammonium p y r o s u l p h a t e g r o u p s unde rgo t h e r m a l s c i s s i o n i n t h i s s t e p 
w i t h e v o l u t i o n o f ammon ia w h i l e p y r o s u 1 p h u r i c a c i d i s p a r t i a l l y 
s t a b i l i s e d by i n t e r a c t i o n w i t h melam w h i c h i s a t h e r m a l l y s t a b l e b a s e . 
The SO3 p o s s i b l y e v o l v e d by p a r t i a l d e c o m p o s i t i o n o f p y r o s u l p h u r i c 
a c i d wou l d d e c r e a s e t h e amount o f f r e e me l am ine e v o l v e d c a l c u l a t e d on 
t h e b a s i s o f TG. The c a l c u l a t e d m o l e s o f ammonia e l i m i n a t e d p e r mo le 
o f c o n d e n s i n g me l am ine w o u l d c o n s e q u e n t l y d e c r e a s e . However , s i n c e i t 
was c a l c u l a t e d t h a t o n l y 15% o f o r i g i n a l me l am ine w o u l d be t h e maximum 
amount v o l a t i l i s e d , t h e r a t i o ammonia t o me lam ine w o u l d f a l l i n t h e 
r ange 0 . 3 5 - 0 . 4 0 w h i c h i
t h e e x p e r i m e n t a l e r r o r i

I n t h e f o l l o w i n g t h i r d s t e p ( 4 5 0 - 5 2 0 # C ) , ( F i g u r e 10) t h e melam 
p y r o s u l p h a t e i s f u r t h e r c onden sed t o me lon w i t h d e c o m p o s i t i o n o f t h e 
p y r o s u l p h u r i c s t r u c t u r e a s s hown by d i s a p p e a r a n c e o f t y p i c a l 
a b s o r p t i o n s o f p y r o s u l p h a t e o r s u l p h a t e i n t h e IR o f t h e me lon l e f t a s 
a r e s i d u e . T h i s l a s t d e c o m p o s e s t h e n a b o v e 5 2 0 * 0 ( 4 t h s t e p ) . T h e 
p r o p o s e d d e g r a d a t i o n scheme f o r t h e s u l p h a t e i s : 

me l am ine s u l p h a t e * H 2 0 
step 1 1 100 - 230*C 
a n h y d r o u s me l am ine s u l p h a t e + H 2 0 
step 2 4 300 - 400*C> / * / (11 ) 

melam p y r o s u l p h a t e + me l am ine + NH3 + H 2 0 
step 3 I 450 - 520 *0 
me lon + v o l a t i l e p r o d u c t s ( l i k e l y : NHo, H 2 0 , SO3) 

step 4 \ > 520 *0 
d e c o m p o s i t i o n 

S a l t s o f A c i d s w h i c h R e a c t w i t h M e l a m i n e C o n d e n s a t i o n P r o d u c t s . 

P h o s p h a t e . The p h o s p h a t e , w h i c h i s a most w i d e l y u sed f i r e r e t a r d a n t 
me l am ine s a l t , e l i m i n a t e s w a t e r i n two s u c c e s s i v e s t e p s w i t h maximum 
r a t e a t 280 and 320*C r e s p e c t i v e l y ( F i g u r e 1 2 ) . The s o l i d s t a t e 31P 
NMR o f me l am ine p h o s p h a t e and o f t h e r e s i d u e o f t h e two d e h y d r a t i o n 
s t e p s (300 and 330 *C ) a r e shown i n F i g u r e 13. In t h e c a s e o f t h e 
o r i g i n a l s a l t ( F i g u r e 13A) t h e c h e m i c a l s h i f t a n i s o t r o p y i s a x i a l l y 
s y m m e t r i c and t h e i s o t r o p i c peak i s a t 2 .5 5 t h a t i s i n t h e t y p i c a l 
r e g i o n o f o - p h o s p h a t e s ( 2 4 ) . T h e r e s i d u e o f t h e f i r s t s t e p o f 
d e g r a d a t i o n shows t h e i s o t r o p i c peak c e n t e r e d a t - 8 . 6 $ ( F i g u r e 13B) 
t h a t i s a t t h e c h e m i c a l s h i f t t y p i c a l o f p y r o p h o s p h a t e s ( 2 4 ) . 
S p l i t t i n g i n t o two peak s a t - 7 . 6 and 9.5 & i s l i k e l y t o be due t o 
a symmetry o f t h e m o l e c u l e o w i n g t o non e q u i v a l e n c e o f t h e me l am ine 
m o l e c u l e s i n t h e p y r o p h o s p h a t e s a l t . I n t h i s c a s e t h e c h e m i c a l s h i f t 
a n i s o t r o p y i s a x i a l l y s l i g h t l y a s y m m e t r i c a s s h o w n by s l i g h t l y 
d i f f e r e n t h e i g h t o f t h e s p i n n i n g s i d e band s . A s m a l l amount o f t h e 
o r i g i n a l o - p h o s p h a t e i s s t i l l p r e s e n t i n t h i s r e s i d u e as shown by t h e 
s m a l l peak a t 2.5 4 . The r e s i d u e o f t h e s e c o n d d e g r a d a t i o n s t e p shows 
t h e i s o t r o p i c peak a t - 2 1 . 5 b ( F i g u r e 13C) t y p i c a l o f m i d d l e g r o u p s o f 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 
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A 

1 1 

1 
1 

c 

120 80 40 0 -40 -80 -120 -160 
6,ppm 

F i g u r e 13. S o l i d s t a t e 31P NMR o f me l am ine p h o s p h a t e (A , <x>i =3.5 
K H z ) , o f r e s i d u e a t 300*C ( B , U ^ = 3 . 6 K H z : p y r o p h o s p h a t e ) and 330*C 
(C , =4.0 KHz p o l y p h o s p h a t e ) . 
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ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



228 FIRE AND POLYMERS 

l i n e a r p o l y p h o s p h a t e s ( 2 4 ) and t h e c h e m i c a l s h i f t a n i s o t r o p y i s 
s t r o n g l y a x i a l l y a s y m m e t r i c . A d e g r e e o f p o l y m e r i z a t i o n above 60 can 
be c a l c u l a t e d on t h e b a s i s o f e x p e r i m e n t a l s e n s i t i v i t y and a b s e n c e o f 
s i g n a l s a r o u n d - 8 S a r i s i n g f r o m end g r o u p s o f p o l y p h o s p h a t e s ( 2 4 ) . 
T h u s , t h e d e h y d r a t i o n p r o c e s s e s i n v o l v e c o n d e n s a t i o n o f m e l a m i n e 
p h o s p h a t e t o p y r o p h o s p h a t e and p o l y p h o s p h a t e : 

N H 2 

. H 3 P 0 4 

H 2 N _ C \ / C - N H 2 

- H 2 0 

1st step 

HO-

0 
II 
P — 

*H 

NH, 
1 2 

A 

P -
I 
OH 

OH 

x n 

N H 2 - ( n - 1 ) H 2 0 

A 2nd step 

HO- — P — 

I 
OH 

I 2 

N N 

H 2 N-C 
l 
C -NH, 

( 12 ) 

n/2 

a t 300 and 3 3 0 # C ( F i g u r e 14 s p e c t r a A, B and C r e s p e c t i v e l y ) 
b e s i d e s t h e t y p i c a l bands o f p h o s p h a t e s a l t s ( 9 50 - 1300 cm ' ) 

The e x p e r i m e n t a l w e i g h t l o s s i n t h e f i r s t and s e c o n d s t e p ( 4 . 0 and 
4 . 5 % r e s p e c t i v e l y ) i s i n a g r e e m e n t w i t h t h a t c o r r e s p o n d i n g t o 
c o n d e n s a t i o n t o p y r o p h o s p h a t e ( 4 . 0% ) and p o l y p h o s p h a t e ( 4 . 2 % , n 1 ) . 
F u r t h e r m o r e , t h e IR s p e c t r a o f me l am ine p h o s p h a t e and o f t h e r e s i d u e s 

f) show t h a t 
' ) w h i c h a r e 

p r e s e n t i n t h e t h r e e s p e c t r a , a new a b s o r p t i o n due t o P-O-P bonds ( c a . 
890 cm" ) a p p e a r s i n t h e s p e c t r a o f t h e r e s i d u e s . The a b s o r p t i o n s due 
t o me l am ine s a l t s t r u c t u r e s ( e . g . 780 -790 and 1450-1750 cm ) a r e 
c l o s e l y s i m i l a r i n t h e t h r e e s p e c t r a o f F i g u r e 14. F i r e r e t a r d a n t s 
ba sed on me l am ine p y r o p h o s p h a t e and p o l y p h o s p h a t e a r e r e p o r t e d i n t h e 
l i t e r a t u r e 151 a s w e l l a s methods f o r p r e p a r a t i o n o f t h e s e s a l t s ( 2 5 -

m . 
T h e TG a n d DTG c u r v e s o f F i g u r e 12 s h o w t h a t m e l a m i n e 

p o l y p h o s p h a t e u n d e r g o e s a c omp lex d e g r a d a t i o n p r o c e s s be tween 3 3 0 -
6 5 0 # C . In s t e p 3 o f t h e DTG c u r v e (max. r a t e 3 9 0 * 0 ) , w a t e r , ammonia 
and m e l a m i n e a r e e v o l v e d . I n t h i s s t e p t h e t h e r m a l b e h a v i o u r o f 
p o l y p h o s p h a t e i s somewhat s i m i l a r t o t h a t o f t h e s u l p h a t e i n t h e same 
r a n g e o f t e m p e r a t u r e ( 3 0 0 - 4 0 0 * 0 ) . I n d e e d e v o l u t i o n o f m e l a m i n e 
i n d i c a t e s t h a t t h e r m a l d i s s o c i a t i o n o f p o l y p h o s p h a t e g i v i n g f r e e 
me l am ine t a k e s p l a c e above 3 3 0 * 0 . However , e v a p o r a t i o n o f me l am ine 
c o m p e t e s w i t h i t s c o n d e n s a t i o n a s s h o w n by e v o l u t i o n o f a m m o n i a . 

In Fire and Polymers; Nelson, G.; 
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M o r e o v e r , s i m u l t a n e o u s e v o l u t i o n o f w a t e r i m p l i e s t h a t c o n d e n s a t i o n o f 
me l am ine i s comb ined w i t h t h a t o f p o l y p h o s p h o r i c s t r u c t u r e s . A s s um ing 
t h e r e a c t i o n scheme p r o p o s e d a b o v e , melam p o l y p h o s p h a t e and ammonium 
p o l y p h o s p h a t e g r o u p s s h o u l d be f o r m e d f r o m me l am ine p o l y p h o s p h a t e : 

I t i s known t h a t ammonium p o l y p h o s p h a t e t e n d s t o d i s s o c i a t e 
l i b e r a t i n g ammonia above 3 0 0 # C and t h e r e s u l t i n g f r e e h y d r o x y g r o u p s 
c o n d e n s e g i v i n g c r o s s l i n k e
e l i m i n a t i o n o f w a t e r ( 2 8 . 2 9 )

O w i n g t o o v e r l a p p i n g o f d i f f e r e n t p r o c e s s e s i n t h i s r a n g e o f 
t e m p e r a t u r e , q u a n t i t a t i v e c o n s i d e r a t i o n s ba sed on d a t a o b t a i n e d i n 
programmed t e m p e r a t u r e TG c a n n o t be made. However , i t can r o u g h l y be 
e s t i m a t e d t h a t up t o 4 1 0 # C , t h a t i s t o t h e e n d o f t h e p r o c e s s 
c h a r a c t e r i s e d by t h e n a r r o w DTG peak 3 i n F i g u r e 12, abou t one mo le o f 
ammon ia i s e v o l v e d p e r m o l e o f m e l a m i n e . T h i s w o u l d s u p p o r t t h e 
f o r m a t i o n o f melam by R e a c t i o n 13, f o l l o w e d by e l i m i n a t i o n o f ammonia 
( r e a c t i o n 1 4 ) . 

The r e s i d u e o f t h e t h i r d s t e p o f d e g r a d a t i o n o f me l am ine p h o s p h a t e 
( 3 0 0 - 4 1 0 # C ) s h o u l d t h e n be t h e melam s a l t o f u l t r a p h o s p h o r i c a c i d . The 
IR s p e c t r u m o f s u c h a r e s i d u e ( F i g u r e 1 5 A ) s h o w s b r o a d , p o o r l y 
r e s o l v e d a b s o r p t i o n bands w i t h however c l e a r e v i d e n c e o f s - t r i a z i n e 
r i n g a b s o r p t i o n a t 790 -810 cm . C r o s s l i n k i n g P-O-P bonds ( " b r a n c h i n g 
p o i n t s " ) h y d r o l y s e v e r y f a s t i n w a t e r t o g i v e p h o s p h o r i c o r 
p o l y p h o s p h o r i c a c i d ( 3 0 ) . U p o n t r e a t m e n t w i t h w a t e r o f t h e 
u l t r a p h o s p h a t e r e s i d u e , a s m a l l f r a c t i o n d i s s o l v e d p r o b a b l y due t o 
p h o s p h o r i c o r p o l y p h o s p h o r i c a c i d m o l e c u l e s r e s u l t i n g f r o m random 
h y d r o l y s i s o f t h e b r a n c h i n g p o i n t s , w h e r e a s t h e s a l t s o f p r o d u c t s o f 
c o n d e n s a t i o n o f me l am ine a r e i n s o l u b l e . The IR s p e c t r u m o f t h e w a t e r -
e x t r a c t e d r e s i d u e ( F i g u r e 15B) s h o w s s l i g h t l y b e t t e r r e s o l v e d 
a b s o r p t i o n b a n d s t h a n t h e o r i g i n a l r e s i d u e _ ( F i g u r e 1 5 A ) . T y p i c a l 
a b s o r p t i o n s o f s - t r i a z i n e r i n g ( 7 9 0 - 8 1 5 cm ) a n d o f P=0 g r o u p s 
( 1 080 , 1250 cm ) a r e e v i d e n t whe rea s i d e n t i f i c a t i o n o f t h e melam 
s t r u c t u r e i s n o t s t r a i g h t f o r w a r d . N e v e r t h e l e s s , t h e a t t r i b u t i o n o f t h e 
IR s p e c t r u m o f F i g u r e 15B t o melam p h o s p h a t e o r p o l y p h o s p h a t e d e r i v i n g 
f r o m h y d r o l y s i s o f me lam u l t r a p h o s p h a t e s e e m s n o t u n l i k e l y i f 
c o m p a r i s o n i s made w i t h IR a b s o r p t i o n s o f melam ( F i g u r e 1B) and i t s 
s a l t s ( F i g u r e 7 , 9 , 1 1 ) p a r t i c u l a r l y i n t h e r e g i o n s 1500-1700 and 3000 -
3800 cm . Melam p o l y p h o s p h a t e i s r e p o r t e d t o be o b t a i n e d on h e a t i n g 
melam p h o s p h a t e ( 2 0 ) . 

A b o v e 410 *C t h e u l t r a p h o s p h a t e u n d e r g o e s a r e l a t i v e l y s l o w 
d e g r a d a t i o n p r o c e s s w h i c h i s c o m p l e t e d a t a b o u t 6 5 0 # C w i t h f o r m a t i o n 
o f a r e s i d u e ( 3 5 % o f o r i g i n a l p h o s p h a t e ) m o s t l y s t a b l e t o 9 5 0 # C 

0 

\ 
2 0=P -0NH 4 

> 0=P-0-P=0 + NHo + Ho0 
i l 3 2 (14 ) 

In Fire and Polymers; Nelson, G.; 
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wavenumber, cm"1 

F i g u r e 14. IR s p e c t r u m o f me l am ine p h o s p h a t e (A) and o f r e s i d u e a t 
3 0 0 # C (B : p y r o p h o s p h a t e ) and a t 3 3 0 # C ( C : p o l y p h o s p h a t e ) . 

I I I I L. 1—I 
4000 3000 2000 1500 1000 500. 

wavenumber, cm" 

F i g u r e 15. IR s p e c t r u m o f r e s i d u e o f m e l a m i n e p h o s p h a t e h e a t e d t o 
3 8 0 # C (A) and o f t h i s r e s i d u e a f t e r w a t e r e x t r a c t i o n ( B ) . 

In Fire and Polymers; Nelson, G.; 
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( F i g u r e 1 2 ) . I n t h i s s t e p t h e DTG c u r v e shows a v e r y b r o a d peak w i t h a 
n a r r o w e r maximum s u p e r i m p o s e d ( 5 5 0 # C ) i n d i c a t i n g t h e o c c u r r e n c e o f 
d i f f e r e n t o v e r l a p p i n g p r o c e s s e s . T h i s t h e r m a l b e h a v i o u r c a n n o t be 
e x p l a i n e d on t h e b a s i s o f t h a t o f me l am ine c o n d e n s a t i o n p r o d u c t s o r o f 
u l t r a p h o s p h a t e s ( e . g . ammonium s a l t ) . I n d e e d m e l a m i n e c o n d e n s a t e 
u n d e r g o e s c o m p l e t e f r a g m e n t a t i o n t o v o l a t i l e p r o d u c t s b e l o w 750 * 0 ( 18 ) 
w h i l e ammonium u l t r a p h o s p h a t e does so m o s t l y b e l o w 7 0 0 # C ( 2 9 ) , i n TG 
a t 1 0 * C / m i n . The p r e s e n c e o f P i n t h e m a t e r i a l o b t a i n e d a t 6 50 * 0 i s 
shown by t h e s o l i d s t a t e 31P NMR w h i c h however g i v e s b r o a d c omp l e x 
s i g n a l s t h a t c o u l d n o t be a s s i g n e d t o s p e c i f i c s t r u c t u r e s a t t h i s 
s t a g e . The i n f r a r e d s p e c t r u m ( F i g u r e 16A) shows b r o a d a b s o r p t i o n s 
among w h i c h t h o s e t y p i c a l o f s - t r i a z i n e r i n g (810 cm ^) and o f N H 2 

g r o u p s o f me l am ine o r i t s c o n d e n s a t e s (1650 and 3000 -3600 c m j l ) a r e 
r e c o g n i s a b l e . A n o t i c e a b l e a b s o r p t i o n b e g i n s t o show a t 2200 cm . 

F u r t h e r m o d i f i c a t i o n o f t h e r e s i d u e t a k e s p l a c e on r a i s i n g t h e 
t e m p e r a t u r e above 650 * 0 a s shown by t h e l ow s t e a d y r a t e o f w e i g h t l o s s 
(8% t o 9 0 0 * 0 , F i g u r e 1 2 )
r i n g and o f N H 2 g r o u p s , s t i l
i n t h e IR s p e c t r u m o f t h e m a t e r i a l o b t a i n e d a t 9 0 0 C ( F i g u r e 16B ) . 
H e r e , a few b r o a d a b s o r p t i o n bands a r e p r e s e n t c e n t e r e d a t 500 , 950 , 
1280 and 2200 cm . T h i s m a t e r i a l w h i c h i s a w h i t e powder , u n d e r g o e s a 
v e r y r a p i d d e c o m p o s i t i o n t o v o l a t i l e p r o d u c t s w i t h maximum r a t e a t 
9 6 0 # C ( s t e p 5, F i g u r e 1 2 ) . W h i l e f u r t h e r c h a r a c t e r i s a t i o n i s unde r 
way, i t c o u l d be s u g g e s t e d t h a t t h e p r o d u c t o b t a i n e d a t 9 00 * 0 m i g h t be 
a h i g h l y t h e r m a l l y s t a b l e ( PN ) c o m p o u n d o f t h e t y p e o b t a i n e d on 
h e a t i n g pho spham (NPNH) o r p h o s p h o r y l n i t r i d e ( 0 P N ) n ( 3 1 . 3 2 ) . 
S u m a r i s i n g , t h e o v e r a l l d e g r a d a t i o n p r o c e s s o f me l am ine p h o s p h a t e 
f o l l o w s t h e scheme: 

me l am ine p h o s p h a t e 
step 1 I 2 5 0 - 3 0 0 * 0 + H 2 0 

me l am ine p y r o p h o s p h a t e 
step 2 | 3 0 0 - 3 3 0 * 0 / 

me l am ine p o l y p h o s p h a t e + H 2 0 (15 ) 
step 3 | 3 3 0 - 4 1 0 * 0 / / 

melam u l t r a p h o s p h a t e + NHo + H 2 0 + me l am ine 
step 4 t 4 1 0 - 6 5 0 * 0 

( u n i d e n t i f i e d p h o s p h a t e - u l t r a p h o s p h a t e - m e l a m i n e t y p e s t r u c t u r e s ) + 
v o l a t i l e p r o d u c t s 

| 6 5 0 - 9 4 0 * 0 
l o s s o f me l am ine s t r u c t u r e s ( l i k e l y f o r m a t i o n o f PN) 

step 5 J 9 4 0 - 9 7 0 * 0 
d e c o m p o s i t i o n 

B o r a t e . D e h y d r a t i o n i s t h e f i r s t r e a c t i o n o c c u r r i n g on h e a t i n g t h e 
b o r a t e a s i n t h e c a s e o f t h e p h o s p h a t e b u t a t a much l o w e r t e m p e r a t u r e 
( 1 3 0 - 2 7 0 * 0 , s t e p 1 F i g u r e 1 7 ) . B o r i c a c i d h e a t e d a l o n e i n t h e same 
c o n d i t i o n s i n TG , e l i m i n a t e s w a t e r b e t w e e n 8 0 - 3 0 0 * 0 i n t w o m a i n 
o v e r l a p p i n g s t e p s w i t h maximum r a t e a t 170 and 190*0 c o r r e s p o n d i n g t o 
f o r m a t i o n o f m e t a b o r i c a c i d and b o r i c a n h y d r i d e r e s p e c t i v e l y : 

- H 2 0 x 2 
HoBOo > HBO- > B 90o ( 16 ) 

3 3 2 - H 2 0 2 3 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 
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I— 1 i i i i—l 
4000 3000 2000 1500 1000 500 

wavenumber, cm"1 

F i g u r e 16. IR s p e c t r u m o f r e s i d u e o f me l am ine p h o s p h a t e h e a t e d t o 
6 5 0 # C (A) and t o 9 0 0 # C ( B ) . 

F i g u r e 17. TG , DTG and r a t e o f w a t e r a n d a m m o n i a e v o l u t i o n 
( a r b i t r a r y u n i t s ) f o r me l am ine b o r a t e . C o n d i t i o n s a s F i g u r e 2. 

In Fire and Polymers; Nelson, G.; 
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A p h y s i c a l m i x t u r e o f b o r i c a c i d and me l am ine shows t h i s two s t e p 
d e h y d r a t i o n p r o c e s s e s i n TG whe rea s i n t h e s a l t t h e two s t e p s seem t o 
merge . I ndeed t h e d e h y d r a t i o n p r o c e s s b e g i n s a t h i g h e r t e m p e r a t u r e i n 
t h e s a l t ( 1 3 0 * 0 i n s t e a d o f 8 0 * 0 ) p o s s i b l y b e c a u s e i n t e r a c t i o n s o f 
h y d r o x y g r o u p s w i t h m e l a m i n e m o l e c u l e s have f i r s t t o be t h e r m a l l y 
b r o k e n . The o v e r a l l w e i g h t l o s s a t t h e end o f t h e f i r s t s t e p o f 
d e g r a d a t i o n o f t h e b o r a t e ( 15% , 270 * 0 F i g u r e 17) i s i n a g reement w i t h 
o c c u r r e n c e o f R e a c t i o n 16 ( c a l c u l a t e d : 1 4 . 4 % ) . The IR s p e c t r u m o f t h e 
p r o d u c t o f d e h y d r a t i o n ( F i g u r e 18B) shows t h e t y p i c a l a b s o r p t i o n s o f 
m e l a m i n e w i t h m i n o r d i f f e r e n c e s i n r e l a t i v e i n t e n s i t y o f some bands 
( s e e F i g u r e 1A ) . Whereas t h e a b s o r p t i o n s o f OH g r o u p s p r e s e n t i n t h e 
s p e c t r u m o f t h e o r i g i n a l s a l t ( e . g . 2400 ,2900 cm , F i g u r e 18A ) , have 
d i s a p p e a r e d a s e x p e c t e d f r o m o c c u r r e n c e o f R e a c t i o n 1_6. T h e 
a b s o r p t i o n s o f b o r i c a n h y d r i d e ( 8 00 (m ) , 1200(m) , 1 4 7 0 ( s ) cm 1 ) a r e 
d i f f i c u l t t o r e c o g n i s e i n F i g u r e 18B o w i n g t o o v e r l a p p i n g w i t h t h e 
r e l a t i v e l y s t r o n g a b s o r p t i o n s o f m e l a m i n e . The d e h y d r a t i o n p r o c e s s o f 
m e l a m i n e b o r a t e s h o u l d t h e
b o r i c a n h y d r i d e w i t h m e l a m i n e

In t h e range 2 7 0 - 3 5 0 * 0 (2nd s t e p , F i g u r e 17) me l am ine v o l a t i l i s e s 
as i n t h e c a s e o f p u r e me l am ine ( F i g u r e 2) o r o f s a l t s w h i c h f r e e 
me l am ine a t t h e s e t e m p e r a t u r e s , e . g . d i m e l a m i n e c y a n u r a t e ( 1 s t s t e p , 
F i g u r e 3 ) , me l am ine o - p h t a l a t e (2nd s t e p , F i g u r e 5 ) . However , i n t h e 
c a s e o f b o r i c a n h y d r i d e - m e l a m i n e o n l y a b o u t 5 0 % o f t h e m e l a m i n e 
v o l a t i l i s e s as i t can be c a l c u l a t e d f r o m t h e w e i g h t l o s s i n t h i s s t e p 
( 35% , F i g u r e 17) s i n c e b o r i c a n h y d r i d e i s s t a b l e t o >800*C i n TG. 
Whereas more t h a n 90% o f f r e e me l am ine can v o l a t i l i s e i n t h e same 
range o f t e m p e r a t u r e i n t h e e x a m p l e s m e n t i o n e d a b o v e . On t h e o t h e r 
h a n d f r e e m e l a m i n e i s a b s e n t f r o m t h e r e s i d u e o b t a i n e d w h e n 
v o l a t i l i s a t i o n s t o p s a s shown by t h e IR s p e c t r u m o f F i g u r e 19A i n 
w h i c h , howeve r , t y p i c a l a b s o r p t i o n s o f t h e s - t r i a z i n e r i n g ( 790 - 815 
cm 1 ) and o f N H 0 , NH g r o u p s ( 1 6 0 0 - 1 7 0 0 a n d 3 0 0 0 - 3 6 0 0 cm 1 ) a r e 
r e c o g n i s a b l e i n the o t h e r w i s e comp lex a b s o r p t i o n p a t t e r n . T h i s r e s i d u e 
was b o i l e d w i t h 5N HC1 t o e l i m i n a t e s o l u b l e f r a c t i o n s s u ch as b o r i c 
a n h y d r i d e . The e x t r a c t e d m a t e r i a l shows an IR s p e c t r u m ( F i g u r e 19B) 
w h i c h c o u l d be c o n s i s t e n t w i t h a c omp l e x p r o d u c t o f c o n d e n s a t i o n o f 
m e l a m i n e . I n d e e d , t h e s p e c t r u m o f F i g u r e 19B i s v e r y c l o s e t o t h a t o f 
t h e w a t e r e x t r a c t e d p r o d u c t o b t a i n e d a t t h e same t e m p e r a t u r e f r o m 
m e l a m i n e p h o s p h a t e ( F i g u r e 15B) a p a r t f r o m t h e p r e s e n c e o f m i n o r 
a b s o r p t i o n s be tween 900 -1300 cm ( e . g . 1080 cm , P=0) i n t h i s l a s t . 
However , i n t h e c a s e o f t h e p h o s p h a t e , t h e f o r m a t i o n o f t h i s r e s i d u e 
o c c u r r e d w i t h e v o l u t i o n o f ammonia i n d i c a t i n g t h a t i t was i s s u e d f r o m 
a c o n d e n s a t i o n p r o c e s s i n v o l v i n g NH? g r o u p s o f m e l a m i n e . Whe rea s , i n 
t h e c a s e o f t h e b o r a t e , e v o l u t i o n o f ammonia o n l y b e g i n s a t 350 *0 and 
t a k e s p l a c e i n t h e f o l l o w i n g t h i r d s t e p ( F i g u r e 1 7 ) . A l t h o u g h t h i s 
p o i n t i s t o be f u r t h e r i n v e s t i g a t e d i t m i g h t be t h a t c o n d e n s a t i o n o f 
m e l a m i n e t a k e s p l a c e i n t h e b o r i c a n h y d r i d e - m e l a m i n e s y s t e m w i t h 
however r e t e n t i o n o f ammonia by i n t e r a c t i o n w i t h b o r i c a n h y d r i d e . 
Ammon ia w o u l d t h e n be r e l e a s e d a t h i g h e r t e m p e r a t u r e when s u c h 
i n t e r a c t i o n s a r e b r o k e n on h e a t i n g . F o r e x a m p l e , ammonium p e n t a b o r a t e 
i s shown t o e l i m i n a t e ammonia between 3 3 0 - 4 0 0 * 0 i n TG ( 3 3 ) . The amount 
o f ammonia r e l e a s e d above 350 * 0 c o r r e s p o n d s t o 0 .6 mo le p e r mo le o f 
me l am ine u n v o l a t i 1 i s e d i n t h e p r e v i o u s s t e p between 2 7 0 - 3 5 0 * 0 . T h i s i s 
c l o s e t o ammonia e v o l v e d when t h e e q u i v a l e n t r e s i d u e o f F i g u r e 15B i s 
f o r m e d f r o m t h e p h o s p h a t e ( 0 . 4 0 ) and t o t h e amount c o r r e s p o n d i n g t o 
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F i g u r e 18. IR s p e c t r u m o f me l am ine b o r a t e (A) and o f r e s i d u e a t 
2 8 0 # C ( B ) . 
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F i g u r e 19. IR s p e c t r u m o f r e s i d u e o f me l am ine b o r a t e h e a t e d t o 
380*C (A) and o f t h i s r e s i d u e a f t e r a c i d e x t r a c t i o n ( B ) . 
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melam f o r m a t i o n ( 0 . 5 0 ) . A p h y s i c a l m i x t u r e o f b o r i c a n h y d r i d e and 
me lam ine shows a TG i d e n t i c a l t o t h a t o f F i g u r e 17, a p a r t f r o m t h e 
d e h y d r a t i o n s t e p . 

A l t h o u g h a d e t a i l e d i d e n t i f i c a t i o n o f t h e r e s i d u e o b t a i n e d f r o m 
t h e s e c o n d s t e p o f d e g r a d a t i o n o f m e l a m i n e b o r a t e i s n o t y e t 
a v a i l a b l e , i t i s c l e a r f r o m F i g u r e 19 t h a t i t c o n t a i n s s - t r i a z i n e r i n g 
and amino g r o u p s b e s i d e s b o r i c a n h y d r i d e . T h i s m a t e r i a l u n d e r g o e s 
f u r t h e r m o d i f i c a t i o n on h e a t i n g above 350 *0 w i t h a r e l a t i v e l y s l o w 
w e i g h t l o s s t o 950 *0 ( 3 r d s t e p , F i g u r e 17) t o g i v e a w h i t e p r o d u c t 
s t a b l e a t l e a s t t o 1100*0 (17% o f t h e o r i g i n a l me l am ine b o r a t e ) . T h i s 
s t e p o f d e g r a d a t i o n o c c u r s w i t h 32% w e i g h t l o s s o f w h i c h o n l y 2 .6% i s 
a c c o u n t e d f o r by ammon i a . The c o n t e n t o f b o r o n i n t h e m a t e r i a l 
o b t a i n e d a t 9 5 0 * 0 i s 28% a s d e t e r m i n e d by a m e t h o d p r o p o s e d f o r 
r e f r a c t o r y bo r on n i t r i d e ( 3 4 ) . The IR s p e c t r u m o f t h i s r e s i d u e ( F i g u r e 
20) shows a r e l a t i v e l y s h a r p maximum a t 1405 cm w h i c h c o u l d be 
a t t r i b u t e d t o B-N bonds ( 1 7 ) . and two o v e r l a p p i n g b r o a d maxima i n t h e 
r e g i o n o f N H 2 , NH s t r e t c h i n
a b s o r p t i o n s due t o t h e s - t r i a z i n
F u r t h e r b r o a d a b s o r p t i o n s a r e shown i n F i g u r e 20 i n t h e r e g i o n s 8 0 0
1300 and 1500-1700 cm . Many p a p e r s and p a t e n t s d e a l w i t h p r e p a r a t i o n 
o f r e f r a c t o r y b o r o n n i t r i d e ( s t a b l e i n i n e r t a t m o s p h e r e t o 2700 *0 

(35 ) ) by h e a t i n g b o r o n o x y compounds w i t h me l am ine g e n e r a l l y above 
900 *0 ( e . g . r e f . 3 6 - 4 1 ) . The IR s p e c t r a r e p o r t e d i n t h e l i t e r a t u r e f o r 
b o r o n n i t r i d e ( 4 2 . 4 3 ) s h o w a weak a b s o r p t i o n a t 809 -813 cm and a 
s t r o n g one a t 1374-1389 cm . The s p e c t r u m o f F i g u r e 20 c o u l d be 
p a r t i a l l y c o n s i s t e n t w i t h t h a t o f a b o r o n n i t r i d e s i n c e t h e s t r o n g e s t 
o f t h e a b o v e a b s o r p t i o n s i s c l o s e t o t h e s t r o n g e s t a b s o r p t i o n i n 
F i g u r e 20 . However , t h e IR s p e c t r u m o f F i g u r e 20 shows a l s o r e l e v a n t 
a b s o r p t i o n s w h i c h a r e n o t a t t r i b u t a b l e t o bo r on n i t r i d e . On t h e o t h e r 
hand i t was s u g g e s t e d ( 36 ) t h a t on h e a t i n g m i x t u r e s o f o r t h o b o r i c a c i d 
and m e l a m i n e o r o t h e r n i t r o g e n c o n t a i n i n g c o m p o u n d s ( e . g . : u r e a , 
c y anam ide e t c . ) a BNO (B=31.6%, N=20.5%) r e s i d u e i s o b t a i n e d a t 600 *0 
w h i c h c o u l d n o t be t r a n s f o r m e d i n t o p u r e b o r o n n i t r i d e on f u r t h e r 
h e a t i n g t o 1 3 0 0 * 0 ; w h e r e a s t h e BNO r e s i d u e g a v e b o r o n n i t r i d e o n 
h e a t i n g i n a s t r e a m o f a m m o n i a a t 5 0 0 - 9 0 0 * 0 . A l t h o u g h I R 
c h a r a c t e r i s a t i o n o f t h e BNO was n o t s h o w n , t h e B c o n t e n t o f t h e 
r e s i d u e o f F i g u r e 20 (28%) i s c l o s e t o t h a t r e p o r t e d i n t h e l i t e r a t u r e 
(36 ) f o r BNO ( 3 1 . 6 % ) . T h e r e f o r e , t h e r e s i d u e o b t a i n e d a t 950 * 0 f r o m 

4000 3000 2000 1500 1000 500 
wavenumber, cm" 1 

F i g u r e 20 . IR s p e c t r u m o f r e s i d u e o f me l am ine b o r a t e h e a t e d t o 
9 5 0 * 0 . 
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melam ine b o r a t e c o u l d be s i m i l a r t o t h i s BNO m a t e r i a l r a t h e r t h a n t o 
p u r e b o r o n n i t r i d e . W h i l e f u r t h e r c h a r a c t e r i s a t i o n w o r k i s i n 
p r o g r e s s , i t must be m e n t i o n e d t h a t a l s o p o l y a m i n o - b o r a z i n e s ( 3 5 , 4 4 ) 
a r e b o r o n - n i t r o g e n t h e r m a l l y s t a b l e p r o d u c t s w h i c h m i g h t be f o r m e d i n 
t h e above c o n d i t i o n s and w o u l d a c c o u n t f o r t h e N-H a b s o r p t i o n i n t h e 
IR s p e c t r u m o f F i g u r e 20 . 

S u m m a r i s i n g t h e d a t a a v a i l a b l e a t t h i s s t a g e , t h e t h e r m a l 
d e g r a d a t i o n o f m e l a m i n e b o r a t e c an be r e p r e s e n t e d by t h e scheme: 

me l am ine b o r a t e 
step 1 I 1 30 - 270 * 0 / 

m e l a m i n e - b o r i c a n h y d r i d e + H 2 0 ( 17 ) 
\ step 2 I 2 7 0 - 3 5 0 * 0 

me l am ine + u n i d e n t i f i e d ( l i k e l y me l am ine c o n d e n s a t e - b o r i c a n h y d r i d e ) 
s t e p 3 i 350-950mC 

l o s s o f m e l a m i n e s t r u c t u r e s ( l i k e l y f o r m a t i o n o f BN o r BNO) 

C o n c l u s i o n 

T h i s s u r v e y shows t h a t me l am ine s a l t s c an d i s p l a y w i d e l y d i f f e r e n t 
t h e r m a l b e h a v i o u r d e p e n d i n g on t h e t y p e o f a c i d r e s i d u e . A s f a r a s 
f i r e r e t a r d a n c e i s c o n c e r n e d t h e f o r m a t i o n o f v o l a t i l e p r o d u c t s and 
o f t h e r m a l l y s t a b l e r e s i d u e ( " c h a r " ) i n t h e range 300 - 500 *C i n w h i c h 
most p o l y m e r s unde r go t h e r m a l d e g r a d a t i o n , i s o f paramount i m p o r t a n c e . 
F i r s t o f a l l i t i s shown t h a t i n d i m e l a m i n e s a l t s one m o l e c u l e o f 
m e l a m i n e behave s a s f r e e m e l a m i n e v o l a t i l i s i n g a l m o s t q u a n t i t a t i v e l y 
above 2 50 *C . A s i m i l a r b e h a v i o u r i s a l s o shown by monomelamine s a l t s 
o f a c i d s w h i c h t e n d t o d e c o m p o s e on h e a t i n g a t r e l a t i v e l y l o w 
t e m p e r a t u r e ( 2 0 0 - 4 0 0 * C , e . g . o - p h t a l a t e , c y a n u r a t e , o x a l a t e ) . The se 
s a l t s l e a v e on d e g r a d a t i o n a s m a l l amount o f r e s i d u a l c h a r s t a b l e t o 
a b o u t 500*C (<15%) w h i c h r e s u l t s f r o m p a r t i a l c o n d e n s a t i o n o f m e l a m i n e 
t o " m e l o n " . 

Whereas a c i d c a t a l y s e d c o n d e n s a t i o n o f me l am ine t a k e s p l a c e on 
h e a t i n g s a l t s o f r e l a t i v e l y s t a b l e a c i d s s u c h a s h y d r o b r o m i d e , 
n i t r a t e . The c o r r e s p o n d i n g ammonium s a l t i s v o l a t i l i s e d and melam s a l t 
i s f o r m e d w h i c h u n d e r g o e s f u r t h e r c o n d e n s a t i o n t o me lon ( c a . 2 0 - 3 5 % a t 
5 0 0 * C ) . The o v e r a l l y i e l d o f t h e m e l a m i n e c o n d e n s a t i o n r e a c t i o n i s 
l i m i t e d by c o m p e t i t i o n w i t h v o l a t i l i s a t i o n o f t h e o r i g i n a l s a l t . A 
s i m i l a r b u t somewhat more comp lex b e h a v i o u r i s shown by t h e s u l p h a t e . 
T h i s s a l t u n d e r g o e s on h e a t i n g comb ined c o n d e n s a t i o n o f m e l a m i n e t o 
melam and s u l p h u r i c a c i d t o p y r o s u l p h u r i c a c i d w i t h r e l e a s e o f 
ammonia and w a t e r . A l t h o u g h c o n d e n s a t i o n o f me l am ine i s l i m i t e d i n 
t h i s c a s e by t h e e v a p o r a t i o n , a b o u t 80% o f r e s i d u e i s o b t a i n e d a t 
4 5 0 * C . F u r t h e r t h e r m a l m o d i f i c a t i o n l e a d s t o a b o u t 40% o f m e l o n - l i k e 
p r o d u c t a t 500 *C . 

Combined c o n d e n s a t i o n o f m e l a m i n e and o f t h e a c i d r e s i d u e i s a l s o 
shown by t h e p h o s p h a t e and b o r a t e . I n t h e s e c a s e s h o w e v e r , t h e 
p o l y m e r i c d e h y d r a t e d compound d e r i v e d f r o m t h e a c i d i s t h e r m a l l y 
s t a b l e up t o above 500 *C a l l o w i n g c h e m i c a l r e a c t i o n s w i t h m e l a m i n e 
c o n d e n s a t i o n p r o d u c t s s i m u l t a n e o u s l y f o r m e d . The r e s u l t i n g m a t e r i a l i s 
s t a b l e t o 950*C ( p h o s p h a t e , c a 30% o f o r i g i n a l s a l t ) o r t o above 
1100*C ( b o r a t e , c a . 20% o f o r i g i n a l s a l t ) . 
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These d a t a a r e e s s e n t i a l f o r u n d e r s t a n d i n g t h e r o l e p l a y e d by 
m e l a m i n e s a l t s b o t h i n g a s o r c o n d e n s e d p h a s e d u r i n g b u r n i n g o f 
p o l y m e r i c m a t e r i a l s . I n deed me lam ine s a l t s may a c t e i t h e r a s a s o u r c e 
o f g a s e s r e l a t i v e l y s t a b l e t o t h e r m a l o x i d a t i o n o c c u r r i n g i n t h e f l a m e 
s u c h a s m e l a m i n e , ammonium o r me l am ine s a l t s , w a t e r ( " b l a n k e t " e f f e c t ) 
o r a s a s o u r c e o f t h e r m a l l y s t a b l e c h a r ( c h a r f o r m i n g e f f e c t ) 
d e p e n d i n g on t h e t y p e o f s a l t . M o r e o v e r , t h e know ledge o f t h e t h e r m a l 
b e h a v i o u r o f s a l t s t o be u sed a s f i r e r e t a r d a n t a d d i t i v e s w i l l s u p p l y 
t h e r a t i o n a l e f o r s e l e c t i o n o f t h e most s u i t a b l e s a l t f o r a g i v e n 
p o l y m e r i c m a t e r i a l . F o r e xamp le t h e me l am ine s a l t may be s e l e c t e d 
w h i c h e v o l v e s t h e g a se s o r f o r m s t h e c h a r i n t h e range o f t e m p e r a t u r e 
i n w h i c h t h e p o l y m e r d e g r a d e s t o v o l a t i l e c o m b u s t i b l e p r o d u c t s . In 
p a r t i c u l a r , i n f o r m u l a t i o n o f i n t u m e s c e n t s y s t e m s i t i s e s s e n t i a l t o 
o b t a i n a s u i t a b l e m a t c h i n g between gas e v o l u t i o n ( b l o w i n g ) and c h a r 
f o r m a t i o n . These c o n s i d e r a t i o n s a r e s t r i c t l y v a l i d o n l y i f c h e m i c a l 
i n t e r a c t i o n s b e t w e e n t h e m e l a m i n e s a l t a n d t h e d e g r a d i n g p o l y m e r 
a n d / o r o t h e r a d d i t i v e s d
i n t h e s e c a s e , t h e r e s u l t
i n f o r m a t i o n f o r t h e u n d e r s t a n d i n g o  s u c  r e a c t i o n s . 
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Chapter 16 

Fire Resistance in Advanced Engineering 
Thermoplastics 

Giuliana C. Tesoro 

Department of Chemistry, Polytechnic University, Brooklyn, NY 11201 

Engineering polymer
ance segment of synthetic plastic materials that exhibit 
premium properties. In this paper, engineering thermo
plastics developed for advanced applications, and par
ticularly for enhanced thermal stability are considered. 
The aromatic structure of these materials is of major 
importance in their thermal response and in their inher
ent fire resistance according to established criteria. 
Approaches to fire retardants that have been studied for 
this class of polymers are reviewed, and illustrative 
data on performance are presented. 

Engineering polymers are generally understood to include those 
p l a s t i c materials that may be shaped i n t o f u n c t i o n a l parts of s t r u c 
t u r a l components and may replace metal. A recent l i s t of engineering 
thermoplastics (1-2) includes nylons, p o l y a c e t a l s , p o l y e s t e r s , poly
carbonates, p o l y a r y l a t e s , polysulfones, polyphenylenesulfide, and 
polyetherimide. In t h i s d i s c u s s i o n , the focus w i l l be on thermo
p l a s t i c polymers developed p r i m a r i l y f o r enhanced long-term r e s i s t 
ance to elevated temperatures i n advanced a p p l i c a t i o n s . Representa
t i v e s t r u c t u r e s of repeating units are shown i n Figure 1. I t i s e v i 
dent that the aromatic character of the macro-molecule i s a common 
denominator-consistent with the r e l a t i o n s h i p s of molecular s t r u c t u r e 
to thermal s t a b i l i t y documented f o r a broad spectrum of high-temper
ature polymers (3). In the context of the thermal response behavior 
of polymers such as those shown i n Figure 1, i t i s not s u r p r i s i n g 
that t h e i r f i r e r e s i s t a n c e has not been of major concern i n most i n 
stances. This must be viewed with reference to s p e c i f i c c r i t e r i a of 
flammability behavior, and at t h i s time, i t i s appropriate to s e l e c t 
measurements of oxygen index (ASTM D-2863), and of Underwriters Lab
oratory r a t i n g s (UL-94) as i n d i c a t i v e of f i r e r e s i s t a n c e f o r labo r a 
tory i n v e s t i g a t i o n s and f o r evaluation of commercial candidates r e 
s p e c t i v e l y . Some data f o r the polymers considered are summarized i n 
Table I, where the l i t e r a t u r e values shown r e f e r to "neat r e s i n s " ex
cept where a d d i t i o n of a flame retardant (FR) i s i n d i c a t e d f o r 
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P o l y [ b i s p h e n o l - A ] c a r b o n a t e 

P h e n y l e n e e t h e r b a s e d r e s i n (PPO) 

C r V 

P o l y a r y l a t e 

P o l y s u l f o n e 

P o l y e t h e r e t h e r k e t o n e (PEEK) 

Figure 1. Examples of repeating u n i t i n advanced engineering 
thermoplastics. 
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TABLE I 

FIRE RESISTANCE OF SOME ENGINEERING THERMOPLASTICS* 

Polymer Oxygen Index 
Value 

UL - 94 
Rating 

Reference 

Poly c a r b o n a t e (PC) 
LEXAN/101 
LEXAN/920 (FR) 

0 V-2 (2) (5) (6) 

Polyphenylene Oxide 
(PPO) 

NORYL 6P-275 
NORYL SE100 (FR) 

32 

24 .0 
33 .0 V-0 

(5) (6) 

P o l y s u l f o n e 
UDEL-1720 32 .0 V-0 (2) (4) (7) 

Po l y e t h e r s u 1 f o n e 
(PES) 

34-42 V-0 (2) (4) 

P o l y e t h e r e t h e r Ketone 
(PEEK) 

24-35 V-0 (2) (8) 

P o l y e t h e r Ketone 
Ketone 

(PEKK) 

40 V-0 (8) 

P o l y a r y l a t e s 
ARDEL D-100 34 V-0 (2) 

*LEXAN and NORYL are trademarks of the General E l e c t r i c Co. 

UDEL and ARDEL are trademarks of Amoco Performance Products/ Inc. 
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s p e c i f i c commercial products where the desired V-0 (UL-94) r a t i n g was 
not attained i n the absence of FR a d d i t i v e . As a f i r s t approxima
t i o n , the advanced engineering thermo-plastics considered have an ox
ygen index value >30, and a UL-94 r a t i n g of V-0 (maximum and minimum 
thickness i n the intended a p p l i c a t i o n ) . 

A d i s c u s s i o n of test methodology i s beyond the scope of the pre
sent paper. However, the f a c t that e s t a b l i s h e d tests do not accu
r a t e l y r e f l e c t the behavior of materials i n f i r e s has been widely 
recognized (9), and the search f o r more meaningful techniques f o r the 
evaluation of engineering materials has continued to be a v a l i d r e 
search o b j e c t i v e . The development of the cone calorimeter, a bench-
scale t o o l f o r the evaluation of f i r e p roperties of materials (10a) 
at NBS, i s of p a r t i c u l a r s i g n i f i c a n c e i n t h i s context. 

Rate of heat release measurements have been attempted since the 
l a t e 1950 fs. A prominent example of instrument design f o r the d i r e c t 
measurement of the sensible enthalpy of combustion products i s the 
Ohio State U n i v e r s i t y (0SU
by ASTM and a test metho
part of a FAA s p e c i f i c a t i o  larg
materials. 

Thermoplastics for a i r c r a f t i n t e r i o r s have been evaluated by 
t h i s technique (10b) i n accordance with the FAA s p e c i f i c a t i o n (peak 
rate of heat release of 65 kilowatts per meter squared (Kw/m 2) or 
l e s s ) . In these tests (10b) Polyether sulfone demonstrated marginal 
compliance. For Polyether imide (PEI) and PEI/Polydimethyl siloxane 
copolymers peak heat-release rates were we l l below the s p e c i f i e d 
value. The o v e r a l l trend suggested a p o s s i b l e c o r r e l a t i o n of peak 
heat release values with aromatic carbon content i n the polymers 
evaluated. 

For thermoplastic composites, r e s u l t s of flammability t e s t s are 
generally reported on the basis of oxygen index values and/or UL-94 
ratings (e.g. (11-12). The general problems associated with compos
i t e s and multicomponent systems have not been addressed i n depth and 
published data p e r t a i n p r i m a r i l y to s p e c i f i c g l a s s - f i l l e d r e s i n s o f 
fered by manufacturers, or to composite systems designed to meet the 
s p e c i f i c a t i o n s of a p a r t i c u l a r end use. 

APPROACHES TO FIRE RETARDANTS 

Brominated Compounds 

The t r a d i t i o n a l approach to f i r e r e t a r d a t i o n i n most thermoplastics 
has been the incorporation of brominated compounds with (or without) 
antimony oxide as a s y n e r g i s t . This has been generally e f f e c t i v e , 
and compounds reported i n the l i t e r a t u r e of the seventies have cov
ered a broad range of structures and formulations designed to meet 
the flammability requirements of polypropylene and thermoplastic 
polyesters p r i m a r i l y . With concern f o r the t o x i c o l o g i c a l and en
vironmental f a c t o r s associated with the use of TRIS (2,3, dibromo-
propyl) phosphate (TRIS), and eventually the ban of TRIS i n 1977, 
the use of decabromodiphenyl oxide was i n v e s t i g a t e d f o r many a p p l i c a 
tions (13-15). Work on analogues of TRIS also continued to e l i c i t 
i n t e r e s t (16-17). Other compounds of high bromine content have been 
commercialized, f o r example octabromodiphenyl oxide and ethylene-bis-
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tetrabromophthalimide. However, recent developments have focused 
p r i m a r i l y on oligomers of high bromine content designed to minimize 
e f f e c t s of the a d d i t i v e s on the processing and performance proper
t i e s of the host polymer, and also to avoid outward d i f f u s i o n i n the 
system and consequent r i s k s of environmental contamination. Figure 2 
shows examples of structures f o r brominated flame retardants devel
oped i n recent years. Commercial products based on brominated poly
styrene oligomers (19), on brominated PPO oligomers (18) and on t r i -
bromophenyl terminated tetrabromobisphenol A-carbonate oligomers (22) 
have been recommended p r i m a r i l y f o r nylon and polybutylene tereph-
thala t e , with a d d i t i v e l e v e l s of 15 to 25% required f o r a V-0 r a t i n g 
i n the UL-94 t e s t . The bromine content of the commercial products 
ranges from 50% to 70%, and the concepts underlying the developments 
r e f l e c t the need f o r e s s e n t i a l l y aromatic chemical struc t u r e s that 
would be m i s c i b l e with s p e c i f i c r e s i n s (non blooming), withstand 
r e l a t i v e l y high processing temperatures, and would not impair r e s i n 
performance at the concentration
fectiveness . 

This r a t i o n a l e i s evident also i n other bromine-containing o l i
gomers, for example those based on brominated epoxy r e s i n s (20) and 
on poly-pentabromobenzyl a c r y l a t e s (21). 

A comparison of representative bromine-containing oligomeric 
flame retardants o f f e r e d commercially i s shown i n Table II (adapted 
from reference 21). Some of these products are claimed to be 
"broad spectrum brominated flame retardants. " As a p r a c t i c a l matter, 
they are designed with m i s c i b i l i t y with s p e c i f i c r e s i n s c l e a r l y i n 
mind, and they can be employed to a t t a i n the desired V-0 r a t i n g i n 
UL-94 tests of products that do not meet these requirements without 
added flame retardants. 

Blends of flame retardant a d d i t i v e s have been advocated as an 
approach to an optimum balance of p r o p e r t i e s i n the f i n i s h e d prod
ucts. For example, blends of tetrabromophthalate esters with de-
cabromodiphenyl oxide or other flame retardants are reported to y i e l d 
a V-0 r a t i n g i n modified PPO and i n polycarbonate r e s i n s without com
promising melt p r o c e s s a b i l i t y or performance properties (23a-b). 

In summary, new brominated flame retardants have e s s e n t i a l l y met 
the challenge f o r thermoplastics that do not meet current r e q u i r e 
ments (e.g. a V-0 rating) without a d d i t i v e s . More st r i n g e n t flamma
b i l i t y requirements for advanced materials and a p p l i c a t i o n s , coupled 
with improved t e s t methodology (e.g. lOa-b) may s h i f t the focus of 
research to other approaches. 

Phosphorus Compounds 

Carnahan and co-workers have studied the e f f e c t i v e n e s s of phosphorus 
compounds as flame retardants f o r blends of poly-2,6 dimethyl-phenyl-
ene oxide and polystyrene (35/65), evaluating flammabilty by oxygen 
index measurements (24). The mode of a c t i o n of the phosphorus con
t a i n i n g species (Triphenyl phosphate, Triphenyl phosphine, Triphenyl 
phosphine oxide, p-Phenyl-phenol phosphate, Red phosphorus were i n 
cluded i n the study) was i n v e s t i g a t e d according to c r i t e r i a designed 
to determine whether e f f e c t i v e n e s s i n the gas phase or i n the con
densed phase dominated. The macroscopic c r i t e r i a of chemical mechan
ism employed i n t h i s work for determining the mode of a c t i o n of 
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Br' xBr Br' x Br 

D e c a b r o m o d i p h e n y l o x i d e 

- —CH—CH 

B r o m i n a t e d p o l y s t y r e n e 

Br 

P o l y - d i b r o m o p h e n y l e n e o x i d e 

• -°^OH~(0)-0"CH'-<rH-CH4 
x=1-4 

B r o m i n a t e d epoxy o l i g o m e r 

£ c H , - C H - } n 

C = 0" B r v / B r 

0-CH,-<T})-Br 

B r ^ B r 

P o l y - p e n t a b r o m o b e n z y 1 a c r y l a t e 

Figure 2. Brominated f i r e retardants. 
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phosphorus flame retardants were based on a simple candle model of 
polymer combustion proposed by Fenimore and Martin (25). This model 
assumes no i n t e r a c t i o n of the polymer melt with the oxidant, and suf
f i c i e n t energy returned from the flame by r a d i a t i o n and conduction to 
p y r o l y t i c a l l y produce f u e l gases. The oxygen index of polymer 
treated with the organic phosphorus compounds increased from an i n i 
t i a l value of 22 to a maximum of 34, depending on phosphorus content. 
The experimental evidence showed that a l l species, with the pos s i b l e 
exception of red phosphorus, were a c t i v e as gas flame poisons and not 
i n the condensed phase. 

New Flame Retardants for Polycarbonates 

Highly e f f e c t i v e aromatic sulfonate s a l t f i r e retardant a d d i t i v e s f o r 
polycarbonate r e s i n s have been discovered by V. Mark at General E l e c 
t r i c . Mark i n v e s t i g a t e d a large number of inorganic and organic 
s a l t s of aromatic s u l f o n i
e f f e c t i v e n e s s was attaine
d i t i v e , such that the p h y s i c a l and mechanical properties of the poly
carbonate were not impaired. The oxygen index of the r e s i n increased 
from a value of 25 to 35 (e.g. with 0.1% of sodium or potassium 
2,4,5 trichlorobenzene s u l f o n a t e ) . UL-94 r a t i n g s of V-0 were ob
tained and commercial u t i l i t y was demonstrated (e.g. Lexan 940 poly
carbonate r e s i n - General E l e c t r i c ) (26). The mode of a c t i o n of the 
s a l t s has been studied for s p e c i f i c compounds (27) and, more r e 
cently, f o r polycarbonates of d i f f e r e n t structures and source (28). 
Evidence was presented (28) that aromatic sulfonates present i n cat a 
l y t i c amounts are capable of in c r e a s i n g the thermal degradation rate 
of polycarbonate and promoting the formation of a carbon l a y e r at the 
burning surface. Thus the heat-insulating properties of the expanded 
char (intumescence) are responsible f o r the observed flame r e s i s t a n c e 
of polycarbonates. A d d i t i o n a l examples of flame retardant systems 
that are e f f e c t i v e i n polycarbonates at very low concentration are 
documented i n the patent l i t e r a t u r e . S a l t s of ca r b o x y l i c acids have 
been claimed (29) and several systems are covered i n patents issued 
to Dow Chemical (30). These are b r i e f l y summarized below i n Table 
I I I . 

Table I I I . Selected Dow Chemical Patents on Flame 
Retardants f o r Polycarbonates 

Patent No. (Year) Additive Amount (%) 
Oxygen Index 

(%o2) 

4,254,015 (1981) Metal s a l t of 0.05-0.2 29-40 
aromatic sulfonamide 

4,335,038 (1982) Metal perfluoroborate 0.01-0.03 27-38 
(+ Organosilane) (0.01-0.05) 

4,366,283 (1982) P e r f l u o r o t i t a n a t e 0.01-0.10 29-41 
(metalate) 

4,486,560 (1984) Metal s a l t of aromatic T o t a l 0.01- 26-39 
sulfonamide (+ metal 1.0 
s a l t of perfluorometal-
ate + halogenated organic 
compounds) 
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Extraordinary e f f e c t i v e n e s s has also been claimed f o r i r o n h a l 
ides i n polyphenylene oxide/polystyrene blends (40/60 to 60/40 (31), 
but much of the work on low concentration a d d i t i v e s to date has been 
devoted to polycarbonates. 

An example of a d i r e c t comparison of performance properties with 
and without added flame retardants f o r "New i g n i t i o n r e s i s t a n t poly
carbonate r e s i n s " i s provided i n a paper by workers at the Dow Chemi
c a l Company (32). The technology of the flame retardant a d d i t i v e s i s 
described as i n c l u d i n g 

1. Organic a l k a l i metal s a l t s of the 
" + 

s t r u c t u r e kx — S — N M 
tt i 
o R 

M = a l k a l i metal 
Ar = aromatic group 
R = s u b s t i t u t e

2. A polymeric organobromin
3. O p t i o n a l l y , p o l y t e t r a f l u o r e t h y l e n

ping) 
T o t a l a d d i t i v e loadings r a r e l y exceed 1% of the f i n i s h e d r e s i n . 

The c r i t e r i a f o r i g n i t i o n r e s i s t a n c e are based on oxygen index and 
UL-94 r a t i n g s . The mode of a c t i o n of the flame retardants i s r e 
ported to be consistent with that of aromatic sulfonates as proposed 
by Webb (27). 

I l l u s t r a t i v e performance properties f o r a "general purpose poly
carbonate," and f o r the same r e s i n modified with the a d d i t i v e formu
l a t i o n s "700" (without PTFE) and "800" (with PTFE) are summarized i n 
Table IV (adapted from reference 32). It i s c l e a r that the o b j e c t i v e 
of minimal e f f e c t on performance properties has been at t a i n e d f o r 
t h i s system. I t i s evident that flame retardant e f f e c t i v e n e s s a t 
tained with minimal l e v e l s of a d d i t i v e can provide optimum s o l u t i o n s 
to the problem of decreasing flammability without s a c r i f i c e i n per
formance p r o p e r t i e s . Work documented to date suggests that i n depth 
studies of thermal degradation such as reported f o r aromatic s u l f o 
nates i n polycarbonates (28) would be rewarding for other systems. 

Conclusions 

In conclusion, the predominantly aromatic structure of engineering 
thermoplastics developed as thermally stable materials f o r advanced 
a p p l i c a t i o n s i s such that flame r e s i s t a n c e has not generally been a 
major concern. In some instances (notably i n PPO/polystyrene blends 
and i n polycarbonates), flame retardant grades have been developed to 
meet the requirements of s p e c i f i c a p p l i c a t i o n s . Approaches have 
ranged from those based on the t r a d i t i o n a l knowledge of flame r e t a r d 
ant e f f e c t i v e n e s s (e.g. oligomers of high bromine content) to the ex
p l o r a t i o n of new concepts (e.g. aromatic s u l f o n a t e s ) . Recent work 
suggests that complex formulations merging several compounds and 
modes of a c t i o n may a t t a i n the desired o b j e c t i v e of flame r e s i s t a n c e 
at a d d i t i v e concentrations which are s u f f i c i e n t l y low to avoid change 
i n the e s s e n t i a l performance properties of the r e s i n s . 
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Chapter 17 

Brominated Phosphate Ester Flame Retardants 
for Engineering Thermoplastics 

Joseph Green 

FMC Corporation, P.O. Box 8, Princeton, NJ 08543 

A brominated triaryl phosphate ester was shown to be a 
highly efficient flam
engineering plastic
polybutylene terephthalate, polyethylene terephthalate, 
and various alloys including polycarbonate/ABS. In 
some resins antimony oxide or sodium antimonate is not 
required or desirable. The brominated phosphate has 
excellent thermal stability and also does not discolor 
at high processing temperature. Processing studies 
show the flame retardant disperses readily and aids 
processability. Flammability data, mechanical 
properties, impact, and HDT are reported for various 
resins and compared with resins containing commercial 
bromine-containing flame retardants. 

The combustion of gaseous f u e l s i s b e l i e v e d to proceed v i a a free 
r a d i c a l mechanism ( 1 , 2 ) . A number of propagating and chain-
branching reactions are c r i t i c a l f o r maintaining the combustion 
process. Some of these reactions are i l l u s t r a t e d below: 

CH 4 + 0 2 

H + 0 2 

CH 4 + OH 

CH 3 + 0 

CH 20 + OH 

HCO + 0 2 

CO + OH 

CH 3 + H + 0 2 

OH + 0 

CH 3 + H 20 

CH 20 + H 

CHO + H 20 

H + CO + 0 2 

C0 2 + H 

0097-6156/90AM25-O253$06.00y0 
© 1990 American Chemical Society 
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Here H, OH and 0 r a d i c a l s are chain c a r r i e r s , and the r e a c t i o n of 
H r a d i c a l with 0 2 i s an example of chain branching i n which the 
number of c a r r i e r s i s increased. The r e a c t i o n of CO with OH r a d i c a l 
converting CO to C0 2 i s a p a r t i c u l a r l y exothermic r e a c t i o n . 

The f u n c t i o n of halogen-containing compounds as flame retardants 
has been explained by the r a d i c a l trap theory. L i b e r a t e d halogen 
a c i d (HX) competes i n the above reactions f o r those r a d i c a l species 
that are c r i t i c a l f o r flame propagation. 

CH 4 + X ^ HX + CH 3 

H + HX • H 2 + X 

OH + HX ^ H 20 + X 

0 + HX ^ OH + X 

The a c t i v e chain c a r r i e r
halogen r a d i c a l slowing the rate of energy production and h e l p i n g 
flame extinguishment. 

Antimony oxide i s known as a flame retardant s y n e r g i s t when used 
i n combination with halogen compounds. V o l a t i l e antimony oxyhalide 
(SbOX) and/or antimony t r i h a l i d e (SbX 3) are formed i n the condensed 
phase and transport the halogen i n t o the gas phase (3). I t has been 
suggested that antimony i s also a h i g h l y a c t i v e r a d i c a l trap (4). 

The flame retardant mechanism f o r phosphorus compounds v a r i e s 
with the phosphorus compound, the polymer and the combustion 
conditions (5). For example, some phosphorus compounds decompose to 
phosphoric acids and polyphosphates. A viscous surface glass forms 
and s h i e l d s the polymer from the flame. I f the phosphoric a c i d 
reacts with the polymer, e.g., to form a phosphate e s t e r with 
subsequent decomposition, a dense surface char may form. These 
coatings serve as a p h y s i c a l b a r r i e r to heat t r a n s f e r from the flame 
to the polymer and to d i f f u s i o n of gases; i n other words, f u e l (the 
polymer) i s i s o l a t e d from heat and oxygen. 

T r i a r y l phosphate esters are thermally st a b l e , h i g h - b o i l i n g 
(>350°C) mat e r i a l s . They can v o l a t i l i z e without s i g n i f i c a n t 
decomposition i n t o the flame zone, where they decompose. Flame 
i n h i b i t i o n r e a c t i o n s , s i m i l a r to the halogen r a d i c a l trap theory, 
have been proposed (6): 

H 3P0 4 ^ HP0 2 + PO + etc. 

H + PO ^ HPO 

H + HPO ^ H 2 + PO 

OH + PO • HPO + 0 

In modified polyphenylene oxide, the preponderance of evidence 
suggests that the phosphate ester flame retardant functions mainly i n 
the gas phase (2) as a r a d i c a l trap to help quench the flame. 

The patent l i t e r a t u r e contains many claims f o r halogen/phosphorus 
synergy. A c a r e f u l examination of the data does not support these 
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claims. Nevertheless, the a d d i t i v e e f f e c t with a l i p h a t i c c h l o r i n e 
r e s u l t s i n a flame retardant system of considerable commercial 
s i g n i f i c a n c e f o r urethane polymers. 

Commercially a v a i l a b l e flame retardants include c h l o r i n e - and 
bromine-containing compounds, phosphate est e r s , and c h l o r o a l k y l 
phosphates. Recent entry in t o the market place i s a blend of an 
aromatic bromine compound and a phosphate ester (DE-60F Special) f o r 
use i n f l e x i b l e polyurethane foam (8). This paper describes the use 
of a brominated aromatic phosphate ester, where the bromine and 
phosphorus are i n the same molecule, i n high temperature 
thermoplastic a p p l i c a t i o n s . 

We p r e v i o u s l y reported that brominated aromatic phosphate esters 
are h i g h l y e f f e c t i v e flame retardants f o r polymers containing oxygen 
such as polycarbonates and polyesters (9). Data were reported f o r 
use of t h i s phosphate ester i n polycarbonates, p o l y e s t e r s and 
blends. In some polymer systems, antimony oxide or sodium 
antimonate could be deleted
work and expands into polycarbonat
terephthalate (PBT), polyethylene terephthalate (PET) and 
a c r y l o n i t r i l e - b u t a d i e n e - s t y r e n e (ABS). 

D e s c r i p t i o n of Flame Retardants 

Three flame retardants were compared i n t h i s study, namely, a 
brominated polycarbonate oligomer (58% bromine), a brominated 
polystyrene (68% bromine), and a brominated t r i a r y l phosphate ester 
(60% bromine plus 4% phosphorus). These are described i n Table I. 
Figures 1 and 2 compare the thermal s t a b i l i t y of the brominated 
phosphate with commercial bromine-containing flame retardants by 
thermogravimetric a n a l y s i s (TGA) and by d i f f e r e n t i a l scanning 
calorimetry (DSC). The brominated phosphate melts at 110°C and 
shows a 1% weight lo s s at 300°C. Brominated polycarbonate and 
brominated polystyrene are polymeric and are not as v o l a t i l e at 
elevated temperatures as the monomeric flame retardants. 

Brominated phosphate heated i n a glass tube i n a i r at 300°C f o r 
30 minutes remains a water-white l i q u i d . This was compared with 
commercial bromine-containing flame retardants which melt; they a l l 
turn c o l o r . The e x c e l l e n t c o l o r s t a b i l i t y of t h i s brominated 
phosphate ester makes i t s u i t a b l e f o r the high temperature 
processing of engineering p l a s t i c s . 

The s o l u b i l i t i e s of the flame retardants i n toluene are shown i n 
Table I. I t i s b e l i e v e d that the high s o l u b i l i t y of the phosphate 
i n an aromatic solvent accounts i n part f o r the ease of compounding 
in t o various aromatic r e s i n s . This i s discussed f u r t h e r i n the 
s e c t i o n on compounding. 

Flame Retardant Polycarbonates 

The brominated phosphate i s an e f f i c i e n t flame retardant f o r 
polycarbonate r e s i n . UL-94 rat i n g s of V-0 with oxygen index values 
of greater than 40 are obtained. Polycarbonate r e s i n containing 
brominated phosphate processes with greater ease than r e s i n 
containing brominated polycarbonate as measured by i n j e c t i o n molding 
s p i r a l flow measurements. The heat d i s t o r t i o n temperature i s reduced 
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and the high Gardner impacts are retained. The r e s u l t a n t products 
are transparent and water-white (Table I I ) . 

Table I. Flame Retardant D e s c r i p t i o n 

Toluene 
Trade % % M.P. S o l u b i l i t y 

D e s c r i p t i o n Name Br P °C p/100* 
Brominated 
polycarbonate BC-58 58 - 230-260 7 
oligomer 

Brominated 
polystyrene 68PB 68 - 215-225 1 0.2 

Brominated 
aromatic PB-46
phosphate ester 

Softening Point 

Table I I . Flame Retarding Polycarbonate Resin 

Polycarbonate Resin 
Brominated polycarbonate 
Brominated phosphate 

93 
7 

93 

Oxygen Index 
UL-94, r a t i n g (1/16") 

time, sec. 

32.1 
V-0 
3.8 

>39.6 
V-0 
2.4 

Heat D i s t o r t i o n Temp. 
@ 264 p s i , °F 
Gardner Impact, i n . l b s . 

261 
>320 

239 
>320 

S p i r a l Flow, 
I n j . Molding, i n . 23.5 29.5 

transparent, water-white 

Flame retardant sulfonate s a l t polycarbonate r e s i n gives a UL-94 
r a t i n g of V-0 at 1/16 inch thickness. At 1/32 inch thickness, 
however, the product drips to give a V-2 r a t i n g . The a d d i t i o n of 3% 
brominated phosphate renders the product V-0 at 1/32 inch t h i c k 
(Table I I I ) . 

Flame Retardant Polvbutvlene Terephthalate (PBT) 

Mineral f i l l e d PBT polyester r e s i n containing 12% brominated 
phosphate and 4% antimony oxide y i e l d s a V-0 product with a 29.7 
oxygen index. A product containing 16% brominated phosphate and 
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no antimony oxide i s also V-0 with a 31.2 oxygen index. The use of 
brominated polycarbonate requires the use of antimony oxide as a 
s y n e r g i s t . This shows phosphorus to be h i g h l y e f f e c t i v e as a flame 
retardant i n PBT (Table IV). The advantages of e l i m i n a t i n g antimony 
oxide are numerous. The lower oxygen index values f o r the systems 
containing both phosphorus and halogen have been reported (9). 

Table I I I . Flame Retardant Polycarbonate Resin 

FR Polycarbonate 100 99 99 
(sulfonate s a l t ) 

Brominated phosphate - 1 3 

Oxygen Index 33.6 34.8 37.5 

UL-94 
@ 1/16" r a t i n g 

sec. 1.2 1.9 0.9 

@ 1/32" r a t i n g V-2 V-2 V-0 
sec. 4.7 2.4 1.4 

Melt Index, g/10 min. 
(250°C) 7.0 - 9.1 

Table IV. Flame Retarding M i n e r a l - F i l l e d PBT 

PBT Mineral F i l l e d 84 84 84 84 
Brominated polycarbonate 12 - 16 -
Brominated phosphate - 12 - 16 
Antimony Oxide 4 4 - -

Oxygen Index 31.8 29.7 29.1 31.2 
UL-94, Rating (1/16") V-0 V-0 B V-0 

Time, sec. 0 3.7 - 3.1 

With 30% glass f i l l e d PBT, brominated phosphate requires the use 
of antimony oxide. A d r i p i n h i b i t o r was used i n these studies and 
as l i t t l e as 0.3% T e f l o n 6C f i b r o u s powder i s adequate to i n h i b i t 
d r i p p i n g . As l i t t l e as 10% brominated phosphate w i l l give a V-0 
product (Table V). 

The three flame retardants are compared i n Table VI. Brominated 
phosphate disperses r e a d i l y i n the r e s i n presumably due to i t s high 
s o l u b i l i t y i n aromatics. Resin containing brominated polycarbonate 
i s r e l a t i v e l y d i f f i c u l t to process as measured by i n j e c t i o n molding 
s p i r a l flow measurements. 

Properties of the r e s i n s are s i m i l a r with the brominated 
phosphate containing r e s i n showing a s l i g h t l y lower heat d i s t o r t i o n 
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temperature and a s l i g h t l y higher Izod impact. The f l e x modulus i s 
lowest f o r the brominated phosphate containing r e s i n . 

Flame Retardant Polyethylene Terephthalate (PET) 

Table VII shows that sodium antimonate i s a n t a g o n i s t i c with the 
phosphorus/bromine compound i n 30% glass f i l l e d PET p o l y e s t e r r e s i n . 

Table V. Flame Retarding Glass F i l l e d PBT 

PBT/30% Glass 86. ,5 82. 5 86. 5 82. 5 
Brominated Polystyrene 10 14 - -
Brominated Phosphate - - 10 14 
Antimony Oxide 3. .5 3. ,5 3. ,5 3. .5 
T e f l o n 6C 0 5 0 5 0 5 0 5 

Oxygen Index 

UL-94, Rating (1/16") V-•0 V-•0 V-•0 V-•0 
Sec. 1. .4 0. .2 2. ,4 1. .6 

Table VI. Flame Retardant PBT/30% Glass 

PBT/30% Glass 82.5 82.5 82.5 
Antimony Oxide 3.5 3.5 3.5 
T e f l o n 6C 0.3 0.3 0.3 
Brominated Phosphate 14 -
Brominated Polystyrene 14 
Brominated Polycarbonate - - 14 

UL-94, r a t i n g (1/16") V-0 V-0 V-0 
sec. 0.9 0 0.1 

Oxygen Index 29.7 32.7 33.0 

HDT, 264 p s i , °C 197 204 200 

Izod Impact (1/8") 1.3 1.0 1.1 

S p i r a l Flow, i n . * 47 46 37 

Melt Index, g/10 min. 
(250°C) 13.6 13.0 12.5 

Flex Strength, p s i 24,600 22,800 26,500 
Flex Modulus x 10 6 p s i 0.83 1.13 1.15 

^Control (no FR) gives 48 inches flow 
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V-0 products with high oxygen index values are obtainable using 
brominated phosphate alone. PET f i b e r s can be r e a d i l y spun and the 
r e s u l t i n g f i b e r i s white. 

Flame Retardant Polvcarbonate/PBT Polyester Blend 

A 50/50 blend of polycarbonate r e s i n and PBT p o l y e s t e r c o n t a i nin g 
13.5% brominated phosphate and no antimony oxide r e s u l t s i n a 
product with a V-0 r a t i n g and an oxygen index of 33. An equivalent 
product containing brominated polycarbonate has a low oxygen index 
and burns i n the UL-94 t e s t (Table V I I I ) . 

Various blend r a t i o s of polycarbonate and PBT p o l y e s t e r were 
flame retarded with the three flame retardants. These data are 
shown g r a p h i c a l l y i n Figure 3. Brominated phosphate i s the most 
e f f i c i e n t and brominated polycarbonate the l e a s t e f f i c i e n t flame 
retardant. At a 50/50 r a t i o of polycarbonate/PBT, brominated 
phosphate i s s i g n i f i c a n t l
polystyrene. 

Flame Retardant Polvcarbonate/PET Polyester A l l o y 

The flame retardant performance of the three flame retardants i n a 
commercial polycarbonate/PET polyester a l l o y were compared. 
Brominated phosphate i s a very e f f i c i e n t flame retardant as 
measured by oxygen index and UL-94 (Table IX and Figure 4). The 
melt index of the r e s i n does not change with the a d d i t i o n of 
brominated polycarbonate, doubles with brominated polystyrene, and 
doubles again with brominated phosphate (Table IX). 

Brominated phosphate was also evaluated i n a commercial glass 
f i l l e d polycarbonate/PET p o l y e s t e r a l l o y . A concentration of 10% 
gives a V-0 r a t i n g with an oxygen index value of about 35 (Table X). 

Flame Retardant Polvcarbonate/ABS A l l o y 

The flame retardant performance of various flame retardant a d d i t i v e s 
i n a commercial polycarbonate/ABS a l l o y were compared. No antimony 
oxide was required. The data shows brominated phosphate to be a 
h i g h l y e f f i c i e n t flame retardant i n t h i s a l l o y (Table XI). An a l l o y 
composition containing 14% brominated phosphate and no antimony 
oxide gives a V-0 r a t i n g (Table X I I ) . The melt index of t h i s a l l o y 
c ontaining 12% brominated polystyrene was 7.6 g/10 min. (at 250°C); 
the equivalent r e s i n containing brominated phosphate had a melt 
index of 13.3 g/10 min. 

Compounding C h a r a c t e r i s t i c s 

I t was observed that brominated phosphate blends e a s i l y i n t o various 
r e s i n s i n a s i n g l e or twin screw extruder. Compounding rates a l s o 
are increased. I t has been assumed that t h i s i s p a r t l y due to i t s 
high degree of s o l u b i l i t y i n aromatic solvent. This i s i n con t r a s t 
with the polymeric flame retardants which are more d i f f i c u l t to 
incorporate or compound into various r e s i n s . 

A study was conducted i n a Brabender P l a s t i c - C o r d e r . Brominated 
phosphate was compared with the polymeric flame retardants brominated 
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polycarbonate and brominated polystyrene. Various r e s i n s with and 
without glass were used and the temperature adjusted f o r the r e s i n . 

When the polymeric flame retardants are added i n increments, the 
v i s c o s i t y increases to a point and then decreases and plateaus as 
the o r i g i n a l v i s c o s i t y or at a higher v i s c o s i t y . When brominated 
phosphate i s added i n increments, the v i s c o s i t y decreases 
immediately and then plateaus, at a lower v i s c o s i t y than the 
s t a r t i n g v i s c o s i t y . 

Table VII. Flame Retardant PET/30% Glass Resin 

PET/30% Glass 82 80 80 
Brominated Phosphate 18 20 15 
Sodium Antimonate - - 5 
T e f l o n 6C 0.
Oxygen Index 
UL-94, r a t i n g (1/16") 

sec. 1. 2 0.1 5.1 

Table VIII. Flame Retarding Polyca rbonate/PBT Blends 
(No Antimony) 

Polycarbonate 43 43 
PBT Polyester 43 43 
T e f l o n Powder 0.5 0.5 
Brominated Polystyrene 13.5 -
Brominated Phosphate - 13.5 
Oxygen Index 24.8 33.0 
UL-94, r a t i n g (1/16") Burn V-0 

time, sec. 0.9 

Table IX. Flame Retarding Polycarbonate/PET Polyester A l l o y 

Polycarbonate/PET A l l o y 90 86 90 86 90 86 
Brominated Polycarbonate 10 12 - - -
Brominated Polystyrene - - 10 12 - -
Brominated Phosphate - - - 10 12 
T e f l o n 6C 0.5 0.5 0.5 0.5 0. 5 0.5 
Oxygen Index 27.3 27.9 30.6 30.9 31. 2 35.4 
UL-94, Rating (1/16") V - l V - l V-0 V-0 V-•0 V-0 

sec. 11.3 6.1 1.0 2.7 4. .9 2.3 
Melt Index, g/10 min.* - 20 37 - 71 
(275°C) 

* V i r g i n r e s i n - 24 g/10 min. 
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CONCENTRATION OF POLYCARBONATE (%) 

Figure 3. Flame Retarding Polycarbonate/PBT Polyester Blends 
(12% Flame Retardant) 
1. brominated polycarbonate oligomer; 2. brominated polystyrene 
3. brominated aromatic phosphate ester 

Figure 4. Flame Retarding Polycarbonate/PET Polyester A l l o y 
1. brominated polycarbonate oligomer; 2. brominated polystyrene; 
3. brominated aromatic phosphate ester 
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Conclusions 

A brominated t r i a r y l phosphate ester was shown to have e x c e l l e n t 
thermal s t a b i l i t y and e x c e l l e n t r e t e n t i o n of c o l o r a f t e r high 
temperature processing. I t i s a h i g h l y e f f i c i e n t flame retardant i n 
engineering thermoplastics and a l l o y s such as polycarbonates, PBT 
pol y e s t e r , PET polyester, and polycarbonate a l l o y s with PBT, PET, 
and ABS. With many polymers antimony oxide or sodium antimonate i s 
not needed presumably due to the presence of the h i g h l y e f f e c t i v e 
phosphorus. Brabender P l a s t i - C o r d e r studies show the brominated 
t r i a r y l phosphate ester to blend e a s i l y i n t o the aromatic r e s i n s , 
presumably due to i t s high s o l u b i l i t y i n aromatic solvent, u n l i k e 
polymeric flame retardants which can be d i f f i c u l t to blend i n t o the 
engineering thermoplastics. This confirms the ease of compounding 
observed i n a s i n g l e or twin screw extruder. Increased melt index 
and greater s p i r a l flow when brominated t r i a r y l phosphate ester i s 
used confirms the ease of i n j e c t i o  moldin  observed

Table X. Flame Retarding Polycarbonate/PET Polyester 
A l l o y - Glass F i l l e d 

Polycarbonate/PET A l l o y 90 86 82 
(20% Glass) 

Brominated Phosphate 10 14 18 
T e f l o n 6C 0.5 0.5 0. 5 

Oxygen Index 34.8 36.6 >39. 6 

UL-94, r a t i n g (1/16") V-0 V-0 V- 0 
sec. 1.9 2.5 0 

44/44 PC/30% glass f i l l e d PET plus 12% Brominated Phosphate gives 
V-0/0.9 sec.and 36.9 0.1. 

gives 

Table XI. Flame Retarding Polycarbonate/ABS A l l o y 

Polycarbonate/ABS A l l o y 82. .5 82.5 82.5 82 .5 
T e f l o n 6C 0. .5 0.5 0.5 0 .5 
Brominated Polycarbonate 17. ,5 - - -
bis-(tribromophenoxy)ethane 17.5 - -
Brominated Polystyrene - 17.5 -
Brominated Phosphate - - 17 .5 

Oxygen Index 26. ,4 27.0 27.0 28 .2 

UL-94, Rating (1/16") V-•1 V-0 V-0 V--0 
sec. 22 2.0 2.6 1 .4 
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Table XII. Flame Retarding Polycarbonate/ABS A l l o y 

Polycarbonate/ABS A l l o y 86 86 86 

Brominated Polystyrene 10 - -

Brominated Phosphate - 10 14 

Antimony Oxide 4 4 -

Oxygen Index 27.0 26.1 25.8 

UL-94, Rating (1/16") V-0 V-0 V-0 
sec. 0.8 0.1 1.3 
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Chapter 18 

Polymers with Improved Flammability 
Characteristics 

W. T. Whang and Ε. M. Pearce 

Polymer Research Institute, Polytechnic University, Brooklyn, NY 11201 

The flame resistance of polymeric materials was 
enhanced with th
and the incorporatio  polymer
with more fused heterocyclic structures showed higher 
thermal stability and more char yield, thus - poly
benzoxazole > poly(2,4-difluoro-1,5-phenylene tri
mellitic amide-imide) > poly(2,4-difluoro-1,5-phenyl
ene isophthalamide). The poly(amide-imide) showed 
good solubility in Ν,Ν-dimethyl acetamide and Ν,N
-dimethyl formamide with better processability than the 
polyamide. Among the investigated additives zinc 
chloride was the best additive to improve the flame 
resistance of nonsubstituted poly(1,3-phenylene iso
phthalmide) (PMI). The material system increase 40% 
of the char yield and 5 units of the oxygen index 
when compared with a pure PMI. 

U s u a l l y the thermal s t a b i l i t y of çolymeric m a t e r i a l s i s r e l a t e d 
to the c h e m i c a l bond s t r e n g t h . ^ Thermal s t a b i l i t y can be 
enhanced w i t h stronger bond strength which can be achieved using 
resonance s t a b i l i z a t i o n i n condensed r i n g s t r u c t u r e s . Although 
many p u b l i c a t i o n s have discussed s t r u c t u r e r e l a t i o n s h i p s and 
the r m a l s t a b i l i t y , few of them have p r e s e n t e d s y s t e m a t i c 
c o r r e l a t i o n s . We were i n t e r e s t e d i n f u r t h e r c o r r e l a t i n g 
s t r u c t u r e , thermal s t a b i l i t y , and flame r e s i s t a n c e of a s e r i e s 
polymers, which e x h i b i t e d a s i m i l a r i t y i n the mechanism of 
the r m a l d e g r a d a t i o n . When p o l y ( 2 , 4 - d i f l u o r o - 1 , 5 - p h e n y l e n e 
t r i m e l l i t i c araide-imide) and p o l y ( 2 , 4 - d i f l u o r o - 1 , 5 - i s o p h t h a l -
amide) were p y r o l y z e d a t 400 - 500°C, i t was found t h a t 
benzoxazole groups were generated on the backbone of these two 
polymers.^3 I t i s a l s o very i n t e r e s t i n g that the onset of the 
second-step decomposition of these two polymers was cl o s e to that 
of polybenzoxazole. 
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Experimental 

Monomer Prep a r a t i o n and Solvent Preparation 

1,3-phenylene diamine 

1.3- phenylene diamine was p u r i f i e d by vacuum subl i m a t i o n to 
e s s e n t i a l l y white s o l i d s . (m.p 62.5-63°C). 

2.4- difluoro-1,5-phenylene diamine 

This diamine was prepared from 2 , 4 - d i n i t r o - l , 5 - d i f l u o r o benzene 
by a c a t a l y t i c r e duction over SnCl^/HCl at 50-60oC f o r 3 hours.^ 
The diamine was r e c r y s t a l l i z e d from benzene to y i e l d a w h i t e 
product (mp. 112.5-113 UC). 

2.4-diamino-l,5-benzenedio

m-Phenylene d i a c e t a t e was d i s s o l v e d slowly i n 4 to 5 times i t s 
volume of fuming n i t r i c a c i d while c o o l i n g with an i c e water bath 
f o r 2 or 3 minutes. The s o l u t i o n was poured onto cracked i c e , 
f i l t e r e d Immediately, then washed with b o i l i n g a l c o h o l . The 
yellow s o l i d was s a p o n i f i e d by b o i l i n g i t i n 30% h y d r o c h l o r i c 
a c i d s o l u t i o n f o r 30 minutes. R e c r y s t a l l i z a t i o n from water gave 
yellow needles of 2 , 4 - d i n i t r o - l , 5 - b e n z e n e d i o l w i t h mp. 212-213°C. 
2 , 4 - D i n i t r o - 1 , 5 - b e n z e n e d i o l was then reduced w i t h stannous 
c h l o r i d e i n concentrated h y d r o c h l o r i c acid at 50-60°C. At the 
beginning, the s o l u t i o n was c l e a r , then some wh i t e c r y s t a l s 
p r e c i p i t a t e d form the r e a c t i o n s o l u t i o n . A f t e r c o o l i n g , the 
r e s u l t a n t p r e c i p i t a t e was c o l l e c t e d by f i l t r a t i o n and washed with 
cold water to give 2 ,4-diao:ino-l, 5-benzenediol dihydrochloride-no 
mp. before i t decomposed above 2uC°C. 

Acid C hlorides 

I s o p h t h a l o y l c h l o r i d e was r e c r y s t a l l i z e d from n-hexane, which was 
d i s t i l l e d over sodium wire. 
T r i m e l l i t i c a n h y d r i d e a c i d c h l o r i d e was p u r i f i e d by reduced 
pressure d i s t i l l a t i o n . 

N,N-Dimethylacetamide 

C o m m e r c i a l l y a v a i l a b l e Ν, N-dimethylacetamide was p u r i f i e d by 
vacuum d i s t i l l a t i o n over calcium hydride to c l e a r , c o l o r l e s s 
l i q u i d s and then kept dry i n a d e s i c c a t o r . 

Preparation of Poly(phosphoric a c i d ) 

Poly(phosphoric acid) was prepared by adding a 1.52/1 weight 
r a t i o of phosphorus pentoxide to 85% phosphoric a c i d i n i c e bath 
and then h e a t i n g a t 150°C f o r 6 hours, with s t i r r i n g under 
nitrogen atmosphere. 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



268 F I R E A N D P O L Y M E R S 

P o l y m e r i z a t i o n 

P o l y ( 2 , 4 - d i f l u o r o - 1 . 5-phenylene isophthalamide) and poly(1.3-
phenylene isophthalamide 

The diamine was d i s s o l v e d i n Ν,N-dimethyl-acetamide by s t i r r i n g 
under a nitr o g e n stream. A f t e r the diamine was c o m p l e t e l y 
d i s s o l v e d , equal moles of i s o p h t h a l o y l c h l o r i d e was added a l l at 
once. S t i r r i n g was continued f o r about three hours a f t e r which 
the r e a c t i o n mixture was poured i n t o hot water and magnetically 
s t i r r e d . The polymer was washed with hot water at l e a s t three 
times and then extracted with acetone to remove low molecular 
weight sp e c i e s . The polymer was d r i e d i n vacuum oven at about 
70°C overnight. 

Poly(2,4-difluoro-1,5-phenylene t r i m e l l i t i c amide-imide 

Poly(2 ,4-dif luoro-1,5,phenylen
prepared by a two-step procedure · *2 At the f i r s t step, the 
polyamic a c i d was prepared by r e a c t i n g 2 ,4-difluoro-1,5-phenylene 
diamine with t r i m e l l i t i c anhydride a c i d c h l o r i d e (with the mole 
r a t i o of one to one) i n anhydrous Ν, N-dime thy l a c e t amide at room 
temperature under nit r o g e n . A f t e r r e a c t i o n , the polymer was 
poured i n t o water and p r e c i p i t a t e d . A f t e r f i l t r a t i o n , the white 
s o l i d was washed with d i s t i l l e d water and d r i e d i n a vacuum oven. 
The poly(amide-imide) was obtained from heating the polyamic a c i d 
at 220°C f o r 3 hours. The polyamic a c i d was d i s s o l v e d i n N,N-
dimethyl acetamide or Ν,Ν-dimethyl formamide, c a s t on g l a s s 
p l a t e s , and the solvent evaporated i n a vacuum oven to form a 
polyamic a c i d f i l m before heating at 220°C. 

Poly[benzo(1,2-d: 5,4-d']-l,3-phenylene 

E q u i m o l a r q u a n t i t i e s of 2 , 4 - d i a m i n o - l , 5 - b e n z e n e d i o l 
d i h y d r o c h l o r i d e and i s o p h t h a l i c a c i d were mixed i n f r e s h poly 
(phosphoric a c i d ) using a high-shear s t i r r e r under a slow stream 
of n i t r o g e n gas. The system was heated at 40°C f o r 6 hours, at 
60°C f o r 18 hours, at 12D°C f o r 6 hours, at 160°C f o r 8 hours, 
and at 220°C f o r 24 hours. The r e s u l t a n t mixture was dark brown. 
The polymer was p r e c i p i t a t e d from water. A f t e r f i l t r a t i o n and 
washing w i t h water and methanol, the s o l i d product was then 
d i s s o l v e d i n methane-sulfonic a c i d , f i l t e r e d and p r e c i p i t a t e d by 
the a d d i t i o n of methanol. The s o l i d was washed with concentrated 
ammonium hydroxide, water, methanol, methanol/benzene m i x t u r e s 
(with a volume r a t i o of 1/1), and f i n a l l y benzene. The f i n a l 
product was dark brown. 

C h a r a c t e r i z a t i o n 

The polymers were c h a r a c t e r i z e d by IR spectra i n KBr p e l l e t s . A 
D i g i l a b FTS-IMX I n f r a r e d Spectrometer was used f o r t h i s purpose. 
The oxygen i n d i c e s of the polymers were measured by using the 
General E l e c t r i c oxygen index equipment. The oxygen index (01) 
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i s defined as che minimum concentration of oxygen i n an oxygen-
nitrogen atmosphere that i s necessary to support a flame. 

volume of O2 
01 = x 100 

volume of 0^ + volutie of N2 

A DuPont 910 d i f f e r e n t i a l scanning c a l o r i m e t e r (DSC) and a DuPont 
951 thermogravimetric analyzer (TGA) connected to a DuPont 1090 
thermal analyzer tfftre used to study the t r a n s i t i o n data, thermal 
s t a b i l i t y , and char y i e l d , r e s p e c t i v e l y , f o r a l l the polymers. 
The DSC was run under a nitrogen stream at a flow rate of 80 
c.c./min. and at a heating rate of 20°C/min.. 

Results and Discussions 

The c h e m i c a l s t r u c t u r e
using FT-IR. Poly(1,3-phenylen
(2,4-difluoro-l,5-phenylene isophthalamide) (2,4-DIF-PMI) showed 
N-H s t r e t c h i n g bands at 3400-3200 cm"1 and C==0 s t r e t c h i n g 
bands(amide I) at 1630-1650 cm"1. Poly(2,4-difluoro-1,3-phenyl
ene t r i m e l l i t i c amide-imide) (2,4-DIF-PMTAI) showed a d d i t i o n a l 
bands at 1740 and 1796 cm"1 corresponding to imide C==0 s t r e t c h 
ing band at 1625 cm"1 and C-O-C s t r e t c h i n g bands at 1255 and 1050 
cm"1. 

As shown i n Figure 1, the onset of decomposition temperature 
was i n t h i s order: polybenzoxazole > 2,4-DIF-PMTAI> 2,4-DIF-PMI. 
The char y i e l d of these polymers followed the same sequence. I t 
showed that the i n t r o d u c t i o n of more fused h e t e r o c y c l i c r i n g s 
i n t o the backbone of the polymers enhanced the thermal s t a b i l i t y 
and flame r e s i s t a n c e of polymeric m a t e r i a l s . 

I t was i n t e r e s t i n g that 2,4-DIF-PMTAI and 2,4-DIF-PMI showed 
a two-step decomposition. The onset of decomposition a t the 
second step of these two polymers were c l o s e to each other. More 
i n t e r e s t i n g , they were a l s o close to the onset of decomposition 
of polybenzoxazole. We have confirmed that the decomposition of 
these two polymers at 400-550°C r e s u l t e d i n the formation of 
benzoxazole u n i t s on the backbone. 1^ 

The high thermal s t a b i l i t y and flame r e s i s t a n c e of polybenzoxa
zole were due to the resonance s t a b i l i z a t i o n of the aromatic and 
the h e t e r o c y c l i c s t r u c t u r e s , were co n t r i b u t e d s u b s t a n t i a l l y to 
high bond s t r e n g t h . 

The s o l u b i l i t i e s of 2,4-DIF-PMI and 2,4-DIF-PMTAI were 
f a i r l y good i n Ν,Ν-dimethyl acetamide and Ν,Ν-dimethyl foramide. 
The polybenzoxazole could not be d i s s o l v e d i n any organic solvent 
and concentrated s u l f u r i c a c i d could d i s s o l v e i t . 

Four Lewis acids and a r a d i c a l trapper were used as a d d i 
t i v e s i n PMI i n order to a l t e r n a t e the degradation mechanisms to 
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Figure 1. TGA of (a) polybenzoxazole (— — . — . ) , (b) 2,4-DIF-
PMTAI ( ) , and (c) 2,4-DIF-PMI( ) at a heating r a t e of 
20 uC/min under a nitrogen stream at 200 c.c./min. 
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favor the transformation of the polymer to char. The data on the 
thermal s t a b i l i t y and flame r e s i s t a n c e of PMI with and without 
10% a d d i t i v e s were shown i n Table 1. The dynamic TGA thermograms 
of PMI w i t h and without a d d i t i v e s were shown i n Figure 2. 

Table 1. E f f e c t of A d d i t i v e s i n PMI on 
Thermal S t a b i l i t y and Flammability 

Residue of 
the pure 

A d d i t i v e s IDT* a d d i t i v e at Char Y i e l d % 900°C a f t e r Oxygen 
10% ( ° C ) 900°C, (%) 700° 800° 900° C o r r e c t i o n * * Index 

_ 440 _ 51.1 47.5 45.2 45.5 83 
Clay 440 100 61.2 58.3 57.3 52.6 41 
Charcoal 440 100 
A 1 2 0 3 439 100 
Z n C l 2 416 5 63.4 60.8 59.2 65.2 43 
NiC12 422 16 52.6 50.0 48.2 52.4 39 

* IDT I n i t i a l decomposition temperature. 
* The char y i e l d a f t e r c o r r e c t i o n f o r the i n o r g a n i c a d d i t i v e . 

The thermal s t a b i l i t y of PMI with a d d i t i v e s i s not changed 
by the i n t r o d u c t i o n of c l a y , c h a r c o a l , AI2O3. These a d d i t i v e s 
were q u i t e s t a b l e over the temperature range under study (up 
900°C). The lower thermal s t a b i l i t y observed f o r the cases of 
Z n C l 2 and NiC12 as a d d i t i v e s may have r e s u l t e d from a change i n 
the degradation mechanism. 

The char y i e l d of 900°C, a f t e r c o r r e c t i n g f o r the a d d i t i v e s 
to give a corrected char y i e l d , was c a l c u l a t e d on the b a s i s of 
the f o l l o w i n g equation: 

Char Y i e l d of PMI Char Y i e l d Contributed 
with A d d i t i v e s from A d d i t i v e s 

Char Y i e l d = 
( a f t e r c o r r e c t i o n ) Weight F r a c t i o n of PMI before Degradation 

The char y i e l d c o n t r i b u t e d by the a d d i t i v e s alone was evaluated 
by measuring the residue obtained from the pure a d d i t i v e s by TGA. 

Based on the char y i e l d a f t e r c o r r e c t i o n , we found that a l l 
the a d d i t i v e s improved the char y i e l d of PMI. Z n C l 2 was 40% 
higher than that of pure PMI. The Z n C l 2 probably c a t a l y z e s the 
r e a c t i o n of cyano groups with i t s e l f or w i t h a r o m a t i c amide 
r i n g s , but we have not experimentally studied t h i s . 

The other four a d d i t i v e s gave 5-9% enhancement of char 
y i e l d s . Clay, N i C l 2 but were l e s s e f f i c i e n t . The oxygen i n d i c e s 
of PMI w i t h these a d d i t i v e s were higher than that of pure PMI, 
but d i f f e r e n c e s were not s i g n i f i c a n t . 
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Chapter 19 

Char Formation in Aromatic Engineering 
Polymers 

A. Factor 

Corporate Research and Development Center, General Electric Company, 
Schenectady, NY 12301 

Since charring is an important route to flame retardancy, 
research has been done to better understand why different 
aromatic engineering polymers yield differing amounts of char 
upon combustion. Studies were made using thermogravimetric 
analysis, differential scanning calorimetry, electron spin reso
nance, infrared and Raman spectroscopies, x-ray scattering, solid 
state 13C NMR and elemental analysis. These studies indicate 
that the polymers studied decomposed by a two step mechanism 
in which heating below ~ 550°C produces volatile tars and fuel 
gases and a primary char. Heating of this primary char above 
~ 550°C produces a carbonaceous residue whose structure is vir
tually independent of the structure of the original polymer and is 
best described as a conglomerate of loosely linked small graphi
tic regions. 

It is well known that char formation during polymer burning is an important 
mechanism by which polymers resist burning. For example Van Krevelen (1-2) 
has shown that a correlation exists between the oxygen index (OI) of a polymer 
containing no heteroelements and the amount of char it forms when pyrolyzed 
in the absence of air. As shown in Table I, a similar correlation is seen to hold 
for a number of common engineering thermoplastics. 

However, while char formation is recognized as an important mode in 
achieving flame retardancy, little progress has been made in increasing the 
flame resistance of synthetic polymers by increasing char formation without 
significantly modifying the structure of the polymer. Towards this end, a care
ful study has been made of the char forming process for three aromatic 
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Table I. % Char vs. OI 

OI % Char* 

56 54% 

c A c , B r c - r c 

ζ** 
31 29% 

^—( ^ 
C H , 

27 26% 

C H 3 A C H , BPA-PC 

O y - ^ C ^ C H ^ ' V / ' 

*̂ *0 \—f Ο PBT 
23 3% 

CH, 17 0% 
* % Residue in TGA in nitrogen at 700°C. 

engineering polymers with varying degrees of charring tendencies (cf. Table I), 
namely, BPA polycarbonate (BPA-PC), the polycarbonate from 1,1-dichloro-
2,2-bis(4-hydroxyphenyl)ethylene (BPC-PC) (3), and poly(2,6-dimethyl-
phenylene oxide) (PPE). 

Experimental 

Materials. The following resin samples were utilized in this study: BPA-PC, 
Lexan® 140 resin (Lexan is a registered trademark of the General Electric Co.), 
[η] = 0.50 dl/g; BPC-PC, [η] = 0.38 dl/g; and PPE, [η] = 0.50 dl/g. 

Char Preparation. Chars were prepared both by isothermal pyrolysis of 5 g 
samples of resin in a quartz boat heated in an atmosphere of flowing (0.5 
SCFM) N 2 in a quartz tube oven (N 2 pyrolysis chars) and by open combustion 
of 1 g samples of resin exposed to 2.8 watts/cm2 of radiant energy from an 
electric heating panel (4J5) (combustion or burn chars). All chars were finely 
ground with a glass mortar and pestle prior to analysis. 
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Analytical Methods. Photoacoustic (PA) FTIR spectra were run on a Nicolet 
7199 system equipped with a EG&G Photoacoustic Cell to obtain high resolu
tion spectra of dark chars (15). Raman IR spectra were obtained using SPEX 
Ramalog-10 Spectrometer. TGAs were run on a DuPont 9900 Thermal 
Analysis System scanning at 10°C/min in a N 2 atmosphere. DSCs were deter
mined using a DuPont 912 Dual Cell Differential Scanning Calorimeter scan
ning at 20°C/min in a N 2 atmosphere. Solid state 1 3 C NMR spectra (CPMAS) 
were obtained using a G E GN-300 NMR spectrometer at 75.4 MHz using a 
spin rate ~ 3.5 kHz and a cross polarization contact time of 1 ms. ESR were 
determined with a JEOL MEX-1 X-band electron spin resonance spectro
meter with 100 kHz field modulation using a Mn standard. 

Results and Discussion 

TGA and DSC Studies. Th
gases in polymer burning i
the effect of oxygen on char is better defined. Martel (7), for example, reports 
that while char formation for styrene polymers and aliphatic polyolefins is pro
moted by air, it had only a small effect on char formation in polymers contain
ing aromatic rings in their main chain. Accordingly, in this study all thermo
analyses were run under an inert N 2 atmosphere. The TGA's of the three 
polymers of interest (Figure 1 and Table II) indicate that decomposition occurs 
between 400-550°C. The results of an analogous DSC study are shown in 
Table II and indicate that while the decomposition of BPC-PC and PPE are 
quite exothermic, that of BPA-PC is at best only mildly exothermic. Indeed 
the high exothermicity of BPC-PC explains a "zippering" effect observed dur
ing its burning with the radiant combustion apparatus used in this study in 
which ignition is observed to start on one side of a sample and move rapidly 
across the sample as a straight burn front across the sample's top surface. 

Table II. Thermo-Analyses 

TGA ΔΗ 

Tio% 
% Char 

700° Residue 
DSC 

(cal/g) 

BPC-PC 500°C 54 -250 

PPE 460°C 29 -142 

BPA-PC 550°C 26 ~ 0 

Key: Τ^% - Temperature at 10% weight loss. 

Elemental Analyses. The elemental analyses for both the N 2 pyrolysis chars 
and the combustion chars are reported in Table III and Figure 2. Plots of the 
% residue from the BPA-PC and BPC-PC N 2 pyrolyses studies are seen to 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



19. F A C T O R Char Formation in Aromatic Engineering Polymers 277 

100 

90 

80 

70 

60 

X 
e> 50 

40 

30 

20 

10 

0 

\ 
TGA ANALYSE? 
1 0 ° C / m i n - N . y 
TGA ANALYSE? 
1 0 ° C / m i n - N . y { 1 

V ' \ 
\ \ 

Ν 
-P ( brU -P ( 

\ \ 
\ 

PPE 

R P A - P f 

0 100 200 300 400 500 600 700 800 900 

TEMPERATURE ( ° C ) 

Figure 1. TGA Analysis - 10°C/min, N 2 Atmosphere. 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



278 FIRE AND POLYMERS 

track with the TGA results (compare Figures 1 and 2). Plots of the C / H ratios 
(Figure 3) versus the degradation temperature for BPA-PC and BPC-PC indi
cate a dramatic drop in the relative hydrogen content of the char with increas
ing pyrolysis temperature paralleling the observed weight loss. The low [CI] in 
the BPC-PC burn char indicates that ~ 95% of the CI was lost during combus
tion. Also of interest is the fact that the oxygen concentration in the BPA-PC 
burn char is ~ 3 times higher than in the 600°C char. This was confirmed by 
IR studies (vide infra) which show evidence for more oxygen containing groups 
in the burn char. 

Table III. Elemental Analyses of Chars 

BPA-PC3 % Residue %C %U %o C / H b 

Theory 100 

473°C 96.2 75.69 5.63 (18.69)c 1.12 

510°C 68.7 79.90 5.67 (14.43) 1.18 

528°C 32.1 90.33 5.04 (4.63) 1.50 

548°C 28.6 91.35 4.95 (3.70) 1.55 

591°C 26.5 93.64 4.21 (2.15) 1.87 

Burn char 25.2 90.07 3.18 (6.76) 2.38 

BPC-PCa % Residue %C %H CI C / H b 

Theory 100 58.66 2.63 23.09 1.87 

450°C 85.3 65.10 3.04 - 1.80 

500°C 56.0 88.03 3.53 - 2.09 

550°C 53.4 91.58 3.31 - 2.32 

Burn char 55.2 87.72 2.96 1.21 2.49 
a) The temperatures reported are the maximum temperatures reached during 

a pyrolysis. 
b) C/H = g atoms C/g atoms H. 
c) Bracketed values calculated by difference. 

The above TGA and elemental analysis studies are consistent with Van 
Krevelen's two step model for polymer charring (2) in which a polymer first 
rapidly decomposes at ~ 500°C to fuel gases and a primary char residue 
characterized by modestly high hydrogen content. On further heating above 
~ 550°C, this primary char is slowly converted in a second step to a nearly pure 
carbon residue by the loss of this hydrogen. 
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Attempted Chemical Analyses. An attempt was made to apply the 
CF3CO2H/H2O2/H2SO4 reaction of Deno (8) to analyze for the aliphatic 
structures present in the char. This technique is reported to selectively oxidize 
only the aromatic portions of coal leaving the aliphatic groups as carboxylic 
acids. Indeed, treatment of the burn char from BPA-PC for 16 hrs at reflux 
produced traces of acetic acid indicating the presence of methyl groups. How
ever, our studies indicated that in the 16 hrs reflux required to dissolve the burn 
chars in these studies, the dimethylmalonic acid initially formed by digestion of 
undegraded BPA-PC was readily oxidized to acetic acid with a half life of 1.5 
hrs. Thus this approach was not pursued further. 

ESR Studies. Jackson and Wynne-Jones (9) studied the ESR spectra from the 
chars of a number of polymers and found a correlation between d.c. resistivity 
and the free electron spin concentration but no correlation with C / H ratio. 
The g-values they measure
electron, i.e. 2.0026 for cellulosi
concluded that it was not possible to determine whether the observed free spin 
was due to σ or π electrons. 

In this work, only a brief study was made. The ESR spectra from BPA-
PC and BPC-PC chars consisted of a single line and were quite similar to the 
signal reported for cellulosic char and to each other (Table IV), except that 
free spin concentration in the BPA-PC burn char was 15X greater than that 
from BPC-PC and ~ 2.5X greater than observed in the BPA-PC 600° N 2 

pyrolysis char. It is too early in this study to make any conclusions about these 
results other than these chars contain significant concentrations of free 
radicals. 

Table IV. ESR Studies on Chars 

g-value 
Η 1/2 

(gauss)3 

Relative 
Normalized 
Intensity/mg 

BPA-PC Burn Char 2.003 7.5 15 

BPA-PC 600°C/N2 Char 2.003 7.8 6 

BPC-PC Burn Char 2.003 10.2 1 
a) Peak width at half height. 

PA-FTIR Studies. The IR spectra of the BPA-PC chars (Figure 4) shows pro
gressive changes in the material showing loss of the carbonate group (1775 
cm"1), aliphatic C-H groups (2982 and 1385 cm"1) and the growth or appear
ance of hydroxyl groups (3580 cm"1), aromatic C-H groups (3012 and 3058 
cm"1), ester groups (1740 cm"1), ether groups (1170 and 1260 cm"1) and new 
aromatic groups (1900, 1610, 752, 820 and 880 cm"1). Analogous progressive 
changes were seen in the IR spectra of pyrolyzed BPC-PC (Figure 5) as well as 
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Figure 4. PAS-FTIR Spectra of BPA-PC Chars. 
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Figure 5. PAS-FTIR Spectra of BPC-PC Chars. 
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those reported earlier for PPE (10). Comparison of the IR's of the burn chars 
with the highest temperature N 2 pyrolysis chars in Figures 4 and 5 indicate that 
pyrolysis and burning yield very similar products. As might be expected, the 
burn chars show more evidence for presence of carbonyl oxidation products 
(~ 1710 and 1750 cm"1) while the N 2 pyrolysates showed the substantial pres
ence of "OH" groups (3580 cm"1) and more "C-H" groups (2900-2980 cm"1). 
Comparison of the IR's from the burn chars from BPA-PC, BPC-PC and PPE 
(Figure 6) shows a remarkable similarity between them. The band in the 1600 
cm"1 region has been previously observed in studies of carbonaceous materials 
(11-15) and has been assigned to the aromatic stretching mode which has been 
intensity enhanced by the presence of oxygen functionality. The 752, 820, and 
880 cm'1 bands are likely due to out-of-plane aromatic C-H deformation vibra
tions corresponding to di-, tri-, tetra-, and penta-substituted aromatic rings. As 
previously suggested (12), these data indicate the presence of micro-graphitic 
regions loosely bonded by aromati
various oxygen functionalities

X-Ray Scattering and Raman Spectroscopy. X-ray scattering measurements 
were made on BPA-PC, BPC-PC and PPE burn chars in an attempt to detect 
the presence of graphite formation; however no evidence of crystallinity was 
detected. Nonetheless, previous Raman spectral studies of graphitic carbons 
(16-17) indicate the presence of two bands at 1340-1355 cm"1 and 1575-1590 
cm"1. The latter band is attributed to the E 2 g species of infinite graphite crys
tals and the former band to the presence of small graphite crystals. In addi
tion, it was found that ratio of the amplitude of the first line to the second line 
was inversely proportional to the graphite particle size (17). As reported in 
Table V, the Raman spectra of chars from BPC-PC, BPA-PC and PPE show 
similar bands with a range of intensities. Since there are other IR absorptions 
for carbon in the 1350 cm'1 region (17), the particle sizes calculated in Table V 
are no doubt undervalued. Nonetheless these observations confirm the pres
ence of small graphitic regions in these chars. 

Table V. Raman Spectra of Chars 

Sample 

Relative Intensities 

1354 cm"1 1590 cm"1 

Calculated 
Particle Sizea 

BPC-PC Burn Char 133 198 64Â 

PPE Burn Char 59 91 66Â 

BPA-PC Burn Char - 90b -

BPA-PC 600°C Char 80 137 73Â 

a) Particle size (Â) = 1000/(7.931 χ 10"2 + 23.252 (I1354/I1590)). 

b) Value of peak intensity in doubt due to weak spectrum. 
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Figure 6. PAS-FΉR Spectra of Burn Chars. 
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1 3 C Solid State NMR. Earlier workers have used 1 3 C solid state NMR to mon
itor char formation during the pyrolysis of cellulose (18). They found the 1 3 C 
NMR of cellulose heated at progressively higher temperatures shows the loss 
of aliphatic carbons and the appearance of small broad new resonance peaks at 
14 and 34 ppm (parafinic carbons) and a large broad peak at - 130 ppm 
(aromatic and/or olefin carbons). The 1 3 C NMR spectrum of BPC-PC, PPE 
and BPA-PC bum chars were measured (Table VI) and in each case showed 
the presence of a broad aromatic C peak at ~ 130 ppm ± 15 ppm. Generally 
the signals from fully substituted aromatic carbons appear from 130-142 ppm 
and those from protonated aromatic carbons at 117-130 ppm. The small peak 
due to aliphatic Cs at 18 ppm in the spectrum from the PPE-burn char is con
sistent with the aliphatic C-H IR band found at 2920 cm"1 (cf. Figure 6). Thus 
the results in Table VI indicate the presence of both protonated and unpro-
tonated aromatic carbons. These results are in agreement with the above 
elemental analysis and IR studie
PC are heated, they lose mos
inantly protonated and unprotonated aromatic carbons in the residual char. 

Table VI. 1 3 C Solid State NMR Spectra of Bum Chars 

Peak Position Peak 
Peak Center Peak Width Assignment 

BPC-PC 128 ppm 117-142 ppm Aromatic Cs 

PPE 127 ppm 114-144 ppm Aromatic Cs 
18 ppm (small peak) Aliphatic Cs 

BPA-PC 127 ppm 115-145 ppm Aromatic Cs 

Conclusions 

Detailed spectroscopic studies on chars from several aromatic engineering 
polymers indicate that the polymers studied decomposed by a two step 
mechanism in which heating below - 550°C produces volatile tars and fuel 
gases and a primary char. Heating of this primary char above ~ 550°C pro
duces a carbonaceous residue whose structure is virtually independent of the 
structure of the original polymer and is best described as a conglomerate of 
loosely linked small graphitic regions. 
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Chapter 20 

Effects of Coatings on the Fire Performance 
of Plastics 

Gordon L. Nelson 

College of Science and Liberal Arts, Florida Institute of Technology, 
Melbourne, FL 32901-6988 

Plastics used in electrical/electronic applications are frequently 
found painted in the final application. Data are reported from a 
study of the effects of EMI/RFI coatings on the fire test results 
of engineering plastics used for business machine housings. Tests 
included ignitability, flame spread, heat release, ease of extinction 
and smoke. Most EMI coatings decrease ignitability test results. 
Coatings tend to level diverse flame spread and ease of extinction 
performance. Coated samples have a tendency to show an 
increase in smoke formation under non-flaming conditions but are 
unremarkable under flaming conditions. Coatings can also 
positively interact with the substrate as shown with zinc on 
modified polyphyenylene oxide structural foam. 2 to 5 mil 
coatings, both metal and metal-filled organic, can significantly 
alter fire performance characteristics of engineering plastics. 

Plastics find extensive use for business machine housing, applications which 
require significant fire retardancy. Previous work on plastic enclosures has 
shown excellent correlation between small scale and large scale fire test 
performance when a range of small scale tests are utilized (1-4). However, 
plastics used in a variety of applications and particularly for business machine 
housings are increasingly found painted in the final application. Both 
decorative and functional coatings are used. Interiors of business machine 
enclosures are routinely coated with an EMI (Electromagnetic Interference) 
coating, such coatings to provide shielding for critical electronic components. 
Little data have been published on effects of the presence of these coatings 
on the fire performance of the finished enclosure composite. This paper 
reports comprehensive data from a study of the effects of EMI coatings on fire 
test results of engineering plastics used for business machine housings (5-6). 
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Flammability Test Methods and Test Specimens 

In previous papers, fire test results on plastics using the Ohio State University 
Heat Release Calorimeter (ASTM E-906) and the ASTM E-162 Radiant Panel 
Test have been discussed. Results were presented on test reproducibility and 
on the material factors affecting results, including thickness, moisture, aging, 
and pigments. Test results have been presented for a variety of engineering 
plastics (7-8). A comparative study was also presented on OSU Heat Release 
Test results and Radiant Panel Test results versus large scale room corner tests 
and box tests (9). This latter study showed that while neither OSU Heat 
Release Calorimetry nor Radiant Panel testing gave quantitative correlation 
with Room Corner Test or Box Test fire performance, Radiant Panel \ values 
provided better qualitative correlation with Room Corner Test data and with 
Box Test data, and properly placed wood and plywood versus the plastic 
materials tested. Data also revealed a correlation of Maximum Rate of Heat 
Release (OSU) and Q (E-162)
addition to heat release dat  require  properly positio
performance of materials. Data also suggested that in evaluation of small scale 
test versus large scale or full scale performance of materials, it is essential that 
a significant number of materials in several forms be used and that tests 
representing several large scale scenarios be evaluated in order to insure the 
rigorousness and scope of correlation (9). 

Given the above observations it was essential in the present study that 
multiple test methods be used, representing evaluation of the effects of coatings 
on ignitability, flame spread, heat release, ease of extinction, and smoke. 
Samples should be commercially prepared and representative of materials 
commonly used in business machine applications. 

Commercial coated samples were obtained. Coating thickness was 
nominal 2 mils for organic-metal filled coatings (approximately 50% metal 
filler). Zinc metal coatings were zinc arc spray and were thicker, 5 mils, but 
normal for that process. Test results for each fire parameter are given as 
follows: 

* Ignitability - (IEC 695) IEC Needle Flame and Glow Wire Tests 
* Flame Spread - E162 Radiant Panel 
* Heat Release - E162 Radiant Panel 
* Ease of Extinction - D2863 Oxygen Index 
* Smoke - E662 NBS Smoke Chamber (optical) 

- D4100 - Arapahoe Smoke Chamber (gravimetric) 
All structural foam substrates were 1/4 inch in thickness except for RIM 

polyurethane, which was 1/2 inch in thickness. These comments hold for 
samples throughout the study. For solid plaques, samples were 3/32 inch thick. 

Needle Flame Test 

The Needle Flame Test is designed to simulate a small flame as might be 
encountered from a small electrical malfunction in an appliance or a piece of 
office equipment. The test apparatus consists of a hypodermic needle 35 mm 
in length with a bore of 0.5 mm and an outer diameter not exceeding 0.9 mm. 
The hypodermic needle has the tapered end cut off to avoid any interference 
with the flame. The gas used is butane. With the axis of the burner vertical, 
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the gas supply is adjusted so that the length of the flame is 12 ± 1 mm. With 
the needle at 45° to a vertical test specimen, the sample is subjected to the 
flame for 30 seconds. The needle is kept 5 mm from the test sample. After 
the required time, the flame is removed and the after-burn time and the height 
of the after-burn flame recorded. Upon extinguishment the damaged area is 
recorded. 

Results are presented in Table I. While several coatings show longer 
burn times than their uncoated counterparts, most coated samples showed 
significantly smaller areas of damage than the corresponding uncoated sample. 
Zinc showed smaller damage areas on all substrates. Other coatings which 
showed small damage areas included nickel/polyurethane on polycarbonate and 
on modified polyphenylene oxide structural foam substrates, and copper/epoxy 
on polyurethane and on modified-polyphenylene oxide structural foam. 

Glow Wire Test 

The Glow-wire test is designe
response of a sample to a glowing wire such as might be encountered in the 
malfunction of the wiring in a household appliance or a piece of office 
equipment. A glow wire apparatus was constructed per IEC 695-2-1, using 4mm 
Nickel/Chromium (80/20) wire. 

The apparatus used for the Glow-wire test, shown in Figure 1, consists of 
a carriage moving on a platform. The carriage holds the 3" χ 3" polymer 
sample which is moved horizontally towards the glowing Nickel/Chromium wire 
which can be heated to a temperature of 660 C and 96CPC. The polymer 
sample is subjected to the wire for thirty seconds with a force of 1.8 to 2.0 
Newtons. 

In order to heat the wire to a temperature of 66CPC and 96CP C, the 
apparatus had to be connected to a Tieg welder. Using the Tieg welder, very 
high amperage at low voltages can be obtained. The amperage output can be 
increased until the desired temperature of the wire is obtained. The calibration 
of the heated wire at 66CPC is carried out by using a foil of 99.9 percent pure 
aluminum placed on the tip of the wire. For a temperature of 96CP C 99.8 
percent pure silver foil is used. The foil of 99.8 percent pure silver melts at 
96CPC. 

After the desired temperature is obtained the sample is then placed on 
the carriage and is subjected to the glowing wire for thirty seconds. When the 
required thirty second time increment is completed, the sample is pulled away 
from the heat source. At this time the height of the after burn, the after-burn 
time, and the penetration are recorded. The average damage area is then 
determined by measuring the height and width of the badly damaged area. 
Each type of sample is tested three times. 

Glow wire data are presented in Table II. Glow wire tests are particularly 
sensitive to coatings, with copper/epoxy and zinc coatings, for example, showing 
significant reduction in damage areas and after burn time for modified-
polyphenylene oxide. Copper/acrylic on modified-polyphenylene oxide showed 
a large increase in both after-burn time and damage area in Glow Wire tests 
at 66CPC. 

Table III permits a cross comparison of Needle Flame and Glow Wire 
data for modified-polyphenylene oxide. Nickel/polyurethane, copper/epoxy and 
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Table I. Needle-Flame Tests on Engineering Structural Foam Samples with EMI Coatings 

Substrate Coating After-Burn 
Time (s) 

Damage (mnr̂ ) 

Polycarbonate uncoated 0 380 
(white) 

Ni/polyurethane 2 240 
Cu/epoxy 0 310 
zinc 0 290 

Polyurethane uncoated 1 500 
(RIM) 

Ni/polyurethane 1 440 
Cu/epox
zinc 

M o d i f i e d - uncoated 7 680 
Polyphenylene 
Oxide 

Ni/polyurethane 14 110 
Cu/epoxy 1 290 
zinc 1 120 
nickel/acrylic 2 380 
graphite/acrylic 0 590 
copper/acrylic 18 710 

Averaee of determinations bv two workers. 

Sample 

Carriage 

Flame Height G l o w . W i r e 

Tensioning Cord 

ι M - Î-!—r1—ι—r. 
! M » 

Base Plate 

Weight 

Figure 1. IEC Glow Wire Test Apparatus 
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Table II. Glow Wire Tests on Engineering Structural Foam Samples with EMI Coatings 
(30 second exposure) 

Tb(s) 
660°C 

D a m a g e T  (S) 
960°C 

D a m a g e 

Polv-
carbonate 
(white) 
Uncoated 0 170 0 1040 
Ni/poly 0 120 0 980 
urethane 
Cu/epoxy 1 210 2 360 
Zinc 0 70 0 280 

thane (RIM) 
Uncoated 7 610 3 910 
Ni/poly 0 130 7 600 
urethane 
Zinc 1 160 3 480 
Modified-
PPO 
Uncoated 2 500 7 2070 
Ni/poly 4 190 7 660 
urethane 
Cu/epoxy 0 70 4 260 
Zinc 0 20 0 140 
Ni/acrylic 0 300 - — 
Graphite/ 0 100 8 1560 
acrylic 
Cu/acrvilc 13 1200 13 1100 
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zinc coatings show significantly smaller damage areas under all three ignitability 
conditions, while copper acrylic showed generally higher damage areas and after 
burn times. 

In a third ignitability test, UI..-94, all substrates were rated V-1/5V or 
better by UÎ -94. 

Radiant Panel Test 

The flammability of solids may be considered to be a function of the heat 
release rate and critical ignition energy of the material being studied. 
Flammability is an inverse function of the actual ignition energy of the material 
in question, and it is directly related to the rate of heat liberated after ignition 
of the sample. 

The Radiant Panel Test method is designed to measure both of these 
properties in a single test (8)  The test specimen faces the heat source but at 
a 30P angle to it such tha
exposed (Figure 2). Since irradianc g  lengt  specimen, 
the time progress of ignition down the specimen serves to measure critical 
ignition energy down the sample (this is the F 8 , or Flame Spread Factor). The 
stack and the associated thermocouples placed above the specimen serve as a 
heat-flux meter for measuring the rate of heat release. This is the Heat 
Evolution Factor, Q (Q correlates with Maximum Rate of Heat Release from 
E906). Thus, measurements are made of the position of the flame front on the 
exposed surface of the specimen as a function of time, and the maximum 
temperature rise of the stack thermocouples. These two measurements are 
combined to give the flame spread index \ (F8 χ Q = \) . In practice 
flammability behavior is influenced by size, geometry, orientation, and other 
sample parameters. Rather than a precise determination of physical fire 
parameters, an empirical index is chosen for the reporting of Radiant Panel 
data which employs asbestos hardboard with an index of 0 and the mathematics 
adjusted to give the ζ value for red oak at 100, this latter to provide some 
measure of agreement with ASTM E84. The instrument is calibrated in terms 
of heat flux measurements, however, rather than continual use of red oak as the 
reference material. Table IV shows Radiant Panel Test results. 

The substrates tested alone have substantially different \ values. 
Polycarbonate (1/4 inch) structural foam has an \ of 27.5, modified-
polyphenylene oxide (1/4 inch), 84.4, and RIM polyurethane (1/2 inch), 173.3. 
These \ values compare with 164.4 for 1/4 inch hardboard and 139.1 for 1/4 
inch plywood. A comparison of graphite, nickel, and copper/acrylic coatings on 
polycarbonate and modified-polyphenylene oxide substrates illustrate a dramatic 
result. Despite a factor of 3 difference in substrate performance, the \ , Q and 
F s values for the coated samples are very similar. The Q for the modified-
polyphenylene oxide samples are 0.7 to 0.5 that of the uncoated sample. One 
would expect a similarity in F s for the coated sample, but such a reduction in 
Q is dramatic. Both Q and F s are determined by the 2 mil surface. 

Two of the zinc surface samples show results that might intuitively be 
expected for metal coated surfaces. The polycarbonate and RIM-polyurethane 
substrates show much lower F s values with the zinc coating as expected, but Q 
values are very similar to that of the uncoated substrates. For modified-
polyphenylene oxide, however, a very low Q value is obtained suggesting flame 
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Table III. Needle-Flame vs Glow Wire Results Modified-PPO Structural Foam (Damage-mm2) 

Coating Needle Rame Glow-Wire 660°C Glow-Wire 960°C 

Uncoated 690 500 2070 
Ni/Pu 110 190 660 
Cu/Epoxy 290 70 260 
Ni/Acrylic 380 300 — Graphite/Acrylic 590 100 1560 
Cu/Acrylic 710 1200 1100 
Zinc 120 

S t a c k T h e r m o c o u p l e 
T e m p e r a t u r e R i s e 

dQ 

S p e c i m e n g?/ | R a d i a n t 
— H e a t 

S o u r c e 

Figure 2. The Radiant Panel Test was designed to measure both critical 
ignition energy and rate of heat release. A sample is mounted facing a 
controlled heat flux but at a 3CP angle to it such that the upper part of the 
specimen is more severely exposed. Since irradiance decreases down the 
specimen, the time progress of ignition down the specimen serves to 
measure central ignition energy. Thermocouples in the stack above the 
specimen serve as a measure of heat release rate. 
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Table IV. Radiant Panel Test Results for Structural Foam Samples 

Average Values 

Materials* Replicates l s Q F, 

Ρ ο I ν -
cartypngte 
Uncoated 4 27.5 14.8 1.87 
(white) 
Uncoated 1 31.5 16.8 1.88 
(grey) 
graphite/ 4 59.8 19.6 3.08 
a c r y l i c 
(grey) 
nickel/ 5 48.0 15.9 3.33 
a c r y l i c 
(grey) 
copper/ 1 85.1 26.0 3.27 
a c r y l i c 
(grey) 
zinc (white) 4 14.4 14.3 1.35 

Modified-
Polvphenvl-
ene Oxide 
uncoated 6 84.4 30.6 2.77 
graphite/ 4 64.3 15.6 3.99 
acrylic 
nickel/ 4 68.1 20.0 3.36 
acrylic 
copper/ 4 63.0 22.1 2.84 
acrylic 
zinc 4 2.9 2.9 1.00 

RIM-Poly-
urethane 
uncoated 4 173.3 28.5 6.07 
copper/ 3 78.3 28.3 2.76 
epoxy 
nickel/ 3 17.7 8.9 1.97 
urethane 
zinc 4 43.4 24.0 1.81 

Hardboard 39 164.4 51.7 3.21 
Plywood 3 139.1 33.8 4.12 
Instrument Constant β, was 23.7 to 25.4, Average 24.7 

^Samples conditioned to ambient room temperature and humidity. 
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retardant synergism of substrate and coating for this system. A low Q value is 
also obtained for the nickel/urethane coating on the RIM-polyurethane 
substrate. 

Coatings can significantly alter the fire performance properties of plastics. 
A 2-mil coating can reduce the \ value for a more flammable substrate by an 
order of magnitude while more flame retardant substrates can see a doubling 
of the \ value. 

Oxygen Index 

Oxygen Index measures the ease of extinction of materials, the minimum 
percent of oxygen in an oxygen/nitrogen atmosphere that will just sustain 
combustion of a top ignited vertical test specimen (10). Three substrates were 
available-modified-polyphenylene oxide, polycarbonate and polystyrene. All 
materials were 1/4" by 1/2" by 5" coated on all sides  The oxygen indices of the 
base substrates varied from
Index values are leveled fo
oxygen indices of more flame retardant materials are reduced and that of less 
flame retardant materials elevated by the presence of a surface coating. Table 
VI presents data comparing Oxygen Index and Needle Flame test data. A 
qualitative correlation of OI and damage area is seen. 

Smoke Chamber Results 

Smoke evolution was measured using the National Bureau of Standards Smoke 
Chamber (ASTM E-662). In this test 3" by 3" samples are placed vertically in 
front of a radiant heat source (2.5 W/cm2). Non-flaming samples are tested 
using the heater alone. For flaming conditions, a six flamelet burner is 
positioned at the base of the sample and used in conjunction with the radiant 
heat source. Test results are obtained by measuring the percent transmission 
of a light beam which travels from the bottom of the chamber, through the 
accumulating smoke to the photomultiplier tube at the top of the chamber 
versus time. The resulting percent transmittance is then converted to specific 
optical density, D s , which is calculated by using Equation 1, where D s is the 
specific optical density, 

D s = V(log(100/T))/LA (1) 

V is the chamber volume, L is the light beam path length, A is the sample area, 
and Τ is the transmittance. 

The EMI coatings that were tested were copper/acrylic, nickel/acrylic, 
graphite/acrylic, zinc, nickel/polyurethane and copper/epoxy. The coatings 
tested and their corresponding substrates are shown in Table VII. Uncoated 
samples were tested for references. All samples were conditioned in a humidity 
chamber for at least 24 hours at 7(f C and 50% RH prior to testing and were 
tested in both flaming and non-flaming modes. Test averages were based on 
three replicates. 

The tabulated results for all samples tested can be found in Tables VIII 
and IX, with Figures 3 and 4 depicting the results graphically. Non-flaming 
conditions produce the most dramatic results. For the polycarbonate substrates 
all coatings except zinc increase the amount of smoke produced. Zinc shows 
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Table V. Oxygen Index Data for Structural Foam Samples 

Substrate 

Coatings Modified PPO Polycarbonate Polystyrene 

uncoated 26.5 32.1 23.6 
nickel/acrylic 28.3 31.2 — 
graphite/acrylic 23.9 32.4 — 
copper/acrylic 24.6 27.5 — 
nickel/urethane 29.0 30.5 27.7 
copper/epoxy 30.6 31.0 29.3 

Table VI. Comparison of Needle-Flam
Polyphenylene Oxide Structura

Coating Needle Rame Damage 
Area (mm2) 

Ol 

uncoated 684 26.5 
Ni/pdyurethane 108 29.0 
Cu/epoxy 286 30.6 
nickel/acrylic 379 28.3 
graphite/acrylic 592 23.9 
copper/acrylic 708 24.6 
zinc 120 — 

Table VII. NBS Smoke Chamber Tests EMI Coating and Corresponding Substrate 

Coatina Substrate 

Grey White Polyure- Modified 
Polycar P o l y c a r  thane Polypheny! 
bonate bonate ene Oxide 

C o p p e r / - - - X 
acrylic 
graphite/ X - - X 
acrylic 
n i c k e l / X - - X 
acrylic 
zinc - X X X 
nickel/ - X X X 
urethane 
copper/ - X X X 
epoxy 
uncoated X X X X 
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Table VIII. NBS Smoke Chamber Data for EMI Coated Structural Foam Samples Average Non-
Flaming Data* 

Sample Weight 
Coating D, Ds/wt Weight (g) burned (g) 

Polycarbonate 

uncoated 63 1.80 34.5 11.1 
(white) 
nickel/ 175 4.90 35.9 10.7 
urethane 
copper/ 132 
epoxy 
zinc 67 1.86 36.1 9.3 

uncoated 
(grey) 84 2.50 33.5 0.7 
graphite/ 187 6.30 33.9 3.6 
acrylic 
nickel/ 216 6.60 32.7 1.7 
acrylic 

RIM-Polyurethane 

uncoated >660 45.8 10.7 
nickel/ >660 — 55.5 13.3 
urethane 
copper/ >660 - 46.5 6.5 
epoxy 
zinc 440 9.9 44.2 9.2 

Modified-Polyphenylene Oxide 

uncoated 399 16.5 24.4 3.0 
nickel/ 323 11.0 29.2 4.2 
urethane 
copper/ 478 18.1 26.4 3.8 
epoxy 
zinc 35 1.2 29.6 0.3 
nickel/ 344 10.7 31.7 2.0 
acrylic 
graphite/ 374 11.7 33.4 4.5 
acrylic 
copper/ >660 - 33.2 3.9 
acrylic 

* Average of three replicates 
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Table IX. NBS Smoke Chamber Data EMI Coated Structural Foam Samples (Average Flaming 
Data*) 

S a m p l e W e i g h t 
Coating Da Da/wt weight (g) burned (g) 

Polycarbonate 

uncoated 419 12.3 33.9 10.4 
(white) 
nickel/ 455 12.9 35.4 16.3 
urethane 
copper/ 457 
epoxy 
zinc 377 10.4 36.5 24.2 

uncoated 
(grey) 306 9.2 33.4 19.0 
graphite/ 240 7.2 33.3 19.1 
acrylic 
nickel/ 384 11.5 33.6 19.4 
acrylic 

RIM-Polyurethane 

uncoated >660 45.1 6.8 
nickel/ >660 — 52.2 6.6 
urethane 
copper/ >660 — 49.5 5.8 
epoxy 
zinc >660 — 42.5 4.7 

Modified-Polyphenylene Oxide 

uncoated >660 26.9 5.3 
nickel/ >660 28.6 4.2 
urethane 
copper/ >660 — 27.0 3.7 
epoxy 
zinc >660 — 38.7 4.1 
nickel/ >660 — 31.6 5.3 
acrylic 
copper/ >660 — 35.2 5.7 
acrylic 
graphite/ >660 — 33.6 6.2 
acrylic 

*Average of three replicates 
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Figure 3. NBS Smoke Chamber results (non-flaming) for two grades of 
polycarbonate structural foam. Continued on next page. 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



20. NELSON Effects ofCoatingson theFirePerformance of Plastics 301 

TIMEiSECONDSnO^ 

MODFIED POLYPHENYLENE OXIDE (NON-FLAMING) 

TlME(SECONDSriCF3 

POLYURETHANE (NON-FLAMING) 

Figure 3. Continued. NBS Smoke Chamber results (non-flaming) for 
modified-polyphenylene oxide and RIM polyurethane structural foam. 
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Figure 4. NBS Smoke Chamber results (flaming) for two grades of 
polycarbonate structural foam. Continued on next page. 
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Figure 4. Continued. NBS Smoke Chamber results (flaming) for modified-
polyphenylene oxide and RIM polyurethane structural foam. 
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a delay in smoke generation. For modified-polyphenylene oxide and for RIM-
polyurethane substrates all coatings except zinc and copper/acrylic show little 
substantial effect on either the intensity of smoke produced or the time of 
production. A 10 fold reduction in D 8 is observed for the modified-
polyphenylene oxide sample with the zinc arc spray coating. This sample also 
showed the most significant reduction in \ on Radiant Panel Testing. 
Significant flame retardant synergism with the zinc coating and modified-
polyphenylene oxide substrate is present. 

The results under flaming conditions show nothing as remarkable (Table 
IX). The most effective coating on reducing smoke (marginally) appears to be 
the graphite/acrylic coating on both modified polyphenylene oxide and on 
polycarbonate. The coating which appears to yield smoke earlier (marginally) 
is the copper/epoxy coating on both modified polyphenylene oxide and 
polyurethane structural foam. 

In addition to structural foam samples  limited samples were available for 
EMI coatings on 3/32-inch
from different manufacturer
samples. Coatings were nominal 2 mils in thickness. Data are shown in Tables 
X and XI and Figure 5. For the modified-polyphenylene oxide substrate coated 
samples show higher smoke than the uncoated sample in non-flaming 
conditions. This result is reminiscent of the polycarbonate structural foam 
samples under non-flaming test conditions. Nickel/acrylic I shows the greatest 
increase in smoke. Under flaming conditions the four coated samples show a 
delay in smoke formation versus the uncoated substrates. Given the differing 
ability of solid and foam samples to flow under the influence of heat it is to be 
expected that solid and foam samples will show differing performance. 

In Table XII are presented data for electroless nickel on injection molded 
polycarbonate. The coated sample shows slightly more smoke smoldering and 
somewhat less smoke flaming. A very thin metal coating (<<1 mm) has 
minimal effect on polycarbonate. 

Arapahoe Smoke Chamber 

Substrates were also tested using the Arapahoe Smoke Chamber. A weighed 
sample is placed in a special holder in a burn chamber. Smoke is drawn 
through weighed filter paper as the sample is burned in a butane flame. The 
sample is subjected to the flame for thirty seconds. The sample is removed and 
weighed. Char is removed from the sample in a sand mill. The example is 
weighed again. The filter is weighed to determine the amount of smoke 
produced. The percent of sample burned which goes to smoke and to char is 
reported in Table XIII. In Table XIV is shown a comparison of data from the 
NBS Smoke Chamber under flaming conditions with Arapahoe Smoke Chamber 
data. A clear qualitative correlation is present. For modified-polyphenylene 
oxide and for polycarbonate, structural foam (SF) samples show a higher 
percent char than non-foam samples. The presence of glass fiber (about 5 
percent) as a foam nucleating agent and a foam structure might be expected to 
yield this result. 
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Table X. NBS Smoke Chamber Data for EMI Coated Solid Plaque Samples (3/32 inch 
thickness) Average Non-Flaming Data* 

Sample Weight 
Coating D, D,/wt Weight (g) Burned (g) 

Modified-Polyphenylene Oxide 

uncoated 
copper/ 
acrylic I 
nickel/ 
acrylic I 
nickel/ 
acrylic II 

uncoated 
copper/ 
acrylic II 

106 
162 

367 

279 

396 
386 

6.3 
9.3 

16.4 

ABS 

22.4 
21.1 

16.8 
17.5 

17.0 

17.7 
17.4 

0.4 
0.8 

1.5 

3.6 
2.7 

* Average of three replicates 

Table XI. NBS Smoke Chamber Data for EMI Coated Solid Plaque Sample (3/32 inch 
thickness) Average Flaming Data* 

Sample Weight 
Coating D, Ds/wt Weight (g) Burned (g) 

Modified-Polyphenylene Oxide 
uncoated >660 — 15.7 10.8 
copper/ >660 — 17.2 6.3 
acrylic I 
nickel/ >660 — 17.1 5.6 
acrylic I 
nickel/ >660 — 15.8 9.7 
acrylic II 

ABS 
uncoated >660 — 17.3 4.6 
copper/ >660 — 17.4 4.8 
acrylic II 

*Average of three replicates 
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Figure 5. NBS Smoke Chamber results for solid injection molded modified-
polyphenylene oxide samples. Continued on next page. 
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Figure 5. Continued. NBS Smoke Chamber results for molded ABS samples. 
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Table XII. NBS Smoke Chamber Data for Electroless Nickel on Injection Molded 
Polycarbonate (1 /8 inch thickness) 

D s Ds/wt S a m p l e W e i g h t 
Weight (g) Burned (g) 

Non-Flaming 
uncoated 63 2.6 22.7 1.2 
coated 70 3.1 22.9 1.3 

Flaming 
uncoated 245 11.4 21.7 16.1 
coated 190 8.6 22.0 13.2 

Table XIII. Arapahoe Smoke Chamber Tests % of weight burned 

Exposure(s

Polystyrene (SF) 30 33.6 48.9 
ABS (Inj) 30 30.8 52.6 
ABS (Cycolac) 30 30.0 59.0 
Mod-PPO (SF) 30 24.0 48.0 
Mod-PPO (N190) 30 25.7 28.3 
Mod-PPO (Inj) 60 25.9 28.0 
P o l y u r e t h a n e 30 15.1 35.8 
(SF) 
Polycarbonate 60 12.7 51.7 
(white-SF) 
Polycarbonate 60 13.0 47.4 
(grey-SF) 
Polycarbonate 30 12.8 35.2 
(sheet) 
Polycarbonate 60 9.5 43.5 
(inj-FR) 

Table XIV. Comparison of NBS Smoke Chamber Data (Flaming) with Arapahoe Smoke 
Chamber Data 

% Smoke 
Sample (Arapahoe) (NBS) 

polycarbonate (white-SF) 12.7 419 
polycarbonate (grey-SF) 13.0 306 
polyurethane (SF) 15.1 >660 @ 2.4 X 102 

seconds 
mod-PPO (SF) 24.0 >660 @ 3.4 X 102 mod-PPO (SF) 

seconds 
mod-PPO (inj) 25.9 >606 @ 2.0 X 102 mod-PPO (inj) 

seconds 
ABS (inj) 30.8 >606 @ 1.0 X 102 

seconds 
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Conclusion 

These results show that thin coatings can significantly effect the fire 
performance of plastic substrates. Most EMI coatings decrease ignitability test 
results. Coatings tend to level diverse flame spread and ease of extinction 
performance. A 2-mil coating can reduce the \ value for a more flammable 
substrate by an order of magnitude, while more flame retardant substrates can 
see a tripling of the \ value. 

Coatings can interact with the substrate as shown with zinc on modified-
polyphenylene oxide structural foam. Examination of zinc on modified-
polyphenylene oxide has been undertaken to ascertain the origin of the 
synergism and is reported separately. The presence of zinc shows an increase 
in char, and a decrease in low molecular weight volatiles at pyrolysis 
temperatures versus the uncoated substrate. 

In general, for NBS Smoke Chamber data  coated samples have a 
tendency to show an increas
Smoke results under flamin
dependent. 

Clearly 2 to 5 mil coatings can significantly alter fire performance. Proper 
evaluation and choice of coating for fire performance is an important, and often 
missed, opportunity. 
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Chapter 21 

Synergistic Fire Performance between a Zinc 
Coating and a Modified Poly(phenylene oxide) 

Substrate 

Gordon L. Nelson and Eddie K. Chan 

College of Science and Liberal Arts, Florida Institute of Technology, 
Melbourne, FL 32901-6988 

EMI coatings affect the fire performance properties of engineering 
plastics. Zinc arc spray on modified-polyphenylene oxide is 
particularly effective. The enhanced fire retardancy has its origins 
in several factors assisted by the fact that zinc melts (420ºC) just 
at the early stage of the decomposition of m-PPO, allowing 
intimate contact with the charring substrate. As in pure 
polystyrene, char formation is enhanced in air in m-PPO, and this 
is further enhanced by the presence of zinc. As seen in SEM, zinc 
oxide which is part of the thermal stabilization package of m-
PPO is present at the charring surface enhanced by the zinc 
coating. It is observed that volatilization of small molecules is 
reduced for m-PPO with zinc present at temperatures under 
700ºC, with preference for volatilization of the triaryl phosphate 
flame retardant, styrene trimer, and PPO dimers. The flame 
retardant and larger entities formed preferentially lead to 
enhanced char formation. 

Plastics find extensive use in business machine housings. Business machine 
housings are increasingly found painted in the final application. Both 
decorative and functional coatings are used. Interiors are routinely coated with 
an EMI (Electromagnetic Interference) coating, such coatings to provide 
shielding of critical electronic components. Comprehensive data have been 
provided in a separate report on the effects of EMI coatings on the fire 
performance of engineering plastics (1-3). 

Test results show that thin coatings (2-5 mils) can significantly effect the 
fire performance of plastic substrates. Most EMI coatings decrease ignitability 
test results. Coatings tend to level diverse flame spread and ease of extinction 
performance. A 2-mil coating can reduce the \ value in ASTM E162 Radiant 
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Panel tests for a more flammable substrate by an order of magnitude, while 
more flame retardant substrates can see a tripling of the \ value. 

For NBS Smoke Chamber data, coated samples have a tendency to show 
an increase in smoke formation under non-flaming conditions. Smoke results 
under flaming conditions are coating specific and unremarkable. 

Of particular interest, coatings can interact with the substrate as shown 
with zinc arc spray on modified-polyphenylene oxide structural foam. While 
this synergism is evident in ignitability, flame spread, heat release, and smoke 
tests, the ASTM E162 Radiant Panel test results are of most interest. One 
would expect a metal coating (as opposed to an organic coating) to affect the 
F s (flame spread) component of Radiant Panel data, but not the heat release 
portion. Since the substrate is the same, so should be the maximum rate of 
heat release. As shown in Table I, that is observed for both 5 mil zinc arc 
spray on RIM polyurethane and polycarbonate structural foam. On modified-
polyphenylene oxide structural foam, however, a dramatic reduction of both 
heat release (Q) and flame
uncoated substrate. The purpos
synergism of zinc on modified-polyphenylene oxide. 

Modified-polyphenylene oxide (or ether) is a blend of high impact 
polystyrene (PS) and polyphenylene oxide (PPO), plus thermal stabilizers and 
a triarylphosphate flame retardant. Studies of the mechanism of the flame 
retardant in modified-polyphenylene oxide have shown some evidence for both 
solid phase and vapor phase inhibition (4). Indeed, one is always interested to 
know whether flame retardant action is on the solid or vapor phase. 

The charring process plays an important part in the combustion of many 
polymers; certainly so for modified-polyphenylene-oxide. Martel has shown that 
for PPO/PS alloys, TGA experiments yield 33% char in air versus only 10-
12% in nitrogen. PPO yields 40% char in nitrogen (5). It is known that 
polystyrene alone does not char under nitrogen, yielding monomer, benzene, 
toluene, and dimer and trimer (6). Polystyrene containing ammonium 
phosphate chars in TGA experiments carried out under oxygen but volatilizes 
without carbonization under nitrogen (7). When polystyrene is subjected to a 
small hydrogen flame a layer of carbon is formed on the polymer in contact 
with the flame (8). In detailed T G A / D T A studies of polystyrene, Martel (5) 
found a single endothermic peak corresponding to carbon-carbon scission at 
about 41CPC. In air, two exothermic peaks were observed at about 41CP C and 
53CPC, corresponding to the charring process. If the DTA experiment was 
interrupted at 400-42CPC and cooled, the carbonaceous residue (10% of 
original) did not volatilize under nitrogen, but yielded a strong exothermic 
oxidation peak at 53CP C. A DTA experiment of char obtained in an oxygen 
index experiment gives the same exothermic peak at 500-55CP C. Therefore the 
peak at 53CP C is characteristic of the oxidation of char formed in earlier 
oxidative degradation. The charring process was strongly dependent on the 
oxygen concentration in the atmosphere down to 10% oxygen. The oxygen 
concentration, however, had little effect on the DTA exothermic peak at 41(f C. 
It was concluded that the charring process is dependent upon the competition 
between two reactions-the endothermic scission of carbon-carbon bonds with 
formation of monomer and volatilization, and an exothermic process which 
leads to the formation of a precursor to char. As the heating rate is reduced, 
volatilization is reduced in favor of the charring process. Char results from 
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formation of and subsequent transformation of olefinic bonds in the polymer 
chain, first to crosslinked or polycyclic structures, then to char. 

Results and Di$çu$$iç>n 

In the present study DSC and TGA data were run on DuPont 910 and 
DuPont 951 instruments, respectively. Arapahoe Smoke Chamber results were 
obtained on a commercial apparatus. Coated samples used were commercially 
prepared zinc arc spray samples on Noryl® FN 215 Structural Foam. 

An initial experiment involved determination of Arapahoe Smoke 
Chamber results for samples with and without the zinc coating present. Data 
are presented in Table II. Depending upon orientation of the sample, an 
increase in char occurred for some samples with zinc present, while no change 
in smoke formation was seen. Initial pyrolysis GC/mass spectroscopy results 
at 90CPC in helium showed no difference in volatiles formed with or without 
zinc. These results suggeste
Radiant Panel results for  modified-polyphenylen  (m-PPO)
Zinc oxide is a known, effective thermal stabilizer in the alloy. The next work 
then focused on DSC/TGA studies. 

DSC. DSC was used to study the thermal behavior of the decomposition of m-
PPO with and without a zinc coating, when heated in an air or nitrogen 
atmosphere. Different heating rates were used and varied from 2.5)C/min to 
2CPC/min. In an inert atmosphere (nitrogen), the DSC trace at different 
heating rates for m-PPO are shown in Figure 1. The decomposition 
temperature (Td) increases with higher heating rate. Figure 2 shows the results 
of Td both in nitrogen and in air. The Td in air is a few degrees higher than 
in nitrogen. In air, m-PPO is slightly more stable to decomposition than in 
nitrogen due to the formation of char, which will be discussed later. Figure 3 
shows the decomposition behavior of m-PPO in air and in nitrogen. m-PPO 
resin, when heated in air will absorb energy (endothermic) from 38CP C to 48CP C 
and evolve a variety of decomposition products. The shoulder between 450P C 
to 48CP C is char formation in the presence of oxygen. In air, above 48CPC, heat 
is evolved (exothermic) as char is decomposed. Figure 4 shows the heating 
curves of m-PPO with and a without zinc coating in nitrogen. As is shown, the 
Zn melted at about 42CP C (melting point of zinc by DSC is 420.7° C, during the 
early stages of m-PPO decomposition). The decomposition temperature of m-
PPO is almost the same with or without the zinc coating. Figure 5a and 5b 
show the m-PPO coated with Zn heated under different rates in nitrogen and 
in air, respectively. 

TGA. Thermogravimetric analysis measurements of m-PPO are shown in 
Figure 6. In air char and its decomposition is shown between 450 and 650PC. 
Figure 7a shows the TGA of m-PPO under different heating rates in nitrogen. 
In all cases, the m-PPO resin started to lose weight at about 19CPC and stopped 
at -35CPC, the weight loss is approximately 5% which is due to the loss of the 
triaryl phosphate. Decomposition temperatures were measured at the point of 
maximum by the derivative of the weight loss curve. Td at 5°C/min is 448° C, 
which increases to 471°C at a rate of 2CPC/min. A residue of -17% by weight 
is found at all three heating rates. In air, Figure 7b, the first part of the weight 
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Table I. Radiant Panel Test Results for Structural Foam Samples 

Average Values 
Materials* Replicates «s Q 

Polvcarbonate 
Uncoated (white) 4 27.5 14.8 1.87 
Uncoated (grey) 1 31.5 16.8 1.88 
graphite/acrylic(grey) 4 59.8 19.6 3.08 
nickel/acrylic (grey) 5 48.0 15.9 3.33 
copper/acrylic (grey) 1 85.1 26.0 3.27 
zinc (white) 4 14.4 14.3 1.35 

M o d i f i e d -
PolvDhenvlene Oxide 
uncoated 
graphite/acrylic 4 64.3 15.6 
nickel/acrylic 4 68.1 20.0 3.36 
copper/acrylic 4 63.0 22.1 2.84 
zinc 4 2.9 2.9 1.00 

RIM-Polyurethane 
uncoated 4 173.3 28.5 6.07 
copper/epoxy 3 78.3 28.3 2.76 
nickel/urethane 3 17.7 8.9 1.97 
zinc 4 43.4 24.0 1.81 
Hardboard 39 164.4 51.7 3.21 
Plywood 3 139.1 33.8 4.12 

Instrument Constant 0, was 23.7 to 25.4, Average 24.7 
*Samples conditioned to ambient room temperature and humidity. 

Table II. Arapahoe Smoke Chamber Data for Modified-PPO and Zn 

Sample % Smoke* % Char* 

Experiment 1 
Uncoated 2.6 ±1.0 4.3 ±1.9 
w/Zn 2.7 ± 0.8 5.1 ± 3.1 

Experiment 2 
Uncoated 3.5 ±1.3 5.7 ± 2.4 
w/Zn 4.6 ±1.5 11.8 ±3.6 

Experiment 3 
Uncoated 3.1 ± 1.3 4.2 ± 1.2 
w/Zn 2.7 ±0.5 3.8 ±1.7 

of initial sample weight 
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Temperature (°C) 

Figure 1. DSC on m-PPO-Different Heating Rate, In K> 
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Figure 2. Decomposition Temperature by DSC with Different Heating 
Rate 
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Figure 3. DSC on m-PPO-In Air and In Ng, lCPC/min 
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Figure 7. T G A on m-PPO-Different Heating Rate (a) In ISl>; (b) In Air 
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loss is due to triaryl phosphate as well. The Td at 5°C/min is 431°C and the 
second decomposition between 475° C to 570PC is the formation of char in the 
presence of oxygen as shown in the DSC. Char formation is also found at 
heating at Iff C/min, and in both cases the residue is -6%. At 2CPC/min, the 
Td is 460PC and char decomposition is less evident. The residue is -18%. 
Figure 6 compares the TGA of m-PPO heated at 1CP C/min in air and in 
nitrogen. The Td's of both are about the same, 455° C. In air, the m-PPO 
coated with zinc yielded an additional weight loss feature between 50CPC to 
60CPC which is the formation of additional char as shown in Figure 8. The zinc 
coating enhanced char formation and protected the substrate better. After 
60CPC, oxidation of zinc to ZnO yields a gain of 3% by weight. The high 
weight percent remaining is due to a large amount of zinc in the tested sample. 
In Figure 9 are shown the decomposition curves of m-PPO and several coated 
m-PPO's. The m-PPO coated with zinc has the highest Td and highest residue. 
The zinc metal coating is 5 mils compared to the other commercial coated 
samples which were nomina
however, between 500-70CP

The decomposition temperature (Td) measured at maximum rate of heat 
loss from TGA curves was as follows: 

modified-Polyphenylene oxide/zinc shows a marginally higher Td(°C). Clearly 
the metal filled organic coatings show lower Td values. 

Isothermal TGA. m-PPO and several coated m-PPO's were isothermally held 
at 40CP C for 90 min in nitrogen and air, Figure 10. In air, the weight loss is 
mainly in the first 20 min. Except for the copper/epoxy coating, the weight is 
almost the same after 30 min. In a nitrogen atmosphere, m-PPO without 
coating is the most stable one for the first 15 min. m-PPO with zinc coating is 
more stable in air than in nitrogen as char is formed in air. In nitrogen the 
metal filled organic coatings seem to promote degradation. 

Pvrolvsis-GC/MS. Pyrolysis-GC/MS were performed for m-PPO and m-PPO 
coated with zinc at 30CPC, 40CPC, 45CPC, 50CPC, 70CPC and 9O0PC in helium as 
shown in Figure 11. The object of this study was to see the effect of the 
different pyrolysis temperatures. At 30CPC, m-PPO started to release volatiles 
such as phenol, trimethyl phenol, 1,3-diphenylpropane, triphenyl phosphate, 
styrene, benzene, ethylbenzene and bibenzyl. For m-PPO with zinc, lesser 
amounts of low molecular weight volatiles are formed at low pyrolysis 
temperatures. At 40CPC, the volatiles start to be released for m-PPO coated 
with zinc. After -70CP C, the amounts of volatiles are the same with or without 
the zinc coating. 

Sample Td(°C) 

m-PPO 
m-PPO/Zn 
m-PPO/Ni-polyurethane 
m-PPO/Cu-epoxy 

471 
475 
460 
463 
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Figure 9. T G A on m-PPO and Coated m-PPO's, 2CP C/min, In H, 
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"m-PPO Coated With Zinc" 
H m - P P O M 

—-

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 11 3 5 7 9 11 13 15 17 19 21 23 25 27 29 
Figure 11. Pyrolysis of M-PPO and M-PPO coated with Zn at (A) 300 e C , (B) 
400 -C, (C) 450 -C, (D) 500 e C , and (F) 900 # C 
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Char Analysis. Analyses of char samples were performed on specimens 
prepared at 2CP C/minute and held at temperature for 30 minutes. Below 55(f C 
carbonaceous char is present. Above 55CrC in air and above 6O0PC in nitrogen 
the residue consists of zinc, zinc oxide, glass and other inorganic species as 
shown in Table III. 

Scanning Electron Microscopy. SEM photographs were taken of samples in air 
and nitrogen, with and without a zinc coating present. Figure 12 shows the 
pyrolysis product in air at 200x magnification. Figure 13 shows the pyrolysis 
products in air (a) and (b) nitrogen at lOOOOx magnification. Figure 14 shows 
the pyrolysis products of a zinc coated sample in air (a) and (b) in nitrogen. 
Zinc oxide nodules are clearly seen in Figure 13 and 14 for all samples, but 
substantially more so for the zinc coated samples. 

Table III. Analysis of Carbon an
Polyphenylene Oxide With and

% Resi
due on 
Ignition 

% 
Carbon 
on 
Resi
due 

% of 
Original 
Weight 
as 
Carbon 

% 
Hydro
gen on 
Resi
due 

m-PPO/Zn 4 O 0 ° C 96.17 59.63 57.3 4.85 
Nitrogen 500°C 37.82 42.25 38.2 2.07 

550°C 28.79 23.13 6.66 1.06 
600°C 31.17 7.19 2.24 0.35 
700°C 28.53 0.54 0.15 0.08 

Air 400°C 96.33 56.24 54.2 4.72 
500°C 26.77 5.39 1.44 0.31 
550°C 20.37 4.56 0.93 0.41 
600°C 25.15 0.23 0.06 0.05 
700°C 22.57 0.25 0.06 0.06 

m-PPO 400°C 93.62 78.87 73.8 6.27 
Nitrogen 500°C 21.57 55.81 12.1 2.74 

550°C 17.09 42.90 7.3 2.10 
600°C 13.05 18.57 2.4 1.00 
700°C 9.57 1.16 0.11 0.13 

Air 400°C 93.88 80.23 75.3 6.45 
500°C 10.09 30.30 3.1 1.12 
550°C 5.72 12.43 0.71 0.65 
600°C 5.16 0.66 0.03 0.17 
700°C 5.20 0.52 0.03 0.09 
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Figure 12. Scanning electron micrograph of m-PPO char pyrolysis in air 
(mag. 200x) 

Conclusion 

The presence of a zinc coating on modified polyphenylene oxide shows results 
different from that expected for a "simple" metal coating. The enhanced fire 
retardancy has its origins in several factors assisted by the fact that zinc melts 
(420P C) just at the early stage of the decomposition of m-PPO, allowing 
intimate contact with the charring substrate. As in pure polystyrene, char 
formation is enhanced in air in m-PPO, and this is further enhanced by the 
presence of zinc. As seen in SEM, zinc oxide which is part of the thermal 
stabilization package of m-PPO is present at the charring surface enhanced by 
the zinc coating. It is observed that volatilization of small molecules is reduced 
for m-PPO with zinc present at temperatures under 70CP C, with preference for 
volatilization of the triaryl phosphate flame retardant, styrène trimer, and PPO 
dimers. The flame retardant and larger entities formed preferentially lead to 
enhanced char formation. 
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Figure 13. Scanning electron micrographs of m-PPO char (mag. 10,000x); 
(a) pyrolysis in Ng and (b) pyrolysis in air 
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Figure 14. Scanning electron micrograph of m-PPO coated with Zn (mag. 
ΙΟ,ΟΟΟχ) (a) pyrolysis in air, (b) pyrolysis in N r 
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Figure 14c. Scanning electron micrograph of m-PPO coated with Zn (mag. 
ΙΟ,ΟΟΟχ) pyrolysis in N y 
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Chapter 22 

Effect of Crystallinity and Additives 
on the Thermal Degradation of Cellulose 

Tor P. Schultz, Gary D. McGinnis, and Darrel D. Nicholas 

Mississippi Forest Products Laboratory, Mississippi State University, 
Mississippi State, MS 39762 

Thermogravimetri
pyrolytic mass los
The technique is relatively simple, straightforward 
and fast, but it does have disadvantages. One 
disadvantage is that determination of the kinetic rate 
constants from TGA data is dependent on the 
interpretation/analysis technique used. Another 
disadvantage of TGA is that the rate of mass loss is 
probably not equivalent to the cellulose pyrolysis 
rate. 

In this study five cellulose samples of different 
crystallinities (10, 41, 63, 67, and 74%) were treated 
to 10% by weight with H3PO4, H3BO3, and AlCl3·6H2O. 
These treated samples and untreated (control) samples 
were isothermally pyrolyzed under N2 at selected 
temperatures and the TGA data analyzed by four methods 
(0-, 1st-, and 2nd-order; and Wilkinson's 
approximation) to obtain rates of mass loss. From 
these rates, activation energy (Ea), activation 
entropy (ΔS‡) and enthalpy (ΔΗ‡) values were obtained. 
Ea was also determined by the integral conversion 
method. 

Both 1st- and 2nd-order rate expressions gave 
statistically good fits for the control samples, while 
the treated samples were statistically best analyzed 
by 2nd-order kinetics. The rate constants, 1st-order 
activation parameters, and char/residue yields for the 
untreated samples were related to cellulose 
crystallinity. In addition, ΔS‡ values for the 
control samples suggested that the pyrolytic reaction 
proceeds through an ordered transition state. The 
mass loss rates and activation parameters for the 
phosphoric acid-treated samples implied that the mass 
loss mechanism was different from that for the control 
untreated samples. The higher rates of mass loss and 
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low Ea's of the phosphoric acid samples also suggest 
that wood products treated with fire retardants which 
contain ammonium phosphates and then exposed to 
moderate temperatures over long times may undergo 
extensive degradation. Under the conditions studied 
boric acid appeared to be the best fire retardant. 
This conclusion is based on a high char yield and 
similar rates of mass loss at 300°C for untreated and 
boric acid treated samples. Boric acid samples also 
had much higher ΔH‡'s and, consequently, higher Ea's. 
Our results suggest that certain thermally-stable, 
weak polybasic acids which can complex with 
polysaccharides may provide fire-resistant properties 
to lignocellulosics. The results and conclusions were 
strongly influenced by the technique used to analyze 
the TGA data. 

I n o r d e r t o f i r e p r o o f wood and c o t t o n p r o d u c t s and t o t h e r m a l l y 
c o n v e r t b i o m a s s i n t o c h e m i c a l s , r e s e a r c h e r s must u n d e r s t a n d 
c e l l u l o s e p y r o l y s i s . E x t e n s i v e r e s e a r c h h a s b e e n c o n d u c t e d i n t h i s 
a r e a and s e v e r a l r e v i e w s a r e a v a i l a b l e ( 1 - 7 ) . 

T h e r m o g r a v i m e t r i c a n a l y s i s (TGA) h a s o f t e n b e e n u s e d t o 
d e t e r m i n e p y r o l y s i s r a t e s and a c t i v a t i o n e n e r g i e s ( E f l ) . The 
t e c h n i q u e i s r e l a t i v e l y f a s t , s i m p l e and c o n v e n i e n t , and many 
e x p e r i m e n t a l v a r i a b l e s c a n be q u i c k l y e x a m i n e d . However f o r 
c e l l u l o s e , as w i t h most p o l y m e r s , t h e k i n e t i c s o f mass l o s s c a n be 
e x t r e m e l y c o m p l e x (8) and i s o t h e r m a l e x p e r i m e n t s a r e o f t e n n e e d e d t o 
s e p a r a t e and i d e n t i f y t e m p e r a t u r e e f f e c t s (9^). A l s o , t h e r a t e o f 
mass l o s s s h o u l d n o t be a s s u m e d t o be r e l a t e d t o t h e p y r o l y s i s 
k i n e t i c r a t e (k) s i n c e m u l t i p l e c o m p e t i n g r e a c t i o n s w h i c h r e s u l t i n 
d i f f e r e n t mass l o s s e s o c c u r . F i n a l l y , k i n e t i c r a t e v a l u e s o b t a i n e d 
f r o m TGA c a n be d e p e n d e n t o n t h e t e c h n i q u e u s e d t o a n a l y z e t h e d a t a . 

A n a l y s i s o f c e l l u l o s e TGA d a t a i n v o l v e s o b t a i n i n g a c o r r e c t e d 
mass ( M c ) , w h i c h i s d i m e n s i o n l e s s , t o a c c o u n t f o r r e s i d u a l c h a r and 
i s c a l c u l a t e d b y : 

M - Mr 
M c = (1 ) 

Mo - Mr 

where M i s t h e mass a t t i m e t ; Mr i s t h e c h a r o r r e s i d u a l m a t e r i a l ; 
and Mo t h e i n i t i a l mass ( 4 , 1 0 ) . From t h e Mc v a l u e s o v e r t i m e , 
k i n e t i c r a t e s o f mass l o s s b a s e d on 0 - o r d e r (11 ) , l s t - o r d e r 
( 2 - 4 , 7 , 8 , 1 0 - 1 6 ) and 2 n d - o r d e r r e a c t i o n s (17 ) h a v e b e e n e x a m i n e d . 
O t h e r c o m p l e x r e a c t i o n s r e p o r t e d i n c l u d e m u l t i p l e c o m p e t i t i v e 
( 8 , 1 8 - 2 0 ) o r c o n s e c u t i v e r e a c t i o n s ( 1 8 , 2 1 - 2 3 ) and c o m b i n a t i o n s o f 
t h e s e ( 4 , 6 ) . T e c h n i q u e s a r e a l s o a v a i l a b l e f o r d e t e r m i n a t i o n o f 
r a t e , o r d e r a n d / o r E f l f r o m i s o t h e r m a l TGA d a t a w i t h no 
i n t e r p r e t a t i o n o r a s s u m p t i o n s n e c e s s a r y ( 1 7 , 2 4 , 2 5 ) . 

C e l l u l o s e c r y s t a l l i n i t y h a s b e e n shown t o a f f e c t p y r o l y s i s 
r a t e s and E f l ' s ( 2 , 2 6 , 2 7 ) . The i n i t i a l l o w t e m p e r a t u r e d e c o m p o s i t i o n 
i s r e p o r t e d t o o c c u r f i r s t i n t h e a m o r p h o u s r e g i o n ( 5 , 2 6 , 2 7 ) . A l s o , 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



22. SCHULTZETAL. Thermal Degradation of Cellulose 337 

l e v o g l u c o s a n i s b e l i e v e d t o be f o r m e d m a i n l y f r o m c r y s t a l l i n e 
r e g i o n s w h i l e d e h y d r a t i o n t o f o r m c h a r and f u r a n d e r i v a t i v e s t a k e s 
p l a c e i n t h e a m o r p h o u s a r e a s o f c e l l u l o s e ( 2 , 6 , 2 8 ) . 

A d d i t i v e s , s u c h a s f i r e r e t a r d a n t s , c a n h a v e a m a j o r e f f e c t o n 
p y r o l y s i s , and e v e n t r a c e amounts o f a s h h a v e b e e n shown t o 
i n f l u e n c e p y r o l y s i s (6). G e n e r a l l y , f i r e r e t a r d a n t s work by 
i n c r e a s i n g t h e d e h y d r a t i o n r e a c t i o n r a t e t o f o r m more c h a r a n d as a 
d i r e c t r e s u l t g i v e f e w e r f l a m m a b l e v o l a t i l e compounds ( 1 , 3 , 7 ) . 
S e v e r a l p a p e r s h a v e n o t e d t h a t p h o s p h o r i c a c i d and i t s s a l t s 
d e c r e a s e t h e E f l ( 1 3 , 1 8 , 2 2 , 2 9 ) , a l u m i n u m c h l o r i d e h a s l i t t l e e f f e c t 
( 22 ) on E f l and b o r i c a c i d i n c r e a s e s t h e E f l ( 1 2 , 1 8 ) . T h e r e a c t i o n 
o r d e r f o r t r e a t e d s a m p l e s h a s b e e n g e n e r a l l y r e p o r t e d a s l s t - o r d e r 
( 1 2 , 1 3 , 1 8 , 2 9 ) w h i c h i s a l s o t h e most commonly u s e d r a t e e x p r e s s i o n 
f o r a n a l y s i s o f TGA d a t a o f u n t r e a t e d c e l l u l o s e . 

T h e o b j e c t i v e o f t h i s r e s e a r c h was t o e x a m i n e t h e e f f e c t o f 
c r y s t a l l i n i t y , a d d i t i v e s and d a t a a n a l y s i s t e c h n i q u e p n i s o t h e r m a l l y 
p y r o l y z e d c e l l u l o s e . Th
a c t i v a t i o n e n t r o p y ( A S ?
T h i s d a t a was u s e d t o d e v e l o p an u n d e r s t a n d i n g o f how c e l l u l o s e 
p y r o l y s i s i s a f f e c t e d by c r y s t a l l i n i t y and a d d i t i v e s and how t h e 
r e s u l t s o b t a i n e d a r e d e p e n d e n t on t h e d a t a a n a l y s i s t e c h n i q u e . 

E x p e r i m e n t a l 

C o t t o n l i n t e r s a m p l e s were d e c r y s t a l l i z e d by b a l l m i l l i n g f o r 
v a r i o u s t i m e s t o g i v e c r y s t a l l i n i t y i n d i c e s ( C I ) o f 1 0 , 4 1 , 6 3 , 67 
a n d 74% ( 2 7 , 3 0 ) . T h e s e s a m p l e s were t h e n t r e a t e d w i t h a q u e o u s 
s o l u t i o n s o f H g P O ^ , H g B O ^ , o r A 1 C 1 3 * 6 H 2 0 t o p r o v i d e r e t e n t i o n s o f 
10% by w e i g h t o f t h e s o l u t e , t h e n vacuum d r i e d and f r o z e n p r i o r t o 
p y r o l y s i s e x p e r i m e n t s . T h e e f f e c t o f w e t t i n g on t h e CI was n o t 
d e t e r m i n e d . A s h was n o t r e m o v e d f r o m t h e s a m p l e s b e c a u s e we 
b e l i e v e d t h a t r e m o v a l o f t h e a s h w o u l d f u r t h e r a f f e c t t h e m o l e c u l a r 
w e i g h t and b e c a u s e t h e c r y s t a l l i n e and a m o r p h o u s r e g i o n s w o u l d be 
a l t e r e d t o d i f f e r e n t e x t e n t s . 

T h e TGA s y s t e m was a P e r k i n - E l m e r T G S - 2 t h e r m o b a l a n c e w i t h 
S y s t e m 4 c o n t r o l l e r . S a m p l e mass was 2 t o 4 mgs w i t h a N £ f l o w o f 
30 c c / m i n . S a m p l e s were i n i t i a l l y h e l d a t 110 C f o r 10 m i n u t e s t o 
remove m o i s t u r e and r e s i d u a l a i r , t h e n h e a t e d a t a r a t e o f 1 5 0 ° C / m i n 
t o t h e d e s i r e d t e m p e r a t u r e s e t by t h e c o n t r o l l e r . TGA d a t a f r o m t h e 
i n i t i a l f o u r m i n u t e s o n c e t h e t a r g e t p y r o l y s i s t e m p e r a t u r e was 
r e a c h e d was n o t u s e d t o c a l c u l a t e r a t e c o n s t a n t s i n o r d e r t o a v o i d 
t e m p e r a t u r e l a g c o m p l i c a t i o n s . R e a c t i o n t e m p e r a t u r e r e m a i n e d s t e a d y 
a n d was w i t h i n 2 ° C o f t h e d e s i r e d t e m p e r a t u r e . The a c t u a l o b s e r v e d 
p y r o l y s i s t e m p e r a t u r e was u s e d t o c a l c u l a t e a c t i v a t i o n p a r a m e t e r s . 
The d i m e n s i o n l e s s " w e i g h t / m a s s " Mc was c a l c u l a t e d u s i n g E q u a t i o n 1 . 
I n s t e a d o f c a l c u l a t i n g Mr by e x t r a p o l a t i o n o f t h e i s o t h e r m a l p l o t t o 
i n f i n i t y , Mr was d e t e r m i n e d by h e a t i n g e a c h s a m p l e / a d d i t i v e t o 5 5 0 ° C 
u n d e r T h i s m e t h o d was u s e d b e c a u s e c e l l u l o s e TGA r a t e s h a v e 

b e e n shown t o f o l l o w A r r h e n i u s p l o t s ( 4 , 8 , 1 0 - 1 2 , 1 5 , 1 6 , 1 9 , 2 3 , 2 6 , 3 1 ) . 
T h u s , Mr a t i n f i n i t y s h o u l d be t h e same r e g a r d l e s s o f t h e i s o t h e r m a l 
p y r o l y s i s t e m p e r a t u r e . A few d u p l i c a t e r u n s were made t o i n s u r e 
t h a t t h e r e s u l t s were r e p r o d u c i b l e and n o t a f f e c t e d by s a m p l e s i z e 
a n d / o r m a s s . T h e Mc v a l u e s were c a l c u l a t e d a t 4 - m i n u t e i n t e r v a l s t o 
g i v e 14 d a t a p o i n t s p e r r u n . T h e s e v a l u e s were t h e n u s e d t o 
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c a l c u l a t e 0-order (11), l s t - o r d e r (2-4,8,14,15) and 2nd-order (17) 
rat e constants. Wilkinson's approximation method (24,25) was a l s o 
used to obtain rates and r e a c t i o n orders. Because of the 
dimensionless value of Mc and the way i n which a l l rate constants 
were determined, a l l rates had u n i t s of see"* and can be d i r e c t l y 
compared. E f l and the rate constants at 300°C were determined by the 
Arrhenius equation, and ΔΗ* and àS% were c a l c u l a t e d by the Eyring 
equation. Ε was a l s o c a l c u l a t e d by the i n t e g r a l conversion method 
<17>· 

Result s and Disc u s s i o n 

Tables I , I I I , V, and VII give the k i n e t i c mass l o s s r a t e constants. 
Tables I I , IV, VI, and V I I I present the a c t i v a t i o n parameters. In 
a d d i t i o n to the a c t i v a t i o n parameters, the rates were normalized to 
300°C by the Arrhenius equation i n order to e l i m i n a t e any 
temperature e f f e c t s . Tabl
measured at 550°C under

Con t r o l Samples. The 0-, 1 s t - and 2nd-order mass l o s s r a t e 
constants (Table I) ge n e r a l l y gave s t a t i s t i c a l l y good f i t s , with 
most r ^ > 99%. Thus, no k i n e t i c expression seems "best" f o r 
expressing mass l o s s . This i s p a r t i a l l y because only small mass 
changes occurred at the lower temperatures, e s p e c i a l l y f o r the more 
c r y s t a l l i n e samples. With small mass l o s s e s , an e s s e n t i a l l y 
s t r a i g h t and almost h o r i z o n t a l l i n e i s obtained regardless of the 
method used. These include a normal p l o t f o r 0-order, l o g Mc f o r 
l s t - o r d e r , and inverse Mc f o r 2nd-order. The 1 s t - and 2nd-order 
rate expressions both appeared to give s l i g h t l y b e t t e r f i t s than 
0-order. 

Researchers i n previous studies g e n e r a l l y used l s t - o r d e r 
k i n e t i c s to describe c e l l u l o s e p y r o l y s i s , but r a r e l y have they 
examined 2nd-order k i n e t i c s . Thus, d i s c u s s i o n of our r e s u l t s f o r 
untreated samples w i l l concentrate on l s t - o r d e r r a te constants so 
that our r e s u l t s can be d i r e c t l y compared with r e s u l t s from p r i o r 
s t u d i e s . A true r e a c t i o n order of c e l l u l o s e p y r o l y s i s based on TGA 
data i s e s s e n t i a l l y meaningless, however, since mass l o s s i nvolves 
complex competing m u l t i p l e r e a c t i o n s (2,4,8). In a d d i t i o n , r e a c t i o n 
order was c a l c u l a t e d on a dimensionless mass value rather than on 
the c o r r e c t but uncalculable molar concentration term. 

For a l l samples, i n c l u d i n g the tre a t e d c e l l u l o s e s , Wilkinson's 
approximation g e n e r a l l y gave u n r e a l i s t i c r a t e constants, r e a c t i o n 
orders, and e s p e c i a l l y E f l's. Although t h i s method i s easy and 
req u i r e s no assumption of order, values obtained by t h i s technique 
should be viewed c a u t i o u s l y . 

The l s t - o r d e r rate constants, and a l s o the 0- and 2nd-order 
r a t e s , appeared to be r e l a t e d to c r y s t a l l i n i t y , with the more 
c r y s t a l l i n e samples having smaller rate constants. The l o g of the 
300°C l s t - o r d e r rate constants (Table I I ) , as measured by the 
Arrhenius equation to avoid s l i g h t temperature e r r o r s , gave a good 
c o r r e l a t i o n (r = 0.94) when regressed against c r y s t a l l i n i t y . As 
mentioned e a r l i e r , c r y s t a l l i n i t y has been p r e v i o u s l y recognized to 
a f f e c t p y r o l y s i s (2,6,26-28). The l s t - o r d e r Ε 's (Table I I ) and the 
Arrhenius p l o t of the l s t - o r d e r rates (Figure l ) a l s o show a 
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c r y s t a l l i n e e f f e c t , which i s i n agreement with previous studies 
(5,26). S p e c i f i c a l l y , the amorphous sample had a s i g n i f i c a n t l y 
lower E f l (13 k c a l ) than the other samples (33-40 k c a l ) . The 0-order 
but not the 2nd-order Ε 's a l s o i n d i c a t e a c r y s t a l l i n e i n f l u e n c e 
(Table I I ) . F i n a l l y , the char y i e l d (Table IX) i s a l s o r e l a t e d to 
c r y s t a l l i n i t y which agrees with previous studies (2,6,28) that the 
amorphous regions form more char and c r y s t a l l i n e c e l l u l o s e more 
v o l a t i l e s . We found an e x c e l l e n t f i t ( r = 0.96) when the l o g of 
the char y i e l d was regressed against c r y s t a l l i n i t y . 

The c e l l u l o s e p y r o l y t i c mechanism has been g e n e r a l l y proposed 
to be e i t h e r a thermal homolytic ( r a d i c a l ) bond cleavage or a 
h e t e r o l y t i c ( i o n i c ) i n t e r n a l n u c l e o p h i l i c displacement of the 
g l u c o s i d i c group by an adjacent hydroxyl to give an anhydro-sugar 
(4,6,7,21,31,32). The h i g h l y negative AS* values which we obtained 
suggest that the r e a c t i o n may proceed through a very ordered 
t r a n s i t i o n s t a t e (33). An ordered t r a n s i t i o n i n d i c a t e s a 
n u c l e o p h i l i c displacemen
i n agreement with recen
associated with char formation (minimal mass l o s s ) and that 
levoglucosan formation with a corresponding high mass l o s s proceeds 
v i a the n u c l e o p h i l i c displacement pathway. 

I f the mechanism does proceed through an i n t e r n a l n u c l e o p h i l i c 
pathway and i f the rate of mass l o s s i s equivalent to the p y r o l y s i s 
r a t e , the ΔΗ+ and ASr values should be a f f e c t e d by c r y s t a l l i n i t y . 
S p e c i f i c a l l y , the n u c l e o p h i l i c hydroxyl i n an amorphous sample would 
break r e l a t i v e l y few hydrogen bonds (low ΔΗ?) (26) i n order to 
obtain the c y l i c t r a n s i t i o n s t a t e . However, the amorphous sample 
would experience a l a r g e l y negative AS+ value, since the t r a n s i t i o n 
s t a t e i s ordered while the amorphous "reactant" i s r e l a t i v e l y 
d i s ordered. Conversely, a hydroxyl group i n a c r y s t a l l i n e region 
would r e q u i r e extensive hydrogen bond cleavage and consequently a 
l a r g e In a d d i t i o n , the AS+ of c r y s t a l l i n e c e l l u l o s e should be 
more p o s i t i v e than that f o r amorphous c e l l u l o s e since the "reactant" 
i s more ordered. In Table I I the l s t - o r d e r a c t i v a t i o n parameters 
but not the 2nd-order a c t i v a t i o n parameters appear to f o l l o w t h i s 
t r e n d . 

E a's were a l s o determined by the i n t e g r a l conversion method 
(17). This method does not r e q u i r e assumption of order or 
determination of rate constants. The i n t e g r a l conversion method may 
have l i m i t e d usefulness since the values obtained d i d not always 
agree with the E f l values obtained by the Arrhenius equation of the 
0-, 1 s t - or 2nd-order constants. 

B o r i c A c i d . The s t a t i s t i c a l f i t s f o r the d i f f e r e n t r a t e expressions 
(Table I I I ) continued to give high r 2 values f o r the c e l l u l o s e / H 3 B 0 3 

samples. U n l i k e the c o n t r o l samples, the 2nd-order equation 
g e n e r a l l y gave the s t a t i s t i c a l l y best f i t . 

Wilkinson's approximation method f o r a n a l y z i n g TGA data gave 
high rates and r e a c t i o n orders, and sometimes gave impossibly 
negative E a's and ΔΗ + 's (Table I I I , I V ) . E a values obtained by 
i n t e g r a l conversion were not always s i m i l a r to the value obtained by 
the Arrhenius equation of the 2nd-order r a t e s . 
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Table II. Activation Parameters for Pyrolysis (Rate of Weight Loss) 
for Untreated Cellulose Samples Based on Data in Table I 

Ret ιvation Parameters 
Crystallinity 

Index, V. Method (1) Ea (kcal/Mole) ± S.D. 

10 

C 34 ι 2 
D 36 ± 5 
Ε 48 ί 4 

41 R 34 + 3 
Β 40 ± 5 
C 47 ί 6 
D 19 1 2 
Ε 42 ± 1 

63 R 31 i 2 
Β 35 ι 2 
C 40 ± 2 
D 36 + 9 
Ε 44 

67 R 31+5 
Β 33 * 5 
C 35 ± 5 
D U 1 3 
Ε 27 -

74 R 35 ι 3 
Β 36 1 3 
C 39 ί 4 
D 20 ί 2 
Ε 36 

R = zero-order; Β = first-order; C = second-order; 
D = Wilkinson's Approximation; Ε = Integral Conversion 
Method. 
Determined using the Arrhenius equation. 

Continued on next page 
(2) 
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Table II. Continued 

Retιvation Parameters 

k3 0 0(10*-4/sec) (2) AH* (kcal/Mole) ± S.D. A S * (e.u.) • S.D. 

1.32 
2.2Θ 
4.40 33 2 -18 ± 4 
7.37 35 5 -13 ± θ 

0.29 33 3 -24 ± 6 
0.31 39 5 -12 ± 5 
0.32 46 6 0 ± 1C 
1.08 18 2 -47 ± 3 

0.21 30 2 -28 ± 2 
0.22 34 ± 2 -21 • 3 
0.23 38 2 -14 ± 4 
0.45 35 • 9 -19 ± 15 

0.15 30 • 5 -30 ± 8 
0.16 32 ± 5 -26 t 8 
0.17 34 • 5 -23 ± 8 
0.59 10 3 -62 ± 6 

0.13 33 3 -24 ± 5 
0.14 35 3 -22 • 5 
0. 14 38 • 3 -16 ± 6 
0.43 19 2 -47 i 3 
- - -

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 
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346 FIRE AND POLYMERS 

Table IV. Activation Parameters for Pyrolysis (Rate of Weight Loss) 
for Cellulose Samples Treated with 10% Boric Acid, 

Based on Data in Table III 

Ret ιvat ion Parameters 
Crystallinity 

Index, '/. Metho

10 
θ 28 ± 3 
C 36 • 3 
0 26 5 
Ε 58 + 1 

41 fl 46 5 
θ 53 • 4 
C 60 ± 3 
D 17 ± 7 
Ε 55 -

63 fl 43 • 2 
θ 47 + 2 
C 52 • 3 
D 5 5 
Ε 40 -

67 fl 50 2 
θ 52 3 
C 55 5 
0 -23 • 14 
Ε 40 -

74 fl 51 • 1 
Β 56 • 2 
C 59 ± 3 
0 -17 13 
Ε 33 -

fl = zero-order; Β = first -order; C = second--order; 
Wi lkinson 's Approximation; Ε = Integral Conversi on Method. 

(2) Determined using the Arrhenius equation. 
Continued on next page 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 
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Table IV. Continued 

R e t i v a t i o n Parameters 

k 3 0 0 ( 1 0 A - 4 / s e c ) (2) Δ Η

0.60 19 4 -47 ± 6 
0.79 27 • 3 -32 ± 6 
1.04 35 ± 3 -17 ± 6 
3.73 25 • 5 -31 ± 9 

0.31 45 + 5 - 3 t 8 
0.35 51 ± 4 10 ± 6 
0.40 59 3 22 ± 4 
1.79 16 7 49 ± 12 

0.25 42 ± 2 - 8 ± 4 
0.28 46 ± 2 - 1 ± 4 
0.32 50 ± 3 8 ± 4 
1.69 4 5 -70 ± 8 

0. 17 49 + 2 3 ± 3 
0.19 51 • 3 8 ± 5 
0.22 53 • 5 12 ± 8 
2.65 -24 ± 14 -118 ± 24 

0.17 50 1 6 ± 2 
0.19 55 ± 2 14 ± 4 
0.20 58 3 20 ± 6 
2.26 -18 13 -108 ± 22 

American Chemical Society 
Library 

1155 16th St., H.W. 
Washington, O.C. 20036 In Fire and Polymers; Nelson, G.; 

ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 
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350 FIRE AND POLYMERS 

Table VI. Activation Parameters for Pyrolysis (Rate of Weight Loss) 
for Cellulose Samples Treated with 10% Phosphoric Acid, 

Based on Data in Table I 

Crysta11iηιty 
Index, V. Metho

10 
θ 15 ± 2 
C 25 ± 1 
D 21 ± 4 
Ε 64 ± 7 

41 fl - 1 ± 3 
Β θ ± 3 
C 18 ± 3 
• 22 t 4 
Ε 56 ± 4 

63 fl 4 t 1 
θ 13 t 1 
C 23 ± 2 
0 20 ± 2 
Ε 65 ± 10 

67 fl 4 t 2 
θ 14 ± 2 
C 24 ± 2 
D 21 ± 4 
Ε 68 ± 9 

74 fl 4 ± 3 
θ 13 ± 3 
C 23 ± 3 
D 22 ± 2 
Ε 47 ± 9 

fl - zero-order; Β = first-order; C = second-order; 
D = Wilkinson's Approximation; Ε = Integral Conversion Method. 

(2) Determined using the Arrhenius equation. 
Continued on next page 
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Table VI. Continued 

Activation Parameters 

k3 0 0(10A-4/sec) ( 2 ) ΔΗ

0.86 
2.70 14 • 2 -51 ± 4 
8.83 24 • 1 -32 ± 2 

59.34 20 • 4 -36 ± 7 

0.58 - 3 3 -83 ± 6 
2.25 7 3 -64 ± 5 
9.09 17 + 3 -44 ± 5 

90.71 21 + 5 -33 ± 5 

0.71 2 1 -74 ± 4 
2.46 12 1 -55 + 1 
8.77 22 2 -35 ± 3 

64.85 19 2 -37 -»· 3 

0.80 3 • 2 -73 ± 4 
2.69 13 1 -54 ± 3 
9.31 23 + 2 -33 ± 5 

59.51 20 ± 4 -34 ± 8 

0.81 3 3 -73 ± 6 
2.66 12 3 -55 ± 5 
9.01 22 ± 3 -36 ± 5 

65.27 21 + 2 -33 ± 3 
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Table VIII. Activation Parameters for Pyrolysis (Rate of Weight Loss) 
for Cellulose Samples Treated with 10% Aluminum Chloride Hexahydrate, 

Based on Data in Table VII 

Activation Parameters 
Crystallinity 

Index, V. Metho
10 

Β 24 + 1 
C 31 ± 3 
0 3 + 2 
Ε 79 ± 11 

41 A 20 ± 4 
Β 30 + 3 
C 40 ± 3 
0 7 ± 3 
Ε 49 + 9 

63 A 24 ± 1 
Β 32 + 0 
C 40 ± 1 
0 1 ± 2 
Ε 42 1 5 

67 A 29 ± 0 
Β 35 + 1 
C 42 + 2 
D - 6 ± 1 
Ε 42 + 1 

74 A 27 ± 3 
Β 30 + 4 
C 33 + 5 
D -12 + 2 
Ε 30 -

(1) A = zero-order; Β = first-order; C = second-order; 

D = Wilk inson's Approximation; Ε — Integral Conversion Method. 

(2) Oetermined using the Arrhenius equation. 
Continued on next page 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



22. SCHULTZETAL. Thermal Degradation of Cellulose 355 

Table VIII. Continued 

Activation Parameters 

k 3 0 0(10 A-4 / sec ) (2) Za

0.47 
0.ΘΘ 23 ± 1 -39 ± 2 
1.69 30 ± 3 -25 ± 4 

23.54 1 2 -69 ± 3 

0.Θ4 19 ± 4 -45 ± 6 
1.56 29 ± 3 -27 ± 6 
2.92 38 + 3 - 9 ± 6 
11.Θ0 6 3 -63 ± 6 

0.73 23 1 -38 ± 2 
1.25 31 0 -24 ± 0 
2.17 38 ± 1 - 9 ± 2 
10.96 - 1 2 -74 ± 3 

0.61 28 • 0 -30 ± 0 
0.96 34 1 -18 ± 1 
1.54 40 ± 2 - 7 ± 3 

10.25 - 7 ± 1 -86 ± 1 

0.58 25 ± 3 -35 ± 6 
0.8Θ 29 ± 4 -35 ± 7 
1.34 32 5 -21 ± 8 
9.23 -13 2 -97 ± 4 

In Fire and Polymers; Nelson, G.; 
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Table IX. Char/Residue (Wr) Formed by P y r o l y s i s 
Under N 9 at 550°C 

% Char/Residue 

%CI Control H3BO3 A l C l 3
e 6 H 2 0 H 3 P 0 4 

10 29.0 50.0 40.0 51.5 
41 11.5 32.0 27.0 44.0 
63 9.0 31.0 26.0 43.0 
67 8.5 31.
74 7.0 31.

% Crystallinity Index 

1.66 1.66 1.67 1.68 1.69 1.70 1.71 1.72 1.73 1.74 1.76 1.76 
1/T, K~-1 * « Γ 3 

Figure 1. Arrhenius p l o t of the l s t - o r d e r rates f o r the 
untreated c e l l u l o s e samples. 
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The mass l o s s rates f o r the b o r i c a c i d samples were comparable 
to the untreated samples, despite a higher char y i e l d (Table IX) 
f o r the t r e a t e d samples. This was unexpected since the r o l e of a 
wood f i r e retardant i s to increase the char by i n c r e a s i n g the 
dehydration r e a c t i o n (1,3,7). Thus, a f i r e retardant t r e a t e d sample 
w i l l a c t u a l l y pyrolyze at a lower temperature. Data from Table I I I 
suggests that b o r i c a c i d may form more char by suppressing formation 
of flammable v o l a t i l e s instead of by i n c r e a s i n g the dehydration 
r a t e . 

S i g n i f i c a n t changes were observed i n the a c t i v a t i o n parameters 
(Table V) as compared to the c o n t r o l a c t i v a t i o n parameters (Table 
I I ) . S p e c i f i c a l l y , the treated samples had increased E a ' s , ΔΗ+'s 
and AS-^s. An increase i n , E f l has been p r e v i o u s l y reported (12,18). 
The increase i n ΔΗ+ and AS+ and the a b i l i t y of b o r i c a c i d to complex 
with sugars (34-37) suggest that b o r i c a c i d complexed with c e l l u l o s e 
and increased the o v e r a l l bonds cleaved i n a t t a i n i n g the t r a n s i t i o n 
s t a t e (ΔΗ*) and consequentl
flammable v o l a t i l e s doe
mechanism, then formation of a complex between b o r i c a c i d and the 
"reactant" hydroxyl group might i n h i b i t the flaming r e a c t i o n . 
U n f o r t u n a t e l y , b o r i c a c i d has been reported to o x i d i z e when heated 
i n a i r (7) and as a r e s u l t would be expected to be much l e s s 
e f f e c t i v e i n a i r than the authors found under 

Phosphoric A c i d . The 2nd-order rate method f o r analyzing the TGA 
data was s t a t i s t i c a l l y best (Table IV) f o r the cellulose/H^PO^ 
samples. This suggests that the conclusions from a p r i o r study 
which assumed a l s t - o r d e r r e a c t i o n (29) may need to be reexamined. 
While Wilkinson's approximation method gave high r values, the rate 
constant i s determined by the i n t e r c e p t rather than the slope i n 
t h i s method. Thus, the standard d e v i a t i o n of the rates determined 
by Wilkinson's approximation method i s s t i l l r e l a t i v e l y high when 
compared to the other methods. In a d d i t i o n , the r e a c t i o n order as 
determined by the Wilkinson approximation method was u n r e a l i s t i c a l l y 
h igh, ranging from 2.6 to 5.8. 

E f l values (Table VI) as determined by i n t e g r a l conversion are 
2-5 times higher than the other E f l values, while the E& values 
obtained using the 0-order r e a c t i o n rates were u n r e a l i s t i c a l l y low. 

The 2nd-order 300°C rates determined by the Arrhenius equation 
(Table VI) show that the rates are extremely high compared to the 
c o n t r o l or b o r i c a c i d t r e a t e d samples. In a d d i t i o n , the r a t e of 
mass l o s s appears to be unaffected by c r y s t a l l i n i t y . E f l values were 
lowered r e l a t i v e to the untreated c o n t r o l samples, except f o r the 
amorphous sample, and a l s o appeared to be unaffected by 
c r y s t a l l i n i t y . Phosphoric a c i d has been p r e v i o u s l y reported to lower 
E f l (29). The ΔΗ+ values are a l s o lower than the c o n t r o l values, 
except f o r the amorphous sample. In a d d i t i o n , the AS* values are 
a l l l a r g e p o s i t i v e numbers, which suggests that the t r a n s i t i o n s t a t e 
i s r e l a t i v e l y disordered. The increased r a t e s , the l a c k of any 
c r y s t a l l i n i t y e f f e c t , and the change i n a c t i v a t i o n parameters imply 
that the weight l o s s mechanism f o r the phosphoric a c i d samples i s 
d i f f e r e n t than that f o r the c o n t r o l samples. This mechanism i s 
probably the commonly accepted a c i d - c a t a l y z e d dehydration r e a c t i o n 
(1,7), which explains the high char y i e l d s (Table I X ) . An a l t e r n a t e 
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explanation i s that the strong a c i d may have a f f e c t e d the c e l l u l o s e 
DP during the i n i t i a l ten-minute 110°C heating period before any 
weight l o s s occurred. However, a recent paper (38) suggested that 
DP would not have an appreciable e f f e c t on the E f l f o r the f i r s t 
p y r o l y s i s stage, which occurs below about 300°C. 

Phosphoric a c i d i s a r e l a t i v e l y strong a c i d and can cause 
extensive damage to polysaccharides. Ammonium phosphate s a l t s are 
good f i r e retardants (1,7,13,18,22), are inexpensive, and should not 
cause a c i d - c a t a l y z e d h y d r o l y s i s or dehydration. However, i f 
ammonium phosphate-treated wood i s exposed to heat, ammonia w i l l be 
given o f f and phosphoric a c i d w i l l be l e f t (7,39-43). The c r i t i c a l 
temperature at which monoammonium phosphate thermally d i s a s s o c i a t e s 
has been reported to be 166° (39), 170° (42_), or 190°C (40). 
However, the r e l a t i v e l y low reported E f l of 8.14 kcal/mol (43) 
suggests that even moderately warm temperatures over s e v e r a l years, 
such as roof s t r u c t u r e s experience during the summer months, may be 
s u f f i c i e n t to form phosphori
a l s o thermally d i s a s s o c i a t
more degradation to lumber than ammonium phosphates (40,44). This 
thermal d i s a s s o c i a t i o n of ammonium s a l t s may be the cause of the 
premature degradation r e c e n t l y observed i n some f i r e retardant 
t r e a t e d plywood r o o f i n g m a t e r i a l . 

Aluminum T r i c h l o r i d e Hexahydrate. The 2nd-order method f o r 
determination of TGA rates of AlCl 3*6H20-treated c e l l u l o s e was again 
s t a t i s t i c a l l y best (Table V I I ) . This data c o n t r a s t s with a dynamic 
TGA study which suggested a 0-order followed by a l s t - o r d e r r e a c t i o n 
(22). 

Wilkinson's approximation method again gave high rate constants 
and orders and u n r e a l i s t i c E f l's (Table V I I I ) . Efl values determined 
by the i n t e g r a l conversion method were g e n e r a l l y s i m i l a r to the 
values determined from the 2nd-order ra t e s except f o r the amorphous 
sample. The 2nd-order rates measured at 300° by the Arrhenius 
equation (Table V I I I ) were dependent on c r y s t a l l i n i t y , but the 412 
CI sample, r a t h e r than the most amorphous sample, had the highest 
rate constant. The rates were lower than the phosphoric 
a c i d - t r e a t e d samples but were s i g n i f i c a n t l y higher than f o r the 
c o n t r o l and b o r i c a c i d - t r e a t e d samples. Aluminum c h l o r i d e i s 
reported to provide f i r e r e s i s t a n c e p r o p e r t i e s to wood by the same 
dehydration mechanism as phosphoric a c i d (7^). 

Conclusions 

C e l l u l o s e p y r o l y s i s k i n e t i c s , as measured by isothermal TGA mass 
l o s s , were s t a t i s t i c a l l y best f i t using 1 s t - or 2nd-order f o r the 
untreated ( c o n t r o l ) samples and 2nd-order f o r the c e l l u l o s e samples 
t r e a t e d w i t h three a d d i t i v e s . A c t i v a t i o n parameters obtained from 
the TGA data of the untreated samples suggest that the r e a c t i o n 
mechanism proceeded through an ordered t r a n s i t i o n s t a t e . Sample 
c r y s t a l l i n i t y a f f e c t e d the rate constants, a c t i v a t i o n parameters, 
and char y i e l d s of the untreated c e l l u l o s e samples. Various 
a d d i t i v e s had d i f f e r e n t e f f e c t s on the mass l o s s . For example, 
phosphoric a c i d and aluminum c h l o r i d e probably increased the ra t e of 
dehydration, while b o r i c a c i d may have i n h i b i t e d levoglucosan 
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formation. Both of these pathways would increase the char y i e l d and 
provide some f i r e - r e t a r d a n t p r o p e r t i e s to wood. The r e s u l t s - and 
conclusions based on the r e s u l t s - are dependent on the method used 
to analyze the TGA data. Our r e s u l t s suggest that a weak polybasic 
a c i d which forms a strong t h e r m a l l y - s t a b l e complex with c e l l u l o s e 
might provide f i r e - r e s i s t a n t p r o p e r t i e s to l i g n o c e l l u l o s i c products. 

A n a l y s i s of TGA p y r o l y s i s data of complex polymers can be quit e 
d i f f i c u l t . Assumption of a p a r t i c u l a r r e a c t i o n order without 
examining other p o s s i b l e r e a c t i o n orders may make the r e s u l t s and 
conclusions of a study suspect. A l s o , k i n e t i c a n a l y s i s techniques 
which r e q u i r e no assumptions might give u n r e a l i s t i c r e s u l t s . 

Acknowledgments 

Funding f o r t h i s p r o j e c t was provided by the USDA M c l n t i r e - S t e n n i s 
Program and the State of M i s s i s s i p p i . 

Literature Cited 

1. LeVan, S. L. In The Chemistry of Solid Wood, Rowell, R. Μ., 
Ed.; Am. Chem. Soc., Washington, D.C., 1984, Chp. 14. 

2. Nguyen, T., Ε. Zavarin, Ε. M. Barrall, II. J. Macromal. Sci. -
Rev. Macromal. Chem. C, 1981, 20, 1. 

3. Shafizadeh, F. In The Chemistry of Solid Wood, Rowell, R. Μ., 
Ed.; Am. Chem. Soc., Washington, D.C., 1984, Chp. 13. 

4. Shafizadeh, F. In Cellulose Chemistry and Its Application, 
Nevell and S. H. Zeronian, Eds.; Harwood, England, 1985, Chp. 
11. 

5. Antal, M. J., Jr. Adv. in Solar Energy, Vol. 1, 1983, p. 61. 
6. Antal, M. J., Jr. In Advances in Solar Energy. Vol 2, K. W. 

Boer and J. A. Duffie, Eds.; Plenum Press, NY, 1985, Chp. 4. 
7. Browne, F. L. Theories of the Combustion of Wood and Its 

Control, FPL Report 2136, USDA Forest Service, 1963. 
8. Lewellen, P. C., W. A. Peters, J. B. Howard, Symp. (Int.) 

Combustion (Proc.), 1976, 16, 1471. 
9. Dickens, B., J. H. Flynn. In Polymer Characterization, Craver, 

C. D., Ed.; Am. Chem. Soc., Washington, D.C., 1983, Chp. 12. 
10. Chatterjee, P. K. J. Appl. Poly. Sci., 1968, 12, 1859. 
11. Kato, Κ., N. Takahashi Agr. Biol. Chem., 1967, 31, 519. 
12. Hirata, T. Mokuzai Gakkaishi, 1981, 27, 737. 
13. Akita, K., M. Kase J. Poly. Sci., Part A-1, 1967, 5, 833. 
14. Bilbao, R., J. Arauzo, A. Millera Thermochim. Acta, 1987, 120, 

120. 
15. Ramiah, M. V. J. Appl. Poly. Sci., 1970, 14, 1323. 
16. Fung, D. P. C. TAPPI, 1969, 52(2), 319. 
17. Cardwell, R. D., P. Luner. Wood Sci. Tech., 1976, 10, 131. 
18. Hirata, T., Κ. Ε. Werner. J. Appl. Poly. Sci., 1987, 33, 

1533. 
19. Bradbury, A. G. W., Y. Sakai, F. Shafizadeh. J. Appl. Poly. 

Sci., 1979, 23, 3271. 
20. Agrawal, R. K. Cand. J. Chem. Eng., 1988, 66, 403. 
21. Chatterjee, P. K., C. M. Conrad. Textile Res. J., 1966, 36, 

487. 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



360 FIRE AND POLYMERS 

22. Tang, W. K. J. Poly Sci., Part C, 1964, 6, 65. 
23. Lipska, A. E., W. J. Parker. J. Appl. Poly. Sci., 1966, 10, 

1439. 
24. Greenberg, A. R., I. Kamel. J. Poly. Sci., Poly Chem., 1977, 

15, 2137. 
25. Basan, S., O. Guven. Thermochim. Acta, 1986, 106, 169. 
26. Basch, Α., M. Lewin. J. Poly. Sci., Poly. Chem. Ed., 1973, 11, 

3071. 
27. Schultz, T. P., G. D. McGinnis, M. S. Bertran. J. Wood Chem. 

Tech., 1985, 5, 543. 
28. Kato, Κ., H. Komorita. Agr. Biol. Chem., 1968, 32, 21. 
29. Kumagai, Y., T. Ohuchi, C. Nagasawa, M. Ono. Mokuzai 

Gakkaishi, 1974, 20, 381. 
30. Bertran, M. S., Β. E. Dale. Biotechnol. Bioeng., 1985, 27, 

177. 
31. Arthur, J. C., Jr., O. Hinojosa. Text. Res. J., 1966, 36, 

385. 
32. Berkowitz-Mattuck,

1963, 7, 709. 
33. Hirsch, J. A. Concepts in Theoretical Organic Chemistry, Allyn 

and Bacon, Boston, MA, 1974. 
34. Brimacombe, J. S., J. M. Webber. In The Carbohydrates, Vol. 

1A, Pigman, W., D. Horton, Eds.; Academic Press, NY, 1972, Chp. 
14. 

35. Dekker, C. Α., L. Goodman. In The Carbohydrates, Vol. 11A, 
Pigman, W., D. Horton, Eds.; Academic Press, NY, 1970, Chp. 
29. 

36. Scott, J. E. In Methods in Carbohydrate Chemistry, Vol. V, 
Wistler, R. L., J. N. BeMiller, M. L. Wolfrom, Eds.; Academic 
Press, NY, 1965, Chp. 11. 

37. MacDonald, D. L. In The Carbohydrates, Vol. 1A, Pigman, W., D. 
Horton, Eds.; Academic Press, NY, 1972, Chp. 8. 

38. Calahorra, Μ. Ε., M. Cortazar, J. I. Equiazabal, G. M. Guzman. 
J. Appl. Poly. Sci., 1989, 37, 3305. 

39. Tang, W. K., H. W. Eickner. Effect of Inorganic Salts on 
Pyrolysis of Wood, Cellulose, and Lignin Determined by 
Differential Thermal Analysis; FPL Research Paper 82, U.S.D.A., 
1967. 

40. George, C. W., R. A. Susott. Effects of Ammonium Phosphate and 
Sulfate on the Pyrolysis and Combustion of Cellulose; Forest 
Service Research Paper INT-90, U.S.D.A., 1971. 

41. Toy, A. D. F. In Comprehensive Inorganic Chemistry, Vol. 2, 
Trotman-Dickenson, A. F., Exec. Ed.; Pergamon Press, NY, 1975, 
pg. 497. 

42. Margulis, Ε. V., L. I. Beisekeeva, Ν. I. Kopylov, M. A. 
Fishman. Zh. Pr i k l . Khim., 1966, 39(10), 2364; Chem. Abstr. 
66:7974h, 1967. 

43. Menlibaev, Α., D. Z. Serazetdinov, A. B. Bekturov. Izu. Akad. 
Nauk. Kaz. SSR, Ser. Khim., 1976, 26(5), 55; Chem. Abstr. 
86:47631x, 1977. 

44. Middleton, J. C., S. M. Draganov. For. Prod. J., 1965, 15, 
463. 

RECEIVED November 1, 1989 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



Chapter 23 

Influences of Oxygen Chemisorption 
and of Metal Ions in Ignition and Combustion 

of Wood 

G. N. Richards and F.-Y. Hshieh 

Wood Chemistry Laboratory, University of Montana, Missoula, MT 59812 

The influences o
addition of metal ions, on the subsequent ignition and 
combustion of wood and wood chars can be dramatic. 
The major indigenous inorganic constituents of wood 
consist of inorganic salts and of metal ions bound to 
the uronic acids of hemicelluloses. Both can be 
completely removed by washing the wood with dilute 
acid at room temperature. Individual metal ions can 
then be "added-back" by ion exchange with the 
appropriate acetate solution. The complete removal of 
cations was most effective in raising ignition 
temperature or preventing ignition. The physical form 
of the wood samples (i.e., fine and course powders and 
solid discs) also had considerable influence on 
ignition, either in oxygen or in air. The changes in 
metal ions had small but significant influence on 
oxygen chemisorption behavior of the derived chars. 

The i g n i t i o n and combustion of l i g n o c e l l u l o s i c s i s a major source of 
d e s t r u c t i v e r e s i d e n t i a l and f o r e s t f i r e s . Much of the r e l e v a n t 
research i n the l i t e r a t u r e has been c a r r i e d out on c e l l u l o s e , whereas 
i n most f i r e s i t u a t i o n s the combustible m a t e r i a l i s l i g n o c e l l u l o s e 
such as wood and wood-derived m a t e r i a l s (e.g. newsprint). In 
a d d i t i o n to c e l l u l o s e , wood contains two other major types of 
c o n s t i t u e n t , v i z . h e m i c e l l u l o s e s , and l i g n i n , and a l s o e x t r a c t i v e s 
and i n o r g a n i c species. However, i n c o n s i d e r i n g the a c t u a l i g n i t i o n 
and combustion of wood we are f r e q u e n t l y d e a l i n g e f f e c t i v e l y w i t h the 
i g n i t i o n and combustion of char. which has been generated from wood 
by p y r o l y s i s p r i o r to i g n i t i o n . This i s e s p e c i a l l y true of 
smoldering combustion, which i s a common event i n connection w i t h 
domestic or house f i r e s , and i n propagation of f o r e s t f i r e s . In t h i s 
connection we should note that the chemical and p h y s i c a l s t r u c t u r e s 
of the chars generated by p y r o l y s i s of a wide range of biomass 
( o r i g i n a t i n g from more than 10 d i f f e r e n t p l a n t species and morphol-
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ogies) appear remarkably s i m i l a r i n that t h e i r g a s i f i c a t i o n r a t e s 
c o r r e l a t e very c l o s e l y w i t h t o t a l metal i o n content (Kannan, M.P. ; 
Richards, G.N. unpublished r e s u l t s ) . As a r e s u l t , the i n o r g a n i c 
content of c e l l u l o s i c s ( s p e c i f i c a l l y the i d e n t i t y and content of 
metal ions) appears to be a dominant f a c t o r i n i g n i t i o n and 
combustion of c e l l u l o s i c s such as wood. This i s provided of course 
that p h y s i c a l f a c t o r s such as p a r t i c l e s i z e , r a t e of heat input and 
output, e t c . are constant. 

In the i g n i t i o n of wood char, the heat of chemisorption of 
oxygen i s one of the major thermodynamic events (about -100 K c a l . 
g.'1 per mole oxygen (1)) and i t may p l a y a major r o l e i n i g n i t i o n . 
The i n f l u e n c e of oxygen chemisorption on i g n i t i o n w i l l of course be 
dependent on the temperature (and hence the r a t e at which 
chemisorption o c c u r s ) , and on the rate of heat removal by convection 
and r a d i a t i o n . Chemisorption of oxygen by carbonaceous m a t e r i a l has 
been s t u d i e d by many workers using v a r i o u s char m a t e r i a l s and a 
v a r i e t y of experimental
reported that the chars
heat treatment temperatures (HTT) (450-800°C) have d i f f e r e n t 
a f f i n i t i e s f o r oxygen. Maximum chemisorption occurred on chars 
prepared by p y r o l y s i s f o r 1.5 minutes at 550°C and they concluded 
that the maximum i n chemisorption c o i n c i d e d w i t h a maximum i n f r e e 
r a d i c a l content i n the char. L a t e r work by DeGroot and Shafizadeh 
(3) however i n d i c a t e d that f u n c t i o n a l groups on c e l l u l o s e char other 
than fr e e r a d i c a l s could p l a y a major r o l e i n determining r e a c t i v i t y 
of char. Inorganic a d d i t i v e s may enhance or r e t a r d g a s i f i c a t i o n 
r a t e s , but they have l i t t l e e f f e c t on chemisorption of oxygen on 
c e l l u l o s e chars. 

This paper reports the i n f l u e n c e s on oxygen chemisorption of 
(a) temperature of s o r p t i o n , (b) extent of c h a r r i n g , (c) metal i o n 
content i n wood. The e f f e c t of metal ions i n wood and sample 
c o n f i g u r a t i o n on i g n i t i o n of wood char have a l s o been i n v e s t i g a t e d . 
Our approach has been to c a r r y out a sequence i n v o l v i n g c h a r r i n g of 
cottonwood samples i n n i t r o g e n , oxygen chemisorption (e.g. a t 140°C), 
and subsequent heating to i g n i t i o n . A l l of these s e q u e n t i a l 
processes are c a r r i e d out w i t h i n the thermal balance without 
i n t e r r u p t i o n . This procedure avoids some u n c e r t a i n t i e s which can 
a r i s e from separate char p r e p a r a t i o n and han d l i n g before 
chemisorption determinations, such as surface oxide contamination 
and n e c e s s i t y f o r "c l e a n i n g " of char surfaces. 

Experimental Approach 

Wood samples from cottonwood sapwood (Populus t r i c h o c a r p a ) were used 
e i t h e r as small d i s c s (5.5 mm diameter, 2 mm t h i c k ) , or as Wiley-
m i l l e d powder. Newsprint was "repulped" by maceration w i t h water i n 
a blender and formed by f i l t r a t i o n i n t o a mat of 2-3 mm a i r - d r y 
thickness from which d i s c s of 5.5 mm diameter were cut. Metal 
analyses were c a r r i e d out by i n d u c t i v e l y coupled argon plasma 
spectrometry. Indigenous metal ions were removed by degassing under 
0.025 M h y d r o c h l o r i c a c i d and e l u t i n g w i t h t h i s a c i d overnight at 
room temperature before r i g o r o u s l y washing w i t h c o n d u c t i v i t y water. 
I n d i v i d u a l metal ions were "added back" to the acid-washed wood by 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



23. RICHARDS & HSHIEH Oxygen Chemisorption and Metal Ions 363 

r e p e a t i n g t h i s process u s i ng 0.1 M s o l u t i o n s of the appropriate 
acetate s a l t s and again r i g o r o u s l y washing w i t h water. 

The p y r o l y s i s of wood, oxygen chemisorption and o x i d a t i o n of 
wood chars were c a r r i e d out i n a computerized coupled TG-FTIR system 
c o n t a i n i n g Cahn-R-100 e l e c t r i c balance, DuPont Model 990 thermal 
analyzer and N i c o l e t MX-1 F o u r i e r transform i n f r a r e d spectrometer. 
A l l of these s e q u e n t i a l processes are c a r r i e d out w i t h i n the thermal 
balance without i n t e r r u p t i o n . 

Influence of Thermal H i s t o r y on Oxygen Chemisorption of Chars. Chars 
of HTT 450°C from s o l i d wood d i s c s , heated from 25° to 450°C at 
50°C/min and h e l d f o r 10 minutes before c o o l i n g at 50°C/min to 
chemisorption temperature (CST) were used to i n v e s t i g a t e the e f f e c t 
of CST on the chemisorption of oxygen on cottonwood char. Studies 
u s i n g coupled thermogravimetry and F o u r i e r transform i n f r a r e d 
spectrometry of evolved gases showed that g a s i f i c a t i o n products c o u l d 
not be detected at temperature
140°C was chosen f o r subsequen

The i n i t i a l r a t e of oxygen chemisorption was measured from the 
average r a t e of oxygen uptake during the f i r s t f i v e minutes. The 
approximate a c t i v a t i o n energy of i n i t i a l oxygen chemisorption from 
120-180 °C was found to be 11.7 kcal/mole. This r e s u l t i s i n 
agreement w i t h that obtained by Bradbury (2) f o r pure c e l l u l o s e char 
(HTT 550°C, 12.6 kcal/mole). These low a c t i v a t i o n energies i n d i c a t e 
that the i n i t i a l oxygen chemisorption i s a d i f f u s i o n - c o n t r o l l e d 
process both i n the r e l a t i v e l y compact s o l i d wood char and i n the 
more f i b r o u s c e l l u l o s e char. 

The e f f e c t of HTT on the chemisorption of oxygen was s t u d i e d at 
CST 140°C. Table I and Figure 1 compare HTT and the weight l o s s of 
s o l i d wood d i s c s during the c h a r r i n g process (5°/min i n nitrogen) 
w i t h the i n i t i a l r a t e of subsequent oxygen chemisorption. The t o t a l 
amount of oxygen uptake during the f i r s t 2 hours a l s o has the same 
trend as the i n i t i a l r a t e of chemisorption. In both cases ( i . e . , 
w i t h and without 10 min h o l d i n g at HTT), there i s a pronounced 
maximum i n chemisorption a c t i v i t y (CSA) i n the HTT r e g i o n 450-500°C. 
The r e l a t i o n s h i p i s e v i d e n t l y complex. The p o t e n t i a l CSA of the char 
as i t forms passes through two phases. In the f i r s t phase (400-
500°C), a f t e r the i n i t i a l r a p i d p y r o l y s i s weight l o s s , there appears 
to be some change i n the char, without great l o s s of weight, which 
increases the CSA twofold. Then i n the second phase (HTT 500-550°C) 
the char loses h a l f of i t s CSA, again w i t h very l i t t l e weight l o s s . 

Chemisorption of oxygen on char has o f t e n been discussed 
p r e v i o u s l y i n terms of f r e e r a d i c a l c o n c e n t r a t i o n i n the char 
(1.5.6). For c e l l u l o s e chars Bradbury and Shafizadeh (1) found that 
f r e e s p i n c o n c e n t r a t i o n reached a sharp maximum at HTT 550°C, 
c o i n c i d i n g w i t h maximum CSA and drew the obvious c o n c l u s i o n t h a t the 
extent of CSA was at l e a s t p a r t l y r e l a t e d to f r e e r a d i c a l content of 
the char. However, i n subsequent work on c e l l u l o s e char, DeGroot and 
Shafizadeh (3) have found that unpaired s p i n c o n c e n t r a t i o n continues 
to increase up to HTT 700°C. The CSA of the char must t h e r e f o r e 
depend on f a c t o r s other than f r e e r a d i c a l c o n c e n t r a t i o n . 

At present we favor a t e n t a t i v e l i n e of i n t e r p r e t a t i o n of CSA 
dependence on HTT of char as f o l l o w s . The "protochar" i s formed w i t h 
r a p i d weight l o s s most importantly by e l i m i n a t i o n of water from 
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366 FIRE AND POLYMERS 

polysaccharides and of methanol from l i g n i n (5.6) . The i n i t i a l char 
undoubtedly contains many types of f u n c t i o n a l groups capable of 
i n t e r a c t i n g w i t h oxygen, i n c l u d i n g aromatic r i n g systems. Above 
400°C some chemical change must occur i n such systems, without major 
weight change, which renders the chars i n i t i a l l y more r e a c t i v e and 
subsequently l e s s r e a c t i v e to oxygen. E a r l i e r s t u d i e s of the 
chemistry of c e l l u l o s i c chars (7-10) u s i n g chemical and NMR methods 
i n d i c a t e d the f o l l o w i n g general conclusions as HTT increases above 
400°C: 
(a) a c o n t i n u i n g increase i n t o t a l aromatic content, not passing 

through any maximum which would correspond to the peak i n CSA 
shown i n Figure 1; 

(b) a c o n t i n u i n g decrease i n non-aromatic f u n c t i o n a l groups; 
(c) an i n c r e a s i n g formation of p o l y c y c l i c aromatic s t r u c t u r e s . 
We are f u r t h e r i n v e s t i g a t i n g the phenomenon shown i n Figure 1 to seek 
a chemical explanation, since i t seems very u n l i k e l y t h a t the changes 
i n CSA between HTT 400°C
the char. An FTIR i n v e s t i g a t i o
Combust. Flame, i n press) of the chars shown i n Figure 1 has 
confirmed the above g e n e r a l i z a t i o n s regarding the e f f e c t of HTT on 
char chemistry, and suggests that oxygen chemisorption r e s u l t s i n 
the i n t r o d u c t i o n of carbonyl groups. Chars from newsprint showed a 
s i m i l a r maximum i n the r e l a t i o n of CSA to HTT. 

At present we consider the most l i k e l y e x p l a n a t i o n of the peak 
i n chemisorption when chars are prepared at about 500°C i s a s s o c i a t e d 
w i t h a f a c i l e r e a c t i o n of oxygen w i t h c e r t a i n types of e x t e r n a l 
regions of the polynuclear aromatic c l u s t e r s i n which r e a c t i o n occurs 
more r a p i d l y than w i t h "normal" aromatic systems. As the p o l y n u c l e a r 
aromatic c l u s t e r s grow w i t h i n c r e a s i n g char HTT, such "edge" regions 
w i l l pass through a maximum i n r e l a t i o n to t o t a l char weight. I t has 
p r e v i o u s l y been suggested (11) t h a t , on the b a s i s of molecular 
o r b i t a l c a l c u l a t i o n s , some regions (which have been c a l l e d "K 
regions") i n polynuclear aromatic hydrocarbons (PAH) have 
p a r t i c u l a r l y high r e a c t i v i t y and hence have s p e c i f i c r e s p o n s i b i l i t y 
f o r c a r c i n o g e n i c i t y . In t h i s context, a "K region" i s defined as the 
e x t e r n a l corner of a phenanthrene-type moiety i n PAH. 

The c o n d i t i o n s used f o r char p r e p a r a t i o n i n the present 
chemisorption s t u d i e s ( i . e . , p rogressive slow c h a r r i n g of wood) are 
intended to be r e l e v a n t to " r e a l l i f e " smoldering combustion 
s i t u a t i o n s . Most previous s t u d i e s of chemisorption have used chars 
from c e l l u l o s e ( i . e . , a v o i d i n g h e m i c e l l u l o s e and l i g n i n 
c omplications) and have normally used chars formed by 
"instantaneous" heating to a pre-set temperature. 

Influence of Metal Ions on Oxygen Chemisorption and I g n i t i o n of 
Chars. We have c a r r i e d out extensive s t u d i e s of the i n f l u e n c e of 
metal ions i n wood on p y r o l y s i s mechanisms (5.6) and t h i s approach 
has now been extended to oxygen chemisorption of the chars. The 
metal ions occur i n wood predominantly as the counterions of the 
uronic a c i d components of the h e m i c e l l u l o s e s (12). We have shown 
that they can be almost completely removed by very m i l d a c i d 
treatment without any other major change i n the chemistry of the 
wood. Table I I shows that the major metal ions i n cottonwood are Ca, 
Κ and Mg. The acid-washing process removed 98% of the metal ions i n 
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23. RICHARDS & HSHIEH Oxygen Chemisorption and Metal Ions 367 

Table I I . Metal Ion Content (ppm) of Cottonwood and 
Acid-washed Cottonwood 

A l Ca Co Cu Fe Mp: Ρ Κ Na Zn T o t a l 

Cottonwood 8 1500 4 4 2 200 140 1000 30 9 2897 
Acid-washed 2 13 0 0 3 2 10 15 15 3 63 
cottonwood 

the cottonwood d i s c s . A s i n g l e species of metal i o n was then "added 
back" to the wood by normal i o n exchange processes i n order to 
i s o l a t e and i d e n t i f y i n f l u e n c e s of i n d i v i d u a l species of metal ions 
i n the wood. Cobalt-exchange was in c l u d e d i n t h i s s e r i e s f o r 
comparison, because i t
unique p r o p e r t i e s i n g a s i f i c a t i o
degree of ion-exchange f o r each metal i o n cannot be determined from 
ash y i e l d , the ash y i e l d of the ion-exchanged wood d i s c s (Table I I I ) 
confirms that the same l e v e l of i o n exchange was achieved as reported 
p r e v i o u s l y f o r wood powder (5.6). 

Table I I I . E f f e c t of Acid-washing and Ion-exchange on Ash Y i e l d 
of Cottonwood 

Ash Y i e l d (% of Dry Wood) 

0.41 
0.01 
0.30 
0.40 
0.24 

Cottonwood 

Untreated 
Acid-washed 
Acid-washed, then Ca-exchanged 
Acid-washed, then K-exchanged 
A c i d washed, then Co-exchanged 

Figure 1 has shown that the maximum chemisorption of oxygen on 
chars from untreated wood occurs at HTT 450° - 500° C. However, i n 
order to understand b e t t e r the e f f e c t of metal ions on the t o t a l 
process c o n s i s t i n g of p y r o l y s i s and subsequent chemisorption and 
o x i d a t i o n of wood char, i t was necessary to c a r r y out p y r o l y s i s , 
isothermal chemisorption and o x i d a t i o n r e a c t i o n s i n a s i n g l e 
experiment. A t y p i c a l o v e r a l l p y r o l y s i s , isothermal chemisorption 
(140°C) and o x i d a t i o n curve i s shown i n Figure 2. The temperature 
program i s : (1) heat from 25° to 500°C at 5°C/min, (2) c o o l at 
50°C/min to 140°C, (3) h o l d f o r 2 hours, and (4) heat to 500°C at 
3°/min. Oxygen was introduced at the time the temperature reached 
140°C. The increase i n temperature a f t e r the isothermal (140°C) 
reg i o n l e d to an increase i n the r a t e of chemisorption, up to the 
temperature at which combustion (burn-off) becomes the dominant 
process r e s u l t i n g i n r a p i d weight l o s s (ca. 270°C). 

The i n f l u e n c e of the metal ions on the three types of chemical 
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processes i n d i c a t e d i n Figure 2 w i l l be considered s e p a r a t e l y . The 
i n f l u e n c e on the wood p y r o l y s i s process has p r e v i o u s l y been s t u d i e d 
i n d e t a i l (5.6) and the same general e f f e c t s were observed i n t h i s 
study. Thus the p y r o l y s i s occurred r a t h e r more r a p i d l y i n the 
potassium exchanged wood than i n the o r i g i n a l wood and more s l o w l y 
( i . e . at ca. 20°C higher temperature) i n the calcium-exchanged wood, 
w i t h acid-washed and cobalt-exchanged wood intermediate between the 
o r i g i n a l and calcium-exchanged samples. 

In the oxygen chemisorption r e g i o n i n Figure 2 the e f f e c t s of 
metal ions were s m a l l , but s i g n i f i c a n t . The CSA was lowest i n the 
char from acid-washed wood and was increased by presence of a l l of 
the metal ions studied. Cobalt was outstanding i n t h i s respect and 
has a l s o been shown to be unusually e f f e c t i v e i n c a t a l y s i s of char 
g a s i f i c a t i o n (13) . The r e l a t i v e e f f e c t of c a t i o n s on i n i t i a l 
chemisorption r a t e was r a t h e r greater than the e f f e c t on t o t a l 
chemisorption i n 2 hours. The most dramatic e f f e c t s of metal ions 
however, occurred w i t h i g n i t i o n
d e r i v a t i v e thermogravimetr
temperatures (together w i t h p r i o r CSA values) are shown i n Table IV. 
The sharp DTG peaks c o i n c i d e d w i t h v i s u a l o b s e r v a t i o n of i g n i t i o n 
(emission of v i s i b l e l i g h t ) i n the d i s c samples, except f o r the a c i d -
washed sample which d i d not i g n i t e . The i g n i t i o n process t h e r e f o r e 
i s d e f ined as the onset of "run-away" combustion, implying the 
occurrence of a s i t u a t i o n when the r a t e of heat generation i n the 
sample begins to exceed the rate of heat removal, w i t h consequent 
exponential increase i n temperature and hence r a t e of combustion. 
The i g n i t i o n appeared by eye to occur simultaneously over the whole 
d i s c and was accompanied by b r i l l i a n t incandescence w i t h no v i s i b l e 
flame. The ease of i g n i t i o n of the chars from woods d i f f e r i n g only 
i n c a t i o n content f o l l o w s the order of the i n i t i a l r a t e of oxygen 
chemisorption (Table I V ) , but presumably i n v o l v e s many other f a c t o r s . 
A l l of the metal ions included i n t h i s study lowered the i g n i t i o n 
temperature i n comparison w i t h the acid-washed wood. The dramatic 
i n f l u e n c e of c o b a l t i n lowering the i g n i t i o n temperature i s no doubt 
a s s o c i a t e d w i t h i t s unusual e f f e c t i v e n e s s i n c a t a l y s i s of char 
g a s i f i c a t i o n (13) and potassium appears to have a s i m i l a r , though 
small e r i n f l u e n c e . Calcium ions lower the i g n i t i o n temperature much 
l e s s e f f e c t i v e l y than potassium and i n the o r i g i n a l wood the i g n i t i o n 
temperature i s intermediate between that of potassium- and calcium-
exchanged wood. This observation and a l s o the f a c t that the char 
from acid-washed wood f a i l e d to i g n i t e under the c o n d i t i o n s of Figure 
2 have obvious i m p l i c a t i o n s f o r f u r t h e r work on smoldering combustion 
of l i g n o c e l l u l o s i c m a t e r i a l s . 

Recently, Ahmed and Back (14) have proposed a mechanism f o r 
carbon-oxygen r e a c t i o n . The simple mechanism was described as 
f o l l o w s 

CF + 0 2 > C(0 2) (1) 
CF + C(0 2) > 2(C0) C (2) 
(C0) c > C 0 W + CF (3) 
CF + (C0) c + 0 2 > C0 2 { g ) + (C0) c + 2CF (4) 
(C0) c + C(0 2) > C0 2 ( g ) + (C0) c + CF (5) 

CF r e f e r s to a free carbon s i t e on the surface, C(0 2) r e f e r s to 
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an adsorbed oxygen molecule before formation of the surface oxide 
complex takes p l a c e , and (C0) c r e f e r s to the s t a b l e surface oxide 
complex. The f i r s t and second r e a c t i o n s represent formation of the 
surface oxide complex by the chemisorption process. The t h i r d 
r e a c t i o n represents desorption of the surface oxide complex. The 
f o u r t h and the f i f t h r e a c t i o n s represent g a s i f i c a t i o n of the surface 
oxide complex. 

With t h i s type of concept i n mind, a f u r t h e r s e r i e s of 
experiments was c a r r i e d out i n which the char samples from untreated, 
acid-washed and ion-exchanged cottonwood d i s c s were prepared i n 
n i t r o g e n at 20°C/min and h e l d at 475°C f o r 10 minutes. Chars were 
then cooled to the d e s i r e d temperature and immediately oxygen was 
introduced to the TG system. I t e r a t i v e steps of 10°C were used f o r 
the temperature of sw i t c h i n g to oxygen and the experiments were 
repeated u n t i l the minimum i g n i t i o n temperature was obtained. The 
minimum i g n i t i o n temperature described i s th e r e f o r e the minimum 
temperature at which f r e s
i n Table V r e v e a l the e f f e c
i g n i t i o n temperature of
i g n i t i o n temperature are r e l a t i v e l y smaller than those shown i n Table 
IV, but are s t i l l s i g n i f i c a n t i n terms of f i r e s i t u a t i o n s . 

Table V. E f f e c t of Metal Ions on the Minimum I g n i t i o n 
Temperature ( i n Oxygen) of Cottonwood Chars 

Chars a Minimum I g n i t i o n Temperature (°C) 

Untreated 280 
Acid-washed 310 
Acid-washed, then 280 

K-exchanged 
Acid-washed, then 280 

Ca-exchanged 
Acid-washed, then 280 

Co-exchanged 
a C h a r r i n g process: p y r o l y s i s of wood ( i n N2) from 25°C to 475°C 

at 20°C/min and h e l d at 475°C f o r 10 min. 

There are three major heat or energy sources which are l i k e l y 
to i n f l u e n c e i g n i t i o n , i . e . from chemisorption, from combustion 
processes before i g n i t i o n , and from the a p p l i e d heat source. 
Bradbury and Shafizadeh (1) have reported that p r eadsorption of 
oxygen on f r e s h c e l l u l o s e char at temperatures below the minimum 
i g n i t i o n temperature r a i s e d the subsequent i g n i t i o n temperature of 
char ( i n oxygen) by 130°C. The data shown i n Tables IV and V a l s o 
r e v e a l that preadsorption of oxygen on f r e s h wood char r a i s e d the 
subsequent i g n i t i o n temperature of wood char by at l e a s t 73°C. This 
e f f e c t i s undoubtedly due to the d i s p e r s i o n of the heat of 
chemisorption at temperatures too low f o r i g n i t i o n and t h i s energy i s 
ther e f o r e no longer a v a i l a b l e to provide i t s "normal" dominant 
c o n t r i b u t i o n to i g n i t i o n . This e f f e c t has been a p p l i e d to prevent 
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spontaneous combustion of f r e s h charcoal by feeding a i r 
(preadsorption of oxygen) through f r e s h c h a r c o a l at temperatures 
below 150°C (15.) . The preadsorbed oxygen was s a i d to "poison" some 
of the a c t i v e s i t e s on the charcoal surface and so r a i s e the i g n i t i o n 
temperature, but the type of e x p l a n a t i o n given above, now seems more 
l i k e l y . 

I nfluence of Sample C o n f i g u r a t i o n on Oxygen Chemisorption and 
I g n i t i o n of Chars. O h l e m i l l e r (16) has shown that the c o n f i g u r a t i o n s 
of both the heat source and the c e l l u l o s i c m a t e r i a l have major 
i n f l u e n c e on i g n i t i o n temperature. Thus the minimum heat source 
temperature r e q u i r e d f o r i g n i t i o n can be v a r i e d by at l e a s t 150°C as 
a r e s u l t of v a r i a t i o n i n heat source geometry from concave to convex. 
Other parameters such as bulk d e n s i t y and even r e t a r d a n t s may have 
much smaller i n f l u e n c e . The l a y e r thickness (e.g., of c e l l u l o s i c 
i n s u l a t i o n ) can a l s o have major e f f e c t on the temperature of smolder 
i g n i t i o n (17). This temperatur
i g n i t i o n of l a y e r s rangin
temperature has been r e l a t e d to decreased r a t e of heat l o s s i n the 
t h i c k e r l a y e r s . On the other hand, more recent work by Davies and 
coworkers (18) on d i f f e r e n t i a l thermal a n a l y s i s measurement of 
i g n i t i o n temperature of small samples of c e l l u l o s e powder showed that 
the i g n i t i o n temperature was independent of sample mass and a i r flow 
r a t e s over a wide range. In the l a t t e r work however, the h e a t i n g 
r a t e had s i g n i f i c a n t i n f l u e n c e . This type of e f f e c t has now been 
s t u d i e d w i t h wood. 

Three samples were used to i n v e s t i g a t e the i n f l u e n c e of sample 
c o n f i g u r a t i o n on oxygen chemisorption and i g n i t i o n . They were 
cottonwood d i s c s (5.5 mm i n diameter, 2 mm t h i c k ) , coarse cottonwood 
powder (40 χ 80 T y l e r mesh) and f i n e cottonwood powder (-80 mesh). 
The minimum i g n i t i o n temperature of the wood chars prepared from 
d i f f e r e n t samples can be seen i n Table VI. Thus the char prepared 
from cottonwood d i s c s i g n i t e d at much lower temperature than the char 
prepared from e i t h e r of the cottonwood powders. The i n f l u e n c e of 
sample c o n f i g u r a t i o n on the minimum i g n i t i o n temperature of wood 
chars therefore i s l a r g e r than that of metal ions i n the wood from 
which the chars are prepared. The thermogravimetrie a n a l y s i s curves 
f o r p y r o l y s i s - c h e m i s o r p t i o n - o x i d a t i o n of the three d i f f e r e n t 
cottonwood samples were determined under c o n d i t i o n s s i m i l a r to Figure 
2. In the p y r o l y s i s step (25°-475°C at 20°C/min i n nitrogen) there 
was no s i g n i f i c a n t d i f f e r e n c e between the three samples. S i m i l a r l y 
i n the oxygen chemisorption phase (250°C f o r 15 min) there was no 
s i g n i f i c a n t d i f f e r e n c e between the three samples. On f u r t h e r h e a t i n g 
i n oxygen at 10°C/min however, the d i s c sample i g n i t e d (shown by very 
r a p i d weight l o s s ) at 392°C while the f i n e and coarse powders both 
i g n i t e d at 418°C. Thus the p h y s i c a l form of the char had a major 
i n f l u e n c e on i g n i t i o n temperature although the CSA of a l l chars was 
the same. The chars from the wood powders were sponge-like w h i l e the 
wood d i s c r e t a i n e d i t s shape during c h a r r i n g and the char had 
r e l a t i v e l y h i g h mechanical strength. I t i s concluded that the powder 
chars can probably d i s s i p a t e heat of combustion and chemisorption by 
convection more r a p i d l y than the d i s c samples. The above r e s u l t s 
c e r t a i n l y confirm the f a c t that the p h y s i c a l form and s t a t e of the 
sample plays an important r o l e i n i g n i t i o n . 
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Table VI. E f f e c t of Sample C o n f i g u r a t i o n on the Minimum 
I g n i t i o n Temperature ( i n Oxygen) of Cottonwood Chars 

Cottonwood Chars' Minimum I g n i t i o n Temperature (°C) 

Char prepared from wood d i s c 
(5.5 mm i n diameter, 2 mm t h i c k ) 

280 

Char prepared from coarse 
wood powder (40 χ 80 T y l e r mesh) 

330 

Char prepared from f i n e 340 
wood powder (-80 mesh) 

a C h a r r i n g process: p y r o l y s i s of wood ( i n N2) from 25°C to 475°C 
at 20°C/min and h e l d at 475°C f o r 10 min. 

S i m i l a r experiments to those j u s t described were c a r r i e d out on 
the three types of wood sample w i t h the f i r s t c h a r r i n g step being 
c a r r i e d out i n a i r r a t h e r than n i t r o g e n ( i . e . , o x i d a t i v e p y r o l y s i s ) 
and w i t h subsequent chemisorption and i g n i t i o n a l s o i n a i r . In t h i s 
case there were s l i g h t but s i g n i f i c a n t d i f f e r e n c e s i n the o x i d a t i v e 
p y r o l y s i s stage, w i t h the d i s c samples l o s i n g weight r a t h e r more 
slo w l y than the powders at low temperatures (250-300°C), but more 
r a p i d l y at higher temperatures (ca. 320°C). Presumably these e f f e c t s 
r e l a t e to the more ready access of oxygen to the powder samples and 
to the i n i t i a l r e t e n t i o n of e a r l y p y r o l y s i s products i n the d i s c s . 
A l l samples however gave s i m i l a r char y i e l d s (ca. 20% at 400°C) and 
the d i s c samples again i g n i t e d at lower temperature (439°C) than the 
powder samples (450°C). These temperatures are of course higher than 
the corresponding i g n i t i o n temperatures i n oxygen, but the 
d i f f e r e n c e s between d i s c and powder samples are again s i g n i f i c a n t and 
are assumed to be due to s i m i l a r e f f e c t s to those described above. 

Experiments s i m i l a r to those described above have been c a r r i e d 
out w i t h newsprint w i t h g e n e r a l l y s i m i l a r r e s u l t s , as would be 
a n t i c i p a t e d , since the newsprint i s predominantly composed of 
mechanical wood pulp and therefore contains most of the o r i g i n a l 
h e m i c e l l u l o s e s and l i g n i n (now "bleached") i n a d d i t i o n to c e l l u l o s e . 
The i n f l u e n c e s of some of the metal ions incorporated i n both 
b l e a c h i n g and p r i n t i n g can be detected i n i g n i t i o n processes. Thus, 
Table VII shows the high sodium content of newsprint due to bleach 
agents and the increase i n aluminum content a s s o c i a t e d w i t h c o l o r e d 
i n k s . A c i d washing of the newsprint l e d to removal of most of the 
metal ions and to s i g n i f i c a n t increase i n i g n i t i o n temperatures 
(Table V I I I ) . I t i s a l s o notable that b l a c k ink appears to r a i s e 
i g n i t i o n temperatures of newsprint, w h i l e c o l o r e d inks lower the 
i g n i t i o n temperatures. We speculate that the former e f f e c t may be 
a s s o c i a t e d w i t h quenching of fre e r a d i c a l s at i g n i t i o n by the carbon 
b l a c k or other components of b l a c k ink, while the ions such as 
aluminum, introduced w i t h c o l o r e d inks are l i k e l y to c a t a l y z e char 
g a s i f i c a t i o n . 
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Table V I I I . E f f e c t of Ink and Color on the I g n i t i o n Temperature 
( i n Oxygen) of Newsprint Chars a 

Minimum I g n i t i o n I g n i t i o n Temperature of 
Temperature Chemisorbed Charsb (°C) 

Sample CO 

Untreated 
Without ink 290 405 
With i n k 310 410 
With c o l o r 270 386 

Water-washed 
Without i n k 290 397 
With ink 310 403 
With c o l o r 270 391 

Acid-washed 
Without ink 320 476 
With ink 330 478 
With c o l o r 320 488 

a C h a r r i n g process: p y r o l y s i s of newsprint ( i n N2) from 25°C to 
475°C at 20°C/min and h e l d at 475°C f o r 10 min. 

^Chemisorbed oxygen at 250°C f o r 15 min, subsequently heated at 
10°/min. 
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Chapter 24 

Rate of Isothermal Heat Evolution 
of Lignocellulosic Sheet Materials 

in an Air Stream 
Ernst L. Back1 and Frans Johanson2 

STFI, Stockholm, Sweden 

The rate of isothermal heat evolution in lignocellu
losic sheet material was studied at temperatures be
tween 150 and 230°
meter and commercia
and laboratory hardboards of holocellulose, bleached 
kraft and groundwood, the latter with and without fire 
retardants. 

For all boards of mechanical or "thermomechanical 
pulp, the rate of isothermal heat evolution after an 
initiation period was maximum and then decreased with " 
reaction time. For boards of delignified pulp, i.e. of 
holocellulose and bleached kraft, this rate reached an 
intial plateau and then increased with time at 
temperatures above 200°C whereas it remained almost 
constant at lower temperatures. The following para
meters are evaluated as a function of temperature: 
1) the initial maximum or plateau rate of heat 
release 
2) its subsequent change with time including 
corresponding rate constants 
3) the overall heat release extrapolated to infinite 
time. 
The initial rate of heat release around 200°C is 5 to 
10 times higher for lignocellulosic boards than for 
the delignified boards. The activation energy of this 
initial rate varies from 15 kcal/mole for bleached 
kraft board to 30 kcal/mole for groundwood boards, 
with commercial boards of thermomechanical pulps in 
between. 

For lignocellulosic boards the initial maximum 
rate of heat release declines with time - approxima
tely according to first order kinetics. This decline 
is only moderately faster at higher temperature. The 
activation energy of the rate constant varied around 
5 kcal/mole for hard and semi-hardboards, which 

NOTE: This chapter is adapted with permission from ref. 10. Copyright 1989 De Groyter. 
Current address: Feedback Consulting E & E Back KB, Vikbyvâgen 42,18143 Lidingô, Sweden 
2Current address: Pappersgruppen AB, Box 1004, 431 26 Môlndal, Sweden 

This chapter not subject to U.S. copyright 
Published 1990 American Chemical Society 
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indicates a reaction rate limited by diffusion, 
probably into the fiber or fibrous walls. According
ly the total heat release extrapolate to infinite 
time, i.e. the total oxidation reaction increases very 
significantly with increasing temperature. 

For delignified boards, a constant or at higher 
temperatures an increasing rate of heat release with 
time is interpreted as a radical initiated oxidation, 
maybe catalysed by some of the intermediate oxidation 
products - but retarded by radical scavengers formed 
in the degradation of lignin. 

The corresponding chemical reactions are dis
cussed. Oxidative formation of carboxylic and carbony
li c groups is considered to be the main source of heat 
release. 

In the production of we
p r e s s - d r i e d boards are u s u a l l
increase t h e i r water r e s i s t a n c e , dimensional s t a b i l i t y , strenght 
and s t i f f n e s s . A c u r i n g f o r 5 hours or more i n hot a i r of 165°C i s 
common. Higher c u r i n g temperatures reduce the period needed f o r 
each batch and thus increase the c a p a c i t y of the heat treatment 
chamber, but they increase the a u t o - i g n i t i o n r i s k s . 

During the heat treatment, o x i d a t i v e a u t o - c r o s s l i n k i n g of 
wood polymers and a l s o some chain cleavage takes place i n the 
l i g n o c e l l u l o s i c m a t e r i a l (1-3). Wood e x t r a c t i v e s such as unsatura
ted f a t t y and r e s i n acids prevalent i n the hardboard are most 
a c c e s s i b l e f o r such o x i d a t i o n and take part i n t h i s auto-cross
l i n k i n g . Among the wood polymers l i g n i n i s most r e a c t i v e . The 
i n f l u e n c e of temperature, time and added o x i d a t i o n c a t a l y s t s on the 
development of p r o p e r t i e s during these r e a c t i o n s has been described 
(1,2,4-6) The o v e r a l l r e a c t i o n i s exothermic and unless t h i s heat 
i s d i s s i p a t e d r a p i d l y enough from the m a t e r i a l , s e l f - h e a t i n g and 
a u t o - i g n i t i o n occurs. Such f i r e s u s u a l l y occur s e v e r a l times a year 
i n the cu r i n g chambers and require constant a t t e n t i o n . The c o o l i n g 
c a p a c i t y required e.g. f o r the water showers i n the r e c i r c u l a t i n g 
a i r system to prevent such r i s k s can be evalutated i f the tempera
ture dependence and time dependence of the heat e v o l u t i o n are 
known. 

Such basic data are here presented from isothermal measure
ments on 5 by 90 cm l i g n o c e l l u l o s i c and c e l l u l o s i c s t r i p s up to 
13 mm t h i c k . A s u i t a b l e l a b y r i n t h a i r flow c a l o r i m e t e r operating 
at temperatures up to 250°C was b u i l t f o r these f a i r l y large s i z e 
samples. (7) 

Experimental 

The Lab y r i n t h A i r Flow Calorimeter. 

The design and necessary c a l c u l a t i o n s f o r the l a b y r i n t h c a l o r i m e t e r 
with turbulent a i r flow but low heat l o s s e s , have been presented 
e a r l i e r ( 7 ) . See Figure 1. The advantage over micromethods such as 
DSC i s that e f f e c t s of sheet density and c a l i p e r of f i b e r e n t i t i e s 
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can be evaluated e.g. at high enough a i r speeds to keep temperature 
gradients i n the m a t e r i a l low. 

Pre-thermostated a i r was c i r c u l a t e d from a la b o r a t o r y heating 
chamber by means of a c e n t r i f u g a l fan through the ca l o r i m e t e r and 
back to the heating chamber f o r re-thermostating by e l e c t r i c a l e l e 
ments, some of which were switched on conti n o u s l y and others on-off 
regulated by a thermistor probe placed at the i n l e t of the c a l o r i 
meter. The a i r v e l o c i t y was measured by means of a P i t o t tube ahead 
of the c a l o r i m e t e r . The heat e v o l u t i o n channel had a cross s e c t i o n 
of 5.3 χ 5.3 cm and a lenght of 100 cm. Depending on board c a l i p e r , 
2 to 5 s t r i p s at a time were placed i n the channel t h e i r length 
u s u a l l y being 88 cm and t h e i r width 4.8 cm. The a i r flow i n the 
channel along the samples was approximately 9 m/s and turbulent to 
ensure r a p i d heat and mass t r a n s f e r . The v e l o c i t y depended somewhat 
on the thickness and number of samples i n the channel, as seen i n 
Table I . 

The increase i n temperatur
o u t l e t of the measuring
thermopile of chromel-constantan thermoelements. The c a l o r i m e t e r 
was i n s u l a t e d w i t h mineral wool, the w a l l s of the measuring and 
surrounding l a b y r i n t h channels being coated with aluminium f o i l . In 
the outer l a b y r i n t h channels the a i r flow was laminar. The heat 
l o s s through the w a l l s between the i n l e t and the o u t l e t of the mea
suring channel was measured with asbestos cement sheets, preheated 
at 250°C f o r 48 hours to remove organic m a t e r i a l and moisture. In 
Figure 2 the temperature drop i s p l o t t e d against the a i r tempera
tu r e . Using t h i s c a l i b r a t i o n c o r r e c t i o n , the rate of heat e v o l u t i o n 
i n a board sample was c a l c u l a t e d from the increase i n the a i r 
temperature through the channel and the a i r v e l o c i t y , both of which 
were recorded simultaneously. 

I t appeared relevant to r e l a t e the heat released to the mean 
temperature w i t h i n the board sample. Neglecting the rather s m a l l 
temperature gradient over the thickness of the hardboard samples 
( 7 ) , i t was decided to r e l a t e the data to the temperature i n the 
surface l a y e r of the board Ts according to the expression: 

Ts - Ta = Δ Q«B/2 α 

where Ta i s the mean temperature of the air,Δ Q the heat released 
per u n i t time and u n i t weight, Β the grammage i . e . the " b a s i s " 
weight per u n i t area of the board and α the heat t r a n s f e r c o e f f i 
c i e n t . The heat t r a n s f e r c o e f f i c i e n t was c a l c u l a t e d to be 
100kJ/m 2 oC i n turbulent a i r of 8.5 m/s alongside the boards. 

For a 12 mm i n s u l a t i n g board with a thermal c o n d u c t i v i t y of 
about 0.38 kcal/m,h,°C (equal to 0.044 W/m°C) perpendicular to the 
sheet, the temperature d i f f e r e n c e between surface and thickness 
center under the co n d i t i o n s used was measured to be 10°C at a mean 
temperature of 190°C. For a hardboard w i t h n e a r l y three times t h i s 
thermal c o n d u c t i v i t y i t i s n e g l i g i b l e . For example, f o r a 3.2 mm 
hardboard i t v a r i e s from 1 to 3°C over the 185° to 230°C range. 

Procedure and M a t e r i a l s used. 

With i n e r t asbestos cement sheets i n the measuring channel, the 
a i r - f l o w c a l o r i m e t e r was f i r s t e q u i l i b r a t e d at an a i r temperature 
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140 160 180 200 220 
AIR TEMPERATURE, e C 

Figure 2. The temperature drop from the inlet to the outlet of the measuring 
channel due to heat losses versus the mean air temperature. Experiments with 
four 3 mm thick (open circles), three 6 mm thick (triangles), and two 10 mm 
thick asbestos sheets (filled dots). (Reproduced with permission from ref. 10. 
Copyright 1989 De Gruyter.) 
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384 FIRE AND POLYMERS 

5° to 10°C above the one to be used. The l i g n o c e l l u l o s i c board 
samples were pre-heated i n a i r of 150°C f o r 12 minutes i n a sepa
rate chamber to avoid a large temperature drop i n the c a l o r i m e t e r 
when they were i n s e r t e d . For a period of two minutes the fan was 
stopped, the combined l i d of the measuring and l a b y r i n t h channels 
opened and the asbestos cement sheets replaced by the preheated 
samples, the l i d c l osed and the fan r e s t a r t e d . The temperature con
t r o l of the heating chamber was switched o f f f o r another three 
minutes u n t i l the a i r temperature had reached an e q u i l i b r i u m value. 
The r e g u l a t i n g temperature was then set to t h i s temperature to 
minimize the i n f l u e n c e of the s t a r t i n g p e r i o d . Both the temperature 
d i f f e r e n c e over the channel 'and the a i r temperature at the i n l e t 
were recorded. In some cases, the temperature at various points 
over the board thickness and the temperature d i f f e r e n c e between the 
board center and the surrounding a i r were a l s o recorded. 

Measurements covered periods ranging from 2 hours to 72 hours. 
The t o t a l weight l o s s durin
weighing the samples ho
the c a l o r i m e t e r . 

Some pr o p e r t i e s of the l i g n o c e l l u l o s i c and c e l l u l o s i c boards 
i n v e s t i g a t e d are given i n Table I . Figures 11,13,14,16 and 18 con
t a i n s data for a d d i t i o n a l commercial boards of various thicknesses 
and d e n s i t i e s of pulps described i n Table I , as i n d i c a t e d , i n Table 
I I . Sheets of groundwood and of bleached k r a f t pulps were wet form
ed from commercial pulps dispersed f o r 30 minutes. The h o l o c e l l u 
lose pulp was produced by d e l i g n i f y i n g groundwood i n sets of 550 g 
dispersed at 60°C i n two l i t e r s of water, to which was added 6 
l i t e r s of a s o l u t i o n c o n t a i n i n g 400 g sodium c h l o r i t e and as a 
b u f f e r 136 g sodium acetate and 57 ml concentrated a c e t i c a c i d at 
65°C. D e l i g n i f i c a t i o n took place at 60°C f o r 6 hours, followed by 
dewatertng and washing 5 times at 60°C. Thereafter d e l i g n i f i c a t i o n 
was repeated once more using only 125 g sodium c h l o r i t e but a reac
t i o n time of 20 hours. 

Wet formed sheets of groundwood, h o l o c e l l u l o s e pulp and 
bleached k r a f t pulp were c o l d pressed f o r one minute at a 0.1 MPa 
and hot pressed between two press wires at 150°C f o r one minute at 
5.0 MPa, f o r another 4 minutes at 1.0 MPa and f i n a l l y 12 minutes at 
10.0 MPa. 

Commercial Masonite and Asplund boards and the asphalt-impreg
nated i n s u l a t i o n board were sampled before any commercial heat 
treatment. The corresponding "thermomechanical" pulps had been 
produced by p r e s s u r i z e d r e f i n i n g of steamed c h i p s . The higher pre-
steaming temperature used i n the Masonite process r e s u l t e d i n a 
y i e l d of about 85% as compared to a f i b e r y i e l d of about 94% of the 
Asplund pulps, the remainder being d i s s o l v e d . 

Groundwood-based boards were impregnated with f i r e retardants 
by adding a s o l u t i o n of e i t h e r diammonium hydrogen phosphate or of 
a 50/50 mixture of borax and b o r i c a c i d to the moist sheets a f t e r 
the c o l d pre-pressing. These impregnated sheets were then allowed 
to dry at 20°C f o r 48 hours to achieve a s o l i d s content of about 
60%, before being p r e s s - d r i e d at 150°C as described. The amount of 
f i r e retardants added to the boards were 10%, the amount re t a i n e d 
thereof being 80% f o r the borate and 100% f o r the phosphate. 

Thickness values given i n Table I include the indentations due 
to the wire marks and the apparent de n s i t y i s based on t h i s t h i c k 
ness and on the conditioned grammage at 65% RH and 20°C. 
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386 FIRE AND POLYMERS 

Rates of Isothermal Heat E v o l u t i o n 

The rate of isothermal heat e v o l u t i o n at various a i r temperature 
versus time f o r the groundwood-based hardboard without a d d i t i v e s i s 
shown i n Figure 3. Just a f t e r the samples achieve the set e q u i l i 
brium temperature, the rate of heat e v o l u t i o n q u i c k l y r i s e s to a 
maximum and then decreases with time. The logarithm of the rate of 
heat e v o l u t i o n decreases almost l i n e a r l y w i t h r e a c t i o n time. Data 
f o r the corresponding boards impregnated w i t h 10% of a borax/boric 
a c i d mixture are shown i n Figure 4. Results for two commercial 
hardboards, one of Asplund the other of Masonite pulp are given i n 
Figure 5. 

These f i g u r e s show features c h a r a c t e r i s t i c f o r a l l hardboards, 
semi-hardboards or i n s u l a t i n g boards i n v e s t i g a t e d , when they are 
based on mechanical and "thermomechanical" pulps, and a l s o f o r 
those c o n t a i n i n g added asphalt or added tempering o i l s , i . e . a few 
percent of unsaturated f a t t
l u t e rates of theat e v o l u t i o
The a d d i t i o n of Fe(S04)2 as c a t a l y s t i n the Masonite boards 
apparently did not change the approximately l i n e a r decrease of heat 
release r a t e . The l e v e l of released heat i s n a t u r a l l y highest f o r 
the boards c o n t a i n i n g tempering o i l s or as p h a l t . More d e t a i l s are 
given elsewhere (10). 

Corresponding hardboards based on d e l i g n i f i e d pulp behave 
d i f f e r e n t l y . For the hardboard of h o l o c e l l u l o s e pulp the r e s u l t s 
are shown i n Figure 6. The rates of isothermal heat e v o l u t i o n , 
a f t e r the i n i t i a t i o n p e r i o d , remain constant with time at low 
temperature, while they increase with time at the higher tempera
t u r e s . The same i s true f o r the hardboard of bleached k r a f t pulp as 
shown i n Figure 7. The logarithm of the rate of heat e v o l u t i o n here 
increases with r e a c t i o n time almost r e c t i l i n e a r l y at high board 
temperatures u n t i l the board i g n i t e s . The a c t u a l l e v e l of heat 
release rate a f t e r the i n i t i a t i o n period on the other hand i s 
slower f o r these d e l i g n i f i e d c e l l u l o s e boards than f o r the non-
d e l i g n i f i e d ones of equal d e n s i t y . 

F u l l Scale Measurements i n a Curing Chamber f o r Hardboard 

Some measurements were c a r r i e d out i n f u l l s c a l e chamber f o r batch-
wise heat treatment of hardboard by two procedures (8) as i l l u s t r a 
ted i n Figure 8. One was to f o l l o w the t o t a l heat f l u x to the heat 
exchanger of the chamber at equal a i r temperature f i r s t with an 
empty carload and then with one f u l l y charged measuring a l s o heat 
losses through the chimney. The heat exchanger used p r e s s u r i z e d 
water and the heat f l u x was evaluated c o n t i n o u s l y . The chamber was 
charged with 2.8 tons of hardboard made up of hundred s i n g l e - l a i d 
sheets at a few cm distance f o r the a i r to pass i n between at 5.0 
to 5.5 m/s. A f t e r the heating period the a i r flow through these 
" d a y l i g h t s " serves mainly to transport the released heat from the 
boards to the remaining part of the chamber, where heat i s l o s t 
p a r t l y by v e n t i l a t i o n . 

In the second method, the temperature increase was measured 
over a board length of about 5.5 meters a f t e r c l o s i n g the sides of 
one of these d a y l i g h t s to produce a closed a i r channel. A quadruple 
thermo-chain was used i n each of four such channels i n a charge. 
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25θΗ 

REACTION TIME.hrs 

Figure 3. The rate of isothermal heat release versus reaction time for a 3.3 mm 
hardboard of groundwood. Above, on a linear scale; below, on a logarithmic scale. 
Released heat 1.0 kcal equal to 4.19 kJ. (Reproduced with permission from ref. 
10. Copyright 1989 De Gruyter.) 
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500 H 
SI 

REACTION TIME, h 

Figure 4. The rate of isothermal heat release versus reaction time for a 4.4 mm 
hardboard of groundwood containing 8% of a 50/50 mixture of borax and boric 
acid. (Reproduced with permission from ref. 10. Copyright 1989 De Gruyter.) 
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d>100 

U 6 
REACTION TIME.hrs 

2 A 6 
REACTION TIME.h 

Figure 5. The rate of isothermal heat evolution on a logarithmic scale versus the 
reaction time. Top, for a 3.8 mm commercial hardboard of Asplund pulp; bottom, 
for a 3.6 mm commercial hardboard of Masonite pulp. Released heat 1.0 kcal 
equal to 4.19 kJ. (Reproduced with permission from ref. 10. Copyright 1989 De 
Gruyter.) 
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Figure 6. The rate of isothermal heat evolution on linear and logarithmic scales 
versus the reaction time for a 2.8 mm hardboard of holocellulose pulp. Released 
heat 1.0 kcal equal to 4.19 kJ. (Reproduced with permission from ref. 10. 
Copyright 1989 De Gruyter.) 
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REACTION TIME, hrs 

Figure 7. The rate of isothermal heat evolution on linear and logarithmic scales 
versus the reaction time for a 3.2 mm hardboard of bleached kraft pulp. Released 
heat 1.0 kcal equal to 4.19 kJ. (Reproduced with permission from ref. 10. 
Copyright 1989 De Gruyter.) 
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The thermoelements were placed j u s t a f t e r a supporting s t e e l beam 
c r o s s i n g , where there i s maximum a i r turbulence i n t h i s channel. 
The a i r v e l o c i t y i n there channels was a l s o measured. 

Figure 9 shows some r e s u l t s of these two procedures at a mean 
a i r temperature of 173°C. There are some d i f f e r e n c e s between the 
four d a y l i g h t s due to d i f f e r e n c e s i n a i r temperature. N a t u r a l l y 
there are a l s o v a r i a t i o n s w i t h time due to the r e g u l a t i n g mechanism 
a c t i n g on the water flow through the heat exchanger to keep the 
chamber temperature at the pre-set l e v e l . These r e s u l t s r e f e r to 
3.2 mm commercial hardboard of Asplund pulp of d e n s i t y 950 kg/m^. 
The mean isothermal heat release over the four hours' r e a c t i o n time 
i n t h i s charge was 13 kc a l / k g hardboard per hour or 52 kJ/kg-h. 
Other sets of measurements c a r r i e d out with t h i s procedure showed 
values up to 20 kcal/kg·η at an a i r temperature of 170°C and 
8-10 kcal/kg«h at 155°C. The i n i t i a l maximum heat release at the 
f u l l treatment temperature was quit e pronounced i n a l l these cases. 
These data are i n reasonabl
r i n t h flow c a l o r i m e t e r

When, a f t e r a few hours of c u r i n g , the a i r temperature i n the 
chamber was r a i s e d , another maximum heat r e l a s e occurred. Such 
measurements - c a r r i e d out to evaluate the s p e c i f i c heat of the 
board - are reported elsewhere ( 9 ) . 

Temperature Gradients i n the Samples During the Measurements 

Within the boards the co n d i t i o n s are not f u l l y i s othermal, the 
temperature being somewhat higher i n the center than i n the outside 
l a y e r . There i s a l s o a temperature gradient along the length of the 
boards from the channel i n l e t to the o u t l e t . The magnitude of these 
temperature gradients was determined by means of thermocouples 
i n s i d e the samples. Figure 10 gives a t y p i c a l gradient along the 
s t r i p at an a i r temperature of 207°C f o r a 6.0 mm Asplund hardboard 
of d e n s i t y 980 kg/m*. 

These temperature gradients increase with i n c r e a s i n g r a t e of 
heat e v o l u t i o n , with i n c r e a s i n g a i r temperature, with i n c r e a s i n g 
board t h i c k n e s s , and with decreasing a i r v e l o c i t y . An increase i n 
board d e n s i t y , which increases the rate of heat e v o l u t i o n per u n i t 
volume, i n some cases increased and i n some cases decreased these 
temperature g r a d i e n t s , depending on the magnitude of the increase 
i n thermal c o n d u c t i v i t y . In the experiments reported, the mean 
temperature of the board samples was kept at no more than 3°C above 
that i n the a i r flow, keeping the e f f e c t thereof w i t h i n the e x p e r i 
mental e r r o r . This was achieved by reducing the s t r i p length of the 
board at the s t r i p s higher temperatures. 

Released Heat Versus Weight Loss 

Weight l o s s i s due to the v a p o r i z a t i o n of o x i d i z e d and unoxidized 
degradation products of l i g n i n , h e m i c e l l u l o s e s and c e l l u l o s e and 
l o s s of degraded or non-degraded pulp e x t r a c t i v e s . A general c o r r e 
l a t i o n between t o t a l weight loss and released heat i s thus not 
expected. With the wide range i f r e a c t i o n times and with only a 
s i n g l e end measurement of weight l o s s , a c e r t a i n s c a t t e r i n g of 
r e s u l t s i s a l s o to be accepted. P l o t s of these r e l a t i o n s are pre
sented i n Figure 11. 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



394 FIRE AND POLYMERS 

recirculating air temperature 175 

T70 

< 
LU 
X 
Q 
LU 
ω 
< 
LU 

or 
LU 
m 

< 
χ ο 

20 

10 

(Τ - 1 0 · 

kcal /kg h 
1Τ y 

if" ' ^ " 
*\o ν <*·'— 

f I 
I i.o 

t 
2.0 

1 
3.0 hours 

75 

50 

^ 25 Η 

Ο 
or 
LU 1 

LU 

Mcal/h 

when empty 

1.0 2.0 
TREATMENT TIME 

0 

-I 
3.0 hours 

Figure 9. Released heat versus treatment time for a 2.8 ton carload of hardboard. 
Above, as evaluated on 4 separate channels each of this carload. Below, as 
evaluated by the total heat balance of the treatment chamber. Nearly one hour 
was necessary to bring the carload to full temperature. (Reproduced with 
permission from ref. 10. Copyright 1989 De Gruyter.) 

air stream temperature 207 *C 

k 6 
REACTION TIME.hrs 

Figure 10. The temperature in the thickness center of the board measured at the 
inlet and at the outlet of the channel as well as in between versus the reaction 
time at an air temperature of 207 * C for a 6.0 mm hardboard of Asplund pulp. 
(Reproduced with permission from ref. 10. Copyright 1989 De Gruyter.) 
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Figure 11. The total heat evolved versus the total weight loss. 

Left for commercial hardboards of 2.3 mm (open circles), 3.8 mm (open squares), and 
6.0 mm (open triangles), as well as for semi-hardboards of 9.3 mm and density 760 
kg/m3 (filled squares), 12.6 mm and density 500 kg/m3 (filled circles) and 13.3 mm and 
density 610 kg/m3 (filled triangles), all of Asplund pulp. Also for commercial 
hardboards of Masonite pulp of 2.2 mm (semifilled circles), 2.7 mm (semifilled 
triangles) and 3.6 mm (semifilled squares). 

Right for laboratory hardboards of groundwood, one 3.3 mm untreated (open circles), 
one 4.7 mm diammonium phosphate impregnated (open triangles) and one 4.4 mm 
borax/boric acid impregnated (open squares) as well as the 2.8 mm hardboard of 
holocellulose pulp (filled triangles), and the 3.2 mm hardboard of bleached kraft 
(filled circles). (Reproduced with permission from ref. 10. Copyright 1989 De 
Gruyter.) 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



396 FIRE AND POLYMERS 

For the commercial hardboards, the released heat per u n i t weight 
l o s t i s about 4400 k c a l / k g . This means i t i s w i t h i n the range of 
the combustion value of softwood. For groundwood i t i s l e s s , espe
c i a l l y with i n c r e a s i n g time. In the case of d e l i g n i f i e d pulp the 
released heat per u n i t weight l o s s over longer periods i s l e s s than 
t h i s o v e r a l l combustion value, maybe i n d i c a t i n g v o l a t i l i z a t i o n a l s o 
of incompletely o x i d i z e d m a t e r i a l . 

In hardboards, some v o l a t i l e m a t e r i a l i s already l o s t i n the 
pr e s s u r i z e d r e f i n i n g process and i n the subsequent press-drying at 
200°C to 220°C end temperature ( 3 ) . The a d d i t i o n of f i r e retardants 
did not appear to change released heat per u n i t weight loss at 
these temperatures. The v o l a t i l i z e d m a t e r i a l has been analyzed i n 
commercial heat treatment and i n la b o r a t o r y s c a l e by Nordenskjold 
and Ostman ( 3 ) . Carbon di o x i d e and carbon monoxide are the dominant 
degradation products - when water i s not measured. Remaining 
products i n order were t o t a l a c i d s , such as a c e t i c and formic e t c , 
methanol and formaldehyde
there appears to be a maximu
the e v o l u t i o n of these degradation products decreases with time. 
The t o t a l emission i n the commercial heat treatment of 5 to 8 hours 
at 170 to 160°C v a r i e d from 0.4 to 1.2% f o r C0 2 and 0.05 to 0.2% 
fo r CO and 0.04 to 0.1% f o r t o t a l acids based on dry board. Some of 
t h i s emission might emanate from p y r o l y s i s of higher molecular 
weight m a t e r i a l condensed and deposited on the w a l l s of the heat 
treatment chamber. The heat of formation of t h i s CO2 and CO i s 
about h a l f the t o t a l heat release measured. Part of the o x i d a t i o n 
products might remain i n the s o l i d phase w i t h i n the board m a t e r i a l , 
e.g. as bound carbonyl and c a r b o x y l i c groups, p a r t l y followed by 
heat consuming dehydration r e a c t i o n . 

A n a l y s i s of Results 

The I n i t i a l Rate of Heat E v o l u t i o n . 

The " i n i t i a l " r a t e or plateau rate of heat e v o l u t i o n , (dq/dt)^ 
evident i n Figures 3 to 7 has been p l o t t e d against the inverse 
absolute temperature T, presenting s o - c a l l e d Arrhenius p l o t s . For 
l i g n o c e l l u l o s i c m a t e r i a l such a p l o t appears to be r e l e v a n t , but 
fo r d e l i g n i f i e d c e l l u l o s i c board i t might appear l e s s meaningful as 
discussed below. A c c o r d i n g l y , 

( d q / d t ) i = k i - e -Εχ/RT (1) 

where Ε χ i s the a c t i v a t i o n energy, R the gas constant and k i 
the s o - c a l l e d frequency f a c t o r or preexponential f a c t o r . The 
constants k| and Εχ, c a l c u l a t e d according to the l e a s t squares 
method, are given f o r each board i n Table I I . 

Figure 13 presents the Arrhenius p l o t s f o r a l l boards of 
densi t y between 850 and 1 100 kg/m 3. Here the hardboard l i n e i s the 
mean of both Asplund and Masonite type commercial hardboards, 
presented i n more d e t a i l i n Figure 14. There was no s i g n i f i c a n t 
d i f f e r e n c e between hardboards from 2.3 to 6 ram t h i c k made of the two 
r e l a t e d types of coarse thermomechanical pulp. Semi-hardboards 
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Figure 12. Top, carbon dioxide and carbon monoxide emitted in flue gases from 
batchwise commercial heat treatment of Asplund board at 165 * C versus time. In 
some plants the emission decreased more with time than here. Bottom, 
laboratory scale measurements at two temperatures. Data of emitted CO and 
total acids as weight % on dry hardboard. All data according to Nordenskjold and 
Ostman (3). (Reproduced with permission from ref. 10. Copyright 1989 De 
Gruyter.) 
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Figure 13. Arrhenius plots and activation energy E for the initial maximum or 
plateau rate of heat release, versus the inverse absolute temperature. All data 
refer to high density boards. The hardboard line represents a mean for the 
commercial Masonite and Asplund hardboards of Figure 14, with a caliper varying 
between 2.2 and 6 mm. (Reproduced with permission from ref. 10. Copyright 1989 
De Gruyter.) 
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Figure 14. Arrhenius plots for the initial maximum rate of heat release versus the 
inverse absolute temperature for commercial boards. Data for hardboards of 
Asplund pulp with open symbols (circles 2.3 mm, squares 3.8 mm, and triangles 
6.0 mm), and of Masonite pulp with semifilled symbols (circles 2.2 mm, triangles 
2.7 mm, squares 3.6 mm). Also data for semi-hardboards of Asplund pulp from 
500 to 750 kg/m3 density with filled symbols (squares 9.3 mm, circles 12.6 mm, 
and triangles 13.3 mm in calipers). (Reproduced with permission from ref. 10. 
Copyright 1989 De Gruyter.) 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



24. BACK & JOHANSON Rate ofIsothermal Heat Evolution 399 

between 500 an 750 kg/m^ de n s i t y deviate s l i g h t l y from t h i s hard-
board l i n e , e s p e c i a l l y i n the higher temperature range. At the 
uppermost temperatures, part of t h i s d e v i a t i o n may be due to 
temperature gradients w i t h i n these boards because of t h e i r lower 
d e n s i t y . For an asphalt-impregnated i n s u l a t i n g board of de n s i t y 
310 kg/m^, the heat e v o l u t i o n rate i s considerably higher, see 
d e t a i l s i n (10). 

The temperature dependence of the i n i t i a l r a t e of heat rele a s e 
among the tested m a t e r i a l s i s greatest f o r the hardboard made from 
groundwood showing an a c t i v a t i o n energy of 30 k c a l per mole. I t i s 
lowest f o r the hardboard made from bleached k r a f t , showing an 
a c t i v a t i o n energy of 15 k c a l per mole. A l s o , f o r d e l i g n i f i e d board 
m a t e r i a l s the i n i t i a l plateau rate i s only 10 to 20 % of that of 
l i g n o c e l l u l o s i c boards. For commercial boards of thermomechanical 
pulp, the a c t i v a t i o n energy increases s l i g h t l y w ith decreasing board 
d e n s i t y . The i n f l u e n c e of board t h i c k n e s s , i f any, i s s m a l l . The 
e f f e c t of the traces o
added to the Masonite pul
c a t a l y s t - f r e e Asplund boards. 

The e f f e c t of two f i r e retardants added to groundwood i s shown 
i n Figure 15. Both these f i r e r e t a r d a n t s , the diammonium phosphate 
and the 50/50 borax/boric a c i d mixture, increased the i n i t i a l r a t e 
of heat release over the temperature range i n v e s t i g a t e d , p a r t i c u 
l a r l y i n the lowest range. This i s i n agreement with experimental 
r e s u l t s obtained by other methods. On the other hand, the f i r e 
retardants have s u f f i c i e n t l y reduced t h i s a c t i v a t i o n energy, so that 
i f e x t r a p o l a t e d to higher temperatures such as above 230-250°C the 
l i n e s i n t e r s e c t . Above these temperatures the rate of heat r e l e a s e 
w i l l then be lower f o r boards with these f i r e retardants than f o r 
boards without. In other words, the r e s u l t could i n d i c a t e that i n 
the presence of f i r e retardants the o x i d a t i v e r e a c t i o n s at lower 
temperatures take place with increased i n i t i a l heat release rate 
while above about 230 to 250°C the contrary i s t r u e . The data are i n 
agreement with other p y r o l y s i s measurements i n the presence of f i r e 
retardants (11). 

The Rate of Heat Release Versus Reaction Time. 

In a l l the l i g n o - c e l l u l o s i c boards, the logarithm of the rate of 
isothermal heat e v o l u t i o n decreased approximately l i n e a r l y w i t h 
r e a c t i o n time. A formal r e p r e s e n t a t i o n according to a f i r s t order 
r e a c t i o n type i s : 

dq/dt = (dq/dt)£ · e " k ( t " t i ) 

Ο Γ dq/dt = ( d q / d t ) i · 10 " Γ10 ( t - t i > ( 2) 

where dq/dt i s the rate of heat release at time t , and 
( d q / d t ) i i s the i n i t i a l maximum r a t e at time t i , while r or 
τχο i s the temperature-dependent rate constant. Deviations from 
t h i s l i n e a r i t y of "Equation 2" o c c a s i o n a l l y can be seen at the 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



400 FIRE AND POLYMERS 

highest temperatures t e s t e d , e.g. above 220°C, e s p e c i a l l y j u s t a f t e r 
reaching the maximum r a t e , see Figures 3 to 7. 

The rate constant r^Q has been p l o t t e d against the inverse 
absolute temperature f o r commercial boards i n Figure 16 and f o r 
groundwood based l a b o r a t o r y hardboard with and without f i r e r e t a r 
dants i n Figure 17. Ια some experiments the r e a c t i o n time was not 
long enough f o r t h i s e v a l u a t i o n . 

The experimental data show a l i n e a r r e l a t i o n s h i p between the 
logarithm of the rate constant, r ^ r j , and the inverse absolute 
temperature, T, 

Ί0 = k 3 
-E3/RT ( 3 ) 

where k.3 and E3 are again m a t e r i a l dependent constants, i . e . a 
frequency f a c t o r and an a c t i v a t i o n energy i n respect to r e a c t i o n 
r a t e . Mean values of k.3 and E3 f o r groups of boards are included 
i n Table I I . 

I t appears that th
smaller temperature dependence than the i n i t i a l maximum r a t e , the 
corresponding " a c t i v a t i o n energy" E3 being around or l e s s than 
5 kcal/raol. An important conc l u s i o n i s that the rate i s d i f f u s i o n 
l i m i t e d . This has to be compared to a mean a c t i v a t i o n energy around 
20 kcal/mole f o r the i n i t i a l maximum rate of heat release f o r the 
commercial boards. As a consequence thereof the t o t a l heat release 
e x t r a p o l a t e d over i n f i n i t e time does increase to a s i g n i f i c a n t extent 
with temperature from 150 to 230°C. 

For the groundwood hardboards the treatment with f i r e retardants 
r e s u l t e d i n an increased temperature dependence of the rate constant 
r10> while f o r the untreated board the rate constant a c t u a l l y 
decreased s l i g h t l y with i n c r e a s i n g temperature (whereby a negative 
" a c t i v a t i o n energy", E3 i s c a l c u l a t e d ) . Thus, although i n the lower 
temperatures range the i n i t i a l rate of heat release rate i s l a r g e r 
with the f i r e r e t a r d a n t s , the rate decreases much more r a p i d l y w i t h 
time than f o r untreated boards. 

For the d e l i g n i f i e d boards of h o l o c e l l u l o s e or bleached k r a f t 
t h i s e v a l u a t i o n of the rate of heat release with time was not 
p o s s i b l e . 

The T o t a l Heat Release and I t s Temperature Dependence. 

For l i g n o c e l l u l o s i c boards the t o t a l heat released over i n f i n i t e time 
under isothermal c o n d i t i o n s based on equation (2) i s 

t. 
1 

ZQ T = /(dq/dt) dt + /(d q / d t ) . 10 + Γ 

0 t · 
= approx (dq/dt)^/r 1Q ln10 

- t) . dt = 
(4) 

The f i r s t term covers the short i n i t i a t i o n period u n t i l maximum heat 
release rate occurs, which can be measured sep a r a t e l y but i s here 
neglected i n the approximation to the r i g h t of equation ( 4 ) . Also 
neglected are the e x i s t a n t d e v i a t i o n s from f i r s t order k i n e t i c s . 
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Figure 15. Arrhenius plots for the initial maximum rate of heat release versus the 
inverse absolute temperature for a laboratory hardboard of groundwood with and 
without added fire retardants, a 50/50 mixture of borax and boric acid respectively 
diammonium phosphate. (Reproduced with permission from ref. 10. Copyright 
1989 De Gruyter.) 
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Figure 16. The rate constant for the decreasing heat release with time, r J 0 of 
"Equation 3" versus the inverse absolute temperature for the commercial boards 
of Figure 14. (Reproduced with permission from ref. 10. Copyright 1989 De 
Gruyter.) 
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By s u b s t i t u t i o n from" Equation l'and "Equation 3" the t o t a l heat 
release as a f u n c t i o n of temperature i s given by 

- E j / R T k 
ZQ T = ( - E « + E o ) / R T 

(5) - E 3 / R T e 
k 3 e • ln10 k 3 ·1η10 

N a t u r a l l y such an e x t r a p o l a t i o n u n t i l the end of the r e a c t i o n i . e . to 
i n f i n i t e time using "Equation 5" represents a rough estimate only. 
Results f o r the mean of the 6 commercial hardboards, f o r the mean of 
the 3 semihard boards as w e l l as f o r the groundwood hard board are 
given as a f u n c t i o n of the inverse temperature i n Figure 18. Accord
i n g l y , with i n c r e a s i n g temperatur
increase i n the o v e r a l l
i . e . i n the o v e r a l l o x i d a t i o n of the s o l i d board. Considering the 
general c o r r e l a t i o n between heat released and weight l o s s f o r each 
l i g n o c e l l u l o s i c raw m a t e r i a l shown i n Figure 11, i t might be con
cluded that o x i d a t i o n at lower temperatures produces more r e s i d u a l 
char or c r o s s l i n k e d m a t e r i a l than at higher temperatures. 

At higher temperatures e.g. 230°C, the hardboards at i n f i n i t e 
time have l o s t l e s s than h a l f t h e i r t o t a l combustion heat while 
semi-hardboards w i l l have l o s t a l l , i f the e x t r a p o l a t i o n used i s 
v a l i d . Table I I includes the t o t a l c a l c u l a t e d heat release at 230 and 
160°C r e s p e c t i v e l y . 

Conclusions From the A n a l y s i s . 

A few conclusions from t h i s a n a l y s i s of the heterogenous phase o x i d a 
t i o n : For l i g n o c e l l u l o s i c boards of mechanical or thermomechanical 
type, independent of a d d i t i v e s such as the f i r e retardants here 
t e s t e d , the heat e v o l u t i o n rate due to one or s e v e r a l , p a r t l y exo
thermic r e a c t i o n has a maximum i n i t i a l r a t e which rate then d e c l i n e s 
according to approximately f i r s t order k i n e t i c s . I n i t i a l l y there thus 
occur a number of r e a c t i v e o x i d a t i o n s i t e s which are consumed or 
blocked with time. This number of a v a i l a b l e a c t i v e s i t e s , "the a c t i v e 
mass", increases s i g n i f i c a n t l y w i t h temperature, or the blockade of 
o x i d a t i v e heat release s i t e s by side r e a c t i o n i s reduced correspon
d i n g l y with i n c r e a s i n g temperature. The a c t i v a t i o n energy c a l c u l a t e d 
from t h i s i n i t i a l rate around 20 kcal/mole i s i n the lower range f o r 
"chemical" a c t i v a t i o n of t h i s maximum r e a c t i v i t y or maximum number of 
r e a c t i v e s i t e s or as an a l t e r n a t i v e , i n d i c a t e s a chemical b l o c k i n g of 
heat r e l e a s i n g o x i d a t i o n which b l o c k i n g i s reduced wi t h increased 
temperature. 

On the other hand, the low temperature dépendance of the rate 
constants with a c t i v a t i o n energies around 5 kcal/mole i n d i c a t e s a 
d i f f u s i o n l i m i t e d r e a c t i o n rate which could r e f e r to d i f f u s i o n of 
oxygène i n t o the f i b e r s of the board, i . e . i n t o the f i b e r w a l l s . The 
corresponding negative a c t i v a t i o n energy f o r the groundwood based 
hardboard and the e f f e c t of f i r e retardants there upon are d i f f i c u l t 
to understand. 
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Figure 17. The rate constan
the inverse absolute temperatur
and without added fire retardants. While this rate constant is about equal in the 
range of 200 # C , it falls off more rapidly with fire retardants to lower 
temperatures, indicating a relatively larger remaining heat release rate there. 
(Reproduced with permission from ref. 10. Copyright 1989 De Gruyter.) 
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INVERSE ABSOLUTE TEMPERATURE, 1 0 " 3 / ° K 

Figure 18. The total heat release to infinite time Σ Q T extrapolated according to 
"Equation 4" versus the inverse absolute temperature. Mean for the 6 commercial 
hardboards of Asplund and Masonite type and a mean for the 3 semi-hardboards 
of Figures 15 and 17, also data for the groundwood hardboard. (Reproduced with 
permission from ref. 10. Copyright 1989 De Gruyter.) 
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Between the l i g n i n c o n t a i n i n g hardboards some d i f f e r e n c e s occur. The 
groundwood hardboard with l a r g e l y carbohydrate f i b e r surfaces has a 
much l a r g e r i n i t i a l heat r e l e a s e , and chemical a c t i v a t i o n by tempera
t u r e , than the commercial hardboards of coarse thermoraechantcal pulp 
which are made up of f i b e r bundles separated i n the middle l a m e l l a , 
and surrounded by a rather smooth l a y e r of p a r t l y condensed l i g n i n . 

For d e l i g n i f i e d boards made up of h e m i c e l l u l o s e and c e l l u l o s e , 
the i n i t i a l rate of heat e v o l u t i o n i s much lower than f o r boards of 
the l i g n o c e l l u l o s i c m a t e r i a l . Thus at 200°C i t i s only about 15 % 
thereof. Besides f o r d e l i g n i f i e d boards t h i s rate keeps constant 
below 200°C while above 200°C i t increases very s i g n i f i c a n t l y w i t h 
time to reach s i m i l a r or higher values than those f o r l i g n o c e l l u l o s i c 
m a t e r i a l . One i n t e r p r e t a t i o n can be an o x i d a t i o n mechanism which i s 
cat a l y z e d by r a d i c a l s or by intermediate products formed, t h e i r 
amount i n c r e a s i n g with time. Since l i g n i n only makes up about 30 % of 
the thermoraechanical pul  boards d th  l a s t mentioned e f f e c t f 
c e l l u l o s e - h e m i c e l l u l o s e
l i g n i n or i t s degradatio
i n c r e a s i n g - o x i d a t i o n rate of c e l l u l o s e - h e m i c e l l u l o s e m a t e r i a l . 

The i n i t i a l time period u n t i l a plateau or maximum l e v e l of heat 
release occurs might be r e l a t e d to time required f o r the formation of 
a l e v e l of polymer r a d i c a l s , while a minor part of t h i s period a l s o 
i s r e q u ired to reach the temperature e q u l i b r i u m s e t . 

N a t u r a l l y f o r a complete understanding much more data would have 
been u s e f u l , e.g. separate data f o r boards of l i g n i n , of h e m i c e l l u 
lose and of c e l l u l o s e and given combinations thereof. 

Comparison With Ohter Heat Release Data 

No s i m i l a r d i r e c t measurements of the rate of heat release seem to 
have been published. One r e l a t e d set of data at 180°C only by Topf 
(12,13) i s based on measuring the weight l o s s versus time of powdered 
m a t e r i a l together with the combustion value of the s o l i d r e s i d u a l s . 
The heat released i s then taken as the d i f f e r e n c e i n combustion value 
to that of the o r i g i n a l sample. 

The r e s u l t s were presented up to 1200 hrs and agree w i t h those 
presented here. For α - c e l l u l o s e the rate of heat release rate i s 
constant f o r 300 hours at 180°C and s i m i l a r to our corresponding 
value of about 4 kc a l / k g h f o r bleached pulp. For Sipo sawdust from 
"Entandophragma u t i l e " , i . e . A f r i c a n mahony, the heat release at 
180°C i s i n i t i a l l y about 15 k c a l / k g h, s i m i l a r to our data f o r hard-
boards, and then decreases with time, to e.g. 5 k c a l / k g h a f t e r 
200 h r s . In the range of 160°C to 180°C Topf a l s o showed the rate f o r 
c e l l u l o s e weight l o s s to increase w i t h time over a few hundred hours 
before becoming constant and then decreasing, while the rate of 
weight l o s s rate f o r wood and p a r t i c u l a r l y f o r l i g n i n decreased with 
time a f t e r an i n i t i a l maximum. 

Other data on the rate of heat release of l i g n o c e l l u l o s i c mate
r i a l s are i n d i r e c t . They are, f o r example, based on a rapid prehea
t i n g of a mass of m a t e r i a l to a given temperature, then f o l l o w i n g the 
development of temperature and of temperature gradients i n t h i s mass 
versus time, o c c a s i o n a l l y u n t i l a u t o i g n i t i o n occurred. The d e r i v a t i o n 
of released heat per u n i t weight and u n i t time then requires assump
t i o n s concerning various m a t e r i a l parameters such as the s p e c i f i c 
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heat and the heat c o n d u c t i v i t y . Data are then obtained over a range 
of temperatures and o c c a s i o n a l l y over time. A c t i v a t i o n energies f o r 
such heat release rates have a l s s o been c a l c u l a t e d and reported. They 
u s u a l l y r e f e r to the i n i t i a l rate of heat r e l e a s e . 

Such a c t i v a t i o n energies of a b i o t i c heat release f o r l i g n o c e l l u 
l o s i c m a t e r i a l have r e c e n t l y been summarized and and compared i n 
d e t a i l by Kubler (14). These a c t i v a t i o n energies i n the range from 
120°C to 220°C, when a i r i s present, u s u a l l y are between 60 and 115 
kJ/mole, i . e . 15 to 30 kcal/mole (14). A c t i v a t i o n energies f o r the 
d e l i g n i f i e d c e l l u l o s e - h e m i c e l l u l o s e m a t e r i a l presented here are at 
the lower end of t h i s range. 

For cotton c e l l u l o s e such i n d i r e c t measurements i n d i c a t e d f i r s t 
a decreasing rate of heat release with time to a minimum reached 
a f t e r 8 hours at 165°C, followed by an i n c r e a s i n g r a t e with time 
(15, 16) . In t h i s case, the minimum rate was 0.7 kc a l / k g h, which i s 
about h a l f our i n i t i a l r a t e f o r bleached k r a f t at that temperature 
here. A l s o , t h i s minimu
c e l l u l o s e (17). In oxygèn
showed the pronounced minimum l e v e l . 

The greater rate of o x i d a t i o n of l i g n i n than of c e l l u l o s e i n the 
temperature range of 150°C to 250°C with i t s dominating e f f e c t on 
wood has a l s o been pointed out i n various papers (18,19). 

The rate of heat release f o r f r e s h l y a c t i v a t e d carbon s i m i l a r to 
that found here f o r l i g n o c e l l u l o s e , has an i n i t i a l maximum (e.g. 1.2 
kca l / k g h at 100°C), then decreases with time according to an 
approximately f i r s t order k i n e t i c s (20). This behaviour was explained 
as a consumption of r e a c t i v e s i t e s f o r o x i d a t i o n . 

In a more general sense p y r o l y s i s rates and corresponding a c t i 
v a t i o n energies are often based on measurements of weight l o s s e i t h e r 
by dynamic d i f f e r e n t i a l gravimetry or at constant temperature, p a r t l y 
c a r r i e d out i n n i t r o g e n . Corresponding a c t i v a t i o n energies are usu
a l l y i n the same range as those f o r heat release while rate data 
o f t e n f i t f i r s t order or second order k i n e t i c s at constant tempera
t u r e . These weight l o s s rates and the amount of char produced were 
found to be l a r g e r , the lower the r e l a t i v e f r a c t i o n of c r y s t a l l i n e 
m a t e r i a l (21). 

Various f i r e retardants a f f e c t the p y r o l y s i s i n s p e c i f i c ways. 
Those which are or which on heating form strong a c i d s , e.g. ammonium 
s a l t s of phosphoric a c i d , act p a r t l y by promoting a u t o - c r o s s l i n k i n g 
i n the wood polymers, so that the r e l a t i v e amount of char i s 
increased while the t o t a l released heat i s reduced. At lower tempera
t u r e s , the t o t a l weight l o s s and t o t a l heat release are increased i n 
t h i s case (11,22) (23). The a c t i v a t i o n energy based on weight l o s s 
rates was found to be reduced by these f i r e retardants (21). These 
r e s u l t s are i n general agreement with our data on the rate of heat 
released i n the presence of such f i r e r e t a r d a n t s . 

Corresponding Chemical Reactions 

A u t o - C r o s s l i n k i n g Reactions. 

The c o l l e c t e d data were aimed f o r the commercial heat treatment of 
hardboards (24) and f o r c u r i n g processes proposed f o r some paper 
grades (4,6,25). They thus r e f e r to q u i t e a m i l d p y r o l y s i s i n a i r , 
fo r a shorter treatment period than some of the data presented here 
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and i n a r a p i d a i r stream to guarantee a high heat t r a n s f e r . The 
weight l o s s and the production of v o l a t i l e m a t e r i a l are only a few 
per cent i n these operations and the i g n i t i o n of gases and board must 
be prevented. An e f f o r t has been made e a r l i e r to optimize and under
stand these c u r i n g processes (1,2,24,26). 

Figure 19 i n d i c a t e s some main r e a c t i o n p r i n c i p l e s , w i t h a r a d i c a l 
i n i t i a t e d c r o s s - l i n k i n g and c h a i n - s p l i t t i n g with or without o x i d a t i o n 
(27), the d e t a i l s of which f o r wood polymers are not a v a i l a b l e . 
Carbonylic groups as c r o s s l i n k i n g intermediates as w e l l as c a r b o x y l i c 
end groups are formed during t h i s r e a c t i o n i n a i r , probably i n a l l 
the wood polymers (28). R a d i c a l formation to i n i t i a t e such o x i d a t i v e 
r e a c t i o n s i n c e l l u l o s e has been shown by ESR measurements (29). 

The a u t o - c r o s s l i n k i n g produces the " d e s i r a b l e " moisture r e s i s 
tance i n the commercial boards, such as the increased wet strength 
and reduced s w e l l a b i l i t y i n water as w e l l as an increased modulus of 
e l a s t i c i t y . Since the c e l l u l o s i c polymers and f i b r e s are p r e f e r e n 
t i a l l y o r i e n t e d i n the shee
perpendicular hereto i
such a commercial heat treatment (26). Chain-cleavage dominates at 
the very end of the commercial treatment. E s p e c i a l l y at higher tempe
ratures i t reduces strength p r o p e r t i e s . The b r i t t l e n e s s of the mate
r i a l i s increased both by a u t o - c r o s s l i n k i n g and chain cleavage. 
Arrhenius p l o t s can be given f o r the rate of development of various 
such m a t e r i a l p r o p e r t i e s ( 1 ) , e.g. f o r c r o s s l i n k i n g evalutated by wet 
strength and f o r chain cleavage evalutad as by molecular weight i . e . 
water-extractable m a t e r i a l . The pH of t h i s water e x t r a c t and of a 
water suspension of the r e s i d u a l s o l i d f e l l o f f with time as w e l l . 

O l e o p h i l i c m a t e r i a l o c c u r r i n g , such as r e s i n and f a t t y a c i d s , 
e s p e c i a l l y those which have conjugated double bonds, are most e a s i l y 
o x i d i z e d and can a l s o c o n t r i b u t e to c r o s s l i n k i n g i n the system. Such 
o l e o p h i l i c m a t e r i a l a l s o r e d i s t r i b u t e s , e.g. by s u b l i m a t i o n , to cover 
a l l h y d r o p h i l i c surfaces i n the m a t e r i a l (1) (30). 

The a u t o - c r o s s l i n k i n g i s assumed to take place i n l i g n i n and 
h e m i c e l l u l o s e s , while c r y s t a l l i n e c e l l u l o s e should be l i t t l e a f f e c t e d 
under the m i l d c o n d i t i o n s here described. This a l s o i s i n d i c a t e d by 
the greater r e l a t i v e amount of char formed when heating l i g n i n and 
hemicelluloses as compared to c e l l u l o s e or when heating amorphous 
c e l l u l o s e as compared to c r y s t a l l i n e c e l l u l o s e , both i n the absence 
and presence of oxygen. Besides, these c r o s s l i n k i n g r e a c t i o n s are 
g e n e r a l l y c a t a l y s e d by a c i d i c c o n d i t i o n s and by metal ions with high 
redox p o t e n t i a l ( 1 ) . A c i d i c groups formed w i t h i n the r e s i d u a l mate
r i a l during the heat treatment might act s i m i l a r to s t r o n g l y a c i d i c 
f i r e retardands to promote such c r o s s l i n k i n g and formation of char. 
Measurements of the d e c l i n i n g degree of polymerization of c e l l u l o s e 
during p y r o l y s i s (28) overestimate the chain cleavage, since c r o s s -
l i n k e d c e l l u l o s i c m a t e r i a l looses i t s s o l u b i l i t y i n c e l l u l o s e 
s o l v ents ( 1 ) . 

The c r o s s l i n k i n g r e a c t i o n per se i s exothermic, while a c o r r e s 
ponding evaporation of water formed consumes heat. 

Oxidation and Degradation Reactions. 

The o x i d a t i v e formation of c a r b o x y l i c and c a r b o n y l i c groups i n the 
wood polymers and i n i t s e x t r a c t i v e s i s probably the most important 
heat r e l e a s i n g r e a c t i o n i n t h i s lower temperature range (31,32) and 
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Figure 19. Example of reactions in wood polymers after activation such as by heat 
leading either to auto-crosslinking or to chain cleavage (27). (Reproduced with 
permission from ref. 10. Copyright 1989 De Gruyter.) 
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apparently the r e a c t i v e mass herefore does increase s i g n i f i c a n t l y 
with temperature. I t might to a minor extent a l s o take place i n 
nit r o g e n due to oxygène p r e v i o u s l y absorbed i n and on the s o l i d 
phase. This o x i d a t i o n would reduce the heat of combustion of the 
s o l i d r e s i d u a l . This indeed was found to be the case at 180°C f o r 
wood and to a greater extent f o r l i g n i n (12,13). Dehydration reac
t i o n s , on the other hand, would i n s t e a d increase the combustion value 
of the r e s i d u a l s o l i d s as was found to be true f o r α-cellulose over 
the f i r s t 400 hours at 180°C. These are the types of r e a c t i o n s f o r 
a u t o - c r o s s l i n k i n g i n wood polymers by o x i d a t i v e routes and/or by 
a c t i v a t e d dehydration. C r o s s l i n k i n g may be promoted by lower tempera
t u r e s , leading to a lower t o t a l heat release over time. Carbon 
dioxide was the predominant v o l a t i l e substance released i n the heat 
treatment. The background i s the heat consuming decarboxylation of 
c a r b o x y l i c groups at polymer ends or side c hains, mainly of newly 
formed such groups due to o x i d a t i o n . 

Uronic acids and p e c t i
d i s s o l v e d and removed fro
On heating wood they w i l l c o n t r i b u t e c o n s i d e r a b l y to CO2 r e l e a s e 
(33). Organic acids such as formic and a c e t i c a c i d are a l s o s p l i t o f f 
from side chains of wood polymers. 

The s i g n i f i c a n t release of carbon monoxide as w e l l as of metha
nol can p a r t l y be r e f e r r e d to the degradation of l i g n i n (33). Besides 
the l i g n i n already i n the range below 200°C tends to s p l i t of pheno
l i c compounds as w e l l as methanol and carbon monoxide (34) (35). The 
i n t e r a c t i o n of phenolic degradation products from l i g n i n with c e l l u 
lose or hem i c e l l u l o s e r a d i c a l s can prevent g r a f t i n g of c e l l u l o s e 
(36). I t thus has a r a d i c a l scavenger e f f e c t on carbohydrorates which 
can e x p l a i n the s i g n i f i c a n t d i f f e r e n c e i n heat release rate with 
time found here when l i g n i n i s present or not. I t might a l s o a f f e c t 
the composition of degradation products. As already mentioned, the 
o x i d a t i o n f o l l o w s d i f f e r e n t routes i n the d i f f e r e n t wood polymers 
probably with some i n t e r a c t i o n . 

In the range up to 250°C, various dynamic, DTA and DSC measure
ments on l i g n i n without a s i g n i f i c a n t peak show a weak exothermic 
degradation i n i n e r t and e s p e c i a l l y i n oxygen atmosphere. S i m i l a r 
behaviour has been reported f o r various h e m i c e l l u l o s e s , e s p e c i a l l y 
xylan with peaks i n the range of up to 250°C (37). For c e l l u l o s e i n 
the presence of oxygen there i s a more pronounced exothermic peak 
somewhere around 300°C, depending on the rate of heatin g , j u s t when 
the rate of weight l o s s has a maximum (11) (22) (37). There are 
probably d i f f e r e n c e s between the c r y s t a l l i n e and the amorphous c e l l u 
lose i n t h i s respect. For example above the glass t r a n s i t i o n tempera
ture of 220°C the r e a c t i v i t y of the amorphous c e l l u l o s e might abrupt
l y increase as i n d i c a t e d by data f o r sugars (38). 

S p e c i f i c surface area and t o t a l mass and dens i t y among others 
can a f f e c t temperature gradients and gas d i f f u s i o n rates and thus can 
a f f e c t r e a c t i o n rates and r e s u l t s (39). In f i b e r b u i l d i n g boards, 
e s p e c i a l l y oxygen and other gas d i f f u s i o n i n t o and out of s i n g l e 
f i b e r s , appears to be most important. 

The heat release data presented with t h e i r d i f f e n c e s between var 
ious c e l l u l o s i c and l i g n o c e l l u l o s i c m a t e r i a l i n a general way thus 
are i n no disagreement with data i n the l i t e r a t u r e . They can ho p e f u l 
l y c o n t r i b u t e to a b e t t e r understanding of the o x i d a t i v e p y r o l y s i s . 
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Chapter 25 

Heat Release from Wood Wall Assemblies 
Using Oxygen Consumption Method 

Hao C. Tran and Robert H. White 

Forest Products Laboratory, U.S. Department of Agriculture Forest Service, 
One Gifford Pinchot Drive, Madison, WI 53705-2398 

The concept of heat release rat
mance of materials and assemblies. However, this concept has not been incorporated 
into fire endurance testing such as the ASTM E-119 test method. Heat release rate of 
assemblies can be useful in determining the time at which the assemblies start to con
tribute to the controlled fire and the magnitude of heat contribution. Twelve wood wall 
assemblies were tested in an ASTM E-119 fire endurance furnace at the USDA Forest 
Service, Forest Products Laboratory. Heat release measurements using the oxygen con
sumption method were a part of this program. The data demonstrate the usefulness of 
the oxygen consumption calorimetric technique for calculating heat release rate. The 
tests reconfirmed previous work that showed heat release from assemblies protected 
with gypsum board is negligible during the first 30 min and is significantly less than 
that of unprotected assemblies for the duration of the test. With proper specifications 
for the fire endurance furnace, such as air supply and furnace pressure, the method 
can be incorporated into the ASTM E-119 test standard. Accuracy of the method is 
discussed. 

The measurement of heat release rate using the oxygen consumption method has been 
developed and perfected for a number of applications. The major applications include 
heat release rate calorimeters, such as the Cone Calorimeter developed by the National 
Institute of Standards and Technology (NIST) (formerly the National Bureau of Stan
dards) (1), furniture calorimeters (2), room fire tests (3), and the ASTM E-84 tunnel 
test (4). Because heat release rate of assemblies undergoing fire endurance testing are 
useful in assessing the overall fire performance of the assemblies, there has been some 
interest in incorporating this methodology into standard fire endurance tests such as 
the ASTM E-119 test method (5). The standard ASTM E-119 test method is used to 
evaluate the ability of an assembly to resist a severe fire exposure and maintain struc
tural integrity for a specified period. Heat release measurements indicate the contribu
tion of the assembly to the intensity of the fire. 

At the USDA Forest Service, Forest Products Laboratory (FPL), Brenden and 
Chamberlain (6) examined the feasibility of measuring heat release rate from an ASTM 
E-119 furnace. Three methods of measuring heat release were considered: the substitu
tion method, oxygen consumption method, and weight of material/heat of combustion 
method. The oxygen consumption method was shown to be the most advantageous way 
to measure heat release. However, data were limited to a few assemblies. Chamberlain 
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and King (7) used the substitution method to evaluate similar assemblies at another 
test facility. 

Available analytical methods for determining the fire resistance (or fire endurance) 
of wood members have been reviewed by White (8). A finite-element heat transfer 
model for wood-frame walls was developed by the University of California-Berkeley (9) 
with funding from the FPL. 

As a follow-up to previous work, we measured heat release rate for a series of 12 
wall assemblies of four different constructions, using an improved gas sample analysis 
system and computer data acquisition. 

Background 

The heat release rate (amount of heat released per unit time) measures the potential of 
a material to contribute to a fire and has been the subject of many studies. The com
bustible volatiles produced when wood undergoes thermal degradation are responsible 
for flaming combustion and heat release. Browne and Brenden (10) calculated the heat 
of combustion of the volatile pyrolysi
ponderosa pine wood using an
combustion of whole wood and partially pyrolyzed wood (char residue), they found heat 
of combustion of the volatile pyrolysis products varied with the degree of volatilization 
(pyrolysis). In general, heats of combustion of the volatile products were less than that 
of the original wood. Heat of combustion of the residual char was higher than that of 
the original wood. 

Because heat of combustion of the volatile product is not the same as that of whole 
wood, one cannot estimate heat release rate based on mass loss rate as can be done 
with "ideal" fuels such as gases, liquids, and some noncharring solid materials. Thus, 
measuring heat release rate rather than mass loss rate is appropriate for wood and char
ring materials. Several bench-scale calorimeters have been developed to measure heat 
release rate of materials (1,11,12,13). 

Some early calorimeters use "thermal" methods based on principles of heat and 
mass balance (12) and temperature rise of a constant flow of air through the combus
tion chamber (13). These calorimeters suffer from many drawbacks associated with 
their design. Heat and mass balance requires numerous measurements to account for 
all heat and mass flows. In most cases, thermal lag and losses in the equipment occur, 
which are not easily calculated. 

Because of the problems associated with thermal methods, a gas analysis method, 
namely the oxygen consumption method, was devised. The landmark work for this 
method was done by Huggett (14). He documented that the heat release per unit oxy
gen consumed is approximately the same for a wide range of organic materials. For 
example, cellulose and cotton have a net heat of combustion of 13.6 MJ/kg O2 con
sumed. For maple wood, the value is 12.5 MJ/kg 0 2 . The average is 13.1 MJ/kg 0 2 

for most materials; the general variability is within 5 percent of the mean or better. 
Thus, the rate of heat release can be calculated with confidence when the rate of oxygen 
consumed is known. Huggett (14) also showed that for incomplete combustion, when 
part of the combustion products are carbon monoxide, aldehydes, or carboxylic acids, 
the heat of combustion per unit oxygen consumed is not much different from the aver
age heat of combustion, if concentrations of these products are small. If the products 
are present in large amounts, proper corrections can be applied. The oxygen consump
tion method measures the chemical heat release rate, which is the sum of two major 
components: convective and radiative (15). 

Brenden and Chamberlain (6) measured heat release rate from wall assemblies hav
ing fire-retardant-treated studs and gypsum board as interior finish in the FPL fire 
endurance furnace using three methods: (a) the substitution method, by which the 
amount of fuel required to maintain the ASTM E-119 time-temperature curve for a 
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noncombustible wall assembly is compared with that required for the assembly being 
tested (thus, two tests must be conducted, one with a noncombustible assembly and 
the other with the test assembly); (b) the oxygen consumption method, by which the 
rate of heat release is related to the rate of oxygen consumed by the combustion of py
rolysis products from the assembly; and (c) the weight of material/heat of combustion 
method, by which the heat of combustion of the material at the beginning of the test 
is compared to the residual heat of combustion of the material at the end of the test 
(this method does not provide rate data; instead, the total heat release is obtained). 
Evidently, the oxygen consumption method is more advantageous because rate of heat 
release is obtained with one single test. Because of some difficulties in the gas sampling 
system, Brenden and Chamberlain made a few assumptions for the data reduction of 
the oxygen consumption method. 

Chamberlain and King (7) used the substitution method to measure heat release 
from assemblies similar to those used by Brenden and Chamberlain (6). Steel stud 
walls of similar construction were used as reference. The heat release from the wood 
wall assemblies made of fire-retardant-treated framing and protected with type-X gyp
sum board was low enough to
method was attempted but it
the stack at the test facility, making measurement of flow of exhaust gases difficult. 

The ASTM E-119 furnace available at the FPL is amenable to the implementation 
of the oxygen consumption method because (a) a long vertical exhaust duct is above 
the furnace, which allows combustion products to flow through without losses, and (b) 
the ratio of length to effective diameter of the exhaust is large enough to allow complete 
mixing of the exhaust gases. With the availability of modern equipment to monitor fire 
gases, we were able to refine heat release rate measurements. 

Experimental Methods 

The FPL vertical wall furnace used in our study was described in some detail by Bren
den and Chamberlain (6). This furnace is normally used to evaluate the fire endurance 
of wall assemblies. The basic guidelines for the furnace test method are given in the 
ASTM E-119 standard (5). The method was designed to evaluate the ability of a 
structure to withstand a standard fire exposure that simulates a fully developed fire. 
The furnace is gas fired, and its temperature is controlled to follow a standard time-
temperature curve. A load may be applied to the assembly. The failure criterion can be 
taken as time at burnthrough, structural failure, or a specified temperature rise on the 
unexposed side of the wall—whichever comes first. The construction of the furnace is 
not specified in the ASTM E-119 standard. 

Twelve wood-frame walls were tested as part of a fire endurance research project to 
develop and verify models to predict the fire endurance of wood wall assemblies. The 
assemblies consisted of three groups, A, B, and C, using different construction types 
(Table I). Eight tests (Groups A and C) were based on a 23 factorial design involving 
the type of interior finish (plywood or gypsum board), presence of a fiberglass insula
tion in the cavity, and two load levels, 11,500 and 22,400 lb (51 and 100 kN). The four 
tests of Group Β were the same as the tests in Groups A and C, except no load was ap
plied and no hardboard siding was used. The wall tests of Group Β were added to ob
tain the third set of replicate temperature profile data. The walls of Group Β also pro
vided information on heat release rates for a longer test duration. 

Calibration Test. Before the wall tests were carried out, a calibration test was con
ducted to evaluate burner performance and to check for agreement between fuel gas 
and heat release calculations. For this test, the furnace was closed with a masonry wall 
lined with a layer of ceramic blanket material. The ASTM E-119 time-temperature 
curve was followed for 60 min. 
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Table I. Construction and Load Conditions of Wall Assemblies 

Load 
Test 
no. Siding (lb) (kN) 

Interior 
finish0 Insulation 

A- l Hardboard 22,400 100 Plywood No 
A-2 Yes 
A-3 Gypsum No 
A-4 Yes 

B-l None 0 0 Plywood No 
B-2 Yes 
B-3 Gypsum No 
B-4 Yes 

C-l Hardboard 11,500 51 Plywood No 
C-2 
C-3 
C-4 Yes 

interior finish for tests 1 and 2 of each group was plywood; 
finish for tests 3 and 4 was gypsum board. 

Wall Assembly Construction. Because the materials and the design of the assem
blies were specified in English units of measurement (for example 2 by 4 lumber, 24 in. 
on center), dimensions are expressed in English units with SI equivalents. By contrast, 
our equipment is calibrated in SI units, and consequently SI units are used in the re
maining sections of this paper. 

The 8 by 10 ft (2.44 by 3.05 m) walls for fire endurance tests were constructed of 
nominal 2 by 4 in. (38 by 89 mm) Douglas-fir or larch wood studs 24 in. (0.61 m) on 
center. The moisture contents of the studs ranged from 8.1 to 13.2 percent and their 
densities from 430 to 710 kg/m3. The exterior sheathing was 5/8-in.- (16-mm-) thick 
C-D plywood with exterior glue. A double nominal 2 by 4 in. (38 by 89 mm) plate 
was at the top and a single plate was at the bottom. The plywood interior finish was 
5/32-in.- (4-mm-) thick, simulated wood grain finish plywood paneling. The gypsum 
board interior finish was 5/8-in.- (16-mm-) thick, type-X (fire-rated) gypsum board. 
The insulation was 3.5-in.- (90-mm-) thick, unfaced, glass-fiber insulation (friction-fit). 
Walls with insulation also had a 4-mil clear polyethylene vapor barrier on their interior 
side. All wood and gypsum materials were conditioned at 23°C and 50 percent relative 
humidity, resulting in moisture content of 9 to 10 percent in wood materials. Figure 1 
is a diagram of the wall frame construction. The hardboard siding was on the exterior 
side of the 5/8-in. (16-mm) plywood (not shown). 

Furnace Operating Conditions. The furnace pressure was normally slightly posi
tive at the top and negative at the bottom. In an effort to increase air supply, an addi
tional blower was added for runs B-2, B-3, and B-4. We found no significant increase 
in air flow out of the stack. However, the furnace pressure increased significantly, re
sulting in significant leaks into the testing environment. Thus, we decided to use the 
original air supply system. To increase air available for complete combustion of pyrol
ysis products from the wall, the gas burners were adjusted to have a wider range. The 
lower limit was changed from 500 kW to 250 kW in series Β and C. This helped provide 
more air to oxidize wood materials, especially when wood contribution was greatest. 
The operating conditions are summarized in Table II. 
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Figure 1. Construction details for wall assemblies (not to scale). 
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Table II. Furnace Operating Conditions 

Pressure Approximate test 
Test Burners termination timea 

no. (kW) Bottom Top (min) 

A - l 500-850 _ + 8 
A-2 - + 12 
A-3 - + 33 
A-4 - + 37 

B - l 250-850 - + 14 
B-2 + + 20 
B-3 + + 52 
B-4 + + 60 

C - l 250-850 - + 13 
C-2 + 
C-3 
C-4 + 52 

°For series A and C, these times correspond to 
structural failure. For series B, they correspond 
to burnthrough. 

Instrumentation. To calculate rate of heat release on the basis of oxygen consump
tion, the flow rate of air into the system and the species concentrations in the stack 
must be measured. The furnace is operated by forced air via a blower. The amount of 
air coming into the system is split into two streams, called primary and secondary air. 
The pressure of the primary air is controlled to regulate the fuel-air mixture. The pri
mary air pressure controls the amount of gas input to the burners. The secondary air is 
the bulk of the incoming air, which acts as a diluent to lower the temperature of the ex
haust gases and supplies oxygen to the whole system. The incoming flow was not mea
sured because of the complexity of the piping system; instead, flow rate out of the stack 
was continuously monitored. 

We measured flow rate out of the system with a bidirectional probe placed at the 
center of the exhaust stack, which has a rectangular cross section of 12 by 20 in. (0.3 by 
0.5 m). The equivalent diameter of the exhaust stack is 15 in. (0.38 m). The probe was 
positioned near the top of the 12-ft- (3.66-m-) long stack. The ratio of length to diam
eter of the duct (L/D) was close to 10:1. This distance ensured that the stack gas was 
well mixed prior to sampling. Two thermocouples were placed in the same cross section 
of the duct, one attached to the bidirectional probe and the other between the probe 
and the wall of the stack. A sample of the exhaust gases was pumped to the sampling 
system. The tube between the sample probe and the sampling system was heat traced 
to prevent water condensation. The location of the bidirectional probe, thermocouple, 
and gas sample probe in the duct is shown in Figure 2. 

The sample handling system is diagrammed in Figure 3. As shown, the concentra
tions of oxygen, carbon monoxide, and carbon dioxide were on a dry basis because the 
water was removed. The water vapor analyzer did not function properly because con
densation occurred in the instrument when water vapor was too high, often exceeding 
20 percent. By using some approximations in the calculations, we did not need the ex
act concentration of water. 

The flow rate of fuel gas into the furnace was measured using a volumetric flow 
meter. Data were collected every 30 s using a personal computer. 
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Data Reduction and Calculations 

Calculations of heat release rate by the oxygen consumption method as described by 
Parker (16) for various applications will be used here. Basically, heat release by the 
wall is heat release rate as measured in the furnace stack using the oxygen consumption 
method minus the heat release rate from the fuel gas. The comprehensive equation for 
heat release rate of the materials ( Q w a i i ) as given in Parker's paper (16) is 

Qwall = 
Xo, ( l - * S a - * g o a \ Λ E'co-E'Xco\ 
X ° o 7 \ l - Xo7 - Xco - Xco7 J \ IE' Xo7 J 

E'X°O2V0-E'r'Vg (1) 

where 

Xo7, Xco, Xco? are volume (or molar) fractions of gas species as obtained 
in analyzers, 

XO7,XQOI are ambien  concentration f  specie  (assumin
centration
respectively)

E' is heat release per volume of oxygen consumed, 
17.2 MJ/m 3 at 25°C or 17.4 MJ/m 3 at 20°C (values 
based on average of 13.1 MJ/kg of oxygen consumed), 

E'co heat produced per unit volume of oxygen consumed in 
burning of CO to C 0 2 , 23.1 MJ/m 3 0 2 at 25°C or 
23.4 MJ/m 3 at 20°C, 

Vo volume flow rate of air into system, corrected to a stan
dard temperature (20°C), 

r' volume of 0 2 consumed in burning a unit volume of fuel, 
and 

Vg volume flow rate of gas into the furnace, corrected to 
20°C. 

We used volumetric flows of air and fuel gas because they were directly measured. 
Using volumetric flow rates is awkward because the temperature and pressure of the 
gases in question have to be specified. In our case, the pressure of the fuel gas supply 
was about 1.5 kPa and that of the furnace 25 Pa above atmospheric pressure in extreme 
cases. These gauge pressures are small compared to absolute atmospheric pressure of 
> 100 kPa. Thus, pressure corrections are insignificant. Temperature is the main factor 
that needs to be specified as the reference or basis for volumetric flow calculation. One 
alternative is the substitution of volumetric flow by mass flow. The conversion from 
volumetric flow to mass flow is straightforward using proper density values of the gases 
in question. The average heat of combustion of 13.1 MJ/kg of 0 2 consumed is then 
applicable. However, for the purposes of this paper, either method will yield the same 
result. 

Heat Release Rate From Furnace. Heat release rate from the furnace (Qfurnace) is 
calculated from the information obtained in the stack: flow rate and species concentra
tions. Heat release rate is based on the first term in Equation 1. 

Qfurna< 
xQi ( 1 ~ XQ7 ~ xCQi \ Λ , £ c o - E' XcoX\ , ο ^ m 
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When there is complete combustion, Xco is negligible. Equation 2 is simplified to 

In our tests, the furnace was occasionally deficient of oxygen. When oxygen level 
went to zero, a significant amount of CO was produced as well as visible and sooty 
smoke. These are indications of incomplete combustion. The only product of incom
plete combustion monitored was CO. Incomplete combustion products other than CO 
were not accounted for. 

When Xo7 approaches zero, the term in the square brackets of Equation 2 ap
proaches 1 or results in errors in the data reduction program because of Xç>2 in the nu
merator and/or denominator. Equation 2 needs some modification to be sensitive to 
CO in these cases. 

When XQ7 —• 0 and (Xco/Xo2) >> 1, Equation 2 can be approximated by 

furnace : 

, XQ, (l  *co  \ [E'co  E' Xco \1

which can be rearranged to 

Ί - X% - X% XCO ( 1 ~ XQ* ~ XCQ2 \ (ECO ~ E ' \ ] FtyO τ> (c\ 

Air Flow Rate Into System. The flow rate into the system is calculated based on 
the flow rate out of the system and an assumed expansion factor (a). The flow rate of 
exhaust air coming out of the system corrected to 20°C (Vs) is based on the differential 
pressure across the bidirectional probe and the average temperature in the stack: 

Vi = 0 . 9 2 6 M ( ^ | ) , / î (6) 

where 

0.926 is a suitable calibration factor for bidirectional probe, 

k the calibration factor for velocity profile in the stack (found to be 0.85 by 
Brenden and Chamberlain (6)), 

AP differential pressure in pascals, 

Λ cross-sectional area of stack, 0.155 m 2, 

T 0 reference temperature, 293 K, 

Po density of air at reference temperature, and 

Τ average temperature in stack in kelvins. 

The chemical expansion α is defined as 

a = l + * 8 a ( / ? - l ) (7) 
where β is the ratio of the moles of combustion products formed per mole of oxygen 
consumed. Parker (16) documented that for most materials, α ranges from 1.00 for 
carbon to 1.21 for hydrogen, with most organic fuels about 1.1. We assumed α = 1.084 
as recommended for most fuels in another application (3). A more accurate assumption 
can be made if the stoichiometry of combustion is known. 
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The flow rate into the system is related to the flow rate out as follows: 

Vs = (I - φ)γ0 + a<j>V0 (8) 

rearranged to give 

where φ is the depletion fraction, the fraction of the incoming air that has been totally 
depleted of its oxygen, which can be calculated based on the oxygen to nitrogen ratios 
in the incoming air and the stack (16) as 

* = 1 - | - (10) 

where Ζ and Z0 are oxygen to nitrogen ratios in the stack and ambient air, respectively. 
Equation 10 can be expanded to 

φ -

(1 - Xo7 — XQO - Xco7) 

This equation allows us to calculate φ based on the species fractions. 

Heat Release Rate From Fuel Gas. The fuel gas used in these tests was a mix
ture of natural gas supplied by the local gas company. This gas mixture contains ap
proximately 90 percent methane and small fractions of ethane, propane, butane, CO2, 
and nitrogen, as analyzed by Brenden and Chamberlain (6). Although composition of 
the gas changes with time, the changes were small in our case. A statistical sample of 
gross heat of combustion of fuel gas over several months showed a coefficient of varia
tion of 0.7 percent. Also, the gross heat of combustion of natural gas reported by the 
gas company on the day of the test did not vary significantly from test to test. Thus, 
we assumed that the net heat of combustion was constant. 

Net heat of combustion was calculated based on the gross heat of combustion and 
the stoichiometry of combustion of the fuel mixture and a typical composition of the 
fuel mixture. The rate of heat release from burning fuel gas (Qfuei) is 

Qfuel = AHgVg (12) 

where 

AHg is net heat of combustion of fuel gas, 33.9 MJ/m 3 at 20°C, and 

Vg volumetric flow rate of fuel gas in cubic meters per second at 20°C. 

Heat Release Rate From Walls. The heat release rate from the wall assemblies 
should be the difference between Qfurnace a n d Qfuei- However, a direct subtraction is not 
correct because of the assumption that 13.1 MJ/kg oxygen consumed is released for all 
fuels. In fact, the heat release per unit oxygen consumed is 12.54 MJ/kg for methane as 
given by Huggett (14) and 12.51 MJ/kg for the fuel mixture as determined by Brenden 
and Chamberlain (6). Thus, the heat release from the wall Q w a n is determined using a 
correction factor of 13.1/12.51 = 1.048: 

Qwall = Qfurnace ~ 1.048Qfuel (13) 

The term 1.048Q f u e i is essentially the same as the second term in Equation 1 because 
E'r' = (E'/E'g)AHg, where E'g is the correct E' value for fuel gas. 
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Results and Discussion 

Heat release rates from the calibration run and the walls were made using Equations 
1 to 13. The fire endurance results will be discussed in another paper. The tests were 
terminated shortly after structural failure or burnthrough of the wall assembly. The 
test termination times are given in Table II. 

Calibration Test. Heat release rate is shown in Figure 4. Note that the heat release 
rate of the fuel calculated based on Equation 6 is slightly less than that of the total 
heat release. The heat release from the noncombustible wall calculated by Equation 
13, using the proper correction of 1.048, is zero. Except for some perturbations in the 
beginning, which can be attributable to approximated response times of the analyzers, 
there is excellent agreement between the heat input by burning fuel gas and the total 
heat release rate calculated. We encountered a problem synchronizing the heat release 
rate calculated and the fuel gas rate because of the discrete data sampling time. The 
imperfectly synchronized rates resulted in "noises" in their differences, especially at 
the beginning of the test. No
curves. 

Heat Release Rate of Wall Assemblies. As examples, heat release rates are shown 
for series Β because these tests lasted for longer times than the tests in series A and C 
(Figures 5-8). In walls B-3 and B-4, which had gypsum as the interior finish, combus
tion was complete throughout the entire runs. The concentration of CO was negligible. 

In many cases when combustion was incomplete because of lack of oxygen, a sig
nificant amount of CO was formed. This amount of CO may further combust to C 0 2 

if extra air is added. Therefore, we can estimate the additional energy to be released if 
CO was allowed to burn to C 0 2 . The flow rate of CO can be calculated as follows: 

X° 

K C O ^ C O V O T T ^ (14) 

where the concentration of N 2 is on a dry basis. Equation 14 is expanded to 

Vco = 0 . 7 9 V i — f ϊψ> r (15) 

The flow rate of CO is multiplied by the heat of combustion of CO (11.7 M J / m 3 of 
CO at 20°C) to obtain the heat release rate from CO if CO burns to C 0 2 . This heat 
release rate plus heat release rate from the wall is the potential heat release rate if CO 
is further oxidized to C 0 2 . 

For walls B - l and B-2, which had plywood as the interior finish, the heat release 
rate from the furnace (burners plus wall), heat release rate from the wall, and potential 
heat release rate are shown in Figures 5 and 6. The difference between the potential 
heat release rate and the wall contribution is the possible contribution by CO. 

For those walls protected by gypsum (walls B-3 and B-4), furnace heat release rate 
and heat release rates from the fuel gas (Eq. (12)) and the wall (Eq. (13)) are shown in 
Figures 7 and 8. Similar to the noncombustible wall, the gypsum provided very little 
heat, except for a small peak in the beginning, which could have been caused by the 
gypsum paper. Heat release rates from walls B-3 and B-4 rose slowly as a result of the 
gypsum opening up at the seams or cracks. 

Total Heat Release From Wall Assemblies. We examined the total heat release 
from the wall assemblies as total heat contribution. The total heat release is obtained 
by integrating the area under the heat release rate curve with time and it is expressed 
in megajoules (MJ). The total heat release data from ignition to different times are 
shown in Table III for the wall assemblies. 
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Figure 4. Heat release rate from calibration test with a blank wall. 
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Figure 7. Rate of heat release for wall test B-3. 
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Figure 8. Rate of heat release for wall test B-4. 
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Table III. Total Heat Release From the Wall Assemblies 

425 

Total Heat Release (MJ) 

Test no. 5 min 10 min 15 min 20 min 25 min 30 min 35 min 40 min 

A - l 120 285 342 — — — — — 
A-2 140 183 299 — — — — — 
A-3 34 36 31 28 25 27 39 52 
A-4 -11 -10 -16 -22 -27 -15 -5 17 

B - l 196 350 533 687 — — — — 
B-2 181 280 434 586 650 — — — 
B-3 28 23 20 20 21 28 36 49 
B-4 30 33 40 40 48 70 96 117 

C - l 200 390 517 518 — — — — 
C-2 195 265 
C-3 29 38 
C-4 40 51 56 61 77 94 115 138 

In general, walls A - l , B - l , and C - l had the highest heat release. Walls A-2, B-2, 
and C-2 had consistently less heat contribution because of the insulation. Walls A-3, 
B-3, and C-3 and A-4, B-4, and C-4 had no significant heat contribution. The values 
in these tests vary because of initial errors associated with the perturbations at the 
beginning of the tests. However, total heat release did not grow, indicating zero heat 
release rate when gypsum was present. 

As we have noted, eight tests (series A and C) represented a 23 factorial design 
involving type of interior finish, presence of a fiberglass insulation in the cavity, and 
load level (Table I). Series Β was similar to A and C except for the absence of load and 
hardboard siding. In most cases, the four tests of series Β could also be included in the 
analysis. 

The factorial approach to the design of experiments allows all the tests involving 
several factors to be combined in the calculation of the main effects and their interac
tions. For a 23 design, there are 3 main effects, 3 two-factor interactions, and 1 three-
factor interaction. Yates' algorithm can be used to determine the main effects and 
their interactions (17). The data can also be represented as a multiple linear regression 
model 

y = Bo + Βιχι + B2i2 + # 3 * 3 + # 4 * 1 * 2 + # 5 * 1 * 3 + # 6 * 2 * 3 + # 7 * 1 * 2 * 3 (16) 

where y is the response variable, is the factor variable for factor i, and #; are param
eters. 

By eliminating insignificant variables, Equation 16 can be reduced to fewer terms. 
In addition to the three variables of the factorial design, the burner level was also in
cluded in the analysis. 

Because of the large difference in the behavior of the thin plywood and the gypsum 
board, the type of interior finish was the dominant factor in the statistical analysis of 
the total heat release data (Table III). Linear regression of the data sets for 5, 10, and 
15 min resulted in squares of the correlation coefficients R2 — 0.88 to 0.91 with the type 
of interior finish as the sole variable. For the plywood, the average total heat release 
was 172, 292, and 425 MJ at 5, 10, and 15 min, respectively. For the gypsum board, the 
average total heat release was 25, 27, and 29 MJ at 5, 10, and 15 min, respectively. 
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For 5 min, the type of burner (lower limit of 250 kW (series Β and C) compared to 
500 kW (series A)) also had a significant effect. For a linear regression model with inte
rior finish and the burner level as the variables, the R2 = 0.96. Because the burner level 
primarily affected the total heat release from the plywood, the cross-product of burner 
level and type of interior finish is also a significant factor. At 10 min, the presence of 
insulation was more significant than the burner level. For a model with interior finish, 
insulation, and burner level as variables, the R2 = 0.95 for 10-min data. At 15 min, in
sulation was no longer a significant factor. This is consistent with the visual observa
tions that the insulations in the plywood tests were gone after approximately 10 min. 
A model of interior finish and burner level had an R2 = 0.96 for the 15-min data. At 20 
min, only the type of interior finish was a significant main factor (the cross-product of 
interior finish and burner was also significant). By 20 min, nearly all the plywood tests 
had been terminated. 

Except for the load level, which should not have an effect on the total heat release, 
series Β and C were identical. Comparison of the results for 5, 10, and 15 min indicates 
very good agreement between the two sets of data. 

Comparison of Study to Previous
ours is that of Brenden and Chamberlain (6) using the same furnace and Chamberlain 
and King (7) using a different furnace. The assemblies used in these studies were of 
similar construction. The wall assemblies used contained fire-retardant-treated studs 
as the only combustibles. The interior and exterior sides were 5/8-in. (16-mm) type-X 
gypsum. Thus, heat release rates were understandably small. The onset of heat release 
started at 23 min after ignition. After that, a slow increase occurred, culminating to 
approximately 100 Btu/min · ft2 (19 kW/m 2) at 60 min. For an exposed area of 8 by 10 
ft (2.44 by 3.05 mm), this would be 140 kW. 

Our results are comparable to the results of Brenden and Chamberlain (6) and 
Chamberlain and King (7). In our most comparable assembly having gypsum on the 
fire-exposed side and no insulation (B-3) (Fig. 7), contribution from the walls started 
approximately at 30 min and rose to about 200 kW at 50 min. Similar results were ob
tained despite differences in assembly constructions. The exterior sheathing in our tests 
was plywood whereas that of Brenden and Chamberlain (6) was gypsum. Moreover, we 
used untreated wood studs in our assemblies. 

Accuracy of Oxygen Consumption Method. We have demonstrated that the 
oxygen consumption method can be used to quantify the amount of heat contributed 
to the fire environment by the walls. The heat release rate can be used as a diagnostic 
tool to evaluate performance of assemblies in question. 

However, many possible sources of error other than the accuracy of the measure
ments deserve attention. These sources of error are inherent in the assumptions that we 
made about average E', chemical expansion factor, and effect of dilution. 

Average E /—As stated earlier, the oxygen consumption method is based on the find
ing that most materials have the same with accuracy within 5 percent of the mean. 

Chemical expansion factor—The values of α and β vary from material to material as 
shown by Parker (16). The values of α vary from 1.00 for carbon to 1.21 for hydrogen. 
Thus, extreme errors in α can be 10 percent from the mean, especially when φ = 1.0. 
An erroneous α results in wrong estimates of air flow rate into the system, which may 
lead to a maximum of 10 percent error in heat release rate. 

Effect of dilution—In addition to the water present in the ambient air, the materi
als contained a certain amount of water. The water evaporated from the materials "di
luted" the exhaust gases. This water is not accounted for in the chemical expansion fac
tor. The magnitude of the error depends on the evaporation rate of water and the total 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



25. TRAN & WHITE Heat Release Using Oxygen Consumption Method 427 

flow rate out the exhaust stack. Because we did not have an accurate measurement of 
water vapor in the exhaust stream, the effect of dilution was not calculated. This error 
can be large at the start of the test when water is boiled out of the system and should 
become negligible thereafter. 

Of all these sources for error, the first two are the most significant. The oxygen 
consumption method has been reported to be accurate within 15 percent, which is 
the additive effect of average E' and the chemical expansion factor. This extreme er
ror can happen only in the case of complete oxygen depletion. The error is substan
tially reduced for most cases when the oxygen level in the exhaust is larger than zero. 
As shown in the calibration test, very good agreement between Qfumace and Q f u e i was 
obtained. The method is accurate at least for fuel gas alone. 

Conclusion 

Several conclusions can be drawn from the analysis of heat release rate in this study. 
In terms of heat contribution from the walls, the gypsum wallboard provided complete 
protection to the assembly for
assembly was below 200 kW u
the assemblies without gypsum. The insulation also helped protect the assemblies, al
though not as dramatically as gypsum; it reduced heat release rate between 5 and 10 
min. 

The versatility and accuracy of the oxygen consumption method in heat release 
measurement was demonstrated. The critical measurements include flow rates and 
species concentrations. Some assumptions need to be invoked about (a) heat release 
per unit oxygen consumed and (b) chemical expansion factor, when flow rate into the 
system is not known. Errors in these assumptions are acceptable. As shown, the oxy
gen consumption method can be applied successfully in a fire endurance test to obtain 
heat release rates. Heat release rates can be useful for evaluating the performance of 
assemblies and can provide measures of heat contribution by the assemblies. The im
plementation of the heat release rate measurement in fire endurance testing depends on 
the design of the furnace. If the furnace has a stack or duct system in which gas flow 
and species concentrations can be measured, the calorimetry method is feasible. The 
information obtained can be useful in understanding the fire environment in which as
semblies are tested. 

One critical factor that affects the heat release rate is the availability of air. The 
furnace has to be designed so that many requirements can be met simultaneously: (a) 
time-temperature curve of ASTM E-119, (b) adequate air supply, and (c) pressure 
requirement inside the furnace. To incorporate the heat release rate measurement into 
the ASTM E-119 standard, specifications must be made to address these three criteria. 
If these criteria can be agreed upon, the heat release rate measurement should be made 
a part of the existing test standard. 
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Chapter 26 

Self-Heating of Lignocellulosic Materials 

Hans Kubler 

Department of Forestry, University of Wisconsin—Madison, 
Madison, WI 53706 

Processes whic
materials are reviewed. At ordinary 
temperatures, respiration of living c e l l s and 
parti c u l a r l y the metabolism of microorganisms 
may cause self-heating, while at elevated 
temperatures pyr o l y s i s , a b i o t i c oxidation, 
and adsorption of various gases by charred 
materials drive temperatures up whenever the 
released heat i s unable to dissipate out of 
the material. The cruci a l rate of pyrolytic 
heat release depends on exothermicity and 
rates of the pyrolysis process. 

In s e l f - h e a t i n g m a t e r i a l s , the temperature r i s e s without 
inp u t of energy from the surroundings, and without any 
evident heat-generating process such as v i s i b l e combustion. 
Some s e l f - h e a t i n g s s t a r t at ambient c o n d i t i o n s , w h i l e 
o t h e r s begin a f t e r temperature of the m a t e r i a l has been 
r a i s e d by outside energy. The amount of heat and the power 
per u n i t mass of the m a t e r i a l are g e n e r a l l y s m a l l , but i n 
l a r g e p i l e s or packs and under o t h e r c o n d i t i o n s where 
l i t t l e of the generated heat d i s s i p a t e s , temperatures tend 
to r i s e n e v e r t h e l e s s . 

S e l f - h e a t i n g i s q u i t e common, y e t i t r e c e i v e s 
a t t e n t i o n o nly when i t causes economic l o s s e s or leads to 
f i r e s . Fresh grass c l i p p i n g s i n garbage cans and p l a s t i c 
bags heat w i t h i n an hour or so. P i l e s of manure and 
compost always seem t o s e l f - h e a t , as the steam r i s i n g from 
opened p i l e s i n d i c a t e s . Farmers have cause t o be alarmed 
when temperatures r i s e i n hay, s i l a g e , straw, c o t t o n , 
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g r a i n , and other p l a n t m a t e r i a l s ; they e x p e r i e n c e s e l f -
h e a t i n g i n exposed p i l e s , bales and other f r e e storages as 
w e l l as i n s i l o s . 

F o r e s t p r o d u c t s i n d u s t r i e s know t h a t temperature 
i n c r e a s e s i n p i l e s of sawdust and bark. In pulp and paper 
m i l l s , s e l f - h e a t i n g develops i n amassed t r e e chips. Paper 
r o l l s s t acked hot tend t o s e l f - h e a t , as o c c a s i o n a l l y do 
s t o r e d b a l e s of waste paper. The wood-base panel products 
p a r t i c l e b o a r d , hardboard, and f i b e r b o a r d s e l f - h e a t a f t e r 
being stacked too hot i n the f a c t o r y . Where i n s t r u c t u r e s 
the framing lumber, wood-base panels, and l i g n o c e l l u l o s i c 
i n s u l a t i o n i s heated by items such as steam p i p e s , 
temperatures tend to r i s e above that of the heat source. 

In l a n d f i l l s , o r g a n i c m a t e r i a l s such as g r a s s 
c l i p p i n g s , brush, k i t c h e n waste, and dumped f o r e s t products 
r a i s e the temperature. The manufacture of c h a r c o a l from 
l i g n o c e l l u l o s i c s i n p i t s
heating, when a f t e r a
supply i s shut o f f and the charred m a t e r i a l r e l e a s e s heat 
without o x i d a t i o n . S i m i l a r r e a c t i o n s may be the cause of 
underground fires i n c o a l seams and dry peat bogs, which 
burn f o r months and sometimes years although a i r has no 
access. 

A l l s e l f - h e a t i n g s consume m a t e r i a l and p a r t i a l l y 
convert i t i n t o substances such as water vapor and carbon 
d i o x i d e . T his consumption i s d e s i r a b l e i n l a n d f i l l s , but 
i n n e a r l y a l l other cases u s e f u l m a t e r i a l i s devalued or 
l o s t . S e l f - h e a t i n g causes g r e a t e s t damage when i t leads to 
smoldering and flaming combustion. 

The l i t e r a t u r e has been reviewed e a r l i e r i n great 
d e t a i l , with emphasis on f o r e s t products (1) . Here the 
review i s updated and d r a s t i c a l l y condensed, and i n c l u d e s 
l i g n o c e l l u l o s i c s o t h e r than wood. Of the former 194 
r e f e r e n c e s , only those used f o r i l l u s t r a t i o n s , i n support 
of c r u c i a l statements, and f o r new c o n c l u s i o n s are c i t e d 
again. Some c i t e d e a r l y p u b l i c a t i o n s were not a v a i l a b l e i n 
1987. 

S e l f - h e a t i n g i s caused by a s e r i e s of processes, each 
of which has i t s p a r t i c u l a r temperature range, and r a i s e s 
the temperature up t o the l e v e l or i n t o the ranges of 
ensuing processes. The processes are a b s t r a c t e d one by one 
i n the sequence of i n c r e a s i n g temperatures, although the 
processes overlap, and most cases of s e l f - h e a t i n g i n v o l v e 
s e v e r a l p r o c e s s e s . Some e a r l i e r p u b l i c a t i o n s s h a l l be 
evaluated from a new angle. 

R e s p i r a t i o n 

Green l e a v e s of p l a n t s p h o t o s y n t h e s i z e , t r a p p i n g l i g h t 
energy f o r the conversion of carbon d i o x i d e and water i n t o 
s u g a r s . As a p r o c e s s which does not g e n e r a t e heat 
p h o t o s y n t h e s i s has no p l a c e i n t h i s r e v i e w , but 
p h o t o s y n t h e s i z i n g c e l l s are a l i v e , and l i v i n g c e l l s must 
r e s p i r e t o m a i n t a i n l i f e . The l i v i n g c e l l s c o n v e r t 
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chemical energy i n t o heat, even though the c e l l s of green 
leaves at the same time absorb l i g h t energy and accumulate 
chemical energy. The n e c e s s i t y of r e s p i r a t i o n i s b e t t e r 
known i n the c e l l s of animals and people: when our b r a i n 
i s not s u p p l i e d with oxygen by the b l o o d stream, b r a i n 
c e l l s succumb wi t h i n minutes. 

C u t t i n g grass, or more p r e c i s e l y s e p a r a t i n g l e a f t i p s 
from lower p a r t s of the grass p l a n t , i s not immediately 
l e t h a l , and even chopping up these t i p s k i l l s o nly a small 
percentage of the c e l l s . The leaves continue t o r e s p i r e ; 
they o x i d i z e s t o r e d carbohydrates and o t h e r foods i n t o 
carbon d i o x i d e and water, or i n t o intermediate compounds. 

In p h otosynthesizing leaves of growing p l a n t s the heat 
of r e s p i r a t i o n can d i s s i p a t e while i n p i l e s of h a r v e s t e d 
p l a n t s i t may be trapped and may accumulate, examples being 
heaps of a l f a l f a , c l o v e r , and corn s t a l k s . Garbage cans 
and p l a s t i c bags wit
a i r . The c l i p p i n g s
then e x t e r n a l oxygen d i f f u s e s i n t o the c o n t a i n e r s t o 
s u s t a i n r e s p i r a t i o n somewhat. Seeds, l i v i n g c e l l s by 
d e f i n i t i o n , c o n s i s t mainly of s t a r c h and other s t o r e d food 
which o x i d i z e s e x tremely s l o w l y , so t h a t t h e s e food 
reserves l a s t a long time and seeds can s u r v i v e f o r years, 
consuming very l i t t l e oxygen and r e l e a s i n g v e ry l i t t l e 
heat. T h i s seems t o be why g r a i n s e l f - h e a t s l e s s than 
other l i f e crops, i n s p i t e of the huge volumes i n g r a i n 
e l e v a t o r s . 

Wood and bark of l i v i n g t r e e s are e s s e n t i a l l y dead 
t i s s u e s . Heartwood i n the center of mature t r e e s and o l d 
bark at the very t r e e stem surface c o n t a i n no l i v i n g c e l l s , 
whatsoever, whereas i n sapwood and i n young bark some c e l l s 
remain a l i v e . In the cambial l a y e r between wood and bark, 
i n which t r e e s grow new wood and bark, p r a c t i c a l l y a l l 
c e l l s l i v e . R e s p i r a t i o n of the l i v i n g t r e e c e l l s causes 
s e l f - h e a t i n g i n p i l e s of sawdust, of bark, and of chips f o r 
pulp; the higher the percentage of l i v i n g c e l l s , t h a t i s of 
cambial c e l l s and c e l l s near the cambium, the more the 
p i l e s s e l f - h e a t . Whole-tree chips, obtained by chopping up 
e n t i r e t r e e s , s e l f - h e a t g r e a t l y e s p e c i a l l y when chopped 
from young t r e e s , because the f o l i a g e i n c l u d e d c o n s i s t s 
mainly of l i v i n g c e l l s (2) . 

Pl a n t c e l l s cease l i v i n g and generating heat when they 
have exhausted t h e i r food reserves a f t e r a few days, weeks, 
or months. Most p l a n t c e l l s d i e e a r l i e r , due to l a c k of 
m o i s t u r e and oxygen, or from heat. L i v i n g c e l l s of 
l i g n o c e l l u l o s i c s p e r i s h when the moisture content of the 
embedding l i g n i f i e d c e l l s drops below f i b e r s a t u r a t i o n near 
30% moisture content, based on ovendry weight. Seeds 
s u r v i v e down t o much lower moisture contents. 

The upper temperatures which p l a n t s can t o l e r a t e vary 
from p l a n t s p e c i e s t o s p e c i e s . Tree c e l l s s u r v i v e up to 
about 50*C. Heat generation may continue even a f t e r c e l l 
death, when enzymes produced by the l i v i n g c e l l s continue 
c a t a l y z i n g the o x i d a t i o n p r o c e s s post mortem. At the 
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o t h e r , low temperature extreme, many p l a n t s s u r v i v e 
f r e e z i n g i n the s t a t e of dormancy. The temperature 
optimum, at which p l a n t s metabolize the f a s t e s t l i e s f o r 
many s p e c i e s around 25*C; i t depends on r e l a t i v e humidity 
of the atmosphere, s i n c e high degrees of heat are u s u a l l y 
a s s o c i a t e d with dry a i r and the s t r e s s of moisture l o s s . 

Metabolism of Microorganisms 

Dead as w e l l as l i v e p l a n t s and animals serve as food f o r 
f u n g i and b a c t e r i a . These m i c r o o r g a n i s m s do not 
photosynthesize, and l i k e animals they feed on the organi c 
m a t e r i a l s . The term microorganism i n d i c a t e s t h a t the 
i n d i v i d u a l s can be seen o n l y under the microscope; many 
fu n g i however form l a r g e , conspicuous f r u i t i n g bodies known 
as mushrooms and t o a d s t o o l s , but t h e i r f i l a m e n t s i n the 
host s u b s t r a t e remai
unaided eye. The microorganism
t o c o n v e r t i t i n t o carbon d i o x i d e and water; i n t h i s 
r e s p e c t t h e i r m e t a b o l i s m resembles r e s p i r a t i o n and 
combustion. I t i s another heat-generating process. 

B a c t e r i a and spores of fu n g i abound i n the a i r as w e l l 
as at s u r f a c e s of almost e v e r y t h i n g , m u l t i p l y i n g and 
growing r a p i d l y under s u i t a b l e c o n d i t i o n s . Most p l a n t s 
fend o f f these microorganisms, while some l i v e with the 
p a r a s i t e s and others are k i l l e d by them. Separating higher 
p l a n t s from t h e i r roots and chopping them up i n t o fragments 
d u r i n g h a r v e s t i n g o p e r a t i o n s weakens t h e i r defenses and 
causes e a r l y death; i t i s then o n l y a q u e s t i o n of time 
u n t i l microorganisms under s u i t a b l e c o n d i t i o n s consume the 
harvested m a t e r i a l . 

How long p l a n t t i s s u e s r e s i s t decomposition and how 
q u i c k l y the decomposition r e l e a s e s heat, t h a t depends on 
the p l a n t c o n s t i t u e n t s . S t a r c h and sugars i n f r u i t s , 
r o o t s , and sapwood i s ready food, so that f u n g i f e e d i n g on 
t h e s e l o w - m o l e c u l a r weight c a r b o h y d r a t e s may s p r e a d 
throughout large p i l e s of some m a t e r i a l s w i t h i n a few days. 
C e l l u l o s e , the most common pl a n t c o n s t i t u e n t , i s much more 
r e s i s t a n t than s t a r c h and sugars, but s t i l l may l a s t only a 
few weeks as we know from the decomposition of leaves and 
e n t i r e h e r b a c e o u s (not l i g n i f i e d ) p l a n t s . The 
decomposition of c e l l u l o s e n e v e r t h e l e s s r e l e a s e s heat at 
r e l a t i v e l y f a s t r a t e s , because c e l l u l o s e makes up the mass 
of the p a r t i c u l a r p l a n t and occurs i n great q u a n t i t i e s , as 
i n hay f o r example. L i g n i n , next t o c e l l u l o s e the main 
c o n s t i t u e n t of woody l i g n i f i e d t i s s u e , adds months and 
y e a r s t o the r e s i s t a n c e o f l i g n o c e l l u l o s i c s , which 
t h e r e f o r e r e l e a s e heat at r e l a t i v e l y low r a t e s , but huge 
masses may compensate f o r the low r a t e . The heartwood of 
many t r e e s p e c i e s and o t h e r p l a n t t i s s u e s c o n t a i n 
s u b s t a n c e s which p o i s o n t h e t i s s u e as f o o d f o r 
microorganisms, and are the reason why such t i s s u e s r e s i s t 
decomposition f o r years and even decades, depending on 
temperature as w e l l as the oxygen and moisture a v a i l a b l e . 
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In ear ly stages of storage of harvested p lant s , 
microorganisms quasi supplement respirat ion , but after heat 
has k i l l e d a l l substrate c e l l s around 50" or 60"C, the 
microorganisms make a great d i f f e r e n c e by r a i s i n g 
temperatures c o n s i d e r a b l y h i g h e r . A c t u a l l y some 
microorganisms tolerate no more heat than substrate c e l l s , 
but some heat resistant thermophilic microorganisms survive 
and metabolize up to about 80 e C . 

Microorganisms depend on moisture l i k e a l l p lants . 
They secrete enzymes in aqueous solution to break the food 
down into water so luble compounds, then absorb the 
compounds in s o l u t i o n . Hence fungi and b a c t e r i a can 
metabolize in l i g n o c e l l u l o s i c substrates only as long as 
the substrate contains at least 20% moisture. Drying and 
freez ing force microorganisms into dormancy, but af ter 
remoistening and thawing they resume metabolizing. Thus 
p i l e s of wood chip
although slowly at f i r s
microorganisms vary with the species; most metabolize 
fastest between 25* and 30*C. Waterlogged material se l f -
heats re la t ive ly l i t t l e , because i t lacks oxygen which most 
microorganisms need: they are aerobic. Only a few belong 
to the anaerobic category. Some compact, dense masses 
self-heat l i t t l e in this stage, due to lack of oxygen and 
also to substantial conduction of heat to the surface (3). 

Microorganisms thr ive in l a n d f i l l s . In the common 
sanitary type the r e l a t i v e l y small , f l e x i b l e , var iab le 
pieces of household garbage lend themselves to compaction 
by the heavy bulldozers and trucks driv ing on the l a n d f i l l . 
The compaction and interspersed capping layers of clay-type 
d i r t create an essent ia l ly a i r free mess in which mainly 
anaerobic bacter ia decompose the organic materials into 
methane. This gas bui lds up pressure to seep, flow, and 
di f fuse out into the a i r and into surrounding ground. 
Methane as an energy r i c h gas carries much chemical energy 
away, leaving l i t t l e for exothermic aerobic decomposition 
and self -heating. 

The s i tuat ion appears to be d i f ferent in demolition 
l a n d f i l l s used for dumping wrecked bui ld ings and other 
structures in metropolitan areas. There bul ldozers on 
studded c a t e r p i l l a r tracks crush and compact the pieces of 
lumber, wood-base pane l s , and other bulky i tems. 
Nevertheless the dump holds more a i r than san i tary 
l a n d f i l l s do, so that mainly aerobic microorganisms 
decompose the organic, large ly l i g n o c e l l u l o s i c materials 
into carbon oxides and water vapor while re leas ing much 
heat. Some a i r , pul led in from the l a n d f i l l h i l l s i d e where 
the covering layer of d i r t has been washed away, may 
sustain the aerobic microorganisms after they have consumed 
the innate oxygen. One l a n d f i l l with a t o t a l volume 
between two and three mi l l i on cubic meters self-heated to 
the l e v e l of p y r o l y s i s . The r e s u l t i n g events w i l l be 
discussed at the end of the following, pyrolysis part . 
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Heat of P y r o l y s i s 

L i g n o c e l l u l o s i c s reach temperatures around 80 *C i n many 
ways b e s i d e s . For example, p l a n e r s h a v i n g s and peat 
i n s u l a t i o n around hot p i p e s or i n w a l l s of dry 'cilns 
e a s i l y a t t a i n 100'C, and f o r e s t product i n d u s t r i e s stack 
s t i l l hot wood-base panels at temperatures around 80 eC. In 
many cases the temperatures of the hot m a t e r i a l s l a t e r on 
rose above the i n i t i a l 80 e or 100 eC, f i r s t t o l e v e l s of 
smoldering combustion, and f i n a l l y t o those of open flames. 
In a i r - e x p o s e d and v e n t i l a t e d m a t e r i a l s o x i d a t i o n c o u l d 
cause the h e a t i n g above 80* or 100 *C, but i n s i d e t i g h t 
packs of panels p y r o l y s i s must have been the heat source. 

Up to about 70*C, p l a n t t i s s u e s are t h e r m a l l y s t a b l e , 
as they must be i n nature to a v o i d damage from prolonged 
d i r e c t exposure t o the sun. P y r o l y s i s , the c h e m i c a l 
decomposition by heat
around 100"C, i n mois
temperature r i s e s , p e a k i n g i n many o r g a n i c m a t e r i a l s 
between 275 e and 300*C, at which p o i n t c e l l u l o s e 
d i s i n t e g r a t e s . 

The e x o t h e r m i c i t y of p y r o l y s i s had been r e p o r t e d i n 
the l i t e r a t u r e as e a r l y as 1910 (4) . N e v e r t h e l e s s l a t e r 
most authors saw thermal d i s i n t e g r a t i o n as an endothermic 
r e a c t i o n . Recent t h e o r e t i c a l (5) and experimental work (6) 
confirmed the e x o t h e r m i c i t y f o r slow p y r o l y s i s , i n which 
the e v o l v i n g v o l a t i l e s c o n t a i n l a r g e percentages of carbon 
d i o x i d e and water, t h a t i s t o say o f e n e r g y - f r e e 
substances, so that the sum of heats of combustion of the 
p y r o l y s i s products remains below the heat of combustion of 
the o r i g i n a l m a t e r i a l . Consequently according to the f i r s t 
law of thermodynamics, slow p y r o l y s i s must r e l e a s e heat. 
F a s t , high-temperature p y r o l y s i s i n c o n t r a s t , l e a d s t o 
p l e n t y o f h i g h - e n e r g y v o l a t i l e s such as hydrogen, 
i n d i c a t i n g endothermicity; the vigorous molecular motion of 
high temperatures l i t e r a l l y t e a r s the compounds apart i n t o 
high-energy fragments, with l i t t l e o p p o r t u n i t y f o r o r d e r l y 
arrangement. In t h i s way expended heat energy winds up as 
chemical energy i n the v o l a t i l e s . 

In t r i a l s with wood s i n c e 1910, s e v e r a l r e s e a r c h e r s 
d i d n o t i c e p y r o l y t i c heat r e l e a s e , but o t h e r s found the 
r e a c t i o n endothermic. The c o n t r a d i c t i o n s can be e x p l a i n e d 
with d i f f e r e n t s i z e s of the samples. I t i s b e l i e v e d t h a t 
primary p y r o l y s i s v o l a t i l e s i n t e r a c t i n secondary, 
exothermic r e a c t i o n s c a t a l y z e d by the s o l i d r e s i d u e . Long 
r e s i d e n c e times of the v o l a t i l e s i n the d i s i n t e g r a t i n g 
m a t e r i a l favor secondary r e a c t i o n s , of course. Residence 
times are indeed long i n large and i n slowly d i s i n t e g r a t i n g 
samples, i n which the v o l a t i l e s have a long path t o the 
surface and migrate out slowly. 

Many auth o r s e x p l o r e d p y r o l y s i s i n Differential 
Thermal Analysis (DTA) and i n Differential Scanning 
Calorimetry (DSC) t r i a l s , i n which t i n y samples weighing 
only one m i l l i g r a m up to a few grams were heated r a p i d l y at 
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r a t e s from 0.5 eC/min up t o n e a r l y 200'C/min. The 
e x h i b i t e d heat balances changed as temperatures rose and 
were o v e r a l l on the endothermic s i d e , s i n c e i n the t i n y , 
r a p i d l y heated samples the v o l a t i l e s had l i t t l e chance f o r 
secondary, exothermic r e a c t i o n s . DTA and DSC t r i a l s are 
t h e r e f o r e not r e p r e s e n t a t i v e of r e a l s i t u a t i o n s . 

Amounts of heat r e l e a s e d i n p y r o l y s i s t r i a l s were 
s m a l l . Even heats measured at around 130*C, f a r above the 
80*C margin, c o u l d a d i a b a t i c a l l y r a i s e the temperature by 
l e s s than one c e n t i g r a d e i n an hour (6) . With so l i t t l e 
heat, i n a c c u r a c i e s of measurements could cause q u a l i t a t i v e 
m i s t a k e s . A d d i t i o n a l l y , t e m p e r a t u r e s were u s u a l l y 
d e t e r m i n e d w i t h t h e r m o c o u p l e s , whose m e t a l l i c w i r e s 
conducted heat up t o one thousand times f a s t e r than the 
p y r o l z e d m a t e r i a l , and c o u l d a g a i n i n v o l v e s u b s t a n t i a l 
e r r o r s , e s p e c i a l l y with small samples and steep temperature 
g r a d i e n t s . 

P y r o l y t i c s e l f - h e a t i n
When new wood-base panels were stacked too hot i n packs f o r 
s t o r a g e or f o r t r a n s p o r t , heat of p y r o l y s i s drove 
temperatures deep i n s i d e the packs h i g h e r and h i g h e r , 
p y r o l y z i n g the center i n t o darkening b r i t t l e m a t e r i a l s , and 
f i n a l l y i n t o b l ack c h a r c o a l (7) . Due t o c o n t r a c t i o n from 
the c h a r r i n g and v o l a t i l i z a t i o n , the m a t e r i a l cracked and 
crumbled and l e f t c a v i t i e s i n s i d e the packs. The char 
zones and the developing c a v i t i e s were r a r e l y e x a c t l y i n 
the pack's center but always r e l a t i v e l y f a r from the pack 
surf a c e , so t h a t only a f r a c t i o n of the generated p y r o l y t i c 
heat was conducted t o the d i s t a n t surfaces out of the pack. 

Some of the p y r o l y s i s v o l a t i l e s e f f u s e d out, and could 
have been p e r c e p t i b l e symptoms of the d e t e r i o r a t i o n and an 
imminent d i s a s t e r , but i n open y a r d s , u n a t t e n d e d 
warehouses, or on t r u c k s nobody was present t o s m e l l the 
odors. The c a v i t i e s grew i n a l l d i r e c t i o n s , approaching a 
pack s u r f a c e one or two weeks a f t e r s t a c k i n g . At t h a t 
p o i n t a i r gained access t o the hot c h a r r e d m a t e r i a l and 
t r i g g e r e d i g n i t i o n . The combustion spread r a p i d l y along 
the pack s u r f a c e , p o s s i b l y a l s o i n t o the opened c a v i t y as 
a i r rushed i n . 

To prevent the s e l f - h e a t i n g , f a c t o r i e s c o o l f r e s h 
f i b e r b o a r d t o temperatures of 80* or lower before s t a c k i n g . 
The U n i t e d S t a t e s Government as buyer o f the p a n e l s 
r e q u i r e s the much s a f e r temperature l i m i t of 54.5 eC (130* 
F) f o r wood f i b e r b o a r d , and 60 *C (140* F) f o r board made 
from sugar cane (8) . Experiments with u n r e p r e s e n t a t i v e , 
s m a l l samples can be v e r y m i s l e a d i n g r e g a r d i n g s a f e 
s t a c k i n g temperatures, s i n c e i n s m a l l samples the s e l f -
h e a t i n g may develop or become n o t i c e a b l e only above 150*C, 
while o x i d a t i v e h eating and r e s u l t i n g i g n i t i o n appear only 
around 200'C (7) . 

In the case of the d e m o l i t i o n l a n d f i l l mentioned 
above, p y r o l y s i s s u p p l i e d heat a f t e r the microorganisms 
reached t h e i r temperature l i m i t . Eighteen months from the 
time of l a n d f i l l i n g , obnoxious p y r o l y t i c v o l a t i l e s e f f u s e d 
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as dense smoke out of the seemingly burning dump. L a n d f i l l 
o p e r a t o r s fought the fire f o r s i x months by e x c a v a t i n g 
smoking zones deep under the s u r f a c e , and by i n j e c t i n g 
water. The degree of c h a r r i n g of excavated wood i n d i c a t e d 
t h a t the temperature had reached about 2 0 0 * C . Some zones 
which smoked only s l i g h t l y and were not excavated continued 
t o steam f o r s e v e r a l a d d i t i o n a l months, as 8 0 * C - h o t , 
moisture-laden gases (with the t y p i c a l a c i d odor of steamed 
veneer logs) and high percentages of carbon d i o x i d e and 
methane s t i l l streamed out of c r e v i c e s i n the c l a y - d i r t 
capping. 

The rate of p y r o l y t i c heat r e l e a s e depends on r a t e and 
e x o t h e r m i c i t y of p y r o l y s i s . A ccording t o the t h e o r e t i c a l 
e v a l u a t i o n of these f a c t o r s i n the APPENDIX, the most r a p i d 
p y r o l y t i c s e l f - h e a t i n g can be expected between 1 2 0 * and 
1 7 0 - C . 

A b i o t i c Oxidation 

A l l kinds of o x i d a t i o n r e l e a s e l a r g e amounts of heat, i n 
the order of 15 kJ per gram of oxygen consumed i n the case 
of l i g n o c e l l u l o s i c s . Microorganisms and other l i v i n g c e l l s 
achieve biotic o x i d a t i o n at ambient temperature by means of 
c a t a l y z i n g enzymes. Direct chemical or abiotic o x i d a t i o n , 
a l s o known as atmospheric o x i d a t i o n , g e n e r a l l y occurs only 
at e l e v a t e d temperatures; i t s t h r e s h o l d of d e t e c t a b l e heat 
generation appears around 8 0 * C , and somewhat below 8 0 " C i n 
the presence of c a t a l y z i n g m o i s t u r e . O x i d a t i o n shows 
i t s e l f i n oxygen consumption, i n e v o l u t i o n of carbon 
d i o x i d e and water, as weight l o s s , and of course as heat 
r e l e a s e . O xidation and o x i d a t i v e heat generation i n t e n s i f y 
with i n c r e a s i n g temperature i n a very p r o g r e s s i v e manner, 
so t h a t i n the presence of a i r above 130 *C at l e a s t , 
l i g n o c e l l u l o s i c s r e l e a s e more o x i d a t i v e than p y r o l y t i c 
heat. In the l a n d f i l l fire d e s c r i b e d i n the p r e c e d i n g 
paragraph, excavated p i e c e s of charred, at most 2 0 0 e C hot 
wood, s t a r t e d glowing when sudden exposure t o a i r and 
o x i d a t i o n boosted t h e i r temperature t o above 4 7 5 * C . 

Some extraneous c o n s t i t u e n t s of p l a n t t i s s u e s , such as 
a l k a l i s a l t s i n many l i g n o c e l l u l o s i c s and p a r t i c u l a r l y 
r e s i n i n wood, o x i d i z e at lower temperatures and f a s t e r 
than the r e g u l a r c o n s t i t u e n t s . Therefore some f i r e s from 
s e l f - h e a t i n g have been a t t r i b u t e d t o e x t r a n e o u s 
c o n s t i t u e n t s . E x t r i n s i c substances added a f t e r h a r v e s t i n g 
may a c c e l e r a t e s e l f - h e a t i n g even more; the a d d i t i v e s and 
contaminants e i t h e r c a t a l y z e o x i d a t i o n and p y r o l y s i s , or 
the e x t r i n s i c s themselves o x i d i z e , with f a t s and o i l s being 
examples ( 9 ) . 

M e t a l l i c compositions s e r v i n g as siccatives c a t a l y z e 
the well-known o x i d a t i o n and p o l y m e r i z a t i o n of o i l i n 
p a i n t s and other f i n i s h e s . L i kewise, f e r r o u s and other 
m e t a l l i c o b j e c t s b o o s t s e l f - h e a t i n g i n p i l e s o f 
l i g n o c e l l u l o s i c s . Among the known c a t a l y z i n g substances 
are i r o n sulphides and i r o n oxides from combustion gases of 
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d i r e c t - f i r e d d r i e r s , powdered metals, metal oxides, some 
a c i d s , z i n c c h l o r i d e , sodium carbonate, and i n o r g a n i c s a l t s 
which modify p y r o l y s i s and are used as f i r e r e t a r d a n t s . 

The i n f l u e n c e of oxygen on hot l i g n o c e l l u l o s i c s shows 
i n many ways. M i t c h e l l (10) observed p r o p e r t y changes i n 
wood samples heated at 150'C f o r 1 to 16 hours. In ovendry 
samples, the p r o p e r t i e s changed i n oxygen more than i n 
n i t r o g e n atmospheres. Moisture a m p l i f i e d the e f f e c t of 
oxygen through h y d r o l y s i s , which can be c o n s i d e r e d a k i n d 
of p y r o l y s i s and i s s i m i l a r l y an exothermic r e a c t i o n (5). 

The c l a s s i c example, and probably the most frequent 
cause of f i r e s from s e l f - h e a t i n g of any substance, are o i l s 
rags d i s c a r d e d by p a i n t e r s . In the c r i n k l e d , crumpled rags 
oxygen has access t o la r g e surfaces of o i l , while only some 
of the generated o x i d a t i v e heat d i s s i p a t e s out o f the 
i n s u l a t i n g mess of a i r and rags, which tends t o i g n i t e 
w i t h i n a few days or

Whether p y r o l y s i
what determines how the s e l f - h e a t i n g should be c o n t r o l l e d . 
A i r blown i n t o o r sucked out o f p i l e s works a g a i n s t 
p y r o l y t i c s e l f - h e a t i n g , whereas i t promotes o x i d a t i o n where 
much of the innate oxygen has been consumed. A i r which 
flows through and c o o l s p i l e s i s h e l p f u l up t o at l e a s t 
100*C. Dense, compacted zones may s e l f - h e a t r e l a t i v e l y 
much (11) due t o the l a r g e mass o f h e a t - g e n e r a t i n g 
m a t e r i a l , while l i t t l e of the generated heat i s c a r r i e d 
away by a i r convection. 

In hay with i t s high p r o p o r t i o n of a i r space and the 
l a r g e s u r f a c e s of combustible p i e c e s , o x i d a t i o n i s at 
e l e v a t e d temperatures hard t o sto p . T h e r e f o r e i n s e l f -
h e a t i n g hay s t a c k s , even temperatures around 60 *C are 
alre a d y dangerous and c a l l f o r f i r e f i g h t e r s , who g e n e r a l l y 
blow or suck out the heat r a t h e r than t r y t o exclude a i r 
(11) . 

Some f a c t o r i e s temper or c u r e f r e s h hardboard t o 
i n c r e a s e water r e s i s t a n c e , d i m e n s i o n a l s t a b i l i t y , and 
s t r e n g t h . "A c u r i n g f o r f i v e hours or more at 165*C i s 
common" (12) . To f i n d ways t o prevent i g n i t i o n d u r i n g 
tempering, Back and Johanson (13) measured t h e heat 
e v o l v i n g from air-exposed s t r i p s of the boards between 150 
and 240*C. "In l i g n i n - c o n t a i n i n g b o a r d s , t h e heat 
e v o l u t i o n r a t e passed r a p i d l y through a maximum and then 
decreased with time, while f o r l i g n i n - f r e e boards the r a t e 
of heat e v o l u t i o n a f t e r r e a c h i n g an i n i t i a l p l a t e a u 
i n c r e a s e d s i g n i f i c a n t l y with time above 200*C or stayed 
about c o n s t a n t below 200 eC." The r a p i d i n i t i a l heat 
e v o l u t i o n may be r e l a t e d t o a v a i l a b l e o x i d a t i o n s i t e s i n 
the boards, but o v e r a l l the r e a c t i o n s must have been very 
complex. 

Among l i g n o c e l l u l o s i c p a n e l p r o d u c t s , f i b e r b o a r d 
( c a l l e d fiber insulation board i n e a r l i e r decades) seems to 
have caused more f i r e s than the denser products hardboard, 
p a r t i c l e b o a r d , and plywood. F i b e r b o a r d s e l f - h e a t s more 
because i t conducts l e s s of the generated heat out of the 
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pack, but o x i d a t i o n of the r e l a t i v e l y porous m a t e r i a l may 
be another f a c t o r . S e l f - h e a t i n g and r e s u l t i n g i g n i t i o n of 
f i b e r b o a r d have been e x t e n s i v e l y analyzed (14). 

Adsorptive Heat 

L i g n o c e l l u l o s i c s as h y g r o s c o p i c s u b s t a n c e s r e l e a s e 
adsorptive heat when adsorbing water, e s p e c i a l l y i n the 
form of water vapor with i t s l a r g e l a t e n t t h e a t . The 
a d s o r p t i v e heat diminishes as the moisture content of the 
adsorbent i n c r e a s e s . At r i s i n g temperatures, hygroscopic 
m a t e r i a l s u s u a l l y l o s e m o i s t u r e and dry, whereby the 
evaporation process consumes heat and r e t a r d s s e l f - h e a t i n g 
(15, 16) . Hot hygroscopic substances adsorb moisture only 
under rare circumstances, f o r example when o l d steam pipes 
crack and steam escapes i n t o the i n s u l a t i n g sawdust. Wood 
i n a hot atmosphere wit
p a n e l s i n an unevenl
adsorptions of t h i s kind r a r e l y p l a y a s i g n i f i c a n t r o l e . 

Gas a d s o r p t i o n by charred l i g n o c e l l u l o s i c s i s another 
matter, and may c o n t r i b u t e c r u c i a l heat i n l a t e stages of 
slow s e l f - h e a t i n g . Charred l i g n o c e l l u l o s i c s , c h a r c o a l , and 
the l i g n o c e l l u l o s i c s from which most commercial c h a r c o a l i s 
p y r o l y z e d are o b v i o u s l y very d i f f e r e n t substances. The 
p y r o l y s i s process g r a d u a l l y converts the raw m a t e r i a l , so 
t h a t one cannot d e f i n e a c e r t a i n p o i n t or p y r o l y s i s 
c o n d i t i o n beyond which the s o l i d r e s i d u e has become 
c h a r c o a l . The higher the temperature of p y r o l y s i s and the 
l o n g e r i t l a s t s , the more pronounced are the c h a r c o a l 
c h a r a c t e r i s t i c s . C h a r c o a l c o n t a i n s percentagewise more 
carbon than l i g n o c e l l u l o s i c s ; i t i s a l s o more porous, has a 
l a r g e r i n t e r n a l s u r f a c e , and i s c h e m i c a l l y more r e a c t i v e . 
In the p y r o l y s i s process l i g n o c e l l u l o s i c s approach a l l of 
these c h a r c o a l p r o p e r t i e s . 

Charcoal r e a d i l y adsorbs gases, i n c l u d i n g oxygen out 
of the surrounding atmosphere. U n l i k e o x i d a t i o n , oxygen 
a d s o r p t i o n does not l e a d t o e f f u s i n g carbon d i o x i d e and 
water vapor, r a t h e r the s o l i d gains weight; moreover, the 
heat r e l e a s e d per u n i t mass of adsorbed oxygen diminishes 
with i n c r e a s i n g amounts of the adsorbate, whereas i n case 
of o x i d a t i o n the heat of combustion remains c o n s t a n t . 
Charcoal adsorbs a l s o carbon monoxide and carbon d i o x i d e . 
Such a d s o r p t i o n s are by no means r e s t r i c t e d t o ambient 
temperatures, o c c u r r i n g i n hot c h a r c o a l too although l e s s 
than i n c o o l c h a r c o a l , and furthermore not a l l types of hot 
c h a r c o a l adsorb. 

These adsorptions appear to be i n c o n s i s t e n t with the 
e v o l u t i o n of carbon d i o x i d e and other v o l a t i l e s out of the 
c h a r r i n g s o l i d i n the p y r o l y s i s p r o c e s s . The a d s o r p t i v e 
p r o p e r t i e s develop as p y r o l y s i s f r e e s s i t e s f o r a d s o r p t i o n ; 
d e b r i s escaping from thermally decomposing l i g n o c e l l u l o s i c s 
l e a v e s the char r e s i d u e with a h i g h l y r e a c t i v e , e a g e r l y 
adsorbing inner s u r f a c e . 
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A d s o r p t i o n s are exothermic, r e l e a s i n g more than the 
l a t e n t heat of the adsorbate gas, which quasi l i q u e f i e s and 
s o l i d i f i e s b e sides being a t t r a c t e d . The f i r s t t r a c e s of 
adsorbed oxygen r e l e a s e even more heat than the combustion 
of carbon to carbon d i o x i d e ; but a f t e r the f i r s t a d s o r p t i o n 
s i t e s have been occupied, the a d s o r p t i v e heat — based on 
u n i t mass of adsorbed oxygen — g r a d u a l l y drops t o the 
l e v e l o f c o n d e n s a t i o n heat, f a r below the heat of 
combustion. 

It has been claimed but not g e n e r a l l y accepted t h a t 
l o n g - l a s t i n g heat between 100 and 200"C converts c e l l u l o s e 
and l i g n o c e l l u l o s i c s i n t o pyrophoric carbon, which f i n a l l y 
spontaneously i g n i t e s . I t may be t h a t d u r i n g lengthy slow 
c h a r r i n g the r e s i d u a l s o l i d adsorbs oxygen and carbon 
oxi d e s , whereby the r e l e a s e d a d s o r p t i v e heat r a i s e s the 
temperature and t r i g g e r s i g n i t i o n . The c h a r c o a l r e a c t i o n s 
are r a t h e r complex (17
much, depending on th
p y r o l y s i s , s i z e of the p i e c e s , and access f o r oxygen and 
m o i s t u r e d u r i n g s t o r a g e , not t o speak o f s t o r a g e 
temperature and time. 

APPENDIX: Rate of P y r o l y t i c Heat Release 

Heat r e l e a s e expressed i n energy per u n i t mass of s e l f -
h e a ting m a t e r i a l per u n i t time, such as Joules (J) per gram 
(g) and hour (h) , depends on the r a t e and on the 
e x o t h e r m i c i t y of the p y r o l y s i s process. Both vary with the 
s i z e of the m a t e r i a l sample, as e x p l a i n e d above i n the 
pyrolysis p a r t . The f o l l o w i n g estimates and c a l c u l a t i o n s 
c o n c e r n p r i n c i p a l l y r e l a t i v e l y l a r g e samples of one 
kilogram or so. 

F i g u r e 1 a p p l i e s t o p y r o l y s i s i n which the wood 
temperature i s r a i s e d from 100"C i n about 10 h t o v a r i o u s 
f i n a l t e m p e r a t u r e s . The weight l o s s e s , d e p i c t e d as 
volatiles, and solid residues have been determined a f t e r 
t h e t r i a l s , and o r i g i n a t e m a i n l y from K l a s o n , v. 
Heidenstam, and N o r l i n (4), under c o n s i d e r a t i o n of data 
p u b l i s h e d by Goos (18) and Stamm (19) . Measurements on 
small samples by B e a l l and Eickner (20), LeVan and S c h a f f e r 
(21), and E l d e r (22) have been compared. Up to about 275 
or 300 *C -- the temperature range i n which c e l l u l o s e 
r a p i d l y d i s i n t e g r a t e s — i n c r e a s e d f i n a l t r i a l temperatures 
cause i n c r e a s e d increments of v o l a t i l e s ; beyond 300"C the 
increments s t e a d i l y d i m i n i s h . 

The slope of the volatile = f(final temperature) curve 
i n F i g u r e 1 amounts t o v o l a t i l e increments at p a r t i c u l a r 
temperature steps, and i s a measure of the p y r o l y s i s r a t e . 
The s l o p e s have been o b t a i n e d by d i f f e r e n t i a t i n g the 
volatile curve of F i g u r e 1 f o r d r a f t i n g F i g u r e 2. For 
example, v o l a t i l e s at 200 #C equal 4.6%, and 7.7% at 220'C; 
that i s a 3.1% increment i n the 20"C step and amounts t o a 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



440 FIRE AND POLYMERS 

100 200 300 400 500 
Final temperature (°C) 

F i g u r e 1. P y r o l y s i s o f wood h e a t e d f r o m 100*C t o t h e 
f i n a l t e m p e r a t u r e i n t e n h o u r s . 
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Temperature ( ° C ) 

Figure 2. P y r o l y s i s increments i n each centigrade 
step, expressed i n mass of v o l a t i l e s per mass of 
o r i g i n a l wood. 
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secant slope of 0.16%/ eC. D i f f e r e n t i a t i o n of the curve i n 
Figu r e 1 at the intermediate temperature 210*C renders the 
ne a r l y i d e n t i c a l tangent slope 0.15%/*C. 

F i g u r e 2 g i v e s r a t e s of p y r o l y s i s i n t r i a l s w ith 
g r a d u a l l y i n c r e a s i n g temperatures. In the case of wood 
heated t o 500*C f o r example, the v o l a t i l e increments 
i n c r e a s e from temperature step t o temperature step up t o 
300*C, dropping o f f i n f u r t h e r s t e p s . The sum of the 
increments reaches 75% at 500*C, as they should a c c o r d i n g 
to F i g u r e 1. The area under the curve corresponds t o that 
sum. One can estimate the sum f o r each f i n a l temperature 
from the areas. For example, i n the case of h e a t i n g t o 
250*C, the increments average 0.1%, and the sum of the 
increments becomes 0.1 χ (250 - 100) = 0.1 χ 150 = 15%, or 
0.15 g/g (compare Figure 1). 

Some p u b l i c a t i o n s g ive amounts of p y r o l y s i s heat (H) 
per mass o f v o l a t i l e s
e s t i m a t i n g H. Th
author(s) to author(s) f o r t r i a l s under s i m i l a r c o n d i t i o n s , 
but one t r e n d i s obvious: heat of p y r o l y s i s decreases as 
temperature i n c r e a s e s . 

Near the marginal p y r o l y s i s temperature 100"C, mainly 
the energy-free gases carbon d i o x i d e and water e f f u s e out 
of the slo w l y d i s i n t e g r a t i n g wood, as mentioned e a r l i e r . 
Therefore the heat of p y r o l y s i s i s high, p o s s i b l y exceeding 
the heat of combustion of wood (20 kJ/g). In Klason's (23) 
t r i a l s , some of which are i n c l u d e d i n Table I, amounts of 
e f f u s i n g water vapor and carbon d i o x i d e were i n the 5 h 
t r i a l r e l a t i v e l y s m a l l (16.6% and 6%, r e s p e c t i v e l y , as 
opposed t o 26.1% and 12.6% i n the 336 h t r i a l ) . The 
r e l a t i v e l y l a r g e , 800 g sample i n the 336 h t r i a l at 
atmospheric pressure, versus the 100 or 250 g sample i n the 
5 h t r i a l i n vacuum, c o n t r i b u t e d to the d i f f e r e n t amounts 
of e f f u s i n g gases. In the 8 h t r i a l with an 800 g sample 
(Table I ) , the amounts of water vapor and carbon d i o x i d e 
(20.5 and 10.2%, r e s p e c t i v e l y ) were i n between those of the 
336 h and of the 5 h t r i a l s . 

John (24) r a t i o n a l i z e d h i s e x c e s s i v e p y r o l y s i s heats 
(Table I) with c a t a l y t i c combustion of primary p y r o l y s i s 
hydrogen. The heat of combustion of hydrogen (142 kJ/g) i s 
indeed very high, but the r a t i o n a l i z a t i o n r e q u i r e s r e l e a s e 
of hydrogen at low p y r o l y s i s temperature, f o r which no 
d i r e c t evidence e x i s t s . B e s ides t h a t , oxygen f o r the 
c a t a l y t i c combustion would have t o be t o r n out o f 
d i s i n t e g r a t i n g wood under consumption of improbably small 
energy. John's (24) e x p l i c i t values H are not c o n s i s t e n t 
w i t h o t h e r data of h i s experiments, and wit h H-values 
r e p o r t e d by other r e s e a r c h e r s . The 60 kJ/g c a l c u l a t e d on 
b a s i s of Kubler, Wang, and Barkalow's work (6) deserve not 
much confidence e i t h e r , s i n c e the t r i a l s were not designed 
f o r exact measurements of v o l a t i l e s . 

Heats H o f p y r o l y s i s must be v e r y h i g h a t low 
p y r o l y s i s temperatures (t *C), but values above 10 kJ/g may 
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Table I. Heat (H) of p y r o l y s i s per gram v o l a t i l e s i n 
t r i a l s with wood by various authors 

Sample S o l i d Heat of 
Temperature Mass Duration Residue P y r o l y s i s Source 

CO <Φ (h) m (J/Ç) 

80-130 a 2250 2400 96i 60000 (6) 

120 21 650 99.5 1 146000 b (24) 
140 21 650 98.0 1 55300 b (24) 
160 21 650 93.7Î 44500 b (24) 

175 ~3 

275 22.9 1 78. 6 1170 (26) 
305 27.8 0.6 52.5 340 (26) 
325 24 .2 0.6 39.7 290 (26) 
375 30.1 0.5 30.9 310 (26) 
435 25.0 0.4 28 -200 d (26) 

100-400 e 800 336 39.4 1160 (23) 
100-400 e 800 8 30.9 580 (23) 
100-400 e f 100-250 5 19.5 -250 (23) 

1 "incomplete", t r i a l terminated long before residues 
reached constant weight. 

a S e r i e s of t r i a l s at d i f f e r e n t temperatures. In some 
t r i a l s a i r had access and c o n t r i b u t e d t o the weight l o s s , 
but the heat of p y r o l y s i s value concerns only t r i a l s 
without a i r . 

b The r e s u l t s p u b l i s h e d about t h i s t r i a l are not 
c o n s i s t e n t ; some r e s u l t s imply much lower heats of 
p y r o l y s i s . 

c Cubes of f i b e r b o a r d were exposed to hot a i r , which could 
cause exothermic r e a c t i o n s i n a d d i t i o n to that of 
p y r o l y s i s ; a weight l o s s of 2% i s assumed. 

d C a l c u l a t e d by Kung and K a l e l k a r (27). 

e Temperature g r a d u a l l y r a i s e d t o 400*C at the end of the 
t r i a l . 

f T r i a l i n vacuum. 
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be u n r e a l i s t i c . C o n s i d e r i n g t h i s and the v a r i o u s H-values 
of Table I, a r e l a t i o n of the kind 

i s p o s s i b l e . A c c o r d i n g l y , H would equal 10 kJ/g at 100"C, 
1 kJ/g at 200 eC, and 0.1 kJ/g at 300 eC (Figure 3). Above 
300 *C or a l r e a d y above 275 'C, p y r o l y s i s i s pr o b a b l y an 
endothermic process, as i n d i c a t e d by the negative H of the 
435 eC t r i a l i n Table I. The r a p i d decrease of H with 
i n c r e a s i n g p y r o l y s i s temperature appears t o be one reason 
why pyrolysis l i n e s i n the Arrhenius p l o t of F i g u r e 5 are 
l e s s steep than the l i n e s of oxidation. 

Figures 2 and 3 f a c i l i t a t e e s t i m a t i n g the heat r e l e a s e 
per u n i t mass of o r i g i n a
m u l t i p l y i n g 

Pyrolysis Increment χ Heat of Pyrolysis = Heat Release 
g volatiles/g wood χ J/g volatiles = J/g wood 

F i g u r e 4 shows the r e s u l t s . Above 200*C, the dashed l i n e 
r e f l e c t s heats of p y r o l y s i s a c c o r d i n g t o Equation 2 and 
F i g u r e 3, while the more r e a l i s t i c , f u l l l i n e i s based on 
heats which approach zero at 300'C. A c c o r d i n g t o the 
f i g u r e , heat r e l e a s e peaks between 130 and 230*C. Since 
heat d i s s i p a t e s out of s e l f - h e a t i n g m a t e r i a l s i n p r o p o r t i o n 
to temperatures above ambient, and at 230*C the d i s s i p a t i o n 
should exceed the d i s s i p a t i o n at 130*C by a f a c t o r of two, 
the most r a p i d p y r o l y t i c s e l f - h e a t i n g can be expected 
between 120 and 170*C. 

Fig u r e 4 t e l l s how much heat evolves per u n i t mass of 
m a t e r i a l ; i t can be used f o r the comparison o f heat 
generation at d i f f e r e n t temperatures. C o n s i d e r i n g how the 
d e p i c t e d heat r e l e a s e s were compounded, the f i g u r e r e v e a l s 
e s p e c i a l l y the r o l e of p y r o l y s i s e x o t h e r m i c i t y v e r s u s 
p y r o l y s i s r a t e s . F i g u r e 4 does not show the power 
generated by the m a t e r i a l , that i s energy r e l e a s e d per u n i t 
time or u n i t s of Watt (W) . The power can be est i m a t e d 
roughly on the b a s i s of times d u r i n g which the q u a n t i t i e s 
of v o l a t i l e s d e p i c t e d i n F i g u r e 1 e f f u s e d . The t r i a l s 
l a s t e d about 10 h, but the p a r t i c u l a r steps and v o l a t i l e 
increments took only about one hundredth of the 10 h or 0.1 
h. Assuming the heats of Figu r e 4 were a c t u a l l y r e l e a s e d 
i n 0.1 h, one a r r i v e s at the temperature range from 130 t o 
230 eC with r a t e s of heat r e l e a s e i n the order of 3 W/kg. 
Th i s order of magnitude i s c o n s i s t e n t with e x t r a p o l a t e d , 
a c t u a l l y measured powers i n Figure 5. The agreement speaks 
f o r r e a l i s t i c v a l u e s i n F i g u r e 4, but the wide, h i g h l y 
temperature dependent range from 0.1 to 4 W/kg i n Fi g u r e 4 
shows a l s o t h a t F i g u r e 4 i s not s u i t e d f o r e x a c t 
determinations of the power. 

log H = 5 - t/100 (1) 

H = a n t i l o g (5 - t/100) (2) 
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Temperature (°C) 

Figure 3. Heat of p y r o l y s i s H per mass of v o l a t i l e s 
at v a rious p y r o l y s i s temperatures, c a l c u l a t e d with 
Equation 2. 
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Figure 5. Rate of heat e v o l u t i o n i n wood and cot t o n . 
Experiments Ζ 70*C in c l u d e d heat of p y r o l y s i s ; 5 80 eC 
the m a t e r i a l was moist, £ 130'C i t was ovendry; 
between 80* and 130*C, moisture contents are 
mentioned i n %, unless the m a t e r i a l was ovendry. 1 — 
Bowes (28); wood raspings; heat values e x t r a p o l a t e d 
from measurements at 190-335*C. 2 — E r i k s s o n and 
Back (29); hardboard. 3 — Gross and Robertson (30); 
3 1 — s o l i d pine. 3" — f i b e r b o a r d . 4 — John (24); 
pine sawdust. 5 — Kubler, Wang, and Barkalow (6); 
hardwood sawdust. 6 — Springer, Hajny, and F e i s t 
(31); chips of aspen and Douglas f i r . 7 — Springer 
and Zoch (32); aspen c h i p s . 8 — Walker and H a r r i s o n 
(33); pine sawdust. 9 — Walker, Harrison, and 
Jackson (34); cotton. [Reproduced i n adapted form 
with permission from Réf. (1). Copyright 1987 C.A.B.] 
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Chapter 27 

Use of Highly Stabilized High-Expansion Foams 
in Fighting Forest Fires 

Connie M. Hendrickson 

AR'KON Consultants, 2915 LBJ Freeway, Suite 161, Dallas, TX 75234 

Foams for woodlan
developed with
and high expansion (volume of foam per volume of 
starting l i q u i d ) , two parameters traditionally 
considered to be inversely proportional. The stabi
lizing additive is poly (methyl vinyl ether/maleic 
anhydride), thought to cross-react with fatty 
alcohol components of the foam base via the 
anhydride function. 

Foam u s e i n r e g u l a r f i r e - f i g h t i n g , p a r t i c u l a r l y i n i n d u s t r i a l 
s i t u a t i o n s , h a s b e e n common f o r a number of y e a r s now. However, 
foam i s a r e l a t i v e newcomer as a t o o l i n c o m b a t i n g f o r e s t and g r a s s 
l a n d f i r e s . W e t t i n g a g e n t s have been a s t a n d a r d i n the f i e l d , used 
t o " s t r e t c h " the a v a i l a b l e w a t e r s u p p l i e s i n s i t u a t i o n s where w a t e r 
i s o f t e n at a premium. 

I t i s i n d i s p u t a b l e t h a t foam g i v e s a f i r e - f i g h t e r more power 
f o r t h e w a t e r a v a i l a b l e , s t r e t c h i n g s u p p l i e s even f u r t h e r than use 
o f a w e t t i n g a g e n t . A h i g h e x p a n s i o n foam d e l i v e r s 400 t o 800 
t i m e s t h e volume of foam f o r the s t a r t i n g volume o f c o n c e n t r a t e and 
w a t e r ( c a l l e d t h e p r e m i x ) . A volume o f c o n c e n t r a t e , d i l u t e d 2% i n 
w a t e r , t h e n y i e l d s 2 0,000 t o 4 0 , 0 0 0 t i m e s i t s o r i g i n a l v o l u m e 
( T a b l e I ) . 

T a b l e I . Advantages o f Foam Use 

High E x p a n s i o n : E f f i c i e n t use of m a t e r i a l s 
E x p a n s i o n : 400-800: 1 ( f o a m : l i q u i d volume) 

1 g a l c o n c e n t r a t e 

50 g a l p r e m i x 
Ψ 

20,000 g a l foam 

0097-6156/90/0425-0450$06.00/0 
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H o w e v e r , t h e r e a r e a number o f r e a s o n s f o r foam underuse i n 
t h i s p a r t i c u l a r segment o f the i n d u s t r y : 

1. Foam c o n c e n t r a t e i s more e x p e n s i v e than w a t e r o r w e t t i n g 
a g e n t s . 

2. S h e l f l i f e i s o f t e n l e s s than w e t t i n g a g e n t s . 
3. Foam u s e r e q u i r e s g e n e r a t o r s and more s o p h i s t i c a t e d 

equipment than w e t t i n g a g e n t s , and thus 
4. A d d i t i o n a l t r a i n i n g o f p e r s o n n e l i s a l s o r e q u i r e d . 
5. Many foams on the market c o n t a i n i n g r e d i e n t s w h i c h a r e not 

h i g h l y s u s c e p t i b l e t o biodégradation, o r w h i c h may be 
h a r m f u l t o the e n v i r o n m e n t on a l o n g - t e r m b a s i s . 

6. H i g h e x p a n s i o n f o a m , n e c e s s a r y f o r the c o v e r a g e r e q u i r e d 
i n a w o o d l a n d o r g r a s s l a n d s i t u a t i o n , u s u a l l y l o s e s i t s 
w a t e r c o n t e n t v e r y r a p i d l y ( r a t e o f w a t e r l o s s i s c a l l e d 
d r a i n a g e ) . The r e m a i n i n g foam i s then e x t r e m e l y d r y and 
f r a g i l e , and s u s c e p t i b l
e t c . ( T a b l e I I )

T a b l e I I . D i s a d v a n t a g e s o f U s i n g Foam 

1. Foam i s more e x p e n s i v e than w a t e r 
or w e t t i n g a g e n t s 

2. G e n e r a t o r s : more equipment needed 
and t r a i n i n g 

3. High e x p a n s i o n t r a d i t i o n a l l y means 
a. f a s t d r a i n a g e 
b. h i g h f r a g i l i t y 

T y p i c a l l y , h i g h e x p a n s i o n foams have c h a r a c t e r i s t i c s s i m i l a r 
t o t h o s e i n T a b l e I I I . As e x p a n s i o n i n c r e a s e s , d r a i n a g e a l s o 
i n c r e a s e s . A foam w i t h an e x p a n s i o n o f 400:1 l o s e s 3 5 % o f i t s 
w a t e r i n the f i r s t 15 m i n u t e s a f t e r f o r m a t i o n ; however, a foam w i t h 
an e x p a n s i o n o f 1 0 0 0 : 1 l o s e s 8 5 % o f i t s w a t e r i n i t s i n i t i a l 
f i f t e e n m i n u t e s . 

T a b l e I I I . T y p i c a l P a r a m e t e r s o f Hig h E x p a n s i o n Foams 

E x p a n s i o n D r a i n a g e 
(% l o s t i n 15 m i n ) * 

400: 1 
800: 1 

1000: 1 1 

85 ψ 

F r a g i l i t y 

^ p e r c e n t a g e of the t o t a l w a t e r l o s t i n 15 m i n . 

Foam used was Macrofoam Β (Rockwood S y s t e m s ) : 
2% p r e m i x , on a UL l a b o r a t o r y g e n e r a t o r 

T h e r e a r e a number o f ways t o p r o d u c e h i g h e x p a n s i o n w h i l e 
r e t a i n i n g a r e a s o n a b l e d r a i n a g e , o r s t a b i l i z a t i o n o f the foam (J_). 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



452 FIRE AND POLYMERS 

In the c a s e of foams f o r m u l a t e d on the b a s i s of a l k y l and 
e t h o x y l a t e d a l k y l s u l f a t e s , the s t a b i l i z i n g m a t e r i a l i s g e n e r a l l y 
the c o r r e s p o n d i n g f a t t y a l c o h o l ( e . g . , l a u r y l s u l f a t e , l a u r y l 
a l c o h o l ) . The r e l a t i v e l y n o n - p o l a r h y d r o x y l group i s thought to 
i n s e r t between the charged s u l f a t e "heads" in the m i c e l l e and then 
i n the bubble w a l l ; s t a b i l i z a t i o n i s a r e s u l t of a more comfortable 
d i s t a n c e between the s u l f a t e groups than would otherwise be the 
c a s e . I t i s a p a s s i v e p r o c e s s in that no chemical r e a c t i o n takes 
p l a c e and no bonds are formed or broken. A complete d i s c u s s i o n of 
these s t a b i l i z a t i o n methods i s included i n Rosen (J_). In a t y p i c a l 
f o r m u l a t i o n , h o w e v e r , as the p e r c e n t a g e of f a t t y a l c o h o l i s 
i n c r e a s e d and drainage decreases, the v i s c o s i t y and pour point are 
a l t e r e d . V i s c o s i t y increases s l i g h t l y at a normal use temperature 
(65 F or a b o v e ) and i n c r e a s e s d r a s t i c a l l y as temperatures 
decrease (40 or b e l o w ) . The pour p o i n t (temperature at which 
the c o n c e n t r a t e i s e a s i l y poured or educted) i s thus r a i s e d to 
l e v e l s w h i c h may rende
unusable under r e l a t i v e l
or g l y c o l e t h e r s as a n t i - f r e e z e ameliorates the pour point s i t u a
t i o n somewhat but i s l i m i t e d by the fact that these m a t e r i a l s act 
as foam breakers i n high concentrations. 

The g e n e r a l f e e l i n g in formulations of t h i s type has been that 
i n c r e a s e d v i s c o s i t y in the concentrate i s a n e c e s s i t y for drainage 
c o n t r o l (JO · High v i s c o s i t i e s and c o l d s u s c e p t i b i l i t y s i m p l y 
rendered the product unusable i n outdoor s i t u a t i o n s where such 
condi t i o n s might be encountered. 

A number of polymers used f o r foam s t a b i l i z a t i o n a f f e c t the 
v i s c o s i t y i n much the same manner but may c o n t r i b u t e a h i g h e r 
degree of s t a b i l i z a t i o n f o r the percentage of the a d d i t i v e used 
t h a n the low m o l e c u l a r weight f a t t y a l c o h o l s . High m o l e c u l a r 
weight a d d i t i v e s of t h i s type, l i s t e d i n Table IV, are a l s o thought 
to be p a s s i v e p a r t i c i p a n t s i n that no chemical r e a c t i o n takes place 
and no bond changes occur. 

Table IV. Polymeric A d d i t i v e s for Foam S t a b i l i z a t i o n 

P o l y v i n y l a l c o h o l (cold-water s o l u b l e ) (_3) 
Polysaccharides (Kelzan) (3) 
L i g n i n sulfonates (3) 
P r o t e i n (animal hydrolysates, z e i n , albumin) (3) 
Methyl c e l l u l o s e d e r i v a t i v e s (3) 
P o l y a c r y l i c acids (Carbopols) T4) 

These p o l y m e r i c a d d i t i v e s g e n e r a l l y introduce a whole new set 
of c o n s i d e r a t i o n s , l i s t e d i n Table V, which may l i m i t or otherwise 
a f f e c t foam production or use. 

Table V. Problems with Polymeric A d d i t i v e s 

Dispersion during a d d i t i o n 
Use of a l c o h o l solvents 
S t a b i l i t y and s h e l f l i f e (gel and 

p r e c i p i t a t e formation) 
High v i s c o s i t y at low temperatures 

(non-educting) 
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We have r e c e n t l y d e v e l o p e d and o b t a i n e d a patent f o r an 
u l t r a-s t ab i 1 i ze d h i g h e x p a n s i o n foam (_5) w i t h e x p a n s i o n and 
d r a i n a g e c h a r a c t e r i s t i c s as shown i n Table VI, using a polymeric 
a d d i t i v e for s t a b i l i z a t i o n without harming expansion. 

Table VI. U l t r a s t a b i l i z e d High Expansion Foams 

Expansion* Drainage 
(% l o s t i n 15 min)** 

400:1 (fan) 3 
750:1 (screen) 12-18 
1000:1 (screen) 23 

*dependent on generator 
fan=water-driven fan 
screen=nozzle/scree

**percentage o

Foam used was Macrofoam (Rockwood) i n a 2% 
premix. Gantrez AN139 (GAF) was used at 
a 3% concen t r a t i o n . 

A l t h o u g h expansion and drainage are s t i l l i n c r e a s i n g together, 
i t can be e a s i l y seen t h a t the p o l y m e r - s t a b i l i z e d foam has a 
d r a i n a g e f a r below t h a t of the t y p i c a l foam (each with the same 
b a s i c f o r m u l a t i o n ) shown i n T a b l e I I I . The foam base i s an 
a l k o x y / 1 i n e a r a l k y l s u l f a t e , f a t t y a l c o h o l , and g l y c o l / g l y c o l ether 
mixture, as o u t l i n e d i n Table V I I . 

Table V I I . Foam Ingredients 

A. A l k y l and alkoxy sulfonates Foamers 
Fatty a l cohols and amides Secondary s t a b i l i z e r s 
G l y c o l s and g l y c o l ethers C o s o l v e n t / a n t i f r e e z e 

B. Poly (methyl v i n y l ether/maleic anhydride) 

CH3 0 
C-Ô-C Ç 

A A 

The d r a i n a g e - s t a b i l i z i n g a d d i t i v e i s a polymer: poly (methyl 
v i n y l ether/maleic anhydride (PMVEMA) (Gantrez AN, GAF Corp.). The 
PMVEMA i s not a passive a d d i t i v e but, v i a the anhydride f u n c t i o n , a 
r e a c t i v e s p e c i e s which w i l l undergo h y d r o l y s i s and bond formation 
i n the presence of an a l c o h o l or water ( F i g u r e 1). Percentages 
added to the foam concentrate g i v i n g s a t i s f a c t o r y performance range 
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f r o m 1 - 3 % . The p o l y m e r m u s t be a d d e d p r i o r t o t h e g l y c o l 
a n t i f r e e z e component i n o r d e r to a v o i d e x t e n s i v e c r o s s - l i n k a g e s and 
g e l f o r m a t i o n . 

We h a v e v i s u a l i z e d t h e m e c h a n i s m o f s t a b i l i z a t i o n i n t h e 
f o l l o w i n g s t e p s : 

I n the c o n c e n t r a t e : 

1. The p olymer i s added to the o t h e r components o f the c o n c e n 
t r a t e p r i o r to m i c e l l e f o r m a t i o n . E f f e c t i v e s t a b i l i z a t i o n 
d o e s n o t o c c u r i f t h e p o l y m e r i s added a f t e r the c o n c e n 
t r a t e i s a l l o w e d to age f o r s e v e r a l h o u r s . 

2. The a n h y d r i d e f u n c t i o n s r e a c t w i t h t h e f a t t y a l c o h o l 
m o l e c u l e s p r e s e n t i n the m i x t u r e (as w e l l as w i t h w a t e r ) . 
G l y c o l s a r e n o t a d d e d u n t i l a f t e r t h e a n h y d r i d e i s 
c o m p l e t e l y h y d r o l y z e d (24 h o u r s or more) ( F i g u r e 1 ) . 

3. The f a t t y a l c o h o
i n t o t h e m i c e l l e
shown by t h e i n c r e a s i n g v i s c o s i t y as t h e foam a g e s but 
a f t e r the a n h y d r i d e h y d r o l y s i s r e a c t i o n i s c o m p l e t e . 

In the p r e m i x ( 2 % c o n c e n t r a t e i n w a t e r ) : 
4. As t h e c o n c e n t r a t e i s d i l u t e d i n t o p r e m i x and foam i s 

g e n e r a t e d , t h e h y d r o p h o b i c " t a i l s " become p a r t o f t h e 
b u b b l e w a l l ( F i g u r e 2 ) . 

5. The w i d t h o f t h e b u b b l e w a l l d e c r e a s e s as the i n n e r w a t e r 
l a y e r d r a i n s d o w n w a r d u n d e r t h e i n f l u e n c e o f g r a v i t y 
( F i g u r e 2 ) . 

6. The p o l y m e r s t r a n d s p r e v e n t t h e n a r r o w i n g o f the b u b b l e 
w a l l and cause s l o w i n g o f the w a t e r d r a i n a g e , thus d e c r e a s 
i n g d r a i n a g e t i m e and s t a b i l i z i n g the foam ( s e e B i k e r m a n 
(6) f o r a d i s c u s s i o n o f the mechanism o f d r a i n a g e ) . 

The foam has b e e n s u c c e s s f u l l y u s e d i n a g r a s s l a n d f i r e by 
R o c kwood S y s t e m s and i n a f o r e s t f i r e s i t u a t i o n ( B u r e a u o f I n d i a n 
A f f a i r s ) ( L a t h a m , Α., R ockwood S y s t e m s , p e r s o n a l c o m m u n i c a t i o n , 
1 9 8 8 ) . The l a y o u t u s e d t o combat t h e f i r e i s shown i n F i g u r e 3. 
The foam c h e m i c a l s w e r e s u p p l i e d as a p r e m i x ( 2 . 5 % c o n c e n t r a t e / -
w a t e r ) f r o m a t a n k e r , and the foam was p r o d u c e d from two d i f f e r e n t 
p o r t a b l e g e n e r a t o r s . The w a t e r - d r i v e n f a n g e n e r a t o r (Macrogen 50, 
R ockwood S y s t e m s ) was u s e d t o l a y a " b a r r i e r w a l l " o f foam f i v e 
f e e t f r o m t h e f a n ; t h e s c r e e n e d n o z z l e type ( S u p e r j e t X, Rockwood) 
was t h e n u s e d t o t h r o w a l a r g e q u a n t i t y o f foam o v e r t h a t b a r r i e r 
( 1 5 - 2 0 f t . r a n g e ) . The b a r r i e r w a l l c r e a t e d by the w a t e r - d r i v e n 
f a n a c t e d to r e t a i n the l o o s e r foam produced by the s c r e e n e d n o z z l e 
and c r e a t e a t h r e e - d i m e n s i o n a l s i t u a t i o n to f u l l y u t i l i z e the power 
o f t h e foam a g a i n s t the oncoming f i r e . F i g u r e 4 i s a s c h e m a t i c f o r 
t h e s e t - u p b o t h f o r a p r e m i x t a n k e r , and f o r a w a t e r t a n k e r u t i l i z 
i n g c o n c e n t r a t e and an e d u c t o r s y s t e m . 

The f o r m u l a t i o n i s n o n - t o x i c , n o n - h a z a r d o u s , and b i o d e g r a d a b l e 
(.L> Ζ.» !ί) s o t h a t i t may be s a f e l y u s e d i n s i t u a t i o n s w h e r e 
an a d v e r s e c o n t a m i n a n t might have a l a r g e e n v i r o n m e n t a l i m p a c t . I t 
has a l s o been s u c c e s s f u l l y used i n t h r e e - d i m e n s i o n a l f i r e s , such as 
w a r e h o u s e p r o t e c t i o n and a i r p l a n e h a n g e r s y s t e m s , and as a s p i l l 
fume s u p p r e s s a n t on h y d r o c a r b o n s and on oleum (9^). 
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\ R-OH OH 

F i g u r e 1. I n t e r a c t i o n of polymer and foam: an a l c o h o l group 
i n the foam r e a c t s w i t h  anhydrid  f u n c t i o  th  polyme
c h a i n and i s thus l i n k e
phobic R group i s subsequentl
s t r u c t u r e . 

F i g u r e 2. Foam drainage and water l o s s from the bubble w a l l : 
c o n c e n t r a t e i s d i l u t e d i n t o a p r e m i x , and the foam i s 
generated from the premix. When foam i s generated, hydropho
b i c R groups become p a r t of the bubble w a l l (X = w i d t h of 
bubble w a l l ) . X decreases as water drains downward under the 
i n f l u e n c e of g r a v i t y . The polymer strands prevent narrowing 
of bubble w a l l , d e c r e a s i n g drainage time and s t a b i l i z i n g the 
foam. 
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F i g u r e 3 . Foam g e n e r a t o r s and placement for a f o r e s t , g r a s s 
l a n d , or other outdoor s c e n a r i o . 

Concentrate 

Premix 
(1-2Va%) 

= ^ A or B 

F i g u r e 4 . S c h e m a t i c of foam p r o d u c t i o n : Tanker -s tored water 
u s i n g an e d u c t i o n sys tem ( I ) o r a p r e m i x s tored i n a tanker 
( I I ) may be used f o r foam generat ion us ing a w a t e r - d r i v e n fan 
(A) or a screened nozz le ( B ) . 
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The development of u l t r as t ab i 1 ized high expansion foams must 
c o n t i n u e i n order for foam use in fo r e s t and grassland scenarios to 
g a i n wider acceptance and p o p u l a r i t y . The long-term p o t e n t i a l of 
foams of t h i s type i s an e x c i t i n g c h a l l e n g e f o r the s u r f a c t a n t 
chemist as w e l l as the f i r e - f i g h t i n g p r o f e s s i o n a l . 
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Chapter 28 

General Principles of Fire Hazard 
and the Role of Smoke Toxicity 

Marcelo M. Hirschler 

BFGoodrich Technical Center, P.O. Box 122, Avon Lake, OH 44012 

Fire hazard
properties,
flammability, flame spread, amount of heat 
released, rate of heat release, smoke 
obscuration and smoke toxicity. 

A large number of procedures are now 
available for measuring fire properties, but 
many of them are of little interest since 
they represent outdated technologies. Thus, 
in order to obtain a realistic estimate of 
fire hazard for a scenario i t is essential to 
measure relevant fire properties. Further
more, the appropriate instruments have to be 
used, viz. those yielding results known to 
correlate with ful l scale fire test results. 

True fire hazard can be determined only 
in a specific scenario. Therefore, i t is 
necessary to determine which fire properties 
are most relevant to the scenario in 
question. These fire properties wil l then 
have to be measured and combined in order to 
obtain an overall index of fire hazard. As 
a general rule, i t is clear that the most 
important individual property that governs 
levels of fire hazard is the rate of heat 
release: the peak rate of heat release is 
proportional to the maximum intensity a fire 
will reach. 

A large number of small-scale tests have 
been designed to measure the toxic potency 
of the smoke of materials. These tests 
differ in many respects; the consequence of 
this is that the relative toxic potencies of 
smoke resulting from these various tests are 
different. The tests are not useful, 
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28. HIRSCHLER Fire Hazard and the Role of Smoke Toxicity 463 

therefore, to rank materials in terms of 
their toxicity. The tests are useful, 
however, in selecting those, very few, 
materials with a much higher toxic potency 
than the common materials in everyday use. 

Fire safety can be improved by 
decreasing f ire hazard, but is unlikely to be 
affected by small changes in toxic potency of 
smoke, since the toxic potency of most 
materials is very similar. 

In order to understand the various concepts associated with 
f i r e safety i t i s essent ia l for a l l major terms to be 
defined adequately. 

F i r e hazard ca
associated with f i r e : i t addresses threats to people, 
property, or operations, r e su l t ing from a p a r t i c u l a r f i r e 
scenario. A f i r e scenario involves those conditions 
relevant to the i n i t i a t i o n , development, or harm caused by 
a f i r e . F i r e r i s k i s a combination of three elements: (a) 
f i r e hazard, (b) probab i l i t y of f i r e occurrence in the 
scenario in question and (c) p r o b a b i l i t y of the material 
or product in question being present i n the f i r e scenario. 
Toxic potency (of smoke) i s a quant i tat ive expression 
r e l a t i n g concentration and exposure time to a cer ta in 
adverse e f fec t , on exposure of a test animal; the effect 
i s usual ly l e t h a l i t y . I t i s necessary to stress that the 
tox ic potency of smoke i s also heavi ly dependent on the 
condit ions under which the smoke has been generated, since 
the mode of generation w i l l af fect both the qua l i ty and the 
quantity of smoke. Smoke i s interpreted here as the sum 
t o t a l of the gaseous, l i q u i d and s o l i d airborne products 
of combustion. Exposure dose i s an integrat ion of the 
tox ic i n s u l t , as calculated from the smoke concentration 
vs . time curve. I f the i n s u l t re su l t s from an exposure to 
a s ingle toxicant , and i t s concentration i s constant, the 
exposure dose i s simply the product of concentration and 
time of exposure. Time to ef fect can be very d i f f erent 
from time of exposure, since many toxicants act with a 
delayed e f fec t , so that the test animal (or the victim) may 
die long af ter the exposure. 

Stages of a F i r e and F i r e Hazard 

A major f i r e follows several stages: 

1. Igni t ion (onset of f i re ) 
2. Development of f i r e within o r i g i n a l compartment 
3. Involvement of other products 
4. F u l l room involvement (or flashover) 
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5. T r a n s p o r t o f f i r e t o o t h e r compartments 
6. Decay 
The i n t e n s i t y o f the f i r e w i l l de termine which s tages 

the f i r e w i l l t r a v e r s e on i t s way from i g n i t i o n t o decay . 
The N a t i o n a l F i r e P r o t e c t i o n A s s o c i a t i o n (NFPA) s t o r e s 
s t a t i s t i c a l d a t a c o l l e c t e d from the f i r e m a r s h a l l s ' 
r e p o r t s . I t c l a s s i f i e s [1] f i r e s a s : 

( i ) r e s t r i c t e d t o the o b j e c t o f o r i g i n 
( i i ) r e s t r i c t e d t o the a r e a o f o r i g i n 
( i i i ) r e s t r i c t e d t o the room o f o r i g i n and 
( iv ) e x t e n d i n g beyond the room of o r i g i n . 

I t i s c l e a r t h a t f i r e s o f t y p e ( i ) w i l l no t go t h r o u g h 
s tages 3 -5 , f i r e s o f t y p e ( i i ) w i l l s k i p s tages 4 and 5, 
and f i r e s o f t y p e ( i i i ) w i l l not r e a c h s tage 5, b e f o r e 
d e c a y i n g . These c o n s i d e r a t i o n
w i l l be an e s s e n t i a
measured f o r e s t i m a t i n g f i r e r i s k o r f i r e h a z a r d . 

As f a r as f i r e h a z a r d t o humans i s c o n c e r n e d , the main 
a s p e c t s t o be c o n s i d e r e d a r e : 

* Heat e f f e c t s 
* T o x i c i t y o f smoke 
* Lack o f v i s i b i l i t y 

These phenomena a l l depend both on t ime and l o c a t i o n . 
T h u s , i t i s i m p o r t a n t t o c o n s i d e r t h e f o l l o w i n g two a s p e c t s 
f o r a l l o f them: 

* T r a n s p o r t o f smoke 
* Decay o f smoke components 

The f i r e p r o p e r t i e s most r e l e v a n t t o each s tage o f a 
f i r e a r e : 

1. * Ease o f i g n i t i o n o f p r o d u c t f i r s t i g n i t e d 
* Ease o f e x t i n c t i o n o f p r o d u c t f i r s t i g n i t e d 

2. * Rate o f heat r e l e a s e o f p r o d u c t f i r s t i g n i t e d 
* Amount o f heat r e l e a s e d by p r o d u c t f i r s t i g n i t e d 
* Flame s p r e a d c h a r a c t e r i s t i c s o f p r o d u c t f i r s t 

i g n i t e d 
* Mass l o s s r a t e o f p r o d u c t f i r s t i g n i t e d 
* Smoke f a c t o r o f p r o d u c t f i r s t i g n i t e d 
* Rate o f f i r e growth 
* Presence o f f i r e s u p p r e s s i o n d e v i c e s ( e . g . 

s p r i n k l e r s ) 
* T o x i c i t y o f smoke 

3 - 4 . * Ease o f i g n i t i o n o f o t h e r p r o d u c t s 
* Rate o f heat r e l e a s e o f o t h e r p r o d u c t s 
* Amount o f heat r e l e a s e d by o t h e r p r o d u c t s 
* Flame s p r e a d c h a r a c t e r i s t i c s o f o t h e r p r o d u c t s 
* Mass l o s s r a t e o f o t h e r p r o d u c t s 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



28. HIRSCHLER Fire Hazard and the Role of Smoke Toxicity 465 

* Smoke f a c t o r o f o t h e r p r o d u c t s 
* Rate o f f i r e growth 
* Presence o f f i r e s u p p r e s s i o n d e v i c e s 
* T o x i c i t y o f smoke 

5 - 6 . * F i r e performance o f p r o d u c t s i n o r i g i n a l 
compartment 

* F i r e endurance o f s t r u c t u r a l components o f 
o r i g i n a l compartment 

* Ease o f i g n i t i o n o f p r o d u c t s i n o t h e r compartments 
* Same i s s u e s as i n e a r l i e r s t a g e s , f o r new 

compartments 
* O v e r a l l f u e l and oxygen s u p p l y 
* Geometr i c s c e n a r i o c o n s i d e r a t i o n s 
* T r a n s p o r t and decay o f smoke 
* F i r e p r o t e c t i o n measures: 

- C o m p a r t m e n t a l i s a t i o n 
- S p r i n k l e r
- Smoke d e t e c t o r
- E x t i n c t i o n c a p a b i l i t i e s 

* E f f e c t s o f c o n d i t i o n s on f i r e f i g h t e r s 
- V i s i b i l i t y 
- Heat 
- T o x i c i t y o f smoke 

Some o f the f i r e p r o p e r t i e s ment ioned have been 
measured and w e l l u n d e r s t o o d f o r a l o n g t i m e , but o t h e r s 
a r e r e l a t i v e l y new c o n c e p t s . The most i m p o r t a n t f i r e 
p r o p e r t i e s and proposed measurement methods w i l l thus be 
d i s c u s s e d i n t h e f o l l o w i n g s e c t i o n s . 

Rate o f Heat R e l e a s e and A s s o c i a t e d F i r e P r o p e r t i e s 

I t has now become c l e a r t h a t the s i n g l e p r o p e r t y which most 
c l e a r l y d e f i n e s the magnitude o f a f i r e i s t h e maximum r a t e 
o f heat r e l e a s e [2, 3 ] . The peak r a t e o f heat r e l e a s e i s 
an i n d i c a t i o n o f the peak i n t e n s i t y o f a f i r e . The r a t e 
o f heat r e l e a s e (RHR) c a n , t h u s , be used as a s m a l l s c a l e 
s u b s t i t u t e f o r the b u r n i n g r a t e o f t h e f u l l s c a l e f i r e . 
T h i s p r o p e r t y (RHR) governs not o n l y the b u r n i n g r a t e (and 
mass l o s s r a t e ) o f the p r o d u c t b e i n g consumed but a l s o the 
amounts o f o t h e r i tems which w i l l be b u r n t . The r a t e o f 
hea t r e l e a s e w i l l a l s o t h e r e f o r e govern t h e o v e r a l l amount 
o f smoke and combust ion p r o d u c t s b e i n g g e n e r a t e d i n the 
f i r e , s i n c e o t h e r p r o d u c t s w i l l be i g n i t e d o n l y i f enough 
heat r e a c h e s them a t s u f f i c i e n t speed . The r a t e o f f i r e 
growth can be r e p r e s e n t e d by the r a t e o f r i s e o f t h e heat 
r e l e a s e r a t e . 

Much r e s e a r c h has been done t o i d e n t i f y the 
r e l a t i o n s h i p between t h e p r o p e r t i e s o f m a t e r i a l s as 
measured i n s m a l l s c a l e t e s t s and t h e performance o f 
p r o d u c t s made from them under r e a l f i r e c o n d i t i o n s [ 4 , 5 ] . 
The b e s t approach i s t o e s t i m a t e t h e r a t e o f growth o f a 
r e a l f i r e (or perhaps the t ime a v a i l a b l e b e f o r e f l a s h o v e r ) 
based on m e a s u r i n g , i n a s m a l l s c a l e t e s t , the peak r a t e 
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of hea t r e l e a s e f o r those m a t e r i a l s used t o manufacture the 
b u r n i n g p r o d u c t . The r a t e o f b u r n i n g o f a r e a l f i r e can 
be e x p r e s s e d i n terms o f the r a t e o f mass l o s s . Y i e l d 
f a c t o r s can be measured i n s m a l l s c a l e t e s t s t o g i v e the 
amounts o f h e a t , smoke and t o x i c gases g e n e r a t e d p e r u n i t 
mass b u r n t . They can then be c o u p l e d w i t h the b u r n i n g r a t e 
of the r e a l f i r e t o e s t i m a t e the p o t e n t i a l b u i l d up o f 
h e a t , smoke and t o x i c gases i n the r e a l f i r e [ 6 ] . Rate o f 
heat r e l e a s e can be measured i n i n s t r u m e n t s c a l l e d r a t e o f 
heat r e l e a s e (or RHR) c a l o r i m e t e r s [ 7 - 1 0 ] . The d a t a 
measured from one o f these i n s t r u m e n t s (the cone 
c a l o r i m e t e r , deve loped a t the N a t i o n a l I n s t i t u t e f o r 
S t a n d a r d s and T e c h n o l o g y , NIST) has been shown, r e p e a t e d l y , 
t o c o r r e l a t e w e l l w i t h those found i n f u l l s c a l e f i r e s 
[ 11 -1 3 ] . The d a t a from another RHR c a l o r i m e t e r (the Ohio 
S t a t e U n i v e r s i t y ins trument ) has been shown t o c o r r e l a t e 
w i t h t h o s e from th
s c a l e a i r c r a f t t e s t
r e g u l a t e a i r c r a f t i n t e r i o  [16]
c a l o r i m e t e r (the F a c t o r y Mutua l ins trument ) i s b e i n g used 
t o a s s i g n i n s u r a n c e r i s k t o c a b l e s i n n o n - c o m b u s t i b l e 
env ironments [17 ] . 

Rate o f heat c a l o r i m e t e r s can be used t o measure a 
number o f the most i m p o r t a n t f i r e h a z a r d p a r a m e t e r s , 
i n c l u d i n g the peak r a t e o f heat r e l e a s e , the t o t a l heat 
r e l e a s e , the t ime t o i g n i t i o n and smoke f a c t o r (a smoke 
h a z a r d measure combin ing the t o t a l smoke r e l e a s e d and the 
peak RHR [14, 1 8 - 2 0 ] ) . The smoke f a c t o r w i l l g i v e an 
i n d i c a t i o n o f the t o t a l amount o f smoke e m i t t e d i n a f u l l 
s c a l e f i r e . 

In summary, t h u s , i f RHR c a l o r i m e t e r s a r e f i t t e d w i t h 
the a p p r o p r i a t e i n s t r u m e n t a t i o n they can be used t o 
measure: 

Rate o f heat r e l e a s e 
T o t a l heat r e l e a s e d 
Ease o f i g n i t i o n 
Mass l o s s r a t e 
Smoke f a c t o r 

Other F i r e P r o p e r t i e s U s e f u l f o r A s p e c t s o f F i r e Hazard 

Some o f the o t h e r p r o p e r t i e s o f i n t e r e s t f o r f i r e h a z a r d 
assessment cannot be measured w i t h RHR c a l o r i m e t e r s . They 
i n c l u d e f lame s p r e a d , l i m i t i n g oxygen index ( L O I , o r s i m p l y 
oxygen i n d e x , 01: both names have been u s e d , but the 
a u t h o r ' s p r e f e r r e d nomenclature i s the one used here) and 
f i r e endurance . 

I t i s o u t s i d e the r e a l m of t h i s paper t o d i s c u s s t h e 
i n s t r u m e n t s used f o r these t e s t s i n any d e t a i l . I t i s o n l y 
worth m e n t i o n i n g a few g e n e r a l p r i n c i p l e s . 

I f a m a t e r i a l does not i g n i t e , i t w i l l no t endanger 
l i v e s o r c o n t r i b u t e t o f i r e h a z a r d . Most o r g a n i c m a t e r i a l s 
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do, however, i g n i t e ; the h a z a r d w i l l , t h u s , be g r e a t e r the 
lower the i g n i t i o n t emperature o r the s h o r t e r the t ime t o 
i g n i t i o n . Some o f t h e most common i g n i t a b i l i t y t e s t s , 
o t h e r t h a n RHR i n s t r u m e n t s , a r e : 

* ISO 5657: Measures sample i g n i t a b i l i t y , 
w i t h a c o n i c a l combust ion 
module . Normal sample o r i e n 
t a t i o n : h o r i z o n t a l . 

* IEC 695-2: T h i s c o n t a i n s two ign i tab i l i ty 
t e s t s : one uses a glowing wire 
and one a n e e d l e f l ame . 

* ASTM D1929: S e t c h k i n i g n i t i o n a p p a r a t u s . 
Measures f l a s h i g n i t i o n and 
spontaneous i g n i t i o n 
t e m p e r a t u r e s . Normal sample 

Once a m a t e r i a l has i g n i t e d , the h a z a r d a s s o c i a t e d 
w i t h i t w i l l i n c r e a s e i f i t s f l a m m a b i l i t y i s g r e a t e r ; one 
o f the most r e l i a b l e q u a n t i t a t i v e s m a l l s c a l e f l a m m a b i l i t y 
t e s t s i s the l i m i t i n g oxygen index t e s t (ASTM D2863). T h i s 
t e s t measures the l i m i t i n g oxygen c o n c e n t r a t i o n i n the 
atmosphere n e c e s s a r y f o r s u s t a i n e d c o m b u s t i o n . I t i s not 
a good p r e d i c t o r o f f u l l s c a l e f i r e per formance , but can 
g i v e an i n d i c a t i o n o f ease o f b u r n i n g o r ease o f 
e x t i n c t i o n . T a b l e s o f t y p i c a l r e s u l t s have been p u b l i s h e d 
( e . g . r e f s . 21 -23 ) . 

The LOI t e s t cannot be used t o p r e d i c t f u l l - s c a l e f i r e 
p e r f o r m a n c e . However, i f a m a t e r i a l h a s , as a r u l e o f 
thumb, an LOI v a l u e above 25-27 i t w i l l , g e n e r a l l y , o n l y 
burn under extreme c o n d i t i o n s (h igh a p p l i e d h e a t ) . I t has 
been shown t h a t the LOI does n o t , i n f a c t , c o r r e l a t e w e l l 
w i t h o t h e r f i r e t e s t s , not even a s m a l l - s c a l e f l a m m a b i l i t y 
t e s t such as UL 94 [24 ] . I t h a s , f u r t h e r , been sugges ted 
t h a t t h e r e may be some advantage i n u s i n g a m o d i f i c a t i o n 
t h a t uses bottom i g n i t i o n [25] . I t i s i m p o r t a n t t o keep 
i n p e r s p e c t i v e the u t i l i t y o f t h i s t e s t f o r ease o f 
e x t i n c t i o n : i t can (a) g i v e a f i r s t a p p r o x i m a t i o n t o 
sugges t whether a m a t e r i a l i s v e r y f lammable o r n o t ; (b) 
show whether changes i n a base f o r m u l a t i o n have improved 
f l a m m a b i l i t y c h a r a c t e r i s t i c s and (c) be used as a q u a l i t y 
c o n t r o l t o o l . 

The next p r o p e r t y o f i n t e r e s t i s f lame s p r e a d , which 
can be measured by a v a r i e t y o f s t a n d a r d t e s t methods, 
depending on the ang le a t which the f lame impinges on the 
m a t e r i a l . The two most w i d e l y used t e s t s a r e ASTM E162 and 
ASTM E84. In ASTM E162 a r a d i a n t p a n e l i g n i t e s a 15 cm by 
45 cm sample a t an a n g l e o f 3 0 ° t o t h e r i g h t o f the 
v e r t i c a l . A v a r i a n t o f t h i s t e s t i s the IMO (or L a t e r a l 
I g n i t i o n and Flame Spread T e s t , L I F T ) a p p a r a t u s . In ASTM 
E84 ( S t e i n e r t u n n e l t e s t ) a p a i r o f gas b u r n e r s i g n i t e a 
h o r i z o n t a l 7 .5 m l o n g sample from below. A v a r i e t y o f 
o t h e r f lame s p r e a d t e s t s e x i s t , but they a r e g e n e r a l l y 
a s s o c i a t e d w i t h s p e c i f i c a p p l i c a t i o n s o r s c e n a r i o s ( e . g . 
c a b l e t e s t s , f l o o r c o v e r i n g t e s t s , e t c . ) . 
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F i r e endurance p r o p e r t i e s a r e always measured d i r e c t l y 
on f i n i s h e d p r o d u c t s , and a r e s p e c i f i c f o r a p a r t i c u l a r 
a p p l i c a t i o n . 

Smoke O b s c u r a t i o n 

A n o t h e r i m p o r t a n t p r o p e r t y o f m a t e r i a l s i s t h e i r t endency 
t o d e c r e a s e v i s i b i l i t y . The most common method f o r 
measur ing t h i s p r o p e r t y i s the NBS smoke chamber i n the 
v e r t i c a l c o n f i g u r a t i o n a t 25 kW/m 2 (ASTM E662) . T h i s 
i n s t r u m e n t has now been shown t o be a s s o c i a t e d w i t h a 
v a r i e t y o f d e f i c i e n c i e s , the most i m p o r t a n t o f which i s 
i t s l a c k o f c o r r e l a t i o n w i t h t h e r e s u l t s o f f u l l s c a l e 
f i r e s [ 26 -28 ] . A v a r i e t y o f o t h e r d e v i c e s a r e a l s o used 
f o r measur ing smoke o b s c u r a t i o n , and d e t a i l s a r e beyond the 
scope o f t h i s p a p e r . S u f f i c e i t t o ment ion t h a t , i n o r d e r 
t o o b t a i n r e s u l t s m e a n i n g f u
i s n e c e s s a r y e i t h e r t
compensate f o r i t i n some way, f o r those m a t e r i a l s o r 
p r o d u c t s which do not burn up c o m p l e t e l y i n a f i r e . 
F u r t h e r m o r e , when samples a r e exposed v e r t i c a l l y t o f lame 
they may me l t o r d r i p and , t h u s , a v o i d b e i n g consumed by 
l e t t i n g the m a t e r i a l a r t i f i c i a l l y escape t h e a c t i o n o f the 
f l a m e . The b e s t methods f o r a s s e s s i n g smoke o b s c u r a t i o n 
a r e those t h a t combine smoke and heat r e l e a s e measurements. 

T o x i c Potency o f Smoke 

D u r i n g the 1970*s and e a r l y 1 9 8 0 · s a l a r g e number o f t e s t 
methods were deve loped t o measure the t o x i c po tency o f the 
smoke produced from b u r n i n g m a t e r i a l s . The ones most 
w i d e l y used a r e i n r e f s . 29-32. These t e s t s d i f f e r i n 
s e v e r a l r e s p e c t s : the c o n d i t i o n s under which t h e m a t e r i a l 
i s b u r n t , the c h a r a c t e r i s t i c s o f the a i r f low ( i . e . s t a t i c 
o r dynamic) , the type o f method used t o e v a l u a t e smoke 
t o x i c i t y ( i . e . a n a l y t i c a l o r b i o a s s a y ) , t h e a n i m a l model 
used f o r b i o a s s a y t e s t s , and the end p o i n t d e t e r m i n e d . As 
a consequence o f a l l these d i f f e r e n c e s the t e s t s r e s u l t i n 
a tremendous v a r i a t i o n o f r a n k i n g f o r the smoke o f v a r i o u s 
m a t e r i a l s . A case i n p o i n t was made i n a s tudy o f the 
t o x i c po tency o f 14 m a t e r i a l s by two methods [33 ] . I t 
showed ( T a b l e I) t h a t the m a t e r i a l ranked most t o x i c by one 
o f the p r o t o c o l s used was ranked l e a s t t o x i c by the o t h e r 
p r o t o c o l ! A l t h o u g h n e i t h e r o f t h e s e p r o t o c o l s i s i n common 
use i n t h e l a t e 1980 f s , i t i l l u s t r a t e s some o f the 
shor tcomings a s s o c i a t e d w i t h s m a l l s c a l e t o x i c po tency o f 
smoke t e s t s . 

Smoke i s not a u n i f o r m subs tance and i t s c o m p o s i t i o n 
depends on the e x a c t c o n d i t i o n s under which i t was 
g e n e r a t e d . T h e r e f o r e , the c o m p o s i t i o n o f t h e smoke 
g e n e r a t e d from the same m a t e r i a l i n d i f f e r e n t t e s t s can 
v a r y b r o a d l y and , c o n s e q u e n t l y , so w i l l i t s t o x i c i t y . 
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The t o x i c potency o f the smoke o f most common 
m a t e r i a l s ( n a t u r a l o r s y n t h e t i c ) i s v e r y s i m i l a r (see 
F i g u r e 1) . In f a c t , the d i f f e r e n c e between the t o x i c 
po tency o f a lmost a l l c o m b u s t i b l e m a t e r i a l s i s l e s s t h a n 
one o r d e r o f magni tude . T h e r e f o r e , the r e l a t i v e r a n k i n g s 
o f m a t e r i a l s a r e h e a v i l y dependent on the e x a c t c o m p o s i t i o n 
o f t h e smoke b e i n g t e s t e d , i . e . on the combust ion p r o c e d u r e 
b e i n g u s e d . 

The f a c t t h a t the main d i r e c t cause o f d e a t h i n f i r e s 
has a lways been the t o x i c i t y o f combust ion p r o d u c t s was 
a l r e a d y d i s c u s s e d i n the N a t i o n a l F i r e P r o t e c t i o n 
A s s o c i a t i o n (NFPA) Q u a r t e r l y i n 1933 [34] . Smoke c o n t a i n s 
m a i n l y two t y p e s o f t o x i c gases : a s p h y x i a n t s and i r r i t a n t s , 
but the i n d i v i d u a l t o x i c gas a s s o c i a t e d w i t h the l a r g e s t 
f i r e h a z a r d i s carbon monoxide (CO). 

T o x i c Gases i n F i r e

CO i s p r e s e n t i n a l l f i r e s , because i t i s a combust ion 
p r o d u c t o f any o r g a n i c m a t e r i a l , and i t causes t h e 
f o r m a t i o n o f carboxyhemoglobin (COHb) i n b l o o d . A l t h o u g h 
the e x a c t l e t h a l l e v e l o f COHb i s h e a v i l y dependent on the 
i n d i v i d u a l a f f e c t e d , any v a l u e above 20% can l e a d t o d e a t h 
[35 ] . Even i f a v e r y c o n s e r v a t i v e e s t i m a t e i s t a k e n o f t h e 
l e t h a l l e v e l o f COHb ( v i z . 50%), i t a l o n e a c c o u n t s f o r 60% 
of a l l f i r e d e a t h s , w h i l e over 91% o f f i r e v i c t i m s have 
l e v e l s above 20% COHb [36] . Other f a c t o r s can l e a d t o a 
lower t o l e r a n c e towards CO, even i n the absence o f o t h e r 
t o x i c gases : t y p i c a l l y h e a r t d i s e a s e , b l o o d a l c o h o l l e v e l , 
burns and age [35] . However, i t i s i n t e r e s t i n g t o note the 
g r e a t s i m i l a r i t y found between the b l o o d COHb l e v e l 
d i s t r i b u t i o n s i n two s t u d i e s , one i n v o l v i n g the n o t o r i o u s 
1980 MGM Grand H o t e l f i r e [37] and the o t h e r one i n v o l v i n g 
deaths from CO e v o l u t i o n due t o m a l f u n c t i o n i n g gas h e a t e r s 
[38 ] . T h i s i n d i c a t e s t h a t deaths i n f i r e s c o r r e l a t e w e l l 
w i t h deaths from carbon monoxide p o i s o n i n g . A r e c e n t 
s t a t i s t i c a l a n a l y s i s o f a d a t a base o f o f over 2,000 
f a t a l i t i e s i n v o l v i n g c a r b o n monoxide from f i r e and n o n - f i r e 
s o u r c e s [35] has shown t h a t , once the c o n t r o l l i n g f a c t o r s 
o f age, d i s e a s e and b l o o d a l c o h o l l e v e l have been accounted 
f o r , the COHb d i s t r i b u t i o n from f i r e and n o n - f i r e 
f a t a l i t i e s a r e v e r y s i m i l a r [39] . 

A v a r i e t y o f o t h e r gases a r e a l s o g i v e n o f f by b u r n i n g 
m a t e r i a l s : In two s t u d i e s f i r e f i g h t e r s went t o addres s 
a c t u a l b u i l d i n g s on f i r e , equipped w i t h combust ion p r o d u c t 
m o n i t o r s [40, 4 1 ] . Both s t u d i e s had the same c o n c l u s i o n s : 
the overwhelming hazardous t o x i c a n t i n a f i r e i s c a r b o n 
monoxide. 

These s t u d i e s a l s o p o i n t e d out t h a t a p o t e n t i a l l y v e r y 
dangerous gas i n f i r e s i s a c r o l e i n , because the r a t i o o f 
i t s c o n c e n t r a t i o n , as measured i n the atmosphere o f r e a l 
f i r e s , t o i t s l e t h a l exposure dose (LED) i s h i g h e r t h a n f o r 
many o t h e r common f i r e gases . The r a t i o s o f c o n c e n t r a t i o n s 
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Figure 1. Categories of toxicity and lethal doses of various poisons and of the 
smoke from polymeric materials according to the NBS Cup Furnace Smoke 
Toxicity Protocol. 
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to LED found for two other common tox ic combustion 
products, hydrogen chlor ide (HC1) and hydrogen cyanide 
(HCN), were much lower. 

This discussion does not address the mechanism of 
act ion of these toxicants , i . e . whether the toxicant i s an 
asphyxiant (as CO or HCN) or an i r r i t a n t (as acro le in or 
HC1). Table II shows the highest concentration found in 
these studies for the 4 most common f i r e gases, together 
with t h e i r l e t h a l leve ls and t h e i r odor detection leve ls 
[42-47]. The peak concentrations found were 7,450 ppm of 
CO, 100 ppm of acro l e in , 280 ppm of HC1 and 10 ppm of HCN. 
As regards HC1, i t i s relevant to point out that i t s 
airborne concentration remains at a peak value for a short 
period only before decaying [48]. The decay of HC1 i s 
p a r t i c u l a r l y fast in the presence of sorptive surfaces such 
as most ordinary construction materials [49, 50]. The rate 
of HC1 decay can be fas  withi  30 mi  i t
airborne concentratio
nothing. The majority  gase  (CO, 
carbon dioxide, hydrocarbons) are v i r t u a l l y unreactive and 
do not decay [51]. The gases that can decay e i ther do so 
at a much lower rate than HC1 (e.g. HCN) or are much less 
frequently present in f i r e s (e.g. hydrogen f luor ide , 
because less f luorinated polymers are in use). 

A number of studies have been made of combinations of 
i n d i v i d u a l tox ic gases. Most of these studies show that 
the ef fects of these combinations of tox ic gases are simply 
addi t ive . This has been found empir ica l ly for CO and HC1 
[52] and for CO and HCN [44], although the mechanisms of 
act ion are d i f f e r e n t . These resu l t s can be interpreted as 
each toxicant taking i t s t o l l and act ing on a weakened 
system. The CO-carbon dioxide combination has been claimed 
to be synerg i s t i c [53]. 

F i r e Hazard and Smoke Tox ic i ty 

I t has already been stated that the p r i n c i p a l toxicant in 
a f i r e scenario i s carbon monoxide, generated when a l l 
carbonaceous materials burn. Moreover, the carbon monoxide 
concentration in f u l l scale f i r e scenarios depends heavi ly 
on f i r e load ( i . e . how much material i s burning, per uni t 
volume) and on geometrical arrangements, inc luding 
v e n t i l a t i o n , while the dependence on materials i s of a 
lower order. 

This secondary ef fect of materials i s i l l u s t r a t e d by 
the d i f f i c u l t i e s encountered, in a recent study [54], when 
attempts were made to corre late CO concentrations measured 
i n small scale and f u l l scale f i r e tes t s . The same small 
scale equipment ( typ i ca l l y the cone calorimeter rate of 
heat release test) could predict adequately a number of 
very important f u l l scale f i r e propert ies , inc luding 
i g n i t a b i l i t y , rate of heat release, amount of heat release 
and smoke obscuration. I t could not, however, be used to 
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p r e d i c t f u l l - s c a l e CO c o n c e n t r a t i o n s . The l a t t e r 
c o n c e n t r a t i o n s were c o n t r o l l e d by t h e geometry o f the 
f u l l - s c a l e f i r e , the v e n t i l a t i o n / o x y g e n c o n t e n t and the 
mass l o a d i n g , and were l i t t l e a f f e c t e d by the c h e m i c a l 
c o m p o s i t i o n o f the b u r n i n g m a t e r i a l s . 

T h u s , smoke t o x i c i t y i s o f t e n v e r y c l o s e l y a s s o c i a t e d 
s i m p l y w i t h the mass l o s s r a t e , s i n c e the t o x i c i t y i n a 
f i r e s c e n a r i o w i l l be p r i m a r i l y a f u n c t i o n o f t h e mass 
ofsmoke p e r u n i t volume and per u n i t t ime b e i n g e m i t t e d 
i n t o the ambient atmosphere . 

T h i s d i s c u s s i o n i n d i c a t e s t h a t t o x i c potency 
measurements a r e a s m a l l p o r t i o n o f t h e o v e r a l l t o x i c i t y 
p i c t u r e . They may s e r v e a u s e f u l purpose o n l y i n 
i d e n t i f y i n g those m a t e r i a l s (or p r o d u c t s ) w i t h a t o x i c 
potency o u t s i d e t h a t o f the m a j o r i t y o f o t h e r p r o d u c t s . 
Such m a t e r i a l s (or p r o d u c t s ) may w e l l have t o be l o o k e d a t 
somewhat more c l o s e l y

One method f o r q u i c
m a t e r i a l s i s t o c a l c u l a t e the r a t i o o f t h e i r t o x i c potency 
and t h e i r mass l o s s r a t e parameter . The mass l o s s r a t e 
parameter i s the r a t i o o f the average mass l o s s r a t e and 
the t ime t o i g n i t i o n [55] , and thus r e p r e s e n t s the p r o d u c t 
o f mass l o s s r a t e and f lame s p r e a d r a t e . I f the mass l o s s 
r a t e parameter d i f f e r s by more than an o r d e r o f magnitude 
from t h a t o f o r d i n a r y m a t e r i a l s the m a t e r i a l i n q u e s t i o n 
s h o u l d be i n v e s t i g a t e d more t h o r o u g h l y [55, 5 6 ] . The 
c h o i c e o f a f a c t o r of 10 i s t y p i c a l o f the d i f f e r e n c e , i n 
c l a s s i c a l t o x i c o l o g y , between t o x i c i t y c a t e g o r i e s [57 ] . 

F i r e Hazard Assessment 

P r o b a b l y the b e s t way o f a s s e s s i n g f i r e h a z a r d i s by 
c a l c u l a t i o n s v i a mathemat i ca l f i r e growth and t r a n s p o r t 
mode ls , such as HAZARD I [58] , FAST [59] , HARVARD [60] o r 
OSU [61 ] . These models p r e d i c t t imes t o r e a c h u n t e n a b l e 
s i t u a t i o n s . They a r e o f t e n combined w i t h f i r e escape 
models and w i l l , t h e n , y i e l d t imes t o e scape . 

I t i s p o s s i b l e , however, t o e s t i m a t e e f f e c t s on f i r e 
h a z a r d i n a p a r t i c u l a r s c e n a r i o by s i m p l e r means. In some 
c a s e s , an adequate c h o i c e o f f i r e p r o p e r t i e s can be made. 
T h e n , the c o m b i n a t i o n o f t e s t r e s u l t s i n t o a m a t r i x form, 
o r i n t o a s i n g l e parameter , can i n d i c a t e , even i f o n l y 
s e m i - q u a n t i t a t i v e l y , the e f f e c t o f v a r y i n g a p a r t i c u l a r 
m a t e r i a l o r f i r e p r o t e c t i o n measure on f i r e h a z a r d . 

F u l l s c a l e t e s t s are p a r t i c u l a r l y v a l u a b l e t o o b t a i n 
i n f o r m a t i o n on f i r e h a z a r d . They can be used t o v a l i d a t e 
s m a l l s c a l e t e s t s , and t o v a l i d a t e m a t h e m a t i c a l f i r e 
models . The most i m p o r t a n t a d d i t i o n a l d imens ion f u l l s c a l e 
t e s t s add are e f f e c t s , e . g . r a d i a t i o n from the f i r e i t s e l f , 
which a r e d i f f i c u l t t o s i m u l a t e i n a s m a l l e r s c a l e . F u l l 
s c a l e t e s t s a r e v e r y expens ive and t ime consuming. I t i s 
e s s e n t i a l , t h u s , t o d e s i g n them i n such a way as t o (a) 
make them most r e l e v a n t (b) m i n i m i z e t h e i r number and (c) 
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h e l p r e p l a c e them by a p p r o p r i a t e s m a l l s c a l e t e s t s and f i r e 
mode l s . 

F i r e r i s k assessment i s made i n o r d e r t o de termine the 
o v e r a l l v a l u e o f d e c r e a s i n g f i r e h a z a r d i n a p a r t i c u l a r 
s c e n a r i o . The l e v e l o f f i r e r i s k t h a t i s a c c e p t a b l e f o r 
a s i t u a t i o n i s , n o r m a l l y , a s o c i e t a l , and not a t e c h n i c a l , 
d e c i s i o n . T h e r e f o r e , f i r e h a z a r d assessments a r e g e n e r a l l y 
more common t h a n f i r e r i s k assessments . The NFPA R e s e a r c h 
F o u n d a t i o n has under taken a p r o j e c t t o d e v e l o p a 
methodology f o r f i r e r i s k assessment . I t has done t h i s by 
s t u d y i n g f o u r cases i n d e t a i l : u p h o l s t e r e d f u r n i t u r e i n 
r e s i d e n t i a l env i ronments , w i r e and c a b l e i n c o n c e a l e d 
spaces i n h o t e l s and m o t e l s , f l o o r c o v e r i n g s i n o f f i c e s and 
w a l l c o v e r i n g s i n r e s t a u r a n t s . 

C o n c l u s i o n s 

F i r e s a f e t y i n a p a r t i c u l a
d e c r e a s i n g the c o r r e s p o n d i n g l e v e l o f f i r e r i s k o r o f f i r e 
h a z a r d . T e c h n i c a l s t u d i e s w i l l , more commonly, addres s 
f i r e h a z a r d assessment . F i r e h a z a r d i s the r e s u l t o f a 
c o m b i n a t i o n o f s e v e r a l f i r e p r o p e r t i e s , i n c l u d i n g 
i g n i t a b i l i t y , f l a m m a b i l i t y , f lame s p r e a d , amount o f heat 
r e l e a s e d , r a t e o f heat r e l e a s e , smoke o b s c u r a t i o n and smoke 
t o x i c i t y . 

The most i m p o r t a n t f i r e p r o p e r t y a s s o c i a t e d w i t h f i r e 
h a z a r d i s t h e r a t e o f heat r e l e a s e : the peak r a t e o f heat 
r e l e a s e i s an i n d i c a t i o n o f the maximum i n t e n s i t y o f a 
f i r e . 

C a t e g o r i e s o f t o x i c i t y a r e c l a s s i c a l l y d i s t i n g u i s h e d 
by d i f f e r e n c e s i n o r d e r s o f magni tude . The t o x i c potency 
o f t h e smoke o f most common m a t e r i a l s i s v e r y s i m i l a r , and 
t h u s , the t o x i c i t y o f smoke i s u s u a l l y governed s i m p l y by 
the amount o f m a t e r i a l b u r n t p e r u n i t t i m e . 

T o x i c potency o f smoke d a t a can be used as one o f the 
i n p u t s i n f i r e h a z a r d assessment . In p a r t i c u l a r , t h e y can 
be combined w i t h average mass l o s s r a t e s and t imes t o 
i g n i t i o n t o o b t a i n a q u i c k e s t i m a t e o f t o x i c f i r e h a z a r d . 

In o r d e r t o improve f i r e s a f e t y f o r each s c e n a r i o , the 
most r e l e v a n t f i r e p r o p e r t i e s f o r t h a t s c e n a r i o have t o be 
measured, w i t h the a p p r o p r i a t e i n s t r u m e n t s . 
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Chapter 29 

Harmonization of Fire Testing in the European 
Community 

Umberto Flisi 

CSI (Montedison Group), Viale Lombardia, 20, 20021 Bollate (MI), Italy 

A description is given of the initiatives carried out 
within the European Community for the harmonization of 
fire testing. The technical and economic reasons are 
explained for such initiatives, which are taken in 
order to remove barriers to trade from the European 
internal market. Of the various fire aspects, only 
fire reaction testing is taken into consideration 
here, because it appears as a major technical obstacle 
to the free circulation of construction materials. All 
possible approaches are considered for the attainment 
of such a harmonization and one, the so called interim 
solution, is fully described. The proposed interim 
solution, is based on the adoption of three 
fundamental test methods, i.e. the British "Surface 
Spread of Flame", the French "Epiradiateur" and the 
German "Brandschacht", and on the use of a rather 
complicated "transposition document", which should 
allow to derive most of the national classifications 
from the three test package. 

The Single European Act / l / , e f f e c t i v e from 1 J u l y 1987, commits a l l 
the twelve c o u n t r i e s of the European Economic Community to remove a l l 
b a r r i e r s to trade by 31 December 1992. 

The d i f f e r e n t f i r e s a f e t y requirements w i t h i n the Member States 
of the Community c e r t a i n l y present an obstacle to t h i s o b j e c t i v e , 
because a manufacturer who wants to market h i s product a l l over 
Europe, at present, has to perform a l o t of d i f f e r e n t f i r e t e s t s , 
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f o l l o w i n g d i f f e r e n t procedures. He may even have to repeat the same 
t e s t s i n d i f f e r e n t c o u n t r i e s , f o r instance i n France, Spain and 
Portugal or i n Belgium, United Kingdom and I r e l a n d , since i n general 
there i s no mutual acceptance of t e s t data between c o u n t r i e s . 

In a d d i t i o n , n a t i o n a l c l a s s i f i c a t i o n systems and, i n some 
co u n t r i e s , q u a l i t y c o n t r o l procedures are required such that the same 
production process may have to be supervised by several n a t i o n a l 
i n s p e c t i o n procedures. 

A l l these d i f f e r e n t requirements not only add e x t r a costs to the 
goods, u l t i m a t e l y paid by the consumer, but they a l s o d i s t o r t 
production p a t t e r n s , increase stock h o l d i n g c o s t s , discourage 
business cooperation and fundamentally f r u s t r a t e the c r e a t i o n of a 
common market. 

The " t e c h n i c a l b a r r i e r s to trade" formed by " r e a c t i o n to f i r e " 
requirements are represente
- d i f f e r e n c e s i n n a t i o n a
- d i f f e r e n c e s i n n a t i o n a l c l a s s i f i c a t i o n systems, 
- d i f f e r e n t n a t i o n a l t e s t s p e c i f i c a t i o n s , 
- d i f f e r e n t n a t i o n a l q u a l i t y systems. 

Resolution of the problem, t h e r e f o r e , r e q u i r e s c o l l a b o r a t i o n 
among people of: 
- the regu l a t o r y i n s t i t u t i o n s , 
- the s t a n d a r d i z a t i o n bodies, 
- the t e s t i n g l a b o r a t o r i e s , 
- the c e r t i f i c a t i o n bodies. 

However, the d i f f e r e n c e s between the n a t i o n a l t e s t methods are 
considered to be the major b a r r i e r to trade. Whilst the harmonization 
of t e s t and c l a s s i f i c a t i o n systems i s i n s u f f i c i e n t on i t s own to 
provide f o r a free market, i t i s undoubtedly a necessary c o n d i t i o n to 
i t . Without a common method of e v a l u a t i n g the f i r e behaviour, there 
i s no basis f o r a common regulatory s p e c i f i c a t i o n . 

A common regulato r y system, p r e s c r i b i n g i d e n t i c a l f i r e 
c l a s s i f i c a t i o n s based on u n i f i e d t e s t s p e c i f i c a t i o n s , f o r ma t e r i a l s 
in the same usage, cannot be obtained by the end of 1992. I t i s a 
much longer term o b j e c t i v e . 

However, i n the i n t e r i m i t i s p o s s i b l e to remove some major 
components of the o b s t a c l e , i . e . the c l a s s i f i c a t i o n system, the t e s t s 
and the q u a l i t y c o n t r o l requirements. 

This paper o u t l i n e s some proposals and a c t i o n s , which may give a 
p a r t i a l s o l u t i o n to the problem p r i o r to 1992. 

Po s s i b l e Approaches to F i r e Testing Harmonization. 

During the past years, several approaches have been suggested to the 
Commission of the European Communities, i n order to reduce the 
problem created by the large number of r e a c t i o n to f i r e t e s t s . 
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ISO Tests. The evident s o l u t i o n i n a s i t u a t i o n l i k e t h i s would be 
to adopt the appropriate i n t e r n a t i o n a l standards, which the ISO 
Technical Committee TC 92 i s charged with developing. Since 1961, 
t h i s committee has been developing r e a c t i o n to f i r e t e s t s f o r 
b u i l d i n g m a t e r i a l s , with the aim of determining such parameters as: 
- non c o m b u s t i b i l i t y 
- i g n i t a b i l i t y 
- surface spread of flame 
- rate of heat release 
- smoke de n s i t y . 

So f a r , only the no n - c o m b u s t i b i l i t y (ISO 1182) and the 
i g n i t a b i l i t y (ISO 5657) t e s t s are a v a i l a b l e as i n t e r n a t i o n a l 
standards. For the other parameters, the t e s t methods are s t i l l at a 
development stage. A s o l u t i o n to the 1992 o b j e c t i v e i s not yet 
p o s s i b l e , even i f the necessar
date, because many p r a c t i c a

F i r s t l y , the industry has l i t t l e or no experience with most of 
these t e s t s , e s p e c i a l l y those which have not reached t h e i r f i n a l i s e d 
format yet. Whilst the industry i d e a l may be to produce m a t e r i a l s 
that are " f i r e s a f e " , i n r e a l i t y i t has to s a t i s f y c e r t a i n t a r g e t s i n 
the form of " c l a s s i f i c a t i o n s " , based on performance i n f i r e t e s t s . 
The i n d u s t r y , t h e r e f o r e , needs time to f a m i l i a r i z e i t s e l f with the 
new t e s t s and to reformulate t h e i r products, i f necessary, to meet 
the new requirements. 

Secondly, the question a r i s e s how to use the new t o o l k i t of 
t e s t s f o r b u i l d i n g r e g u l a t o r y purposes. The various n a t i o n a l 
r e g u l a t o r s are equa l l y as l a c k i n g as the ind u s t r y i n an understanding 
of m a t e r i a l behaviour i n these new t e s t s . Since there i s a very 
intimate i n t e r - r e l a t i o n s h i p between the r e g u l a t i o n s and the t e s t 
methodology at each n a t i o n a l l e v e l , adoption of the new t o o l k i t may 
not only r e q u i r e amendment to r e g u l a t i o n s , but may generate a whole 
new range of performance c l a s s i f i c a t i o n s , i f these t e s t s are adopted 
i n advance of an agreed European C l a s s i f i c a t i o n system, with guidance 
to n a t i o n a l r e g u l a t o r s on the use of the system. 

I t i s c l e a r that the ult i m a t e s o l u t i o n r e s t s with the ISO t e s t s 
used as a part of a European C l a s s i f i c a t i o n System adopted as a part 
of a common or model b u i l d i n g code f o r the European Community. 

National Tests. I t i s c l e a r l y p o s s i b l e to remove the t e c h n i c a l 
b a r r i e r to trade represented by d i f f e r e n t n a t i o n a l f i r e t e s t 
procedures, by p r o v i d i n g a f a c i l i t y f o r a manufacturer to conduct the 
rel e v a n t t e s t s once and w i t h i n h i s home country, with a guarantee of 
a c c e p t a b i l i t y of the r e s u l t s by a l l Member States. This r e q u i r e s 
l a b o r a t o r i e s to equip themselves with a l l the necessary equipment and 
fo r an extensive i n t e r l a b o r a t o r y c o l l a b o r a t i o n and c a l i b r a t i o n 
procedure to be introduced, which would ensure mutual acceptance of 
t e s t r e s u l t s . 
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This represents an e a s i l y achievable part s o l u t i o n to the 
problem, since the current l e v e l of t e c h n i c a l co-operation between 
l a b o r a t o r i e s i s very high w i t h i n Europe. However, the burden on the 
manufacturer remains high, i f he wishes to market i n a l l Member 
States, since he w i l l s t i l l be required to conduct a l l the t e s t s used 
throughout the Community. 

T r a n s l a t i o n of Na t i o n a l Test Data. A l e s s cumbersome s o l u t i o n could 
be found i f there was the p o s s i b i l i t y of s a t i s f y i n g a re g u l a t o r y 
requirement of one Member State by t e s t r e s u l t s obtained from a f i r e 
t e s t procedure of another Member State. 

The European Commission wanted to v e r i f y i f there was such a 
p o s s i b i l i t y and a few years ago contracted Prof. Blachere and others 
to carry out such an i n v e s t i g a t i o n  The r e s u l t s of t h i s i n v e s t i g a t i o n 
/2/, i n d i c a t e d some i n t e r e s t i n
e v a l u a t i o n of the i n d i v i d u a

In accordance with t h i s proposal, the manufacturer would need 
only to perform those t e s t s necessary at h i s n a t i o n a l l e v e l and, by 
reference to a " t r a n s l a t i o n document" plus some a d d i t i o n a l 
complementary t e s t s , he would be able to obtain the n a t i o n a l 
c l a s s i f i c a t i o n of another Member State. 

The main advantage of the proposal i s that i t needs no change of 
the n a t i o n a l r e g u l a t i o n s and the manufacturer continues to evaluate 
h i s m a t e r i a l performance by a t e s t method he knows and understands. 

However t h i s way appears impra c t i c a b l e f o r s e v e r a l reasons. 
- A l o t of p r a c t i c a l work needs to be done to demonstrate that the 

t h e o r e t i c a l a n a l y s i s works i n p r a c t i c e . This involves d e t a i l e d 
a n a l y s i s of a l l t e s t methods versus a l l l e g a l requirements. 

- The system i s not n e c e s s a r i l y e q u i t a b l e , since f o r some Member 
States i t i s p o s s i b l e to i n t e r p r e t i t s r e s u l t s and s a t i s f y a large 
number of other Member States requirements,whereas f o r other Member 
States no i n t e r p r e t a t i o n i s p o s s i b l e . 

- Commercial competition between industry may lead them to seek out 
the most favourable r o o t i n g to s u i t t h e i r m a t e r i a l . 

- The system r e q u i r e s a l e v e l of confidence by the various r e g u l a t o r s 
i n the i n d i v i d u a l t e s t s used i n a l l the other c o u n t r i e s of the 
Community, which i n the short time i s u n l i k e l y to be achieved. 
National a u t h o r i t i e s cannot be expected to accept m a t e r i a l s on the 
basis of t e s t s they do not know, nor understand, and which are 
conducted i n foreingn l a b o r a t o r i e s . C u r r e n t l y they do not accept 
t e s t s to t h e i r own n a t i o n a l Standards from other c o u n t r i e s . 

The Interim S o l u t i o n / 3 / . One of the major d i f f i c u l t i e s i n the 
prospect of s a t i s f y i n g any one re g u l a t o r y c l a s s i f i c a t i o n requirement 
from any s i n g l e or c o l l e c t i o n of n a t i o n a l t e s t s i s the large number 
of d i f f e r e n t t e s t s used i n the various Member States. The question 
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addressed by Deakin, K l i n g e l h o e f e r and Vandevelde i n 1986 was: "What 
i s the minimum number of n a t i o n a l t e s t s which w i l l s a t i s f y the 
maximum number of reg u l a t o r y requirements ?". 

I t was the c o n s i d e r a t i o n of t h i s question, together with the 
prospects o u t l i n e d by Prof. Blachere i n h i s re p o r t which have l e d to 
the proposal " i n t e r i m s o l u t i o n " . 

What i s proposed i s that m a t e r i a l f i r e p r o p e r t i e s are determined 
by a c a r e f u l l y chosen set of n a t i o n a l t e s t s , appropriate to the 
ma t e r i a l usage, which w i l l cover the main f i e l d of i n t e r e s t s of most 
re g u l a t o r s d i r e c t l y . Those which cannot be s a t i s f i e d d i r e c t l y have to 
be s a t i s f i e d by a t r a n s l a t i o n or " t r a n s p o s i t i o n document" derived 
from the Blachere Report. 

The set of n a t i o n a l t e s t s must f u l f i l l the f o l l o w i n g 
requirements : 
- minimum number 
- greatest experience 
- widest range of information 
- widest acceptance. 

The Proposed Interim Test Package. 

The t e s t methods chosen f o r the i n t e r i m s o l u t i o n are l i s t e d i n 
Table 1 against the proposed use of the m a t e r i a l s . I t can be seen 
that the t e s t methods are grouped i n four packages according to the 
type and l e v e l of performance. 

Highest Level of Performance. For the highest l e v e l of performance, 
i . e . f o r non combustible m a t e r i a l s , two t e s t methods are proposed 
i r r e s p e c t i v e of the end use: 
- the n o n - c o m b u s t i b i l i t y t e s t ISO 1182, shown i n Figure 1, which 

s a t i s f i e s the n a t i o n a l requirements of Belgium, Denmark, Germany 
(not completely), Greece, I r e l a n d , I t a l y , The Netherlands and 
United Kingdom; 

- the c a l o r i f i c p o t e n t i a l t e s t ISO 1716, which s a t i s f i e s the n a t i o n a l 
requirements of France, Germany, Portugal and Spain. 

M a t e r i a l s passing these t e s t s w i l l not be required to be 
subjected to any other r e a c t i o n to f i r e t e s t . 

Other Tests. For the other f i r e r e a c t i o n t e s t s , d i s t i n c t i o n i s made 
according to the m a t e r i a l a p p l i c a t i o n , and three groupe of t e s t s are 
considered . 

Wall and C e i l i n g L i n i n g s . Three n a t i o n a l t e s t procedures dominate 
the European market-place f o r w a l l and c e i l i n g l i n i n g s : 
- French " E p i r a d i a t e u r " NF P92-501 (see Figure 2) 
- B r i t i s h "Surface Spread of Flame" BS 476: P a r t . 7 (Figure 3) 
- German " Brandschacht" DIN 4102, T e i l 1 (Figure 4) 
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Table 1. Test Methods Proposed for the Interim Solution 
in the European Community 

HIGHEST LEVEL OF PERFORMANCE : « 0 1182 -Non-combustlblllty 
+ 

ISO 1710 "Calorlfle Potential' 

OTHER TESTS 

W A L L S 
+ F L O O R I N G S R O O F S 

C E I L I N G S 

NFP92-601 ISO DTR0230 Radiant Panel Test 

+ (radiant flooring panel) (French arrêté 10.09.70 

BS 476 Part 7 + or ISO test) 

+ 
DIN 4102-Toil 1 

BS 470-Part 7 + 
DIN 4102 - Toil 7 

-KEN 3882 

SIMPLE IGNITION TEST 

SMOKE AND TOXICITY 
Smoke: ISO DTR 5024 if necessary 
Toxicity: no test method 
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Figure 1. General arrangement of the ISO 1182 t e s t apparatus. 
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Figure 2. Scheme of the e p i r a d i a t e u r . 

Figure 3. Scheme of the B r i t i s h Radiant P; 'anel. 
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Figure 4. Scheme of the Brandschacht. 
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Table 2 shows that many of the Member States requirements may be 
s a t i s f i e d i n whole or i n part by the three methods, and i t i s 
p o s s i b l e to extend the coverage to a l l c o u n t r i e s but Denmark, v i a a 
" t r a n s p o s i t i o n document", which t r a n s l a t e s the n a t i o n a l 
c l a s s i f i c a t i o n performance requirements to r e s u l t s obtained from one 
of the three t e s t s . 

Floor Coverings. Two t e s t s have been proposed, i . e . 
- the ISO " F l o o r i n g Test", ISO/DTR 9239 derived from NBSIR 75-950, 

shown i n Figure 5; 
- the B r i t i s h Surface Spread of Flame, BS 476: Part 7. 
Probably the ISO method alone w i l l be accepted by a l l Member States. 

Roofs. Two t e s t s are proposed: 
- the German "Basket Test"
- a r a d i a n t panel t e s t . 
The choice of the r a d i a n t panel only depends upon the rate of 
development of the i n t e r n a t i o n a l t e s t procedure. I f t h i s i s not 
a v a i l a b l e i n s u f f i c i e n t time, the French method w i l l be taken. 

Simple I g n i t i o n Test. The proposed t e s t s f o r combustible m a t e r i a l s 
may need to be supplemented by a simple i g n i t i o n t e s t , i n v o l v i n g 
contact of a small flame i n the absence of any impressed i r r a d i a n c e . 
Some of these t e s t s are already used i n the Member States, i n 
p a r t i c u l a r Germany and I t a l y (see Figure 6). Such a t e s t could be 
used as an a d d i t i o n a l t e s t or a screening t e s t . 

Smoke. A few Member States have a r e g u l a t o r y requirement f o r smoke 
production of m a t e r i a l s . These requirements are based on n a t i o n a l 
procedures which are considered i n f e r i o r to the current ISO 
development d e t a i l e d i n ISO/DTR 5924, and i t i s recommended that i f a 
r e a l requirement e x i s t s , and has to be perpetuated, then the n a t i o n a l 
requirements should be t r a n s l a t e d i n t o performance i n the ISO/DTR. 

T o x i c i t y . There i s only one Member State (Germany) having a t e s t 
which i s used to assess t o x i c hazards of combustion gases. The t e s t 
i s used mainly to evaluate non-combustible m a t e r i a l s and i s based on 
bio-assay techniques. The p h i l o s o p h i e s of other c o u n t r i e s consider 
non-combustible m a t e r i a l s as presenting no, or n e g l i g i b l e t o x i c 
hazard. 

A s a t i s f a c t o r y t e s t f o r t o x i c i t y of combustion gases i s not yet 
a v a i l a b l e at n a t i o n a l or i n t e r n a t i o n a l l e v e l . The IS0/TC92/SC3 
working groups are a c t i v e l y working on a l l aspects of t o x i c hazards 
i n f i r e and i t i s proposed that the outcome of t h i s work i s awaited 
and not pre-empted by an i n t e r i m s o l u t i o n . 
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Table 2. Proposed Fire Reaction Test Methods for the European Community 

WALLS AND CEILINGS 

P r o p o s e d 
E.E.C. test 
me thods 
1. NFP62-601 » 
2. BS 470-Part 7* 
3. DIN 4102 -Toil 1 

Nat iona l requ i remen ts b a s e d on 

Main nat ional test 
me thod(s ) 

Addi t iona l nat ional 
test me thod(s ) 

B e l g i u m 
NFP02-501 

<BS476-Par t

Denmark 
D8 1068-1 
D8 1068-3 

DS 1 0 5 8 - 3 

now 
D8/INSTA410 
D8/IN8TA412 

Germany ' . DIN4102-Tell \ / / ' ' , " ' 
/ Brandechacht ' / / / / / / / , ' ' / / 

DIN 4102-Tall 1 
Klelnbrenner . 

F r a n c e 
Spa in 
Por tuga l 

''//'/'/y///'// ' // 
/ , NF Ρ 82 - 501 / ' , ' ' ' / ' / , ' 

/ / 

/ / / 

Ep i rad i a t eu r / / ' ' / / / , , 
1) Tests for fusible materials 
2) Rame propagation test 

NFP-503 
Brûleur é lect r ique 

Italy 
•CSE-RF 1/75/A k x > x ^ x ^ y s < x ' 

>or. 
;CSI-RF 2/75/A 

/ 
f ζ / / / / / * ' 

The N e t h e r l a n d ^ / N E N 3 e V 3 - / . / ^ ' / ' " / ' " Λ 

+ 
F l a s h over -f S m o k e 

U. Κ . 
Ireland 
Greece 

Yf B8 478-Part 7 / / / / / / ' / , / , / , 
j/_/_//_//_/ _//_/// // 

B8476-Part 6 

B8 2782: 4 additional teete 
for plaatle matertala 

K / / / / / / / / J : The p ropose d m e t h o d s cover the nat ional needs 
k Y Y W W Y X l : T ranspos i t ion is poss ib le to nat iona l needs 

3 : Covered if s imp le ignit ion test is inc luded 
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F i g u r e 6. I t a l i a n i g n i t i o n t e s t w i t h a s m a l l f l a m e . 
L e f t : CSE-RFI f l a m e a p p l i e d t o s p e c i m e n edge. 
R i g h t :CSE-RF? f l a m e a p p l i e d t o s p e c i m e n s u r f a c e . 
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The C l a s s i f i c a t i o n System. 

I t i s envisaged that the i n t e r i m s o l u t i o n w i l l operate i n p a r a l l e l 
with the various n a t i o n a l t e s t and c l a s s i f i c a t i o n procedures u n t i l 
such a time that the f i n a l u n i f i e d European system i s a v a i l a b l e . 

A manufacturer w i l l , t h e r e f o r e , have the option of conducting 
the e x i s t i n g n a t i o n a l t e s t s required by a Member State, to which he 
wants to export, most probably s t i l l i n a laboratory of that Member 
State, as i s the case now. A l t e r n a t i v e l y , he can opt f o r conducting 
the "Interim Test Package" i n any o f f i c i a l l a b o r a t o r y , w i t h i n the 
European Community, and, provided that he s a t i s f i e s the necessary 
requirements, he cannot be asked to undertake any f u r t h e r t e s t i n g . 

CEN/TC127 

The European Committee f o
a new t e c h n i c a l committee, TC 127, with the f o l l o w i n g scope /4/: 
"To develop standards u t i l i z i n g r e l e v a n t e x i s t i n g work, where 
a v a i l a b l e e.g. i n ISO, CEC and EFTA, f o r assessing the f i r e 
behaviour of b u i l d i n g products, components and elements of 
c o n s t r u c t i o n . 
To develop standards f o r c l a s s i f i c a t i o n of products, components and 
elements of c o n s t r u c t i o n , appropriate to the f i r e r i s k s r e l a t e d to 
t h e i r a p p l i c a t i o n . 
To develop standards f o r assessing f i r e hazard and f o r p r o v i d i n g 
f i r e s a f e t y i n b u i l d i n g s " . 

The Commission of the European Communities has asked /5/ CEN TC 
127 to produce the necessary standards concerning f i r e s a f e t y i n 
support of the "Construction Products D i r e c t i v e " CEN/TC127 met f i r s t 
i n London on 18-20 May 1988 and took some r e s o l u t i o n s which may 
favour a r a p i d development of the i n t e r i m s o l u t i o n mentioned i n 
chapter 3. 

The most important- and debated r e s o l u t i o n was the s i x t h one, 
which concern the three t e s t s package f o r w a l l and c e i l i n g l i n i n g s . 
In t h i s context the committee accepted the CEC mandate to prepare a 
standard based on the three n a t i o n a l norms: 
- NF Ρ 92 501 
- BS 476: Part 7 
- DIN 4102 Parts 15 and 16. 

Several working groups were created with the task of: 
- co n s i d e r i n g the question of c r i t e r i a and harmonizing the f i e l d of 

a p p l i c a t i o n of the two standards (ISO 1182 and ISO 1716) f o r 
non - c o m b u s t i b i l i t y (Ad Hoc 1); 

- c o n s i d e r i n g the various t e s t methods f o r i g n i t a b i l i t y by d i r e c t 
flame impingement under zero impressed i r r a d i a n c e (Ad Hoc 2); 

- preparing the harmonized t e s t package f o r the i n t e r i m s o l u t i o n and 
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the t r a n s p o s i t i o n document from the i n t e r i m t e s t package to 
n a t i o n a l c l a s s i f i c a t i o n s (Working Group 1); 

- preparing a method of t e s t standard f o r f l o o r coverings, using 
ISO/DIS 9239 (Ad Hoc 3); 

- preparing a method of t e s t standard f o r the e x t e r n a l exposure of 
roofs to f i r e (Ad Hoc 4); 

- proposing a European r e a c t i o n - t o - f i r e c l a s s i f i c a t i o n system, using 
the t e s t s included i n ISO/TR 3814 (Working Group 2). 

In t h i s way a l l the work has been set up f o r a r a p i d development 
of the i n t e r i m s o l u t i o n and f o r b u i l d i n g a s o l i d b a s i s of the future 
f i n a l norms. 

CEN/TC 127 a l s o deals with f i r e r e s i s t a n c e , but i n t h i s case the 
harmonization problems are l e s s d i f f i c u l t to s o l v e , because a l l 
c o u n t r i e s at l e a s t r e f e r to the same t e s t method  i . e  ISO 834

EG0LF 

Some years ago a group of o f f i c i a l t e s t i n g l a b o r a t o r i e s of d i f f e r e n t 
c o u n t r i e s of the European Community met together to form an 
i n t e r n a t i o n a l a s s o c i a t i o n c a l l e d EG0LF (European Group of O f f i c i a l 
Laboratories f o r F i r e - t e s t i n g ) with the aim to promote 
i n t e r l a b o r a t o r y c o l l a b o r a t i o n and acceptance of t e s t data. 

EG0LF gives a strong support and a s s i s t a n c e to the European 
Commission f o r the implementation of i t s harmonization programme by: 
- p r o v i d i n g a forum f o r d i s c u s s i o n of problems r e l a t e d to standard 

f i r e t e s t s ; 
- promoting research and development w i t h i n the f i e l d of f i r e 

t e s t i n g ; 
- d e f i n i n g the q u a l i t y l e v e l f o r equipment and e x p e r t i s e to be 

maintained by the f i r e t e s t l a b o r a t o r i e s ; 
- o r g a n i s i n g seminars on f i r e subjects of t o p i c a l i n t e r e s t . 
EG0LF includes about 20 l a b o r a t o r i e s and i s considered as the 
precursor of the future European system of f i r e t e s t i n g and 
c e r t i f i c a t i o n . 

SPRINT RA 25 Programme. 

SPRINT RA 25 
l a b o r a t o r i e s , 
l a b o r a t o r i e s are: 
- U n i v e r s i t y of Gent 
- CSTB 
- Materialprufungsamt NW 
- CSI 
- ΤΝ0 
- LGAI 

i s a t r a n s n a t i o n a l c o l l a b o r a t i v e p r o j e c t among seven 
each from a d i f f e r e n t Member State of the EEC. These 

Gent Belgium 
Champs sur Marne ( P a r i s ) France 
Erwitte (Dortmund) Germany 
B o l l a t e (Milano) I t a l y 
D e l f t 
Barcelona 

The Netherlands 
Spain 
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- Warrington F i r e Res. Centre Warrington United Kingdom 
The major aims of the p r o j e c t have been to: 

- ensure the r e p e a t a b i l i t y and r e p r o d u c i b i l i t y of the three t e s t 
methods (Brandschacht, E p i r a d i a t e u r and Spread of Flame) of the 
i n t e r i m s o l u t i o n ; 

- disseminate the information required to t e s t and evaluate m a t e r i a l s 
according to these t e s t s ; 

- provide the b a s i s f o r the mutual acceptance of t e s t data. 
Each of the seven l a b o r a t o r i e s has received a thorough t r a i n i n g 

by a p i l o t l a b o r a t o r y i n the use of the three apparatuses and i n the 
assessment of m a t e r i a l s and t h e i r c l a s s i f i c a t i o n s according to the 
three n a t i o n a l standards, i . e . i n France NF Ρ 92.501, i n Germany DIN 
4102 Parts 15 and 16, and i n the U.K. BS 476 Part 7. 

A range of 11 d i f f e r e n t m a t e r i a l s  r e p r e s e n t a t i v e of b u i l d i n g 
products commonly used i
t e s t e d i n each of the l a b o r a t o r i e s
r e s u l t s w i l l be assessed f o r r e p e a t a b i l i t y and r e p r o d u c i b i l i t y . 

The RA 25 group have begun the task given by CEN/TC127 
( r e s o l u t i o n 6 /6/) of preparing the t e x t of a reference document on a 
three part method of t e s t standard f o r w a l l and c e i l i n g l i n i n g s . 

The RA 25 c o n t r a c t has been extended by CEC and renumbered RA 
100 i n order to continue t h i s e x e r c i s e with the ISO 1182 apparatus. 
However, the major part of the work of the RA 100 group w i l l be the 
preparation of u n i f i e d t e s t reports f o r each of the t e s t methods, 
which w i l l ensure that a l l the necessary d e t a i l s are recorded to 
enable a product to be c l a s s i f i e d i n any of the EEC Member States. 
Two new l a b o r a t o r i e s , i . e . the French Laboratoire National d'Essai 
and the Danish Dantest, j o i n e d the previous seven. 

The F i n a l S o l u t i o n 

CEN/TC 127 has created, as i t has been s a i d i n chapter 5, a Working 
Group (WG 2) charged with the r e s p o n s i b i l i t y of d e r i v i n g a European 
c l a s s i f i c a t i o n system based on the ISO t e s t s . WG 2 i s composed of 21 
members from 14 c o u n t r i e s and i s convened by Sweden. I t has very 
r e c e n t l y formulated /!/ i t s philosophy, based on the f o l l o w i n g 
statements : 
- The European c l a s s i f i c a t i o n system of r e a c t i o n to f i r e must r e f l e c t 

the behaviour of tested products i n r e a l f i r e s . Test methods should 
be designed so that the r e s u l t s can be used as important part of 
r i s k assessment. 

- The c l a s s i f i c a t i o n of products should be achieved by small s c a l e 
t e s t s which have been v a l i d a t e d by large s c a l e t e s t s /8,9/. In 
s p e c i a l cases, when rel e v a n t information cannot be obtained i n 
small s c a l e , a standardized large s c a l e t e s t , i . e . the Room/Corner 
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Exhaust duct 0 OA k^i ) 

Hood 3,0 χ 3,0· 

Doorway 
0,8 χ 2,0 

Front view 

Figure 7. Schematic view of the Room/Corner Test Apparatus. 

Test (see Figure 7), w i l l be nec 
formation needed f o r a c l a s s i f i c 
The number of small scale t e s t 
purposes, should be l i m i t e d and 
Cone Calorimeter /10/ (see F i g . 
Spread of Flame t e s t / l l / . 

essary to achieve d i r e c t l y the i n -
a t i o n . 
methods, used f o r c l a s s i f i c a t i o n 
based on ISO t e s t s , presumably the 

8) and p o s s i b l y the ISO Surface 
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Figure 8. The Cone Calorimeter according to ISO/DP 5660. 
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The group a l s o agreed to work with the Swedish proposal /12/ 
employing the Cone Calorimeter and the Room/Corner Test and explore 
whether i t proves to be adequate i n terms of t e c h n i c a l relevance, 
c o s t s , e t c . 

In a d d i t i o n the room-corridor scenario w i l l a l s o be i n v e s t i g a t e d 
i n f u l l s c ale and attempts made to seek c o r r e l a t i o n s with the Cone 
Calorimeter and the ISO spread of flame t e s t . 

An informal survey revealed that i n the near future as many as 
22 Cone Calorimeters w i l l be i n s t a l l e d i n 10 European co u n t r i e s and 
15 Romm/Corner Test f a c i l i t i e s w i l l be a v a i l a b l e i n 8 c o u n t r i e s . 
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Chapter 30 

British Regulations for Upholstered Furniture 

Combustion-Modified Polyurethane Foam 

Κ. T. Paul 

Rapra Technology Limited, Shawbury, Shrewsbury, Shropshire, 
United Kingdom 

In 1988, the UK
ultimately will
furniture and mattresses will meet and resist a 
cigarette test and that fabrics and fillings will 
resist specified flaming ignition sources. 
Polyurethane foams must also be of the specified as 
combustion modified types which in the UK include 
foams containing melamine and exfoliated graphite. 

It i s nearly 20 years ago that the unacceptable f i r e behaviour of 
"modern" upholstered furniture became highlighted in the UK by 
Fire Brigade reports of domestic f i r e s . This poor performance 
was blamed on the use of flexible polyurethane (PU) foam 
upholstery and demands were made to ban PU foam or at least to 
in s i s t on the use of flame retarded PU foam. 

The Home Office summary of UK f i r e s t a t i s t i c s for 1987(1) 
shows that although only about 18% of fi r e s occur in occupied 
dwellings, these result in typically three quantities of fata l 
and non-fatal injuries. The greatest single cause of fi r e s in 
dwellings i s the unintentional misuse of cooking equipment (43%) 
but these result in relatively few f a t a l i t i e s (10%) but a larger 
proportion of non-fatal injuries (37%). In contrast, f i r e s 
i n i t i a t e d by smokers materials and matches together cause 18% of 
fir e s in dwellings but result in 51% of f a t a l i t i e s and 28% of 
non-fatal injuries. Fire brigade reports indicate that a major 
proportion of fir e s i n i t i a t e d by smokers materials and matches 
involves upholstered furniture, bedding or mattresses either at 
the ignition stage or are directly involved in the rapid growth 
stages of the f i r e s Tables I and II. 

The response to this situation in the early 1970's was to 
set-up three major research programmes to investigate the f i r e 
performance of furniture and furnishings. These programmes, (2), 
(3), (4), not surprisingly, produced similar conclusions that the 
adverse f i r e behaviour of upholstered furniture and made-up beds 

0097-6156/90/0425-O498$06.50/0 
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Table I. Location of Fires in UK 

Location of : Fire 1977 1982 1987 
Occupied Buildings 93.4 96.2 104.1 
Dwellings 
Industrial 
Public Area* 8.9 9.2 10.9 
Hospitals 2.1 1.8 1.7 
Schools 1.8 4.3 4.3 
Others 15.5 15.3 16.2 

Total No. of Fires 326.8 357.9 354.0 
* Hotels, hostels, boarding houses, clubs, public houses, 
restaurants, places of public entertainment and shops. 

Table II. Causes of Fires and Casualties in Dwellings 

Cause No. of Fires No. of Fatalities No. of Non-fatal 
1000's Injuries 

1978 1988 1978 1988 1978 1988 
Cooking 19.4 23.6 38 63 1545 3123 
Matches 1 4.1 4.0 49 77 526 685 
Smokers 

Materials 4.5 6.2 198 255 859 1788 
Heating 5.7 4.0 192 122 895 976 
Other and 
Unknown 17.0 16.6 215 138 1292 1815 

Total 50.7 55.5 692 653 5117 8387 
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arose because of easy ignition by small everyday sources 
(cigarettes and matches) and rapid burning producing high rates 
of heat, smoke and toxic f i r e gas generation. Major contributory 
factors were the use of smoulderable and easily ignitable 
fabrics, melting fabrics and flexible PU foams. Recommendations 
were to use materials which did not smoulder, to use fabrics 
which were not easily ignited by small flames, and to r e s t r i c t 
the amount of flammable materials used. The use of interliners 
and barrier fabrics and foams was demonstrated and also the 
adverse effects of using certain types of flame retarded PU foams 
(previously demanded) with flammable fabrics. 

The work (3) confirmed the correctness of the decision not 
to enforce the use of flame retarded PU foam and showed that 
although high resilience PU foams and flame retarded PU foams 
themselves were more d i f f i c u l t to ignite, this advantage was 
often lost when they were used in furniture as fabric covered 
composites. Early flam
produce greater smoke an
rapidly than composites containing standard PU foam. 

Various UK government authorities and especially The Crown 
Suppliers were already " f i r e conscious" and further extended the 
use of fabrics of reduced flammability, barrier fabrics and 
barrier foams, with high resilience PU foams in their purchase 
specifications for upholstered furniture and bed assemblies for 
use in the Crown Estate, public buildings, hospitals etc. 
Typically, products were required to meet cigarette and No. 5 
wooden crib sources see Table I when tested to Crown Suppliers 
Tests (5), (6). 

As B r i t i s h Standard tests (7, 8, 9) for upholstered 
furniture i g n i t a b i l i t y became available, these were progressively 
used both by The Crown Estate and by government agency 
specifications. Home Office Codes of Practice (10, 11) were 
gradually extended to additional public areas and advised similar 
ignition performance to that o r i g i n a l l y used for public areas, 
i.e. a minimum ignition resistance of cigarette and crib No.5 of 
BS 5852 Parts 1 and 2. Additional codes have been added as they 
are prepared. The nett result i s the upholstered furniture and 
bed assemblies in the UK public and government buildings are 
controlled by a complex combination of Acts, Codes and 
Specifications. In essence these require that upholstered 
furniture resists at least the cigarette and small gas flame 
(No.l) in low risk areas, the cigarette and No.5 wood crib in 
medium risk areas and the cigarette and No.7 wood crib in high 
ri s k areas. See Table III. These requirements have recently 
been published as B r i t i s h Standards (12) (13). In the UK, the 
public sector has, since the early 1970's progressively 
introduced and formalised ignition resistance performance 
specifications for upholstered furniture, mattresses and bed 
assemblies either on the product i t s e l f or on the upholstery 
composite. Early tests in the mid 1970's for rate of f i r e growth 
were based on room-corridor test rigs in which the product was 
burned to completion and f i r e temperatures, smoke density and 
volume and carbon monoxide concentration were monitored 
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continuously. Product specifications were not issued but the 
tests were used for comparative development and type approval 
tests for c r i t i c a l installations (5). 

The UK public area situation contrasted markedly with the UK 
domestic situation. In spite of the recommendations of the early 
research programmes, f u l l scale tests with domestic furniture in 
the late 1970's showed, regrettably, that not only had domestic 
upholstered furniture design and construction not followed the 
recommendations of early research, but that the f i r e performance 
of such furniture had arguably deteriorated. 

In 1978, the Home Office report (14) concerning the f i r e 
behaviour of new (i.e. post 1945) materials s p e c i f i c a l l y 
c r i t i c i s e d the f i r e performance of upholstered domestic 
furniture and recommended manufacturers to improve ignition 
resistance, to reduce flammability, and to reduce the rates 
of smoke and toxic gas generation

In 1980 the Consume
manufacturers to take reasonabl
soft i n f i l l composites of domestic furniture resisted the 
cigarette test of BS5852: Part 1. These regulations did not 
apply to rouchings, trims to seat platforms etc. but only to 
the primary upholstery composites. The Consumer Protection 
Amendment of 1983 required specified children's furniture 
containing c e l l u l a r materials had to resist Source 5 of BS 
5852 Part 2. (16) 

The UK National Bedding Federation introduced a voluntary 
code which required i t s members only to manufacture mattresses 
which resisted a smouldering cigarette on i t s own and when 
covered by an insulating, non-combustible fibre pad (17). This 
test i s now defined within BS 6807(8) while BS 7175(18) refers to 
bedding and pillows. 

The 1988 Consumer Safety Regulations relate to both 
upholstered furniture and mattresses(19). 

It i s not proposed to review the US situation but in some 
ways the UK situation i s similar to that in the US with controls 
for domestic and public area furniture but whereas the 
requirements apply throughout the whole of the UK, in the US they 
are rather fragmented. The UFAC scheme and i t s derivatives such 
as California TB116 require upholstery composites to resist 
smouldering cigarettes while other cigarette tests may be applied 
to upholstered furniture and mattresses. California originated 
small flame ignition requirements for PU foams for furniture 
(TB117) and also more severe and comprehensive tests for high 
ri s k and public occupancies (TBI33). The latter involve ignition 
and simplified smoke and carbon monoxide assessments. Boston 
also originated f i r e tests for upholstery for some public 
buildings including prisons, hotels etc. A proposal which 
is under consideration by various legislatives i s the 
International Association of Fire Fighters proposal which i s 
based on the Californian TB133 test. The Underwriters 
Laboratories test UL1056 i s based on the NBS furniture 
calorimeter and as such i s a much more comprehensive test 
procedure. Other tests are applied in special environments e.g. 
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prison mattresses. US flame ignition and flammability tests were 
received in detail by Babraukas in reference (20)(21). 

DEVELOPMENT OF FLAME RETARDED POLYURETHANE FOAMS(22)(23)(24) 

Early fl e x i b l e polyurethane foams were of the so called 
standard type and were readily ignited by a small flame. 
Once ignited they produced considerable amounts of heat and 
smoke. Flame retarded fle x i b l e PU foams became available in 
1954-55, i.e. within a few years of flexible PU foams becoming 
available in commercial quantities(22). These FR PU foams 
contained trichloroethyl phosphate or brominated phosphate esters 
and resisted ignition from small flame sources. Unfortunately 
they may burn when subjected to a larger ignition source or when 
covered by a flammable fabric and may then produce as much heat 
and more smoke than the standard grade of PU foam(3)  This was 
identified by UK room test
confirmed more recentl
NBS(21). 

"Cold cure" or high resilience PU foams tended to l i q u i f y 
before igniting were developed and gave good results in standard 
tests such as BS 4735(25) (similar to the discontinued ASTM 
D1692) but could s t i l l burn when used with flammable fabrics in 
furniture (Table IV) . However they have been used most 
successfully in the UK in combination with flame retarded cotton 
interliners and fabrics of low flammability e.g. wool, nylon, FR 
cotton etc. and formed the basis of public area furniture used in 
the UK since the early 1970's (Table V). 

A different approach was to impregnate standard PU foam with 
resin bonded hydrated alumina. This material was origin a l l y 
developed as a f i r e barrier material and when used with high 
resilience PU foams and fabrics of low flammability gave 
upholstered seating and mattresses which resisted the highest 
ignition source of BS 5852 Part 2, the No.7 126 gram wood crib. 
The impregnated PU foam was subsequently developed for used as a 
f u l l depth mattress for prison and psychiatric hospital use where 
vandalism and arson can be a problem but this foam i s unsuitable 
for use in upholstered chains etc. The use of barrier fabrics 
and foams were unacceptable to the UK domestic furniture industry 
which required single foam soft upholstery materials. 

The flammability properties of the hydrophilic PU foam 
developed in USA in the late 1970's were outstanding even under 
severe f i r e conditions but i t ' s physical properties and high 
densities restricted i t s use for other than highly specialised 
high r i s k areas. 

The next major improvement was the development of combustion 
modified PU foam. The original CMHR polyurethane foam was 
developed in the USA (26) and contained hydrated alumina and 
halogenated flame retardants but was made in a single operation. 
It was used in institutions, public buildings, hotels etc. but 
i t s high density and less than optimum physical properties 
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Table V. I g n i t i b i l i t y of upholstery with Barrier 
Fabrics and Foams 

Fabric Standard High High High 
PU Foam Resilience Resilience Resilience 

PU Foam PU Foam & PU Foam & 
FR Cotton PU Barrier 

Barrier Fabrics Foam 
Nylon Fl P1/F3 P5 P6 
Polyester Fl PI P5 P6 
Modacrylic - P3/4 P5 P7 
FR PVC/Cotton P6 P2/4 P5/ P7 
Wool P2 P5 P5/6 P7 
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restricted i t s use for non-high r i s k applications. This type of 
material was available for a limited period in the UK before 
being superceeded. 

This was followed both in the UK and USA by a melamine 
containing high resilience polyurethane foam. In the UK, the 
term combustion modified PU foam i s used for PU foams modified by 
the addition of melamine or exfoliated graphite and as such 
di f f e r s from the US use of the term. PU foams containing 
hydrated alumina in the UK are prepared by a post impregnation 
process and are used as barrier foams and for institution 
mattresses) which has improved physical properties when compared 
to the US Hypol and CMHR PU foams. In the UK polyurethane foams 
containing melamine or exfoliated graphite are both referred to 
as "combustion modified polyurethane foam". These two foams are 
currently available in the UK and i t was the production of these 
materials which encouraged the next step towards improving the 
f i r e behaviour of UK domesti
significant f i r e behaviou
use of barrier fabrics and foams while using existing methods of 
furniture production. 

This i s a very important factor because the primary function 
of upholstered furniture, mattresses and bed assemblies i s to 
provide comfortable seating and support which i s hardwearing and 
durable as well as aesthetically acceptable. The development of 
suitable fabrics, foams and other materials i s therefore of great 
importance and i s a factor that can be overlooked in the pursuit 
of improved f i r e performance. 

PRINCIPLE OF 1988 UK REGULATIONS FOR DOMESTIC UPHOLSTERED 
FURNITURE 

Cigarette resistance to BS 5852 Part 1 i s required by the 
primary upholstery composites of the actual furniture and 
mattress. This i s consistent with a l l previous UK 
regulations and specifications which required that f i r e 
tests should be carried out on the actual upholstery 
composite. 

This principle i s adhered to for flame ignition tests for 
the public area which s t i l l requires that the tests are carried 
out on the upholstery composite although some specifiers are now 
requiring that a l l PU foam shall additionally comply with the 
1988 Consumer Safety Regulations. 

The principle of the 1988 Consumer Safety Regulations i s 
that a l l f i l l i n g materials and covering fabrics shall be ignition 
resistant against specified flames. An exception i s made for 
specified types of fabric which may be used with a flame retarded 
in t e r l i n e r . 

The 1988 Consumer Safety Regulations depart from the 
principle of testing composites because they essentially test 
individual materials in a standard manner although the composite 
BS 5852 test i s used. Thus flame retarded fabrics and 
interliners are tested with a specified standard PU foam and 
polyurethane foams and other f i l l i n g s are tested with a specified 
flame retarded polyester fabric. It i s understood that this 
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situation arises because of industrial requests and to simplify 
the testing of fabrics and foams (note the cigarette test i s 
s t i l l carried on the furniture composite). 

UK DOMESTIC FURNITURE AND THE CONSUMER SAFETY REGULATIONS 
1988(19) 

The Consumer Safety Regulations 1988 regulations were 
recently published for domestic furniture and mattresses. 
These are a complex series of relatively simple ignition 
tests designed to r e s t r i c t the use of easily ignitable 
fabrics and i n f i l l materials. The 1988 regulations replace 
the earlier regulations of 1980 and 1983. 

The Regulations apply to a l l types of upholstered seating, 
chairs, sofa beds, sofas, settees, padded stools, furniture with 
padded areas (head boards)  children's furniture  cots playpens
prams etc. garden furniture
bases, scatter cushion
second-hand caravans and furniture made before 1950 are excluded. 
Various parts of the regulations become effective on different 
dates between 1st November, 1988 and 1st March, 1993 and the 
regulations require a l l furniture to be labelled with the 
appropriate fixed and swing labels. This paper w i l l only deal 
with the f i r e tests and not the time scale of introduction or the 
labelling system (Tables VI, VII, and VIII). 

PERMANENT COVERING FABRICS. These are essentially required to 
resist small flame ignition and also to protect covering fabrics 
are therefore tested to ignition source No.l, BS 5852 Part 1 
(simulated match) over a standard PU foam. Should the fabric not 
ignite but merely melt to expose the standard PU foam, the latter 
w i l l ignite and the fabric w i l l f a i l the test. Exceptions to 
this are covering fabrics which comprise at least 75% by weight 
of cotton, flax, viscose, modal, s i l k or wool and not coated with 
a PU system and which must be used with an inte r l i n e r . FR 
treated fabrics must be pretreated by a specified water soak test 
(30 minutes at 40°C) to ensure that the treatments res i s t typical 
household spillages etc. Loose covers are tested in the same 
manner as the permanent covers but stretch covers shall be tested 
with PU foam which meets the requirements of PU foam blocks and 
to ignite source 5, Table VI. 

INTERLINERS. These are intended to protect the f i l l i n g against 
specified flammable cover fabrics. Interliners are tested with 
ignition source 5 over a standard PU foam to BS5852 Part 2. FR 
treated interliners shall be subjected to the specified water 
soak before testing Table VI. 

ALL FILLING MATERIALS EXCEPT PU SHEETS OR BLOCKS. These are 
tested against ignition source 2 which is a butane flame, 
approximately 120 mm high and applied to the FR polyester fabric 
covered f i l l i n g for 40 seconds(Table VII) to BS 5852 part 2. This 
applies to a l l loose foam and non-foam f i l l i n g when tested 
singly. 
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Table VI. Summary of Test Requirement for Fabrics 

Fabric Standard Ignition Test 
Test Source to Modification 

BS5852 Criteria 
Cover fabric BS 5852/1 1 A, B, D 
Loose covers BS 5852/1 1 A  B  D 
Stretch covers 
N o n - v i s i b l e f a b r i c s 
Interliners BS 5852/2 5 B, D, Ε 

A Except for fabrics containing more than 75% by weight 
of cotton, flax, viscose, modal, s i l k or wool when used 
with an interliner. 

Β With non-FR PU foam. BS 3379 Type Β hardness Grade 
130, 20-22 kg/3m 

C With PU foam, 24-26 kg/m3 conforming to BS 5852/2 
ignition Source 5, 60g mass loss see T a b l e VII. 

D With water soak for FR treated fabrics. 

Ε Covered with the flame retarded polyester fabric. 

F BS 5852 failure c r i t e r i a of smouldering and of flame 
penetration through the specimen depth are waived, 
(clauses 4.1 e, 4.1 f and 4.9 f of BS 5852 Part 2). 

G Mass loss (mass loss through burning plus mass of drips 
fa l l i n g from test rig) shall not be greater than 60 
grams. 

H FR Polystyrene beads which consistently f a l l over and 
extinguish the gas flame are considered to have passed 
the test. 

The references A to H apply to Tables VI, VII, and VIII. 
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Table VII. Summary of Test Requirements for F i l l i n g 
Materials - A l l Tested with Specified FR 

Polyester Fabric 

F i l l i n g Standard 
Test 

Ignition 
Source to 

Failure 
Criteria 

PU foam 

PU foam crumb 

PS foam beads 

Rubber latex 

Non-foam f i l l i n g 
singly 

Composite f i l l i n g s 
for other than 
mattresses bed 
bases, cushions, 
and pillows 

Composite f i l l i n g s 
for mattresses and 
bed bases after 
removal of outer 
covering fabric 

BS 5852/2 

BS 5852/2 

BS 5852/2 

BS 5852/2 

BS 5852/2 

BS 6807 

IS2 

IS2 

IS2 

IS2 

IS2 

IS2 

F 

H 

Note 1: Original PU foam blocks to meet test for PU foam. 

Note 2: Pillows and cushions with primary covers and 
"solid" or "loose" f i l l i n g s and tested as 
composites. See Table V I I I . 

See footnotes to Table VI f o r explanation of c r i t e r i a . 
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Table VIII. Summary of Test Requirements for Final Composite 
Assemblies 

Final Composite 
Assemblies 

Standard 
Test 

Ignition 
Source to 

Failure 
Criteria 

Upholstered furniture B
P l a t f o r m c o m p o s i t e BS 9 8 5 2 / 1 
Mattresses* BS 6807* 

C i g a r e t t e 
Cigarette (0) 
and 
Cigarette with 
non-combustible 
insulation (O/NS) 

Pillows and cushions + BS 5852/2 
with primary cover 
and non-loose 
f i l l i n g s 

Pillows and cushions +# BS 5852/2 
with primary cover 
and loose f i l l i n g s 

Not part of Consumer Protection Act but applied by UK 
industry as a voluntary code of practice. This w i l l be 
incorporated into the relevant British Standard and 
used to define "fitness for purpose." 

Cushions are covered by the specified FR polyester 
fabrics. 

# For loose f i l l i n g s , the test r i g is lined with the 
specified FR polyester fabric. 

S e e f o o t n o t e s t o T a b l e V I f o r e x p l a n a t i o n o f c r i t e r i a . 
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When the non-foam f i l l i n g s are used as composite f i l l i n g s 
for upholstered seating or for mattresses and bed bases the 
multiple layer composite i s treated as a single material and 
tested in i t s f i n a l form to BS 5852 part 2 or BS 6807 
respectively. 

PU foam crumb must also have been made from PU foam block 
which meet the relevant requirements. Polystyrene foam beads are 
considered to have passed the test i f the beads cascading from 
the specimen consistently extinguish the gas flame (Table VII). 

POLYURETHANE FOAM SHEETS OR BLOCKS. These are required to resist 
ignition source 5 (17 gram wood crib) of BS5852 Part 2 except 
that the flames may penetrate the f u l l depth of the specimen and 
that the mass loss (due to burning and li q u i d residues f a l l i n g 
from the test rig) shall not exceed 60 grams. 

These c r i t e r i a were developed by the UK PU foam industry and 
were intended to differentiat
graphite containing combustio
standard, high resilience and flame retarded (chloro and bromo 
phosphate) containing PU foams (Table IV). This distinction was 
required because large scale burning tests of real arm chairs and 
furnished rooms had demonstrated the superiority of the 
combustion modified polyurethane foams. 

CIGARETTE TEST FOR UPHOLSTERED FURNITURE. Is carried out with 
the fabric (excluding braids and other trimmings but including 
seams), interliners i f used and f i l l i n g materials to BS5852 Part 
1 using the cigarette ignition source. FR treated fabrics are 
also subjected to the water soak pre-treatment (see interlining) 
Table VI. This test i s also applied to the platform composite in 
a preposed modification to the regulation. 

CIGARETTE TEST FOR MATTRESSES. Is carried out using the f u l l 
composite to BS 6807 using the cigarette (Source 0) and the 
cigarette covered with the non-combustible, insulating pad 
(Source O/NS). NOTE: These tests are currently part of a 
voluntary code and not part of Consumer Safety Legislation 
but are part of the B r i t i s h Standard for Mattresses and w i l l 
be applied as a duty of care within the 1988 regulations. 
The No.l gas flame test w i l l be introduced at the same time. 

FLAME IGNITION TEST FOR PILLOWS AND CUSHIONS WITH 'SOLID' 
FILLINGS. This i s carried out using ignition to BS 5852 Part 2, 
Source 2. Cushions are additionally covered with the specified 
FR polyester fabric (Table VII). 

FLAME IGNITION TESTS FOR PILLOWS AND CUSHIONS WITH LOOSE 
FILLINGS. With primary covers and loose f i l l i n g s are tested to 
BS 5858 Part 2 with ignition Source 2 using the specified FR 
polyester fabric lining to the test r i g . Cushions are 
additionally covered with the specified FR polyester fabric. 

TIMESCALE AND LABELLING. It i s not proposed to deal with the 
introduction of legi s l a t i v e requirements in de t a i l but 
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regulations are to be introduced over a period of time. Readers 
are strongly recommended to consult the Consumer Protection Act 
for details. 

Regulations for the PU foam f i l l i n g of manufactured items 
generally come into force on 1st November, 1988 for the sale of 
such items after 1st March 1989. Regulations for furniture 
intended for use in the open air and for furniture fixed into 
caravans is applied on 1st March 1990 and i s applied to second 
hand furniture on 1st March 1993. Furniture made before 1950 or 
materials for the reupholstery of such furniture are exempt from 
the regulations. 

The regulations require that furniture shall be labelled to 
indicate i t s conforming with various parts of the Act. Fire 
hazard warning labels are required as well as labels which 
identify the furniture, the person responsible for i t in UK law 
(which may be the manufacturer or importer) as well as 
information relating t
latter information may b
company but must be available to Trading Standards Officers for a 
period of 5 years. 

PROBABLE EFFECT OF UK CONSUMER REGULATIONS AND FIRE HAZARDS OF 
FURNITURE 

The f i r e hazards of upholstered furniture have been identified as 
easy ignition by small sources such as cigarettes and materials 
and rapid rates of generation of heat, smoke and toxic 
gases (2) (3) (4) . It i s therefore logical to assess the UK 
regulations in terms of these parameters. Upholstered furniture 
is essentially a finished item but the flammability of bed 
assemblies i s markedly affected by a l l components. Bedding i s 
excluded from the regulations which apply only to pillows, 
mattresses and bed bases. 

CIGARETTE RESISTANCE. Trims, rouchings, and pipings (which are 
frequently cellulosic) are s p e c i f i c a l l y excluded from the 
cigarette test regulations for upholstered furniture. Because of 
this, i t i s unlikely that the cigarette test requirement can ever 
result in upholstered furniture which i s completely cigarette 
resistant. 

The platform which can be of a completely different 
construction to the primary upholstery and may be tested under a 
proposed modification to the regulations which include testing 
" i n v i s i b l e " fabrics to Source No.l over a PU foam resisting 
Source 5 to the 1988 regulation. 

It has been demonstrated that a fabric/foam composite which 
passes the cigarette test of BS 5852 Part 1 can f a i l i f a s t r i p of 
viscose rouching i s placed along the junction of the v e r t i c a l and 
horizontal parts of the test r i g . 

The paper of McCormack, Damant and Williams (27), describes 
the results of a total of 5619 tests carried out on 9 test sites 
on 450 upholstered chairs. The overal number of ignitions was 
7.2% although ignition on individual sites varied from zero to 
14.4%. 
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It i s arguable that composites of the crevice, top of arm, 
top of back and smooth surface (34% of ignitions) are tested in 
the crevice of BS 5852. The important areas of the welt, tufts 
etc. which includes piping and rouchings which gave 14.2% of 
ignition are ignored. The platform (6.7% of ignition) i s tested 
separately. 

A similar situation exists for mattresses where BS 6807 
section 4 s p e c i f i c a l l y excludes the testing of edge piping, 
tufts, pleats etc. The cigarette i s used directly and also 
covered with a layer of non-combustible insulation 
representing non-smouldering bedding. 

The match test (No.l gas flame) i s currently only applied to 
upholstered furniture but w i l l be applied to mattress in the 
future by the same mechanism as the cigarette test. 

Defining the performance of fabrics using a standard PU foam 
may produce a different result (possibl  superior) tha  testin
over the actual i n f i l l
simplified system of testin
cigarette tests are carried out using the actual composite and 
match resistance tests at the same time as the cigarette test 
w i l l only add a few minutes to the test and w i l l produce a 
technically better result. Although not included as part of the 
UK regulations, the revised BS 5852 w i l l include ignition test 
procedures for tests on actual f u l l scale chairs. F u l l scale 
ignition tests are already included in BS 6807 for mattresses and 
bed assemblies. 

The use of match ignitable covers over FR interliners i s 
potentially hazardous as flames can spread over real furniture 
u n t i l a flammable item i s ignited and this secondary source may 
then cause ignition of the upholstery. Ignition resistant 
barrier fabric/HRPU foam composites have been widely used in UK 
public areas since the 1970's with fabrics comprising wool, FR 
cotton, FRPVC etc. to give composites which res i s t Source 5 of BS 
5852 part 2. FR barrier systems have hardly ever been applied to 
domestic furniture in the UK and i t i s ironic that i t i s now 
acceptable because i t i s the only means of using certain 
flammable fabrics for domestic furniture. 

RATE OF BURNING AND USE OF IGNITION TESTS TO DEFINE FLAMMABILITY 

In an ideal situation the parameters used to define furniture 
should be ignition resistance and the rate of generation of heat, 
smoke and toxic gases. Tests to do this with actual or mock-up 
f u l l sized furniture are not yet available as f i n a l 
specifications but the Nordtest (28) and NBS furniture 
calorimeters (29) represent s c i e n t i f i c methods while room/ 
corridor rigs, typically UK DOE PSA FR5 and 6 of 1976 (5)(6) were 
orig i n a l l y used but are less satisfactory from a s c i e n t i f i c point 
of view. The Californian (30) and Boston tests (31) for public 
area furniture are essentially simple room tests and are similar 
in principle to DOE, PSA, FR5 and 6 although the latter do not 
have pass/fail c r i t e r i a . Bench scale rate of heat release tests 
include the NBS cone (29) which, with a code of practice 
represent a possible alternative but the rate of burning of 
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upholstered furniture is markedly affected by design factors as 
well as by the fabrics and f i l l i n g s used. A recent paper 
characterises the rate of release of PU foams using the OSU 
calorimeter (32). 

In the absence of a readily available Standard rate of f i r e 
development test, the UK furniture regulations have used high 
ignition resistance as an alternative. Although s c i e n t i f i c a l l y 
different from rate of burning (33) , high ignition resistance may 
be a r e a l i s t i c alternative for the next few years. The use of a 
high ignition resistance f i l l i n g in conjunction with a flammable 
fabric in a composite implies that the ignition source replicates 
or simulates a burning fabric or other covering. If this 
philosophy were to be followed to i t s logical conclusion, then 
each and every i n f i l l should be tested in the same way and to the 
same source. Alternatively, quality assurance type tests may be 
used in which pass/fail c r i t e r i a and test conditions have been 
developed to distinguis
acceptable and unacceptabl
been used in the UK regulations and a considerable amount of f u l l 
scale test data i s available concerning PU foam f i l l e d furniture. 
Data for cotton wadding and cotton wadding/PU foam are also 
available especially from USA. Information concerning polyester 
fibre and polyester fibre/PU composites i s less readily available 
but limited data indicates that polyester fibres (probably resin 
bonded) burn in a similar manner to PU foams with a similar 
overall f i r e hazard. The use of simple, non-hazard related test 
data to distinguish between "good" and "bad" materials i s 
potentially hazardous because the test performance has been 
determined by current materials. Because the tests are simple, 
cheap and can be carried out in a small fume cupboard, there i s a 
strong p o s s i b i l i t y that future materials w i l l be developed to 
meet the small scale tests and w i l l not be evaluated in hazard 
based tests. This p o s s i b i l i t y could result in furniture of 
increased f i r e hazard. 

A further d i f f i c u l t y with small scale tests i s that the 
relative f i r e performance and even the rank order of materials 
can change with different f i r e environments. Small scale tests 
can rarely r e f l e c t real l i f e f i r e situations and examples already 
exist where reliance on small scale tests has l e t to hazardous 
f u l l scale situations. 

The pass/fail c r i t e r i a of BS 5852 Part 2 have been altered 
for certain materials to exclude clauses limiting the extent of 
penetration of flaming or smouldering combustion. A maximum mass 
loss c r i t e r i a i s introduced for PU foam and i s essentially a 
means of distinguishing between combustion modified and other 
types of PU foam. In practice, combustion modified PU foam i s 
l i k e l y to improve the burning behaviour of upholstered 
furniture. Although i t is arguable that the 
Consumer Safety Regulations are based on test procedures which 
are s c i e n t i f i c a l l y unsound and that they contradict the 
essentials of composites testing and hazard based f i r e tests, 
large scale hazard based tests involving the newer types of 
combustion modified PU foams with suitable fabrics have shown 
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significant improvements in f i r e behaviour. The time to rapid 
burning of a settee or chair may be increased from 3 - 4 minutes 
to up to 10-30 minutes by the careful combination of flame 
retarded fabrics or fabrics of inherently low flammability with 
combustion modified PU foams. The subsequent rates of heat 
release may be significantly reduced(21). Clearly this 
represents a major improvement although a f i r e problem can s t i l l 
exist. Complementary measures, e.g. the in s t a l l a t i o n of smoke 
alarms w i l l be advantageous because they w i l l detect the small 
i n i t i a l f i r e in i t s early stages. 

Although the ignition resistance of upholstered furniture, 
mattresses and bed assemblies are specified by tests on the f i n a l 
composite specimen, f i l l i n g materials and foams are additionally 
required to conform to the 1988 regulations (Table IX) . 

RATE OF BURNING TESTS 

Technically the recent
short term measure pending the development of proper hazard 
based rate of f i r e development tests. Considerable research 
has been published by Babrauskas (29) and others in USA and also 
by workers in Scandinavia (25) concerning the measurement of 
rates of f i r e development of f u l l scale furniture (furniture 
calorimeter and Nordtest hood/duct) while similar research i s 
being carried out in the UK by Fire Research Station. The 
Californian TB133(30) approach does not measure fundamental 
parameters such as rate of heat release but i s a relatively 
simple approach to limiting the rate of f i r e growth of 
upholstered furniture. The NBS cone calorimeter (29) and OSU 
calorimeter (32) are being developed as a means of measuring 
rates of heat and smoke generation, as bench scale tests. 
However, considerable evidence exists that the design of 
upholstered furniture has an important effect and that materials 
other than the primary upholster, e.g. viscose rouchings and 
trims, platform materials, etc. can not only alter the ignition 
resistance but also the mechanisms and rates of burning. At 
present the only really satisfactory method of determining the 
rates of heat and smoke release from upholstered furniture and 
bed assemblies i s to burn the actual items. The implications of 
specimen size, cost and complexity of test equipment has so far 
limited these to type approved tests for c r i t i c a l applications. 
A possible solution would be to use a bench scale test to 
eliminate the more hazardous composite but, depending on the 
outcome of current research, i t may s t i l l be necessary to use the 
f u l l scale hood test approach (Nordtest) to indicate safety. 

SUMMARY AND CONCLUSIONS 

1) The Consumer Protection, Furniture and Furnishings (Fire) 
(Safety) Regulations 1988 i s a complex application of a 
series of ignition tests based on BS 5852 Parts 1 and 2 and 
BS 6807. 
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Table IX. Ignition Test Requirements for upholstered 
Furniture and Mattresses for UK 

Upholstered Furniture 

BS 5852 Low Hazard Medium Hazard High Hazard Very High Hazard 
Ignition Cigarette • Cigarette • Cigarette • At discretion of 
Source No.l gas flame No.5 wood cribs No.7 wood cribs specifier 

Domestic Dwellings Hospitals Hospitals Prison Cells 
Colleges 
Schools 
Offices Theatres, Cinemas etc Accommodation Units 

Restaurants 
Public Buildings 
Offices 

Mattresses 

BS 6807 Section 4 Section 2 Section 2 DOE FTS 15 
Mattress Mattress Vandalised Mattress 
Section 3 Section 3 4 χ No. 7 Wood Cribs 
Bed Assembly Bed Assembly 

Cigarette Cigarette Cigarette 
Cigarette • NC cover No.l gas flame No.l gas flame 
No.l gas flame No.5 wood crib No.7 wood crib 
Domestic Dwellings Public Buildings 

Halls of 
Certain 

Hospitals 
Prison Cells 

Residence Psychiatric Locked psychiatric 
at colleges Accommodation Accommodation 

Hostels Hotels 
Hotels Hostels 

Dimensions of t e s t specimens 

Dimensions of 
Test Specimen 

BS 5852 
Pt. 1 (mm) 

BS 5852 
Pt. 2 (mm) 

BS 6807 
(mm) 

Width of back 450 450 -Height of back 300 450 -Width of base 150 300 450 square 
Depth of f i l l i n g 75 75 75 
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2) Actual upholstered composites are required to resist the 
cigarette source of BS 5852 Part 1 (furniture). Mattresses 
are also required to resi s t the cigarette test uncovered and 
covered with non- combustible insulation of BS 6807. 

3) The match (No.l gas flame) source of BS 5852 Part 1 i s 
only applied to upholstered furniture fabrics over a 
standard PU foam although exceptions are made for 
certain fabrics, when used with FR inte r l i n e r s . It 
may also be applied to mattresses to BS 6807. 

4) A l l f i l l i n g materials are specified by ignition tests to BS 
5852 Part 2 and composite non-PU foam mattress f i l l i n g s to 
BS 5852 Part 2 and BS 6807 for seating and mattress 
applications respectively with a flame retarded polyester 
fabric. Different ignitio  construction d 
pass/fail c r i t e r i
"acceptable" and "unacceptable

5) "Acceptable" combustion modified PU foams have been 
validated in f u l l scale hazard based f i r e tests. 

6) The 1988 UK Regulations w i l l probably be effective for 
upholstered furniture and mattresses comprising a high 
proportion of PU foam. 

7) Combining ignition resistant fabrics with combustion 
modified PU foam w i l l significantly improve the f i r e 
performance of upholstered furniture and mattresses. 

8) The actual composites used for upholstered furniture and 
mattresses in government and public buildings are required 
to meet cigarette and crib 5 (for general use) and crib 7 
for use in high r i s k areas to BS 5852 Part 2 and BS6807. 
Combustions modified PU foam meeting the 1988 regulations i s 
additionally l i k e l y to be required although these are 
outside the outside the 1988 regulations. 

8) Because of the lack of suitable standard rate of heat, smoke 
and toxic gas generation tests, the 1988 UK regulations are 
based on ignition resistance of individual materials. This 
contradicts the basic requirements for the f i r e testing of 
composites and of hazard related tests and as such i t may be 
possible to develop materials which meet the requirements 
but which produce hazardous products. 

9) The 1988 Regulations should ideally be replaced by 
performance requirements based on composite specimens tested 
by hazard related tests e.g. rate of heat and smoke release 
when they become available. 
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Chapter 31 

Heat Release Equipment To Measure Smoke 

Marcelo M. Hirschler 

BFGoodrich Technical Center, P.O. Box 122, Avon Lake, OH 44012 

Smoke has usuall  bee d i  th  NBS 
smoke chamber
correlated wit
do not predict f i re hazard. Rate of heat 
release (RHR) calorimeters (e.g. NBS Cone 
(Cone) and Ohio State University (OSU)) can 
be used to determine the best properties 
associated with f i re hazard, as well as 
smoke. Results from the Cone RHR correlate 
with fu l l - sca le f i re results . The best way 
to determine the fire hazard associated with 
smoke, for materials which do not burn up 
completely in a f i r e , i s by using RHR to 
measure combined smoke and heat release 
variables, such as smoke parameter or smoke 
factor. 

This work measured smoke and heat 
released from burning 17 materials, in the 
Cone and OSU and smoke in the NBS smoke 
chamber. Results from the RHR calorimeters 
correlate well with each other while those 
from the smoke chamber do not. This 
suggests that the smoke parameter and smoke 
factor, from either RHR calorimeter, are 
excellent measures of smoke hazard. 

F i r e hazard i s a s s o c i a t e d with a v a r i e t y o f p r o p e r t i e s of 
a product i n a p a r t i c u l a r s c e n a r i o [1]· I t i s determined 
by a combination of f a c t o r s , i n c l u d i n g : product 
i g n i t a b i l i t y , f l a m m a b i l i t y , amount of heat r e l e a s e on 
burning, r a t e a t which t h i s heat i s r e l e a s e d , flame 
spread, smoke p r o d u c t i o n and smoke t o x i c i t y . 
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The t r a d i t i o n a l way of measuring f i r e p r o p e r t i e s i s 
t o determine each p r o p e r t y i n d i v i d u a l l y by c a r r y i n g out 
s m a l l s c a l e t e s t s on m a t e r i a l s , i n i s o l a t i o n of the f i r e 
s c e n a r i o of i n t e r e s t . A crude means of f i r e hazard 
assessment would then be t o e s t a b l i s h minimal " p a s s i n g " 
standards f o r each t e s t and r e q u i r e a l l m a t e r i a l s t o meet 
them. 

However, the m a j o r i t y of s m a l l s c a l e t e s t s a c t u a l l y 
used t o measure f i r e p r o p e r t i e s are i n c a p a b l e of 
d e t e r m i n i n g e i t h e r more than a s i n g l e p r o p e r t y or combined 
p r o p e r t i e s . Furthermore, t h e r e i s , o f t e n , no attempt t o 
i n v e s t i g a t e whether the t e s t r e s u l t s are can be r e l a t e d t o 
r e s u l t s t o be expected i n f u l l s c a l e f i r e s . T h i s i s 
i n c o m p a t i b l e , thus, w i t h modern concepts of f i r e hazard. 

I t has now been e s t a b l i s h e d t h a t the s i n g l e p r o p e r t y 
which most c r i t i c a l l y d e f i n e s a f i r e i s the heat r e l e a s e , 
i n p a r t i c u l a r i t s pea
maximum i n t e n s i t y o
r e q u i r e d i n order t o understand one of the premises of the 
p r e s e n t work, v i z . the u s e f u l n e s s of measuring r a t e of 
heat r e l e a s e and of combining i t s measurement w i t h t h a t of 
smoke. 

In order f o r a f i r e t o propagate from the product 
f i r s t i g n i t e d t o another one, two c o n d i t i o n s are 
necessary. F i r s t l y , s u f f i c i e n t heat needs t o be r e l e a s e d 
t o cause secondary i g n i t i o n . Secondly, the heat r e l e a s e 
needs t o occur s u f f i c i e n t l y f a s t so t h a t the heat i s not 
quenched i n the c o o l e r a i r surrounding the l a t t e r product. 

Heat r e l e a s e equipment can be used t o measure v a r i o u s 
parameters on the same instrument, i n a manner g e n e r a l l y 
r e l e v a n t t o r e a l f i r e s . The two most f r e q u e n t l y r a t e of 
heat r e l e a s e (RHR) c a l o r i m e t e r s used are the Ohio S t a t e 
U n i v e r s i t y (OSU c a l o r i m e t e r ) [ 4 ] and the NBS cone (Cone 
c a l o r i m e t e r ) [ 5 ] . 

The OSU c a l o r i m e t e r [ 4 ] has long been used f o r 
s i m u l t a n e o u s l y measuring heat and smoke r e l e a s e . I t can 
a l s o be used t o measure r e l e a s e of combustion p r o d u c t s . 
I t i s the b a s i s of standard t e s t s a t both ASTM, the 
American S o c i e t y f o r T e s t i n g and M a t e r i a l s (ASTM 
E906-1983), and FAA, the F e d e r a l A v i a t i o n A d m i n i s t r a t i o n 
[6,7]. 

The Cone RHR c a l o r i m e t e r [5] i s a more modern 
instrument, designed t o meet the same o b j e c t i v e s as the 
OSU c a l o r i m e t e r . I t i s now being c o n s i d e r e d f o r 
s t a n d a r d i z a t i o n by ASTM [8] and by the I n t e r n a t i o n a l 
O r g a n i z a t i o n f o r S t a n d a r d i z a t i o n (ISO). I t i s a very 
v e r s a t i l e instrument, which a l l o w s simultaneous 
d e t e r m i n a t i o n s t o be made of r e l e a s e of heat, smoke and 
o t h e r combustion products, and of sample mass l o s s and 
soot mass formation. The Cone RHR c a l o r i m e t e r can, thus, 
measure the same p r o p e r t i e s as the OSU RHR c a l o r i m e t e r , 
p l u s a number of other ones based on sample and soot mass. 
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There are a number of d i f f e r e n c e s between both 
instruments, both i n terms of t h e i r b a s i c e n g i n e e r i n g 
d e s i g n and i n terms of the concepts used f o r measuring 
p r o p e r t i e s . T h i s paper w i l l h i g h l i g h t some of those 
d i f f e r e n c e s . The paper w i l l focus on smoke measurement by 
means of RHR c a l o r i m e t e r s and other instruments. 

T h i s paper has the f o l l o w i n g o b j e c t i v e s : 

(a) D e s c r i b e reasonable s m a l l s c a l e smoke measurement 
methods, based on heat r e l e a s e (RHR) equipment 

(b) D e f i n e smoke/fire hazard parameters: smoke 
parameter and smoke f a c t o r 

(c) Show the good c o r r e l a t i o n s between t h r e e 
smoke/fire hazard parameters, measured i n two 
d i f f e r e n t RHR instruments 

(d) Show the l a c k of c o r r e l a t i o n between these 
r e s u l t s an
chamber. 

Measurement of Smoke 

Smoke o b s c u r a t i o n i s an e s s e n t i a l parameter r e l a t e d t o 
f i r e hazard, because i t may cause v i s u a l impairment both 
of the occupants of a f i r e s c e n a r i o and of the rescue 
team, c r e a t i n g a p o t e n t i a l danger. 
NBS Smoke Chamber - S t a t i c Measurements 

The t r a d i t i o n a l way i n which smoke o b s c u r a t i o n has 
been measured i s by determining the maximum smoke d e n s i t y 
(or the s p e c i f i c maximum smoke d e n s i t y ) by means of a 
smoke d e n s i t y chamber developed by the N a t i o n a l Bureau o f 
Standards (NBS smoke chamber, ASTM E662). T h i s instrument 
measures the o b s c u r a t i o n i n s i d e a s t a t i c 500 L chamber, 
a f t e r a sample has been exposed, v e r t i c a l l y , t o a 2.5 W/cm 
r a d i a n t source. 

There are many inadequacies i n t h i s procedure, both 
t h e o r e t i c a l and experimental, Table I [9-13]. The most 
important d e f i c i e n c y i s the l a c k of c o r r e l a t i o n of the 
r e s u l t s w i t h those from f u l l s c a l e f i r e s . T h i s i s 
e x e m p l i f i e d i n Table I I , f o r both o b s c u r a t i o n and soot 
[14]. 

Other d e f i c i e n c i e s of the NBS smoke chamber w i l l a l s o 
be d i s c u s s e d . 

When samples are exposed v e r t i c a l l y t o a flame or 
another heat source, some m a t e r i a l s melt and d r i p , and do 
not burn up completely. T h i s w i l l cause t h e i r smoke 
r e s u l t s t o be a r t i f i c i a l l y low [ 9 ] . Burning samples 
h o r i z o n t a l l y makes m a t e r i a l performance comparisons i n a 
sm a l l s c a l e t e s t more l o g i c a l because the e n t i r e sample 
w i l l be burnt i n every case. T h i s i s very r e l e v a n t when 
d e a l i n g w i t h f i r e r e t a r d e d m a t e r i a l s which do not melt or 
d r i p , and w i l l thus, y i e l d s i m i l a r smoke p r o d u c t i o n 
r e s u l t s i n the v e r t i c a l and h o r i z o n t a l modes. 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



31. HIRSCHLER Heat Release Equipment To Measure Smoke 523 

Table I. D e f i c i e n c i e s i n the NBS smoke chamber 

• R e s u l t s do not c o r r e l a t e w i t h f u l l - s c a l e f i r e s . 
• V e r t i c a l o r i e n t a t i o n leads t o melt and d r i p . 
• Time dependency of r e s u l t s cannot be e s t a b l i s h e d . 
• No means of weighing sample d u r i n g t e s t . 
• Maximum i n c i d e n t r a d i a n t f l u x i s 25 kW/m2. 
• F i r e s e l f - e x t i n g u i s h e s i f oxygen l e v e l becomes <14 %. 
• T h e r e f o r e , composites o f t e n g i v e m i s l e a d i n g r e s u l t s . 
• Wall l o s s e s are s i g n i f i c a n t . 
• Soot g e t s d e p o s i t e d on o p t i c s . 
• L i g h t source i s p o l y c h r o m a t i c . 
• R a t i o n a l u n i t s of m /kg are not a v a i l a b l e . 

The next most importan
oxygen d e p l e t i o n i
the c l o s e d compartment o f t e n becomes o x y g e n - d e f i c i e n t 
b e f o r e the t e s t ends. Thus, a f t e r the oxygen l e v e l g ets 
below 14% burning o f t e n ceases. T h i s means t h a t , when 
t e s t i n g t h i c k samples ( t y p i c a l l y m u l t i - l a y e r e d m a t e r i a l s 
or composites) one of the components may not get t o burn 
at a l l . 

Table I I . Smoke Generation i n a Room Corner Burn Test 
and i n the NBS Smoke Chamber 

Thick Max Smoke Soot Smoke Haz. 

NBS Smoke 
M a t e r i a l cm OD/m g MJ/m3(F) 

No sample - 1.6 106 7.9 -
Polycarbonate 0.24 >15.1 >2900 >305.9 247 
FR ABS 0.23 >15.1 >1460 M60.6 900 
Wood panel 0.58 9.6 750 130.6 106 
FR a c r y l i c 1.24 7.7 398 > 83.7 435 
Generic PVC 0.23 8.3 384 39.9 780 
Low smoke PVC 0.12 1.5 93 17.8 94 
CPVC 0.12 1.5 75 6.9 53 

A 6.3 kg wood c r i b was used i n a l l room corner 
burn experiments; t o t a l panel area: 6.6 m2. 
The PVC mate r i a l s used i n these experiments were 
r i g i d . 

The f a c t t h a t i t i s not p o s s i b l e t o weigh the sample 
d u r i n g the t e s t means t h a t t h e r e i s no continuous output 
of weight l o s s (and, i n f a c t , normally none of smoke 
o b s c u r a t i o n e i t h e r , s i n c e the output tends t o be a s i n g l e 
f i n a l number). Thus, i t i s , g e n e r a l l y , not p o s s i b l e t o 
r e l a t e the sequence of events t o the burning 
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c h a r a c t e r i s t i c s of the sample. The measurements, even i f 
m o d i f i c a t i o n s were made t o make them c o n t i n u o u s l y , would 
s t i l l r e f l e c t a s t a t i c chamber, where smoke i s be i n g 
accumulated. Thus, the o b s c u r a t i o n v a l u e s o b t a i n e d are a 
r e s u l t of the f o r c e d combustion of those m a t e r i a l s which 
are most l i k e l y t o s t a y i n p l a c e , near the heat source, 
d u r i n g the e n t i r e burning p r o c e s s . 

The i n c i d e n t f l u x used i n the NBS smoke chamber i s 
o n l y a s i n g l e v a l u e , a t 2.5 W/cm2, which i s a r e l a t i v e l y 
m i l d f l u x f o r a f i r e , and cannot, thus r e p r e s e n t a l l the 
f a c e t s of a f i r e . The l i g h t source i s p o l y c h r o m a t i c , which 
causes problems of soot d e p o s i t s and o p t i c s c l e a n i n g , as 
compared t o measurements done u s i n g a monochromatic ( l a s e r ) 
beam. F i n a l l y , the u n i t s of the normal output of t h i s 
smoke chamber are f a i r l y a r b i t r a r y and the data i s of 
l i t t l e use i n f i r e hazard assessment. 

Dynamic Measurement

There i s an i n t e r e s t i n g phenomenon t h a t can be gleaned from 
the s e r i e s of f u l l s c a l e experiments i n T a b l e I I . The 
amount of smoke produced by a m a t e r i a l l i k e PVC, which i s 
g e n e r a l l y regarded as having a h i g h smoke p r o d u c t i o n 
tendency ( i . e . l a r g e amount of smoke produced per u n i t mass 
burnt) i s much lower, i n the f u l l s c a l e f i r e , than t h a t 
produced by wood, with a lower smoke p r o d u c t i o n tendency. 
T h i s apparent c o n t r a d i c t i o n i s r e a l l y a consequence of the 
i n c o r r e c t i n t e r p r e t a t i o n of t e s t procedure r e s u l t s . In the 
f u l l s c a l e f i r e , o n l y a s m a l l area of the PVC p a n e l used 
was consumed, v i z . the area immediately a d j a c e n t t o the 
i g n i t i o n source. T h i s o c c u r r e d because the panel i t s e l f 
r e l e a s e d heat too s l o w l y t o cause f u r t h e r flame spread. 
T h i s suggests a concept g e n e r a l l y a p p l i c a b l e t o f i r e hazard 
assessment: i f a m a t e r i a l has a lower r a t e of heat r e l e a s e , 
i t w i l l , a l l e l s e being equal, be a s s o c i a t e d w i t h lower 
f i r e hazard. T h i s concept i s e s s e n t i a l i n order t o cope 
w i t h the r e s u l t s from s m a l l s c a l e t e s t s , where the sample 
i s f o r c e d t o burn up completely, even f o r those m a t e r i a l s 
which would normally s e l f - e x t i n g u i s h . 

The Cone c a l o r i m e t e r y i e l d s smoke r e s u l t s which have 
been shown t o c o r r e l a t e with those from f u l l s c a l e f i r e s 
[10, 15-18]. The concept of a combined heat and smoke 
r e l e a s e measurement v a r i a b l e f o r s m a l l s c a l e t e s t s has been 
put i n t o mathematical terms f o r the cone c a l o r i m e t e r : smoke 
parameter (SmkPar) [10]. I t i s the product of the maximum 
r a t e of heat r e l e a s e and the average s p e c i f i c e x t i n c t i o n 
area (a measure of smoke o b s c u r a t i o n ) . The c o r r e l a t i o n 
between t h i s smoke parameter and the smoke o b s c u r a t i o n i n 
f u l l s c a l e t e s t s has been found t o be e x c e l l e n t [10]. The 
c o r r e s p o n d i n g equation i s : 

l o g (SmkPar) = 2.24 * l o g ( f u l l - s c a l e ext c o e f f ) - 1.31, 
(Equation 1), 

which has a c o r r e l a t i o n c o e f f i c i e n t of 85%. 
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I t i s noteworthy t o r e s t a t e t h a t t h e r e was no c o r r e l a t i o n 
i n the s e r i e s of experiments shown i n Tab l e I I between the 
maximum smoke d e n s i t y i n the NBS smoke chamber, f l a m i n g 
mode, and the o b s c u r a t i o n i n the f u l l s c a l e t e s t s . 

T h i s parameter, the smoke parameter, i s based on 
continuous mass l o s s measurements, s i n c e the s p e c i f i c 
e x t i n c t i o n area i s a f u n c t i o n of the mass l o s s r a t e . A 
normal OSU c a l o r i m e t e r cannot, thus, be used t o measure 
smoke parameter. An a l t e r n a t i v e approach i s t o determine 
s i m i l a r p r o p e r t i e s , based on the same concept, but u s i n g 
v a r i a b l e s which can be measured i n i s o l a t i o n from the 
sample mass. The product of the s p e c i f i c e x t i n c t i o n area 
by the mass l o s s r a t e per u n i t area i s the r a t e of smoke 
r e l e a s e . A smoke f a c t o r (SmkFct) can thus be d e f i n e d as 
the product of the t o t a l smoke r e l e a s e d (time i n t e g r a l of 
the r a t e of smoke r e l e a s e ) by the maximum r a t e o f heat 
r e l e a s e [19]. In
magnitude, i t i s importan
the smoke parameter measured i n the Cone c a l o r i m e t e r . 

The same hazard concept c o u l d , p o t e n t i a l l y , be used 
f o r f u l l s c a l e t e s t s , m u l t i p l y i n g the t o t a l heat r e l e a s e d , 
per u n i t s u r f a c e exposed, by the maximum smoke o b s c u r a t i o n . 
T h i s i s the b a s i s f o r the magnitude smoke hazard (Smoke 
Haz.), shown i n Table I I . I t i s of i n t e r e s t t h a t smoke 
hazard r e s u l t s y i e l d the same r a n k i n g as mass of soot 
formed. Cone c a l o r i m e t e r t e s t s are being planned w i t h the 
same m a t e r i a l s used i n the f u l l s c a l e t e s t s t o i n v e s t i g a t e 
the u s e f u l n e s s of t h i s concept. 

Experimental 

M a t e r i a l s . The m a t e r i a l s used i n t h i s s e r i e s of e x p e r i 
ments were a v a r i e t y of p l a s t i c s , d e s c r i b e d i n Table I I I i n 
the order i n which they appear i n a l l subsequent T a b l e s . 

Ohio S t a t e U n i v e r s i t y C a l o r i m e t e r . The OSU c a l o r i m e t e r 
apparatus measures the heat r e l e a s e d from burni n g samples 
a d i a b a t i c a l l y by means of a thermopile, based on e i t h e r 3 
or 5 thermocouples. Glow bars generate r a d i a n t i n p u t 
energy and a s m a l l methane flame serv e s as the i g n i t e r . 
Smoke o b s c u r a t i o n i s measured v i a the f r a c t i o n of white 
(polychromatic) l i g h t t r a n s m i t t e d h o r i z o n t a l l y . No l o a d 
c e l l i s normally a v a i l a b l e f o r c o n t i n u o u s l y measuring 
weight l o s s of sample. 

One of the d i f f i c u l t i e s i n h e r e n t i n a d i a b a t i c 
c a l o r i m e t r y i s t h a t i t w i l l , almost i n e v i t a b l y , r e s u l t i n 
low r e s u l t s , because of heat l o s s e s . T h i s i s not an 
i n t r i n s i c d e f i c i e n c y of the OSU c a l o r i m e t e r u n i t , s i n c e i t 
can e a s i l y be m o d i f i e d t o i n c o r p o r a t e other methods of heat 
measurement. However, the t r a d i t i o n a l d e t e c t i o n d e v i c e 
used (and recommended i n the standards) i s the use of a 
th e r m o p i l e . 
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Tabl e I I I . M a t e r i a l s Used i n These I n v e s t i g a t i o n s 

Γ7 Experimental v i n y l wire and c a b l e compound 
2. Low smoke PVC sheet e x t r u s i o n compound 
3. Weatherable PVC e x t r u s i o n compound 
4. General purpose PVC custom i n j e c t i o n moulding 

compound 
5. N o r y l GFN-3-70 polyphenylene o x i d e / p o l y s t y r e n e 

wit h f i b e r g l a s 
6. FR t h e r m o p l a s t i c polyurethane 
7. Lexan 141-111 polycarbonate 
8. Marlex HXM 50100 p o l y e t h y l e n e 
9. C y c o l a c KJT FR a c r y l o n i t r i l e - b u t a d i e n e - s t y r e n e 

(ABS) 
10. Dypro 8938 p o l y p r o p y l e n e 
11. Celanex 2000-2 p o l y e s t e r 
12. ABS f i r e r e t a r d e
13. N o r y l N-19
14. Huntsman 351 FR p o l y s t y r e n e 
15. C y c o l a c CTB ABS 
16. Rovel 701 EPDM/SAN copolymer 
17. Huntsman 3 33 p o l y s t y r e n e . 

Some of these m a t e r i a l s are not commercially 
a v a i l a b l e . 

Samples are normally exposed i n a v e r t i c a l 
o r i e n t a t i o n . I f samples melt and d r i p , the heat can be 
r e d i r e c t e d , by means of a system of aluminum f o i l m i r r o r s , 
towards a h o r i z o n t a l sample. Many of the m a t e r i a l s used 
f o r the s e r i e s of experiments r e p o r t e d here melted 
e x c e s s i v e l y , away from the flame. T h e r e f o r e , v e r t i c a l 
burns were i m p o s s i b l e f o r them, without d i s t o r t i n g the 
data. A l l the m a t e r i a l s i n v e s t i g a t e d i n the OSU RHR 
c a l o r i m e t e r , w i t h the e x c e p t i o n of the experimental 
f l e x i b l e v i n y l wire and c a b l e compound, were, thus, exposed 
h o r i z o n t a l l y . 

The h o r i z o n t a l exposure method i s not very adequate 
f o r the OSU RHR c a l o r i m e t e r , because the heat r e f l e c t e d 
from the aluminum f o i l onto the sample i s much lower than 
the heat generated by the glow bars. S i n c e the OSU 
c a l o r i m e t e r i s based on the a d i a b a t i c i t y of the 
measurements, any heat l o s s e s w i l l r e p r e s e n t i n a c c u r a t e 
r e s u l t s . The r e f l e c t i o n on the aluminum f o i l i s a l s o 
uneven. Moreover, the use of h i g h e r r a d i a n t energy causes 
problems with the mechanical f u n c t i o n i n g of the instrument 
(bending and b u c k l i n g of the back p l a t e ) . 

Data measured, a t each of t h r e e i n c i d e n t f l u x e s , 
i n c l u d e the maximum r a t e of heat r e l e a s e (Max RHR, i n 
kW/m2) , the t o t a l heat r e l e a s e d a f t e r 15 min (THR@15, i n 
MJ/m ) , the maximum r a t e of smoke r e l e a s e (Max RSR, i n 1/s) 
and the t o t a l amount of smoke r e l e a s e d a f t e r 15 min 
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(TSRG15). The data (Tables IV-VI) suggest t h a t t h i s 
instrument p r o v i d e s a s a t i s f a c t o r y method f o r measuring 
heat r e l e a s e , even i n the h o r i z o n t a l mode. Furthermore, 
i t can d i f f e r e n t i a t e between those m a t e r i a l s which are 
prone t o r e l e a s e much heat r a p i d l y and those which perform 
much b e t t e r i n terms of heat r e l e a s e . The r e l i a b i l i t y of 
smoke data i s , i n p r i n c i p l e , lower than t h a t of heat data. 
In order t o e s t a b l i s h some c r i t e r i a , the T a b l e s i n c l u d e 
SmkFct v a l u e s a t 5 min ( i n MW/m2) , which w i l l be compared 
wi t h SmkFct and SmkPar va l u e s f o r the same m a t e r i a l s t e s t e d 
i n the Cone and wi t h v a l u e s of s p e c i f i c maximum smoke 
d e n s i t y measured i n the NBS smoke chamber. 

N a t i o n a l Bureau of Standards Cone C a l o r i m e t e r . There are 
t h r e e main d i f f e r e n c e s between the Cone and the OSU 
c a l o r i m e t e r s . The Cone c a l o r i m e t e r has: 

(a) Heat r e l e a s
(b) Continuous mass measurements 
(c) Improved e n g i n e e r i n g d e s i g n 

The p r i n c i p l e of oxygen consumption i s an e m p i r i c a l f i n d i n g 
t h a t the r a t e of heat r e l e a s e i s p r o p o r t i o n a l t o the 
decrease i n oxygen c o n c e n t r a t i o n i n the combustion 
atmosphere [20, 21]. Thus, cone c a l o r i m e t e r heat r e l e a s e 
measurements do not r e q u i r e a d i a b a t i c i t y of r e a c t i o n s . 
T h e r e f o r e , the combustion process can be c a r r i e d out more 
openly, and r e a c t i o n s seen with the naked eye. The Cone 
c a l o r i m e t e r c o n t a i n s a l o a d c e l l and can, thus, measure any 
p r o p e r t y on a per mass l o s t b a s i s . T h i s permits 
d e t e r m i n a t i o n s of s p e c i f i c v a r i a b l e s (e.g. e x t i n c t i o n area, 
gas y i e l d s , smoke parameter). The improved e n g i n e e r i n g 
d e s i g n of the Cone c a l o r i m e t e r , with r e s p e c t t o the OSU 
c a l o r i m e t e r , i s a consequence of having been designed more 
r e c e n t l y w i t h the experience of the advantages and 
disadvantages of the OSU c a l o r i m e t e r and of o t h e r f i r e 
t e s t s . Among i t s f e a t u r e s are: the use of an e x c e l l e n t 
combustion module (a c o n i c a l heater, f o r uniform heat 
d i s t r i b u t i o n on the sample s u r f a c e ) , the use of a 
monochromatic ( l a s e r ) l i g h t f o r smoke o b s c u r a t i o n and the 
p r o v i s i o n of a h o r i z o n t a l burning o r i e n t a t i o n without 
compromising heat d i s t r i b u t i o n . 

Furthermore, i t has been shown t h a t the time p e r i o d 
u n t i l i g n i t i o n o ccurs, i n the Cone c a l o r i m e t e r , i s 
p r o p o r t i o n a l t o the i n v e r s e of the flame spread r a t e [16]. 
The Cone c a l o r i m e t e r can a l s o be used t o p r o v i d e the mass 
l o s s r a t e i n f o r m a t i o n r e q u i r e d f o r the s i m p l i f i e d 
c l a s s i f i c a t i o n i n t o c a t e g o r i e s of t o x i c hazard [ 1 ] : q u i c k 
t o x i c hazard assessment. Thus, the NBS Cone c a l o r i m e t e r 
i s a very u s e f u l t o o l t o overcome some of the disadvantages 
a s s o c i a t e d w i t h measuring a s i n g l e p r o p e r t y a t a time. 

I t i s of g r e a t e r i n t e r e s t t o t h i s work, however, t h a t 
the Cone c a l o r i m e t e r can a l s o be used t o measure combined 
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Tabl e IV. OSU RHR R e s u l t s a t 20 kW/m2 F l u x 

Max RHR THRG15 Max RSR TSR§15 SmkFct 

V i n y l w ire cpd 17.5 0. 7 11.8 46.0 0. 2 
Low smoke PVC 39.3 19. 8 57.9 271.9 6. 4 
PVC E x t r u s i o n 40.0 20. 9 127.2 652.9 17. 3 
R i g i d PVC 43.0 16. 7 162.2 707.5 25. 3 
PPO/PS + FGlas 170.4 55. 1 101.9 324.4 42. 8 
Thermoplas. PU 158.1 52. 8 80.6 292.2 38. 6 
Polycarbonate 192.5 51. 0 121.7 287.2 36. 1 
PE 476.9 80. 4 66.8 114.6 49. 4 
ABS (FR) 70.
PP 451.
P o l y e s t e r 316.0 71. 1 132.6 246.0 64. 6 
ABS (FR with PVC) 152.4 55. 1 165.4 538.6 79. 1 
PPO/PS 136.4 50. 6 308.6 662.3 88. 8 
PS (FR) 103.8 16. 2 408.4 875.2 90. 6 
ABS (non FR) 391.1 77. 6 163.3 311.2121. 6 
EPDM/SAN 402.8 80. 6 170.1 353.1141. 6 
PS (non FR) 398.9 75. 5 252.3 403.5159. 5 

Table V. OSU RHR R e s u l t s a t 40 kW/m2Flux 

Max RHR THR@15 Max RSR TSR@15 SmkFct 

V i n y l w ire cpd 42.3 18. 2 70.6 588.0 6. 5 
Low smoke PVC 37.3 15. 0 97.8 325.2 11. 9 
PVC e x t r u s i o n 48.7 15. 7 289.4 703.6 33. 5 
R i g i d PVC 45.6 9. 6 245.8 617.5 28. 9 
PPO/PS +FGlas 162.3 47. 7 145.5 290.3 46. 0 
Thermoplas. PU 216.7 57. 2 93.8 244.8 49. 8 
Polycarbonate 5.0 49. 1 139.6 290.2 47. 9 
PE 430.2 73. 3 131.9 166.2 67. 9 
ABS (FR) 140.0 23. 5 403.9 569.9 79. 7 
PP 400.4 60. 8 175.0 177.7 69. 2 
P o l y e s t e r 314.2 60. 3 166.4 203.7 63. 1 
ABS (FR with PVC) 143.4 47. 8 210.0 481.3 69. 1 
PPO/PS 104.4 26. 2 324.7 574.3 57. 8 
PS (FR) 162.7 28. 2 453.2 638.8102. 6 
ABS (non FR) 269.0 50. 3 186.7 276.2 71. 5 
EPDM/SAN 319.7 59. 5 232.9 310.1 98. 8 
PS (non FR) 320.0 51. 7 281.8 371.8108. 3 
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T a b l e VI. OS

Max RHR THR§15 Max RSR TSR@ 15 SmkFct 

V i n y l wire cpd 63. 5 44. ,1 187 .3 1066. 0 19. 8 
Low smoke PVC 36. 0 11. ,0 143 .9 257. 8 9. 0 
PVC e x t r u s i o n 84. 7 17. ,0 192 .7 321. 8 26. 0 
R i g i d PVC 86. 5 21. ,8 234 .0 320. 9 26. 4 
PPO/PS + FGlas 132. 4 45. ,2 176 .8 277. 0 35. 0 
Thermoplas. PU 213. 5 59. ,1 69 .7 130. 5 24. 9 
Polycarbonate 116. 2 46. ,7 146 .1 234. 5 26. 6 
PE 305. 8 53 .5 257 .7 196. 2 55. 9 
ABS (FR) 118. 5 18. ,7 495 .7 375. 6 43. 8 
PP 275. 6 48. .1 262 .6 188. 5 50. 8 
P o l y e s t e r 225. 2 57. ,1 264 .3 155. 0 34. 2 
ABS (FR wi t h PVC) 135 .9 47. ,8 169 .7 259. 0 35. 2 
PPO/PS 98. 9 18. ,6 298 .2 341. 8 33. 7 
PS (FR) 132. 3 30. ,2 553 .1 430. 0 56. 9 
ABS (non FR) 262. 5 50. ,2 249 .3 237. 9 62. 3 
EPDM/SAN 257. 8 60. ,8 240 .4 282. 4 72. 4 
PS (non FR) 283. 4 61. ,3 283 .0 307. 1 84. 4 
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p r o p e r t i e s which can be a s s o c i a t e d w i t h f i r e hazard, i n 
p a r t i c u l a r smoke parameter and smoke f a c t o r . 

I t has a l r e a d y been shown t h a t the Cone c a l o r i m e t e r 
smoke parameter c o r r e l a t e s w e l l w i t h the o b s c u r a t i o n i n 
f u l l - s c a l e f i r e s (Equation 1) . At l e a s t f o u r o t h e r 
c o r r e l a t i o n s have a l s o been found f o r Cone da t a : (a) peak 
s p e c i f i c e x t i n c t i o n area r e s u l t s p a r a l l e l those of 
f u r n i t u r e c a l o r i m e t e r work [12]; (b) s p e c i f i c e x t i n c t i o n 
area of simple f u e l s burnt i n the cone c a l o r i m e t e r 
c o r r e l a t e s w e l l with the va l u e a t a much l a r g e r s c a l e , a t 
s i m i l a r f u e l burning r a t e s [15]; (c)maximum r a t e of heat 
r e l e a s e v a l u e s p r e d i c t e d from Cone data t i e i n w e l l w i t h 
c o r r e s p o n d i n g f u l l s c a l e room f u r n i t u r e f i r e r e s u l t s [16] 
and (d) a f u n c t i o n based on t o t a l heat r e l e a s e and time t o 
i g n i t i o n a c c u r a t e l y p r e d i c t s the r e l a t i v e r a n k i n g s of w a l l 
l i n i n g m a t e r i a l s i n terms of times t o f l a s h o v e r i n a f u l l 
room [22]. 

For the s p e c i f i
i n (a) those m a t e r i a l s which d i d not burn completely i n the 
f u l l - s c a l e were s p e c i f i c a l l y excluded [12]. The s m a l l 
s c a l e t e s t always leads t o complete consumption of the 
sample. T h e r e f o r e , more smoke i s being produced i n the 
s m a l l s c a l e t e s t than i n r e a l f i r e s f o r those m a t e r i a l s 
u s u a l l y a s s o c i a t e d with lower f i r e hazards. T h i s i s 
e x a c t l y the k i n d of i s s u e t h a t i s being remedied by 
measurements of smoke parameter or smoke f a c t o r . 

R e s u l t s and D i s c u s s i o n 

T a b l e s VII-IX present heat r e l e a s e data f o r the same 
m a t e r i a l s as i n Tables IV-VI. The Ta b l e s a l s o p r e s e n t the 
same smoke data as measured with the OSU c a l o r i m e t e r , p l u s 
smoke parameter i n f o r m a t i o n (SmkPar i n MW/kg). 

The p r i n c i p a l i n t e r e s t are, of course, r e a l f i r e s . 
S i n c e Cone c a l o r i m e t e r r e s u l t s c o r r e l a t e w e l l w i t h those 
from f u l l s c a l e f i r e s , i t i s e s s e n t i a l , thus, t o check 
whether OSU c a l o r i m e t e r r e s u l t s c o r r e l a t e w e l l w i t h Cone 
c a l o r i m e t e r r e s u l t s . There are s e v e r a l a s p e c t s of t h i s , 
but the p r e s e n t paper w i l l focus mainly on measurement of 
smoke. 

L i n e a r c o r r e l a t i o n s were thus attempted f o r peak r a t e 
of heat r e l e a s e , t o t a l heat r e l e a s e d a f t e r 15 min. and 
smoke f a c t o r between both c a l o r i m e t e r s . Furthermore, 
l i n e a r c o r r e l a t i o n s were a l s o attempted between OSU 
c a l o r i m e t e r smoke f a c t o r s and Cone c a l o r i m e t e r smoke 
parameters and between Cone c a l o r i m e t e r smoke f a c t o r s and 
Cone c a l o r i m e t e r smoke parameters. F i g u r e s 1-3 show some 
of the r e s u l t s . 

In every case t h e r e was a very h i g h degree of 
c o r r e l a t i o n , w i t h a s t a t i s t i c a l s i g n i f i c a n c e of over 95%. 
S t a t i s t i c a l " r u l e s of thumb" s t a t e t h a t whenever a 
c o r r e l a t i o n shows a s i g n i f i c a n c e of over 90%, such a 
c o r r e l a t i o n i s s t a t i s t i c a l l y s i g n i f i c a n t . The c o r r e l a t i o n 
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Figure 1. Correlation between the OSU smoke factor and the cone factor at an 
incident heat flux of 20 kW/m2. 
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Figure 2. Correlation between the OSU smoke factor and the cone smoke 
parameter at an incident heat flux of 40 kW/m2. 
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Figure 3. Correlation between the cone smoke factor and the cone smoke 
parameter at an incident heat flux of 70 kW/m2. 
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c o e f f i c i e n t and the c o e f f i c i e n t of v a r i a t i o n (100 times the 
r a t i o of the standard e r r o r of the y v a l u e s and the mean 
y values) w i l l , then, r e f l e c t the magnitudes of the 
d i f f e r e n c e s between the p a r t i c u l a r l i n e a r model chosen and 
the e x perimental r e s u l t s and of the e xperimental s c a t t e r . 
In t h i s s e r i e s of experiments q u a n t i t i e s chosen v a r i e d over 
more than one order of magnitude, i n d i c a t i n g t h a t the 
c o r r e l a t i o n s are v a l i d over very wide ranges. 

A summary of the r e s u l t s of c o r r e l a t i o n models f o r 
smoke f a c t o r and smoke parameter i s shown i n T a b l e X. For 
comparison purposes, c o r r e l a t i o n models f o r OSU and Cone 
c a l o r i m e t e r peak r a t e s of heat r e l e a s e are a l s o shown i n 
T a b l e X, t o g e t h e r w i t h one of the t o t a l heat r e l e a s e 
models. 

P r e v i o u s work had shown t h a t the Cone and OSU 
c a l o r i m e t e r r e s u l t s were not i d e n t i c a l , but was u n c l e a r as 
t o whether the r e s u l t
g i v e s d e f i n i t i v e proo
c a l o r i m e t e r and the Cone c a l o r i m e t e r RHR t e s t s . 

T h i s work does not g i v e d e f i n i t i v e p r o o f , however, t h a t 
the r e s u l t s from the OSU c a l o r i m e t e r c o r r e l a t e w e l l w i t h 
those from f u l l s c a l e f i r e t e s t s . I t i s l i k e l y t h a t t h i s 
w i l l happen, but the product of two good c o r r e l a t i o n s 
cannot be guaranteed t o g i v e another good c o r r e l a t i o n . 
Thus, c o r r e l a t i o n between OSU c a l o r i m e t e r and f u l l s c a l e 
f i r e s s t i l l remains t o be f i r m l y e s t a b l i s h e d . 

T a b l e XI p r e s e n t s the r e s u l t s of t e s t s on the same 
m a t e r i a l s i n the NBS smoke chamber. I t i s immediately 
c l e a r t h a t these r e s u l t s do not c o r r e l a t e w e l l w i t h those 
measured on the RHR apparatuses. Furthermore, an attempt 
a t a l i n e a r c o r r e l a t i o n between the f l a m i n g mode s p e c i f i c 
maximum o p t i c a l d e n s i t y and the Cone c a l o r i m e t e r SmkPar a t 
20 kW/m2 y i e l d e d a c o r r e l a t i o n c o e f f i c i e n t of ca. 1%, a 
c o e f f i c i e n t of v a r i a t i o n of 217% and s t a t i s t i c a l l y i n v a l i d 
c o r r e l a t i o n s . A comparison between a Cone and OSU 
c a l o r i m e t e r c o r r e l a t i o n and one w i t h the NBS smoke chamber 
i s shown i n F i g u r e 4. T h i s suggests t h a t u n r e l a t e d 
p r o p e r t i e s are being measured. 

The expected d i s c r e p a n c y between NBS smoke chamber 
r e s u l t s and those from a good smoke p r o d u c t i o n t e s t were 
compounded i n t h i s work by the f a c t t h a t many of the 
m a t e r i a l s used melt and d r i p . 

C o n c l u s i o n s 

R e s u l t s from the NBS Cone C a l o r i m e t e r have been shown t o 
c o r r e l a t e w i t h those from r e a l f i r e s . Moreover, i t 
measures p r o p e r t i e s very r e l e v a n t t o f i r e hazard, i n 
p a r t i c u l a r heat r e l e a s e , the most important of them. The 
OSU C a l o r i m e t e r w i l l measure many of the same p r o p e r t i e s . 
Furthermore, the r e s u l t s generated by both instruments have 
s i m i l a r s i g n i f i c a n c e because of the good c o r r e l a t i o n 
between them. Smoke measurements are o n l y r e l e v a n t t o f i r e 
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T a b l e X . L i n e a r C o r r e l a t i o n s . S t a t i s t i c a l A n a l y s i s 

S l o p e I n t e r c e p t C o r r . C o e f f . C o e f f . V a r . 
% _ 1 

O S U S m k F c
20 k W / m 2 0 . 1 2 9 1 8 .
4 0 k W / m 2 0 . 0 5 9 2 0 . 8 88 18 
7 0 k W / m 2 0 . 0 2 8 1 6 . 6 78 18 

O S U S m k F c t v s . C o n e S m k F c t 
2 0 k W / m 2 0 . 0 2 3 3 1 . 0 74 38 
4 0 k W / m 2 0 . 0 0 9 3 2 . 0 7 7 24 
7 0 k W / m 2 0 . 0 0 4 2 2 . 0 7 9 23 

C o n e S m k F c t v s . C o n e S m k P a r 
20 k W / m 2 5 . 1 - 3 7 1 . 2 8 5 49 
4 0 k W / m 2 6 . 1 - 7 6 3 . 1 88 34 
7 0 k W / m 2 7 . 0 - 1 2 2 5 . 1 92 27 

20 k W / m 2 0 . 3 3 4 4 9 . 7 8 5 31 
4 0 k W / m 2 0 . 1 9 4 5 5 . 7 9 0 22 
7 0 k W / m 2 0 . 0 7 1 9 1 . 9 7 6 27 

O S U T H R E 1 5 v s . C o n e T H R 3 1 5 
4 0 k W / m 2 0 . 2 1 0 9 . 4 6 5 30 

N B S S m o k e C h a m b e r F D m a v s . C o n e S m k P a r ( 2 0 k W / m 2 ) 
0 . 1 1 4 1 1 1 . 3 1 2 1 7 

M o d e l u s e d : y = s l o p e * χ + i n t e r c e p t 

C o r r . C o e f f . : C o r r e l a t i o n C o e f f i c i e n t 
C o e f f . V a r . : C o e f f i c i e n t o f V a r i a t i o n 
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Table XI. Maximum Opti c a y

F Dm NF Dm F Dm/aNF Dm/a 

Vi n y l wire cpd 252 242 24.2 24.5 
Low smoke PVC 159 117 17.7 13.3 
PVC extrusion 607 274 59.3 25.8 
Rigid PVC 495 204 61.9 25.8 
PPO/PS + FGlas 332 41 36.5 4.6 
Thermoplas.PU 491 350 54.8 40.7 
Polycarbonate 109 11 11.9 1.1 
PE 46 268 7.1 39.4 
ABS (FR) 1000 232 1000.0 32.7 
PP 56 237 11.6 49.6 
Polyester 74 19 7.8 1.9 
ABS (FR with PVC) 538 259 70.7 32.6 
PS (FR) 1000 409 1000.0 43.3 
ABS (non FR) 394 284 54.9 36.5 
EPDM/SAN 371 249 36.5 4.6 
PS (non FR) 612 251 56.5 29.7 
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Figure 4. Correlation between the OSU smoke factor and the cone smoke 
parameter at an incident heat flux of 40 kW/m2 (dark points) and also NBS 
smoke chamber results (light points). 
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hazard i f the r e s u l t s o b t a i n e d c o r r e l a t e w i t h those from 
r e a l f i r e s . Those c r i t e r i a mean t h a t both RHR c a l o r i m e t e r s 
are v e r y a p p r o p r i a t e smoke measuring d e v i c e s . 

Smoke o b s c u r a t i o n , as measured i n the NBS smoke 
chamber, does not c o r r e l a t e w e l l w i t h f u l l - s c a l e f i r e 
hazard nor with smoke as measured i n heat r e l e a s e 
c a l o r i m e t e r s . In p a r t i c u l a r , those m a t e r i a l s which do not 
burn up completely i n f u l l - s c a l e f i r e s are being t r e a t e d 
e x c e s s i v e l y h a r s h l y by t h i s method. 

Smoke parameter ( i n the Cone c a l o r i m e t e r ) and smoke 
f a c t o r ( i n both c a l o r i m e t e r s ) are combined p r o p e r t i e s of 
smoke o b s c u r a t i o n and heat r e l e a s e which compensate f o r the 
incomplete burning of f i r e r e t a r d a n t samples and which 
should p r e d i c t smoke hazard i n r e a l f i r e s . 

The NBS Cone c a l o r i m e t e r has been shown t o be more 
v e r s a t i l e than the OSU c a l o r i m e t e r and t o a l l o w 
simultaneous measurement f  l a r g  v a r i e t f th
p r o p e r t i e s r e q u i r e d
i n r e a l f i r e s . Furthermore
combined p r o p e r t i e s , i n c l u d i n g those i n v o l v i n g mass l o s s , 
which are much more u s e f u l as i n d i c a t o r s of f i r e hazard 
than any i n d i v i d u a l one. 
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Chapter 32 

Flammability Characteristics of Fiber-Reinforced 
Composite Materials 

D. P. Macaione1 and A. Tewarson2 

1U.S. Army Materials Technology Laboratory, Watertown, MA 02171-0001 
2Factory Mutual Research Corporation, Norwood, MA 02162 

This paper describes the results of a joint study 
undertaken by the
Laboratory (AMTL)
Corporation (FMRC) on fiber reinforced composite 
materials (FRC) for use in a composite combat vehicle. 
The objective of the study was to assess the flamma
bility characteristics of FRC materials using small
-scale experiments. 

In the study, five FRC samples, about 3 to 5 mm in 
thickness, were examined. The results from the study 
show that FRC materials have high resistance to igni
tion, high heat of gasification and high resistance to 
self-sustained fire propagation. These results suggest 
that a composite combat vehicle, by virtue of its 
construction, does not present an unusual fire hazard. 

Fiber r e i n f o r c e d composite m a t e r i a l s are used e x t e n s i v e l y because of 
t h e i r physicochemical p r o p e r t i e s and t h e i r high strength/weight 
r a t i o . The use of composites i n Army v e h i c l e s as a means of decreas
ing weight and enhancing s u r v i v a b i l i t y , without reducing personnel 
s a f e t y , has been considered f o r some time. The U.S. Army M a t e r i a l s 
Technology Laboratory (AMTL) has s u c c e s s f u l l y demonstrated, i n an 
e a r l i e r program, that a ground v e h i c l e t u r r e t could be f a b r i c a t e d 
from FRC m a t e r i a l s ; now the technology has been a p p l i e d to the f a b r i 
c a t i o n of a composite v e h i c l e . The U.S. Navy i s a l s o c o n s i d e r i n g the 
use of FRC ma t e r i a l s f o r numerous ship and submarine a p p l i c a t i o n s , 
i n c l u d i n g use as major s t r u c t u r a l components. FRC ma t e r i a l s are a l s o 
f i n d i n g a p p l i c a t i o n s i n the aerospace, automobile and other indus
t r i e s . Although FRC m a t e r i a l s are very a t t r a c t i v e i n terms of t h e i r 
p h y s i c a l p r o p e r t i e s , one of the major obstacles to t h e i r a p p l i c a t i o n 
i s the concern f o r the hazards expected i n f i r e s . In f i r e s , hazard
ous environments are created as a a r e s u l t of generation of heat 
(thermal) and generation of smoke, t o x i c and c o r r o s i v e f i r e products 
(nonthermal). 

For the assessment of r e s i s t a n c e to heat exposure and generation 
of hazardous environments by FRC m a t e r i a l s , the f o l l o w i n g processes 
need to be examined: 1) i g n i t i o n , 2) f i r e propagation, 3) generation 
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of vapors, heat, smoke, t o x i c and c o r r o s i v e f i r e products, and 
f i r e extinguishment. 

The generation of m a t e r i a l vapors can be q u a n t i f i e d i n terms of : 
1) r e l a t i o n s h i p between weight l o s s and sample temperature. AMTL 
used thermogravimetric techniques f o r such q u a n t i f i c a t i o n (J_), and 2) 
the r e l a t i o n s h i p between the generation r a t e of m a t e r i a l vapors and 
the heat f l u x . Factory Mutual Research Corporation (FMRC) has de
veloped a technique using FMRC1 s Small-Scale Flammability Apparatus 
(2-10), which was used for the q u a n t i f i c a t i o n . 

The i g n i t i o n process f o r FRC m a t e r i a l s can be described i n terms 
of the r e l a t i o n s h i p between time to i g n i t i o n and heat f l u x . A tech
nique developed by FMRC using i t s Small-Scale Flammability Apparatus 
(2-6) was used f o r the q u a n t i f i c a t i o n . 

Techniques have been developed f o r the q u a n t i f i c a t i o n of f i r e 
propagation using FMRC1s Small-Scale Flammability Apparatus (*J,6) and 
the N a t i o n a l I n s t i t u t e of Standards and Technology (NIST) Flame 
Spread Apparatus ( . I
Oxygen Index and i t s dependenc
examine the f i r e propagation behavior of small samples of FRC materi
a l s 0 2 ) . 

The heat generated i n a f i r e i s due to various chemical 
r e a c t i o n s , the major c o n t r i b u t o r s being those r e a c t i o n s where CO and 
C0 2 are generated, and 0 2 i s consumed, and i s defined as the chemical 
heat r e l e a s e r a t e (3). Techniques are a v a i l a b l e to qua n t i f y chemical 
heat release r a t e using FMRC's Flammability Apparatus (2-6), Ohio 
State U n i v e r s i t y (OSU) Heat Release Rate Apparatus (J_3) and the NIST 
Cone Calorimeter (J__U_). Techniques are a l s o a v a i l a b l e to quant i f y the 
convective heat r e l e a s e r a t e using the FMRC Flammability Apparatus 
(2,3) and the OSU Heat Release Rate Apparatus (]_3). The r a d i a t i v e 
heat r e l e a s e r a t e i s the d i f f e r e n c e between the chemical and convec
t i v e heat release r a t e s (2,3). In the study, FMRC techniques were 
used. 

Techniques are a v a i l a b l e to quantify the generation of smoke, 
t o x i c and c o r r o s i v e f i r e products using the NBS Smoke Chamber (15), 
p y r o l y s i s - g a s chromatography/mass spectrometry (PY-GC-MS) (J_6), FMRC 
Flammability Apparatus (2,3,5,17,18), OSU Heat Release Rate Apparatus 
(13) and the NIST Cone Calorimeter ( 1J0 . Techniques are a l s o a v a i l 
able to assess generation of: 1) t o x i c compounds i n terms of animal 
response 0 9), and 2) c o r r o s i v e compounds i n terms of metal c o r r o s i o n 
0 7 ) . In the study, FMRC techniques and AMTL PY-GC-MS techniques 
were used. 

The extinguishment of f i r e depends on the f i r e propagation r a t e , 
physico-chemical p r o p e r t i e s of the m a t e r i a l s , r a t e of a p p l i c a t i o n and 
the concentration of e x t i n g u i s h i n g agents. Water a p p l i e d through 
s p r i n k l e r s i s the most widely used l i q u i d e x t i n g u i s h i n g agent, and 
Halon 1301 and C0 2 are the most widely used gaseous agents. Tech
niques are a v a i l a b l e to quant i f y f i r e extinguishment i n l a r g e - s c a l e 
f i r e s (20); r e c e n t l y attempts are being made to develop s m a l l - s c a l e 
techniques f o r f i r e extinguishment using FMRC's Small-Scale Flamma
b i l i t y Apparatus (21_). The FMRC technique f o r flame extinguishment 
using Halon was used i n the study. 

AMTL and FMRC have been performing research to quantify the flam
m a b i l i t y c h a r a c t e r i s t i c s of FRC m a t e r i a l s which are enumerated i n 
t h i s paper. 
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Concepts 

Generation of M a t e r i a l Vapors. The magnitude of heat required to 
generate vapors from a m a t e r i a l depends on the thermal s t a b i l i t y of 
the m a t e r i a l . As the temperature or heat f l u x i s increased, genera
t i o n r a t e of vapors, measured i n terms of mass l o s s of the m a t e r i a l , 
increases and the f o l l o w i n g r e l a t i o n s h i p i s s a t i s f i e d ( 2 , 3 ) : 

m" = (q" + q" - q" ) / L = q"/L, (1) e τ > r M n 
where m" i s the mass l o s s rate (g/m s ) ; q" i s the e x t e r n a l heat 
f l u x (kW/m ); q" i s the flame heat f l u x (ÎiW/m2); q^ i s the surface 
r e r a d i a t i o n l o s s (kW/m2); q" i s the net heat f l u x ^Cw/m2) and L i s 
the heat of g a s i f i c a t i o n (k9/g). 

I t has been shown that i n s m a l l - s c a l e experiments with turbulent 
f i r e s , the flame heat f l u x approaches i t s asymptotic value f o r oxygen 
concentrations greater tha
cl o s e to the value expected^i

A c o n d i t i o n where q  + q  = q  , m  = 0 , and thus q  represents e f r r r r the minimum heat f l u x at or below which the m a t e r i a l i s not expected 
to generate vapors. 

Mass Loss Rate as a Function of Temperature. The most commonly used 
technique i s thermogravimetry (TG). The basic components of modern 
TG have e x i s t e d since the e a r l y part of t h i s century (22-2*0 . 
Thermal a n a l y s i s , i n the form of TG, has been employed e x t e n s i v e l y i n 
the area of polymer f l a m m a b i l i t y to c h a r a c t e r i z e polymer degradation. 

Mass Loss Rate as a Function of External Heat Flux. The technique 
f o r the measurement of mass l o s s rate as a f u n c t i o n of heat f l u x was 
developed i n 1976 at FMRC using the Small-Scale Flammability Appa
ratus ( 8_). Several other f l a m m a b i l i t y apparatuses are now a v a i l a b l e 
f o r such measurements, such as OSU Heat Release Rate Apparatus (13) 
and NIST Cone Calorimeter (1*4). 

I g n i t i o n . For thermally t h i c k m a t e r i a l s , time to i g n i t i o n i s found 
to f o l l o w the f o l l o w i n g r e l a t i o n s h i p as ex t e r n a l heat f l u x i s v a r i e d 
(1,6); 

t ~ g / 2 α q» / ΔΤ (k ρ c ) 1 / 2 , (2) 

where i s time to i g n i t i o n ( s ) ; ΔΤ i s the temperature of i g n i t i o n 
above ambient (K); k i s the thermal c o n d u c t i v i t y (kW/m Κ); ρ i s the 
dens i t y ( g / r r r ^ a ^ d c p i s the s p e c i f i c heat (kJ/g K). In Equation 
( 2 ) , ΔT (kpc ) i s defined as the Thermal Response Parameter (TRP) 
of the materÇal and expresses i g n i t i o n and f i r e propagation r e s i s 
tance of the m a t e r i a l . The minimum value of q", at or below which 

e · 
there i s no i g n i t i o n , i s defined as the c r i t i c a l heat f l u x , q£ , f o r 
i g n i t i o n ( 1 , 6 ) . 

Experimentally, time to i g n i t i o n i s measured at various heat f l u x 
values and c r i t i c a l heat f l u x f o r i g n i t i o n and TRP are q u a n t i f i e d 
using techniques such as the one used i n the FMRC Small-Scale Flamma
b i l i t y Apparatus ( 1 , 6 ) . 
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Heat R e l e a s e R a t e . I t has been shown t h a t t h e heat g e n e r a t e d i n 
c h e m i c a l r e a c t i o n s l e a d i n g t o t h e g e n e r a t i o n o f CO and C 0 2 and d e p l e 
t i o n o f C>2 can be used t o c a l c u l a t e t h e c h e m i c a l heat r e l e a s e r a t e 
u s i n g t h e f o l l o w i n g r e l a t i o n s h i p s ( 2 , 3 ) : 

« c h • C A H T / k c o 2

 ) ô c o 2

 + [ ( Δ Η τ - A H c o ) / k c o ] 6 c o ( 3 ) 

and 

where Q £ h i s t h e c h e m i c a l h e a t r e l e a s e r a t e (kW/m 2); Δ Η Τ i s t h e n e t 
heat o f c o m p l e t e c o m b u s t i o n ( k J / g ) ; Δ Η ^ i s t h e heat o f c o m b u s t i o n o f 
CO ( k J / g ) ; k c 0 and k C Q a r e t h e maximum p o s s i b l e t h e o r e t i c a l y i e l d s 
o f CO and C 0 2 , r e s p e c t i v e l y ( g / g ) ; kg i s the maximum p o s s i b l e mass 
o f oxygen consumed per u n i
f u e l s t o i c h i o m e t r i c r a t i o
t i o n r a t e s o f CO and C 0 2 , r e s p e c t i v e l y ( g / m 2 s ) ; and i s t h e mass 

ρ 2 

c o n s u m p t i o n r a t e o f 0 2 (g/m s ) . 
I t has been shown t h a t t h e c o n v e c t i v e h e a t r e l e a s e r a t e can be 

c a l c u l a t e d u s i n g t h e f o l l o w i n g r e l a t i o n s h i p ( 2 , 3 ) : 

Q" = M c ΔΤ /A , (5) Con p g 
. ρ 

where Q £ o n i s t h e c o n v e c t i v e heat r e l e a s e r a t e (kW/m ); M i s the 
t o t a l mass f l o w r a t e o f f i r e p r o d u c t s and a i r m i x t u r e ( g / s ) , ΔΤ i s 
t h e gas t e m p e r a t u r e above ambient (K) and A i s t h e t o t a l s u r f a c i a r e a 
o f t h e m a t e r i a l i n v o l v e d i n f i r e ( m 2 ) . 

I t has been shown t h a t h e a t r e l e a s e r a t e s a t i s f i e s t h e f o l l o w i n g 
r e l a t i o n s h i p ( 2 , 3 ) : 

Q» = ΔΗ.ίη" = χ. ( A H T / L ) q^ , (6) 

where i i s c h e m i c a l , c o n v e c t i v e o r r a d i a t i v e and ΔΗ i s t h e heat o f 
c o m p l e t e c o m b u s t i o n ( k J / g ) , x i i s t h e c o m b u s t i o n e f f i c i e n c y . ΔΗγ/L 
i s a f u n d a m e n t a l p h y s i c o - c h e m i c a l p r o p e r t y o f t h e m a t e r i a l . 

E x p e r i m e n t s can be p e r f o r m e d where c h e m i c a l , c o n v e c t i v e and r a d i 
a t i v e h e a t r e l e a s e r a t e s can be measured a t v a r i o u s e x t e r n a l h e a t 
f l u x v a l u e s . L i n e a r r e l a t i o n s h i p s s h o u l d be f o u n d f o r t h e e x p e r i m e n 
t a l d a t a , where t h e s l o p e i s e q u a l t o χ.̂  (ΔΗγ/L). 

F i r e P r o p a g a t i o n . I t has been shown t h a t t h e f i r e p r o p a g a t i o n 
b e h a v i o r can be q u a n t i f i e d u s i n g a F i r e P r o p a g a t i o n Index ( F P I ) 
( 1 , 6 ) . F P I i s e x p r e s s e d as t h e r a t i o o f t h e r a d i a t i v e h eat r e l e a s e 
r a t e t o t h e TRP, 

F p I α [(χ ηδ· ) 1 / 3 / TRP] χ 1000 , (7) π Lh 
where Q £ h i s t h e c h e m i c a l heat r e l e a s e r a t e per u n i t w i d t h o r c i r c u m 
f e r e n c e o f t h e sample (kW/m), and x R i s t h e r a d i a t i v e f r a c t i o n o f t h e 
c h e m i c a l heat r e l e a s e r a t e , assumed t o be c o n s t a n t and e q u a l t o 0.10. 
FPI i s q u a n t i f i e d by m e a s u r i n g Q£ as a f u n c t i o n o f t i m e d u r i n g f i r e 
p r o p a g a t i o n and by m e a s u r i n g TRP i n s e p a r a t e i g n i t i o n e x p e r i m e n t s . 
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For small samples, the Oxygen Index (01) i s used to c h a r a c t e r i z e 
f i r e propagation behavior (25^. 01 i s defined as the minimum concen
t r a t i o n of oxygen, i n an oxygen nitrogen atmosphere, necessary to 
s u s t a i n flaming combustion f o r a s p e c i f i e d period of time or s p e c i 
f i e d sample length. 

The 01 value i s a f f e c t e d by the temperature of the environment 
(26). With increase i n temperature, the 01 values decrease, and thus 
i n many cases instead of 01 a Temperature Index (TI) i s used. TI of 
a m a t e r i a l i s defined as a temperature of the environment at which 
i t s 01 becomes equal to the concentration of oxygen i n normal a i r . 
TI and i t s p r o f i l e are found to be more r e l i a b l e than 01 f o r the 
assessment of the f l a m m a b i l i t y of m a t e r i a l s (12). 

Generation of Smoke, Toxic and Corrosive F i r e Products. Smoke, t o x i c 
and c o r r o s i v e products are generated i n f i r e s as a r e s u l t of v a p o r i 
z a t i o n , decomposition and combustion of ma t e r i a l s i n the presence or 
absence of a i r . 

I t has been shown tha
s a t i s f i e s the f o l l o w i n g r e l a t i o n s h i p ( 2 , 3 ) : 

G»! = Y. m" = f. (k./L) q" , (8) J J 1 J n 
where G'! i s the generation r a t e of product j (g/m s ) ; f j i s the 
generation e f f i c i e n c y of the product and kj/L i s a fundamental 
physico-chemical property of the m a t e r i a l . 

Generation r a t e of smoke can be q u a n t i f i e d by measuring the mass 
of smoke and/or the o p t i c a l d e n s i t y of smoke, D, defined as: 

D = (1/Jl) l o g 1 Q ( I 0 / I ) , (9) 

where I i s the o p t i c a l path length (m) and I / I Q i s the f r a c t i o n of 
l i g h t transmitted through smoke. D i s expressed as the^mass o p t i c a l 
density (MOD) i n m /g, where only f u e l mass l o s s r a t e , m", i s taken 
i n t o c o n s i d e r a t i o n (17). 

MOD = ( 1 / i ) [ l o g i n (I / I ) ] V/m" A , (10) ι υ ο 
where V i s the t o t a l volumetric flow r a t e of the f i r e p r o d u c t - a i r 
mixture (m-Vs). I f the generation r a t e of smoke i s considered, then 
from Equations (8) and (10), s p e c i f i c mass o p t i c a l density (SM0D) i n 
m /g can be defined as: 

SM0D = ( I / O [ l o g i n (I /I) ] V/m"Y A , (11) 1 0 o s 
where Y s i s the y i e l d of smoke (g/g). Thus SM0D = M0D/Ys-

F i r e Extinguishment. The e f f i c i e n c y of f i r e extinguishment depends 
on the r a t e of agent a p p l i c a t i o n and the a b i l i t y of the agent to 
i n t e r r u p t the chemical r e a c t i o n s r e s p o n s i b l e for generating heat i n 
the gas phase or removing heat from the surface of the burning mate
r i a l . No s m a l l - s c a l e techniques are c u r r e n t l y a v a i l a b l e f o r quanti
f y i n g f i r e extinguishment; however, r e c e n t l y an attempt has been made 
to develop them using the FMRC Small-Scale Flammability Apparatus 
(21), 
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E x p e r i m e n t s 

Thermal A n a l y s i s . The DuPont I n s t r u m e n t s Model 9900, computer c o n 
t r o l l e d t h e r m a l a n a l y z e r and Model 951 TGA module were used i n t h e 
e x p e r i m e n t s , u s i n g a gas f l o w r a t e o f 100 c c / m i n . E x p e r i m e n t s were 
p e r f o r m e d i n dynamic and i s o t h e r m a l mode u s i n g a i r and a r g o n . 

Oxygen Index and T e m p e r a t u r e I n d e x . A S t a n t o n - R e d c r o f t FTA/HFTA 
Oxygen In d e x a p p a r a t u s was used. E x p e r i m e n t s were p e r f o r m e d u s i n g 
th e ASTM D 2 863-77 p r o c e d u r e s w i t h t e m p e r a t u r e v a r i a t i o n s between 
ambient and 300°C. 

Smoke D e n s i t y . The smoke d e n s i t y was measured i n an NBS Smoke 
Chamber f o l l o w i n g t h e p r o c e d u r e s o f ASTM Ε 662. 

P y r o l y s i s - G a s Chromatography-Mass S p e c t r o m e t r y . I n t h e e x p e r i m e n t s , 
about 2 mg o f sample wa
C h e m i c a l D a t a System (CDS
by a CDS Model 122 P y r o p r o b e i n normal mode. P r o d u c t s were s e p a r a t e d 
on a 12 meter f u s e d c a p i l l a r y column w i t h a c r o s s - l i n k e d p o l y 
( d i m e t h y l s i l i c o n e ) s t a t i o n a r y phase. The GC column was t e m p e r a t u r e 
programmed fr o m -50 t o 300°C. I n d i v i d u a l compounds were i d e n t i f i e d 
w i t h a H e w l e t t P a c k a r d (HP) Model 5995C l o w r e s o l u t i o n q u a d r u p l e 
GC/MS System. Data a c q u i s i t i o n and r e d u c t i o n were p e r f o r m e d on t h e 
HP 100 Ε-series computer r u n n i n g r e v i s i o n E RTE-6/VM s o f t w a r e . 

I g n i t i o n , Mass L o s s R a t e , Heat R e l e a s e R a t e , G e n e r a t i o n R a t e s o f F i r e 
P r o d u c t s and F i r e E x t i n g u i s h m e n t . E x p e r i m e n t s were p e r f o r m e d i n t h e 
FMRC S m a l l - S c a l e (50 kW) F l a m m a b i l i t y A p p a r a t u s shown i n F i g u r e 1. 
H o r i z o n t a l , 0.10 χ 0.10 m samples w i t h edges c o v e r e d t i g h t l y w i t h 
heavy d u t y aluminum f o i l were e x p o s e d t o e x t e r n a l h e a t f l u x up t o a 
maximum o f 60 kW/m . A 0.01 m l o n g e t h y l e n e - a i r p r e m i x e d f l a m e 
l o c a t e d about 0.01 m f r o m t h e s u r f a c e , was used as a p i l o t f l a m e f o r 
i g n i t i o n . I g n i t i o n e x p e r i m e n t s were p e r f o r m e d under n a t u r a l a i r 
f l o w ; a l l o t h e r e x p e r i m e n t s were p e r f o r m e d under f o r c e d a i r f l o w con
d i t i o n s . The sample s u r f a c e was c o a t e d w i t h c a r b o n b l a c k t o e l i m i 
n a t e e r r o r s due t o d i f f e r e n c e s i n t h e s u r f a c e a b s o r p t i v i t y . I n t h e 
e x p e r i m e n t s , t h e g e n e r a t i o n r a t e o f m a t e r i a l v a p o r s was m o n i t o r e d by 
m e a s u r i n g t h e mass l o s s r a t e u s i n g a l o a d c e l l . F o r t h e d e t e r m i n a 
t i o n o f heat r e l e a s e r a t e , g e n e r a t i o n r a t e s o f f i r e p r o d u c t s and 
o p t i c a l d e n s i t y o f smoke, a l l t h e f i r e p r o d u c t s were c a p t u r e d i n the 
s a m p l i n g d u c t a l o n g w i t h a i r . In t h e d u c t , measurements were made 
f o r t h e t o t a l v o l u m e t r i c and mass f l o w r a t e o f t h e f i r e p r o d u c t - a i r 
m i x t u r e , c o n c e n t r a t i o n s o f v a r i o u s f i r e p r o d u c t s , o p t i c a l t r a n s m i s 
s i o n t h r o u g h smoke and gas t e m p e r a t u r e . 

For t h e q u a n t i f i c a t i o n o f f i r e p r o p a g a t i o n b e h a v i o r o f the FRC 
m a t e r i a l s , 0.10 m wide and 0.61 m l o n g v e r t i c a l s h e e t s w i t h t h i c k n e s s 
v a r y i n g f r o m 3 mm t o 5 mm were u s e d . The bottom 0.15 m o f t h e s h e e t 
was e x p o s e d t o 50 kW/m2 o f e x t e r n a l h e a t f l u x i n t h e p r e s e n c e o f a 
0.01 m l o n g p i l o t f l a m e t o i n i t i a t e f i r e p r o p a g a t i o n . For t h e s i m u 
l a t i o n o f l a r g e - s c a l e f l a m e r a d i a t i o n , e x p e r i m e n t s were p e r f o r m e d i n 
10/S oxygen c o n c e n t r a t i o n . 
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• 1 to 8 — Thermocouples Exhaust 

Orifice Plate 

Coltimated 
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0 2 f N2, CO, C0 2 , etc. 
Air Heater 

Figure 1. Factory Mutual Small-Scale (50 kW-Scale) Flammability 
Apparatus 
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F i r e e x t i n g u i s h m e n t b e h a v i o r o f the FRC m a t e r i a l s u s i n g H a l o n 
1301 was q u a n t i f i e d w i t h a h o r i z o n t a l 0.10 χ 0.10 m sample w i t h edges 
c o v e r e d t i g h t l y w i t h heavy d u t y aluminum f o i l . The sample s u r f a c e 
was exposed t o 60 kW/m2 o f e x t e r n a l heat f l u x . E x p e r i m e n t s were p e r 
formed under f o r c e d a i r f l o w c o n d i t i o n s , where H a l o n 1301 was added 
t o t h e i n l e t a i r f l o w s u c h t h a t f i r e r e m a i n e d w e l l v e n t i l a t e d . 

F o r t h e a s s e s s m e n t o f f l a m e h e a t f l u x , e x p e c t e d i n l a r g e - s c a l e 
f i r e s , 0.10 χ 0.10 m samples w i t h edges c o v e r e d t i g h t l y w i t h heavy 
d u t y aluminum f o i l , were burne d i n k0% oxygen c o n c e n t r a t i o n w i t h o u t 
t h e e x t e r n a l h eat f l u x . Mass l o s s r a t e was measured and E q u a t i o n (1) 
was used t o c a l c u l a t e f l a m e h e a t f l u x . 

The samples used i n t h e s t u d y a r e l i s t e d i n T a b l e I . T a b l e s I I 
t h r o u g h VI l i s t t h e e x p e r i m e n t a l d a t a . 

T a b l e I . F i b e

T h i c k n e s s F i b e r / R e s i n 
Sample No. (mm) Components R a t i o 

MTL in 1 . 8 S 2 / P o l y e s t e r 70/30 
MTL #2 1 . 8 S 2 / P o l y e s t e r 7 0 / 3 0 
MTL #3 1 . 8 S 2 / P o l y e s t e r 70/30 
MTL #1 1 . 8 K e v l a r / P h e n o l i c - P V B * 81/16 
MTL #5 3.2 S 2 / P h e n o l i c 80/20 

* R e s i n i s 50/50 P h e n o l i c - P V B . 

T a b l e I I I s o t h e r m a l T h e r m o g r a v i m e t r i c A n a l y s i s Data 
f o r FRC M a t e r i a l s 

T e m perature (°C) R e s i d u e a t 
Sample No. 300 100 500 500°C {%) 
MTL #1 0.73 29.8 32. 9 60 . 1 
MTL #2 2.0 21 . 1 29. 1 70.5 
MTL #3 3.1 25 . 1 30.0 67.1 
MTL #1 3.1 2 8 . 9 51. 0 10.1 
MTL #5 0 . 0 3.1 9 . 1 82.1 

T a b l e I I I . Oxygen In d e x f o r FRC M a t e r i a l s V e r s u s T e m p e r a t u r e 

Temperature (°C) 
Sample No. 25 100 200 300 

MTL #1 23 23 <10 <10 
MTL #2 28 28 13 <10 
MTL #3 52 95 77 11 
MTL #1 28 30 29 26 
MTL #5 53 98 91 80 

In Fire and Polymers; Nelson, G.; 
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Table IV. Fire Properties of Fiber-Reinforced 

C r i t i c a l Flame 
Heat Flux I g n i t i o n Thermal Heat of Heat 

Sample Material f o r I g n i t i o n Temperature Response G a s i f i c a t i o n Flux* 
No. (kW/m2) °C (°F) (kWs2/m2) (kJ/g) (kW/m2) 

MTL //1 S-2/Polyester 1
(MTL Base l i n e , 
E-701) 

MTL #2 S-2/Polyester 15 424 (796) 406 
(Owens-Corning 
Prepreg.) 

MTL #3 S-2/Polyester 10 355 (671) 338^ 
(American 41 7 2 

Cyanamide PrePreg.) 476^ 

MTL #4 Kevlar/Phenolic PVB 15 424 (796) 403 
(Russell Corp 
S p a l l Liner) 

MTL #5 S-2/Phenolic 20 478 (892) 610 
(Owens Corning 
S p a l l Liner) 

Douglas f i r 11 390 (734) 
Polypropylene 18 478 (892) 
Polystyrene 13 419 (786) 

aFor combustion in normal air with a sample area of about 0.01 m2, exposed to external heat flux in 
the range of 30 to 60 kW/m2. 
kDepletion yield. 
CCH represents total gaseous hydrocarbons. 
dNot used in averaging. 
cHeat flux not used. 
1 Thickness 4.8 mm 
2Thickness 19 mm 
•̂ Thickness 45 mm 

5.1 21 

2.9 37 

7.8 21 

7.3 20 

1.82 

2.03 — 
1.70 

In Fire and Polymers; Nelson, G.; 
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Composite Materials 

External Residue Chemical Mass 
Heat (% of Heat of Optical 
Flux I n i t i a l Combustion Yi e l d (g/g) Density 
(kW/m2) Weight) (kJ/g) CO c o 2 °2 υ Sm CH U (mVg) 

From CO From 
& c o 2 

30 63 17.7 18.
45 63 17.7 17.6 0.058 1.45 1 . 44 0.068 0.0060 0.897 
60 62 17.9 18.0 0.053 1 .47 1 . 48 0.073 0.0071 1 .070 

Average 63 17. .9 0.055 1 .47 1 . 44 0.070 0.0072 0.966 

30 68 15.0 18.1 0.042 1.23 1 . 48 0.051 0.0055 0.809 
45 67 15.6 15.1 0.038 1.28 1 . 24 0.051 0.0030 0.804 
60 67 14.6 17.3 0.037 1 .20 1 . 42 0.059 0.0031 1 .080 

Average 67 16, .0 0.039 1 .24 1 . 38 0.054 0.0039 0.898 

30 69 7.9 9.0 0.122 0.650 0. 741 0.066 0.020 0.874 
45 70 9.0 9.7 0.085 0.738 0. 793 0.066 0.018 0.960 
60 69 9.0 11 .0 0.099 0.741 0. 903 0.072 0.018 1.03 

Average 69 9, .3 0.102 0.710 0. 812 0.068 0.01 9 0.955 

30 d 24 11.9 — 0.021 1 .06 -- 0.019 0.0019 0.175 
4526 15.4 1 4. 1 0.031 1.25 1 . 22 0.034 0.0021 0.550 

60 24 14.4 15.3 0.018 1 .29 1 . 32 0.048 0.0012 0.790 
Average 25 1 4.8 0.025 1 .27 1 . 27 0.041 0.0017 0.067C 

30 e — -- — — — — --
45 91 12.5 — 0.075 1.08 — 0.027 0.0027 0.207 
60 90 1 0.2 13.1 0.057 0.88 1 . ,04 0.01 9 0.0024 0.332 

Average 91 1 1 , .9 0.066 0.98 1 . ,04 0.023 0.0026 0.270 

-- -- 13 .0 0.004 1.31 - 0.01 5 0.001 0.092 
-- -- 38 .6 0.024 2.79 - 0.059 0.007 0.553 
— — 27 .0 0.060 2.33 — 0.164 0.014 0.771 

In Fire and Polymers; Nelson, G.; 
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T a b l e V. Peak F i r e P r o p a g a t i o n I n d e x V a l u e s f o r 
F i b e r R e i n f o r c e d C o m p o s i t e M a t e r i a l s 

Sample No. 
T h i c k n e s s 

(mm) Peak F P I 
MTL #1 4.8 13.3 
MTL #2 1.8 ND 
MTL #3 4.8 9.7 

19 7.8 
15 6 . 6 

MTL #4 4.8 7.8 
MTL //5 3.2 3.2 
F l u o r i n a t e d E t h y l e n e -
P r o p y l e n e C a b l e a - 5.0 
PE/PVC C a b l e 5 - >20 

No s e l f - s u s t a i n e d f i r
( F P I < 1 0 ) ( 6 ) ; 

b V e r y r a p i d s e l f - s u s t a i n e d f i r e p r o p a g a t i o n ; c l a s s i f i e d as Group 3 
c a b l e ( F P I > 2 0 ) ( 6 ) ; 

ND: Not d e t e r m i n e d . 

T a b l e V I . Volume % o f H a l o n 1301 
R e q u i r e d f o r Flame E x t i n c t i o n 

Sample No. Volume {%) 

MTL #1 a 4.0 
MTL #2 a 4.0 
MTL #3 a 2.8 
MTL #5 a 4.0 
Wood b 4.0 
P o l y e t h y l e n e 1 3 3 . 9 
P o l y s t y r e n e ^ 3 . 9 
P o l y v i n y l c h l o r i d e * 5 2.6 

a: F i b e r r e i n f o r c e d c o m p o s i t e m a t e r i a l s examined i n t h i s s t u d y . 
0.01 χ 0.01 m samples e x p o s e d t o 60 k/W/m o f e x t e r n a l heat 
f l u x . 

b: Data r e p o r t e d by v a r i o u s a u t h o r s c o m p i l e d i n R e f . 27. 
E x p e r i m e n t a l c o n d i t i o n s a r e not d e f i n e d . 

F i g u r e 2 shows an example o f t h e PY-GC-MS d a t a . Many compounds a r e 
g e n e r a t e d i n t h e p y r o l y s i s o f FRC m a t e r i a l s ( a t 900°C i n H e l i u m ) . 
The t o t a l number o f compounds i d e n t i f i e d u s i n g t h e PY-GC-MS t e c h n i q u e 
v a r i e d f r o m 19 f o r MTL #5 t o 39 f o r MTL #2. 

F i g u r e 3 shows p l o t s o f FPI v a l u e s f o r s e l e c t e d FRC m a t e r i a l s . 

D i s c u s s i o n 

Thermal A n a l y s i s . F i g u r e 4 shows a p l o t o f p e r c e n t w e i g h t l o s s 
v e r s u s t e m p e r a t u r e f o r t h e FRC m a t e r i a l s . As can be n o t e d , t h e FRC 
m a t e r i a l s s u s t a i n l i t t l e t h e r m a l damage below 200°C. M a j o r w e i g h t 
l o s s due t o t h e d e c o m p o s i t i o n o f t h e m a t r i x r e s i n o c c u r s between 300 

In Fire and Polymers; Nelson, G.; 
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0 100 200 300 400 500 
Time [sec] 

F i g u r e 3. F i r e P r o p a g a t i o n I n dex f o r F i b e r R e i n f o r c e d C o m p o s i t e 
M a t e r i a l s . Sheet L e n g t h : 0.61 m; W i d t h : 0.10 m; T h i c k n e s s : 
3-5 mm; E x t e r n a l Heat F l u x : 50 kW/m ; Oxygen C o n c e n t r a t i o n : 40$. 

In Fire and Polymers; Nelson, G.; 
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Figure 4. Weight Percent as a Function of Temperature f o r FRC 
M a t e r i a l s 
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t o 500°C. For t h e MTL #4 sa m p l e , i n w h i c h an o r g a n i c f i b e r i s com
b i n e d w i t h an o r g a n i c m a t r i x r e s i n , a s e c o n d m a j o r w e i g h t l o s s o c c u r s 
between 500 and 650°C. The maximum w e i g h t l o s s f o r FRC m a t e r i a l 
s a m p l e s MTL #1, #2, #3, and #5 o c c u r s r e s p e c t i v e l y a t 385, 423, 
350, 390 ( s e c o n d peak 575) and 490°C. These t e m p e r a t u r e s a r e v e r y 
c l o s e t o t h e t e m p e r a t u r e s e s t i m a t e d f r o m t h e c r i t i c a l h e a t f l u x i n 
T a b l e IV, d e t e r m i n e d i n t h e i g n i t i o n e x p e r i m e n t s i n t h e FMRC S m a l l -
S c a l e F l a m m a b i l i t y A p p a r a t u s . I t i s i n t e r e s t i n g t o n o t e t h a t t h e TG 
d a t a may be r e l a t e d t o t h e eas e o f i g n i t i o n o f m a t e r i a l s and p o s s i b l y 
t o t h e f i r e p r o p a g a t i o n b e h a v i o r o f t h e FRC m a t e r i a l s . 

The d a t a ( T a b l e I I ) f o r t h e p e r c e n t r e s i d u e a t 500°C under i s o 
t h e r m a l t h e r m o g r a v i m e t r i c a n a l y s i s a l s o show r e a s o n a b l e agreement 
w i t h t h e d a t a f o r t h e r e s i d u e from t he e x p e r i m e n t s i n t h e FMRC S m a l l -
S c a l e F l a m m a b i l i t y A p p a r a t u s where l a r g e - s c a l e f i r e c o n d i t i o n s a r e 
s i m u l a t e d . Thus, t h e TG a n a l y s i s f o r f l a m m a b i l i t y a s s e s s m e n t o f FRC 
m a t e r i a l s may be more u s e f u l t h a n p r e v i o u s l y c o n s i d e r e d . 

Oxygen Index ( 0 1 ) . The
#2 sam p l e s 01 d e c r e a s e s w i t h t e m p e r a t u r e and becomes v e r y l o w above 
about 200°C. For MTL #3 and #5, 01 i n c r e a s e s up t o about 200°C and 
t h e n d e c r e a s e s r a p i d l y above a b o u t 300°C. 01 v a l u e s f o r MTL #4 
appear t o d e c r e a s e v e r y s l o w l y w i t h i n c r e a s e i n t e m p e r a t u r e . The 
d i f f e r e n c e s i n t h e 01 v a l u e s a t d i f f e r e n t t e m p e r a t u r e s may be due t o 
th e d i f f e r e n c e s i n t h e f l a m e r a d i a t i v e h eat t r a n s f e r c h a r a c t e r i s t i c s 
o f t h e FRC m a t e r i a l s ( f l a m e r a d i a t i v e h e a t t r a n s f e r changes w i t h 
oxygen c o n c e n t r a t i o n ) (7). The s e l f - s u s t a i n e d f i r e p r o p a g a t i o n beha
v i o r o f m a t e r i a l s i n l a r g e - s c a l e f i r e s , however, may be v e r y d i f f e r 
e n t t h a n i n d i c a t e d by th e 0 I - T I v a l u e s . 

Mass O p t i c a l D e n s i t y o f Smoke f r o m NBS Smoke Chamber. F i g u r e 5 shows 
th e d a t a f o r t h e mass o p t i c a l d e n s i t y measured i n t h e NBS smoke 
chamber f o r t h e f l a m i n g and n o n f l a m i n g f i r e s under s t a t i c c o n d i t i o n s . 
For MTL #1 and #2 s a m p l e s , t h e MOD v a l u e s i n f l a m i n g f i r e s a r e l o w e r 
t h a n i n t h e n o n f l a m i n g f i r e s . For t h e o t h e r t h r e e s a m p l e s , f o r w h i c h 
t h e MOD v a l u e s a r e s m a l l e r , t h e t r e n d i s r e v e r s e d . 

The MOD v a l u e s i n t h e f l a m i n g f i r e f o r t h e FRC m a t e r i a l s have 
a l s o been measured i n t h e FMRC S m a l l - S c a l e F l a m m a b i l i t y A p p a r a t u s 
under dynamic c o n d i t i o n s ( T a b l e I V ) . A c o m p a r i s o n o f t h e s e v a l u e s 
w i t h t h e MOD v a l u e s from t h e NBS Smoke Chamber i s shown i n F i g u r e 6. 
For f l a m i n g f i r e s , i t a p p e a r s t h a t MOD v a l u e s measured i n t h e NBS 
Smoke Chamber a r e somewhat l o w e r t h a n t h e v a l u e s measured i n t h e FMRC 
S m a l l - S c a l e F l a m m a b i l i t y A p p a r a t u s , p o s s i b l y due t o : 1) d i f f e r e n c e s 
i n t h e w a v e l e n g t h o f l i g h t used i n t h e measurements. I n t h e FMRC 
A p p a r a t u s , MOD v a l u e s a r e measured a t t h r e e w a v e l e n g t h s o f l i g h t 
( 0 .458, 0 .633 and 1.06 m i c r o n ) . The d a t a r e p o r t e d i n t h i s paper a r e 
f o r t h e 0 .633 m i c r o n w a v e l e n g t h . I n t h e NBS Smoke Chamber, t h e wave
l e n g t h o f l i g h t i s n o t s p e c i f i e d ; 2) d i f f e r e n c e s i n f i r e v e n t i l a t i o n ; 
and 3) s t r a t i f i c a t i o n o f f i r e p r o d u c t s w i t h i n t h e chamber. The NBS 
Smoke Chamber i s a c l o s e d s y s t e m and t h e f i r e s might be un d e r -
v e n t i l a t e d . The MOD v a l u e s i n t h e FMRC A p p a r a t u s a r e f o r w e l l -
v e n t i l a t e d f l a m i n g f i r e s . 

The MOD v a l u e s a r e f u n c t i o n s o f the y i e l d o f smoke as s u g g e s t e d 
by E q u a t i o n (11). Thus a p l o t o f MOD v e r s u s Y s i s e x p e c t e d t o be a 
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0.6 

MTL Sample Numbers 

Figure 5. Mass O p t i c a l Density of Smoke Measured i n the NBS Smoke 
Chamber f o r the Fiber Reinforced Composite M a t e r i a l s 
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Figure 6. C o r r e l a t i o n Between the Mass O p t i c a l Density Data f o r 
Fib e r Reinforced Composite M a t e r i a l s Measured i n the FMRC Small-
Scale Flammability Apparatus f o r Flaming F i r e s and the NBS Smoke 
Chamber f o r Flaming and Non-Flaming F i r e s 

Figure 7. R e l a t i o n s h i p Between Mass O p t i c a l Density and Y i e l d of 
Smoke f o r Fiber Reinforced Composite M a t e r i a l s 

In Fire and Polymers; Nelson, G.; 
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s t r a i g h t l i n e with a slope equal to SMOD. This i s shown i n Figure 7 
f o r the FRC m a t e r i a l s . A f i r s t order polynomial r e g r e s s i o n a n a l y s i s 
of the data suggests that f o r the FRC m a t e r i a l s , SMOD = 6 . 4 m2/g, a 
value c l o s e t o the SMOD values f o r non FRC m a t e r i a l s . 

Resistance to I g n i t i o n and F i r e Propagation. In t h i s study, r e s i s 
tance to i g n i t i o n and f i r e propagation was examined i n terms of 
c r i t i c a l heat f l u x f o r i g n i t i o n and TRP. Data f o r these parameters 
are l i s t e d i n Table IV. In general, m a t e r i a l s with thicknesses of 
about 5 mm with TRP values greater than about 300 kW/s /m , show 
high r e s i s t a n c e to i g n i t i o n and f i r e propagation. The FRC m a t e r i a l s 
examined i n t h i s study s a t i s f y these c o n d i t i o n s and thus are expected 
to have high r e s i s t a n c e to i g n i t i o n and f i r e propagation. 

Heat Release Rate. Heat release r a t e has been examined i n terms of 
the r a t i o of heat of combustion to heat of g a s i f i c a t i o n and the flame 
heat f l u x (Equation 6 )
flame heat f l u x i s p l o t t e
a l s . The heat of combustion, heat of g a s i f i c a t i o n and flame heat 
f l u x f o r FRC m a t e r i a l s are l i s t e d i n Table IV. In Figure 8 , the 
r a t i o s of the heat of combustion to heat of g a s i f i c a t i o n w i t h i n the 
FRC m a t e r i a l s do not vary appreciably and are s i g n i f i c a n t l y lower 
than the r a t i o s f o r the non-FRC m a t e r i a l s , i n c l u d i n g wood. In Figure 
9 , flame heat f l u x values f o r the FRC m a t e r i a l s are s i g n i f i c a n t l y 
lower than the values f o r the non-FRC m a t e r i a l s , with the exception 
of MTL samples #1 and #3. These data thus suggest that i n l a r g e -
s c a l e f i r e s heat release r a t e s f o r FRC m a t e r i a l s are expected to be 
s i g n i f i c a n t l y lower than the r a t e s f o r non-FRC m a t e r i a l s under 
s i m i l a r values of heat f l u x . Since the flame heat from a burning 
m a t e r i a l f o r s e l f - s u s t a i n e d f i r e propagation depends on the heat r e 
lease r a t e , the s e l f - s u s t a i n e d f i r e propagation i s expected to be 
d i f f i c u l t f o r the FRC m a t e r i a l s compared t o the non-FRÇ m a t e r i a l s . 

S e l f - S u s t a i n e d F i r e Propagation. The s e l f - s u s t a i n e d f i r e propagation 
f o r the FRC m a t e r i a l s has been q u a n t i f i e d i n terms of the F i r e Propa
gation Index (FPI). The p r o f i l e s of the FPI values q u a n t i f i e d f o r 
0 . 1 0 m wide and 0 .61 m long v e r t i c a l sheets of the FRC m a t e r i a l s have 
been shown i n Figure 3 and the peak FPI values are l i s t e d i n Table 
V. A comparison of FPI values f o r the FRC m a t e r i a l s with values f o r 
ca b l e s , suggests that the FPI values f o r FRC m a t e r i a l s , with the ex
cepti o n of MTL #1, are comparable to the FPI values f o r Group 1 
cables f o r which s e l f - s u s t a i n e d f i r e propagation i s not expected and 
the f i r e hazard i s expected to be l i m i t e d to the burning of the FRC 
ma t e r i a l s i n the i g n i t i o n zone. 

Hazards Due to Thermal and Nonthermal F i r e Environments. For FRC 
m a t e r i a l s , the generation of heat and f i r e products are expected to 
be l i m i t e d to the burning i n the i g n i t i o n zone. For r e l a t i v e com
parisons of heat r e l e a s e r a t e s and generation r a t e s of f i r e products 
and l i g h t o b s c u r a t i o n , the r a t i o s of heat of combustion to heat of 
g a s i f i c a t i o n , as shown i n Figure 8 , y i e l d of i n d i v i d u a l f i r e products 
to heat of g a s i f i c a t i o n and mass o p t i c a l d e n s i t y to heat of g a s i f i c a 
t i o n (data l i s t e d i n Table I V ) , are u s e f u l . Under s i m i l a r heat f l u x 
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i n t h e i g n i t i o n zone, t h e r a t i o s s u g g e s t t h a t f o r FRC m a t e r i a l s , h e a t 
r e l e a s e r a t e s , g e n e r a t i o n r a t e s o f f i r e p r o d u c t s , and l i g h t o b s c u r a 
t i o n by smoke a r e e x p e c t e d t o be s i g n i f i c a n t l y l o w e r t h a n f o r t h e 
non-FRC m a t e r i a l s ; f o r non-FRC m a t e r i a l s , f i r e i s e x p e c t e d t o p r o p a 
g a t e beyond t h e i g n i t i o n zone, and t h e r a t e s and l i g h t o b s c u r a t i o n 
a r e e x p e c t e d t o i n c r e a s e f u r t h e r . 

F i r e S u p p r e s s i o n / E x t i n g u i s h m e n t by H a l o n 1301» As d i s c u s s e d p r e v i 
o u s l y , f o r FRC m a t e r i a l s t h e f i r e p r o p a g a t i o n i s e x p e c t e d t o be 
l i m i t e d t o t h e i g n i t i o n zone. Thus, f i r e s u p p r e s s i o n / e x t i n g u i s h m e n t 
by H a l o n 1301 i s r e q u i r e d t o be e f f e c t i v e i n t h i s zone. I n t h i s 
s t u d y , f i r e s u p p r e s s i o n / e x t i n g u i s h m e n t e x p e r i m e n t s f o r H a l o n 1301 
were p e r f o r m e d w i t h FRC samples e x p o s e d t o 60 kW/m , a v e r y s t r o n g 
i g n i t i o n s o u r c e . The heat r e l e a s e r a t e d e c r e a s e s i n t h e p r e s e n c e o f 
H a l o n 1301, s u g g e s t i n g t h a t c o m b u s t i o n e f f i c i e n c y i s d e c r e a s e d . T h i s 
i s s u p p o r t e d by t h e d a t a f o r t h e y i e l d o f CO ( F i g u r e 1 0 ) . The y i e l d 
o f CO i n c r e a s e s w i t h i n c r e a s
e x t i n g u i s h m e n t . 

The d a t a r e p o r t e d i
r e q u i r e d f o r fl a m e e x t i n g u i s h m e n t v a r y i n t h e r a n g e o f 3 t o 4$, w h i c h 
i s c o m p a r a b l e t o t h e range f o u n d f o r o r d i n a r y c o m b u s t i b l e s . Thus 
m a i n t e n a n c e o f H a l o n 1301 c o n c e n t r a t i o n s i n e x c e s s o f 4$ i s e x p e c t e d 
t o e x t i n g u i s h f i r e s i n t h e i g n i t i o n zone f o r t h e FRC m a t e r i a l s ; t h i s 
c o n c e n t r a t i o n l i m i t s a t i s f i e s t h e c u r r e n t H a l o n 1301 r e q u i r e m e n t s f o r 
f i r e s u p p r e s s i o n s y s t e m s f o r t r a c k e d v e h i c l e s . 

Summary 

The t h e r m o g r a v i m e t r i c (TG) and i g n i t i o n and mass l o s s e x p e r i m e n t s 
s u g g e s t t h a t a i l o f t h e FRC m a t e r i a l s examined i n t h e s t u d y a r e 
s t a b l e below about 200°C w i t h maximum w e i g h t l o s s o c c u r r i n g between 
350 and 490°C. The Thermal Response P a r a m e t e r ( T R P ) , w h i c h c h a r a c 
t e r i z e s t h e degree o f r e s i s t a n c e t o i g n i t i o n and f i r e p r o p a g a t i o n , i s 
f o u n d t o be above 300 k W s 1 / /m2 s u g g e s t i n g t h a t s e l f - s u s t a i n e d f i r e 
p r o p a g a t i o n i s e x p e c t e d t o be d i f f i c u l t f o r t h e s e m a t e r i a l s . 

The e s t i m a t e d v a p o r g e n e r a t i o n r a t e s i n t h e a b s e n c e o f e x t e r n a l 
heat f l u x f o r MTL //1, #2, #3, #4 and #5 a r e 5.0, 0.43, 3.0, 1.0 and 
0.0 g/m s , r e s p e c t i v e l y , compared w i t h t h e v a l u e s o f 10, 24 and 38 
g/m s f o r wood, PP and PS, r e s p e c t i v e l y . These e s t i m a t e d r a t e s f o r 
MTL samples //2, #3, #4 and #5 a r e c l o s e t o t h e c r i t i c a l v a l u e s f o r 
i g n i t i o n , d e f i n e d as v a l u e s a t o r below w h i c h i g n i t i o n and p r o p a g a 
t i o n a r e n o t s u s t a i n e d . 

For FRC m a t e r i a l s , F P I v a l u e s a r e l e s s t h a n 10, e x c e p t f o r t h e 
MTL sample #1 , t h u s f i r e s a r e not e x p e c t e d t o be s e l f - s u s t a i n e d . 
T h i s i s c o n s i s t e n t w i t h t h e c r i t i c a l vapor g e n e r a t i o n r a t e f o r i g n i 
t i o n and p r o p a g a t i o n . 

The f l a m e e x t i n g u i s h m e n t d a t a f o r H a l o n 1301 measured i n t h i s 
s t u d y s u g g e s t t h a t f o r e x t e n d e d i g n i t i o n zone c o v e r i n g l a r g e s u r f a c e 
a r e a s , m a i n t e n a n c e o f a c o n c e n t r a t i o n i n e x c e s s o f H% by volume w o u l d 
be s u f f i c i e n t f o r t h e c o n t r o l o f f i r e g r o w t h and e x t i n g u i s h m e n t f o r 
th e MTL s a m p l e s . 
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Chapter 33 

Room Fires and Combustible Linings 

Björn Karlsson and Sven Erik Magnusson 

Department of Fire Safety Engineering, Institute of Science and Technology, 
Lund University, Box 118, 221 00 Lund, Sweden 

An extensive research  combustibl  wall linin
materials has been
materials were teste
model room tests for two different scenarios, A and B. 
Scenario A refers to the case where walls and ceiling are 
covered by the lining material, scenario Β where lining mate
rials are mounted on walls only. A model is presented using 
material properties derived from standardized bench—scale tests 
as input data. The model predicts the fire growth in the 
full or 1/3 scale tests, which includes predicting the rate of 
heat release, gastemperatures, radiation to walls, wall surface 
temperatures and downward flame spread on the wall lining 
material. 

This report presents experimental and theoretical results from a study 
within the project "Fire Hazard - Fire Growth in Compartments in 
the Early Stage of Development (Preflashover)". The project is 
carried out jointly by the department of Fire Safety Engineering at 
Lund University and the Division of Fire Technology at the Swedish 
National Testing Institute. An outline of the research program is 
given by Pettersson (1). 

Room fire growth on combustible linings has been a problem 
of concern to the legislators and authorities since the advent of 
building fire safety regulations. Work in this area has included 
development of bench-scale tests to derive basic flammability charac
teristics which could rationally be used as classification criteria. 
Also, full-scale standard test have been developed to evaluate the 
fire performance of materials of products under actual in—use situa
tions. The contribution of a specimen to the fire growth within a 
previously calibrated compartment can then be used to rate materials 
and to evaluate the validity of existing bench-scale test methods. 

The purpose of the work presented here is to use results from 
bench—scale flammability tests as input to a mathematical model 
which could rationally predict full scale fire growth on combustible 
linings. Only two scenarios are considered here; scenario A, where 

0O97-6156/90/0425-O566SO7.50/0 
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the lining materials are mounted on compartment walls and ceiling; 
and, scenario Β where the material is mounted on walls only. 

Two room sizes were considered; the full scale test room with 
a single door opening in accordance with methods proposed by 
ASTM, ISO and NORDTEST; and, a 1/3 scale model of the full 
scale compartment. 

Bench-scale tests 

Surface spread of flame test. The 13 materials listed in Table I 
were tested in the IMO and ISO surface spread of flame tests. 
The velocity of the flame front, and the corresponding external 
heat flux, q"e, were measured at several positions along the sample. 
The sample surface temperature was also measured at some of these 
positions during the test. A detailed description of the test appa
ratus, procedure and result

Determination of the minimum radiant heat flux to sustain piloted 
ignition. Harkleroad, Quintiere and Walton (3) determined q"n . from 

" ν g 
the surface spread of flame test. The method of plotting l/VV^ 

versus q"e F(t) was introduced, where the intercept on the latter 
axes gave q"g j . An expression for the minimum radiant heat flux 
to sustained piloted ignition was given as 

*'o,i g = h <Ti g - T i ) W 

The values of q'^ . used in this work were reported in (2). 
Andersson (4) used data from Ref. 2 and the method of plotting 
l/yVj versus q"e F(t) to obtain the flame spread parameter C. 
Figure 1 shows, as an example, the plot for material no.3 from in 
Table I. The slope of the line resulting from the plot of l/yVj. 
versus q"e F(t) gives this parameter. The values of C reported in 
(4) and the values obtained in (3) were compared and there seemed 
to be no large differences in the data except for material no. 12, 
wood panel, spruce. 

Determination of ignition temperature. The ignition temperature, Tj , 
is an important material parameter when studying opposed flow 
flame spread over a solid. This temperature can be calculated from 
equation 1 above but to do this the parameters qMQ ̂  h and Tj 
need to be determined. 

The values of q MQ . used here were those derived by Sundstrom 
(2) . An expression for the heat transfer coefficient, h, is given in 
(3) as: 
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Flamespread correlations 

i/Vvf 
(mm/s) 

4 6 8 10 12 14 16 18 

F(t)*q(t) (kW/m2) 

Figure 1. Surface spread of flame test for particle board. 
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h = 0.01 (1 + 0.0085 (T s - T.)) (2) 

The initial temperature, Tp was fixed at 20°C for all materials. 
By assuming a value for T ^ and substituting it for T g when cal
culating h, Tj could be calculated by an iterative process. The 
values of T ^ obtained in (3) and (4) were compared, the agreement 
was relatively good. 

Determination of the flame spread parameter, ώ. The following well 
known expression has been given ((5), (6), etc) for the velocity of 
the flame front for a slab initially at the temperature Τ = T g 

V f = <t>/(Tig - T

where φ depends on the thermal properties of the solid, the ambient 
oxygen concentration, flow speed and the heat flux ahead of the 
advancing flame. is determined from the surface spread of flame 
test as 

V f = dxf/dt (4) 

The flame spread parameter φ can be determined from the experi
mentally-determined parameter C 

Φ = V f / ( T . g - T s)2 = i/(Ch)2 (5) 

The heat transfer coefficient, h, and the flame spread constant, C, 
were determined as discussed above. Andersson (4) compared the 
resulting values of φ to those reported in (3) and found the 
agreement satisfactory. The values of φ used in this work are 
listed in Table I. 

ignitability test. The test - ISO TC92 TR5657, Fire Tests, Reaction 
to Fire, Ignitability of Building Products - is described in (28). 
The main quantitative information from the test is a set of values 
of tj for a set of exposure radiation levels q"e. Data can also be 
extrapolated to give the minimum level of impressed flux to cause 
ignition, q"^. 

With additional thermocouples attached to both sides of the 
sample the test can be used to derive parameters such as thermal 
conductivity, k, and thermal capacity, pc, of the tested specimen. 
The values of thermal inertia, kpc, used in this study were derived 
in this way and are listed in Table I. A full description of the 
method used to derive these parameters is given in (H). 

Rate of Heat Release measurements. The 13 materials were tested in 
three different RHR apparatuses: the Ohio State University apparatus 
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(7), an open configuration (8) based on a design originally developed 
by the National Institute ot Standards and Technology (formerly 
National Bureau of Standards) (9), and the cone calorimeter (10). 
The measurements referred to here were reported in (8). 

The equipment consists of a vertical sampleholder and an 
electrical radiation panel placed under an open hood. The samples 
were tested at 5, 3 and 2 W/cm 2 and some easily ignitable mate
rials also at 1 W/cm2. An example of the test output is given in 
Figure 2 for material no. 3. 

An attempt to calculate the mass loss and RHR analytically 
was not successful, as described in ( ϋ ) . Therefore it was decided 
to describe and make use of the RHR characteristics of the involved 
material directly, using a mathematical approximation of the curves 
shown in Figure 2, primarily the curves valid for external flux equal 
to 3 W/cm2. In the full scale experiments, heat fluxes to the 
lining material will vary considerably with time and location. A 
study of available literatur
W/cm 2 might be more representativ
not been substantiated. 

The experimental curves were idealized as seen in Figure 3, 
resulting in the expression 

= Q"max e _ A ( t ~ ^ 

Equation 6 assumes semi - infinite sample (no returning heatwave) 
and may have to be changed. The (D _ values were taken 

max 
directly from measurements and are given together with the corre
sponding regression values of λ in Table I. Equation 6 seemed 
phenomenologically correct except for materials no 9 and 10. Full 
results are given in (H). 

Corner test experiments carried out in Sweden 

Full scale tests carried out at the Swedish National Testing Insti
tute, Boras, Sweden. The full scale tests, scenario A, were carried 
out according to the standard test method NT FIRE 025 (12). 
The fire test room is 3.6 m long, 2.4 m wide and 2.4 m high 
with a doorway measuring 0.8 m wide and 2.0 m high. The walls 
are of lightweight concrete, 150 mm thick. The ignition source was 
a propane gas burner situated on the floor, in a corner of the 
room, with an effect of 100 kw. If this effect did not cause 
flashover in 10 minutes the effect was raised to 300 kw for another 
10 minutes. The 13 different lining materials tested are listed in 
Table I. All tests were terminated after flashover, defined as 
flames emerging out of the doorway. 

This test series will hereafter be referred to as "full scale A". 
A detailed description of this test series is given by Sundstrom (13). 

For scenario B, the same room, ignition source and procedure 
were used as described above for scenario A, except that no lining 
material was mounted on the ceiling. Only 3 materials were tested, 
namely materials no. 2, 3 and 8 in Table I. 

This test series will hereafter be referred to as "full scale B". 
Ondrus (14) described the test series shortly. 
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1/3 scale experiments carried out at the Department of Fire Safety 
Engineering. Lund University. The experiments were carried out in a 
room with a length of 1.2 m, width of 0.8m and height of 0.8 m. 
A description of the test procedure and results is given by 
Andersson (15). The room is a 1/3 scale model of the full scale 
compartment at the National Testing Institute in Boras. The igni
tion source was a gas burner with an effect of 11 kw for 10 
minutes and, if no flashover occurred, 33 kw for another 10 minutes. 

For scenario A, where lining material was mounted on both 
ceiling and walls, the doorway measured 0.56 m wide and 0.67 m 
high. This test series will hereafter be referred to as "1/3 scale 
A\ 

In scenario B, where the lining material was mounted on 
walls only, the door opening measured 0.46 m wide and 0.67 m 
high. This test series will hereafter be referred to as Ml/3 scale 
B , ?. 

Results from 1/3 scale an
series discussed above were carried out over the period of four years 
and therefore not very coherent. In some series heat flux was 
measured at floor level only, in others at different heights at the 
lining material surface as well as at the floor level. Similarly, gas-
temperatures and surface temperatures were measured at different 
heights resulting in difficulties when comparing results between series. 

Calculation of RHR in room fire experiments 

RHR in scenario A. Magnusson (11) developed a model allowing the 
RHR in scenario A to be calculated. The method presented in this 
chapter is based on that work. Scenario A, as mentioned above, 
refers to the case where lining materials are on three walls and 
ceiling. Soon after the gas burner is started in the corner test, the 
wall material behind it ignites. The time for this to happen must 
be evaluated as well as the RHR from the burning wall and ceiling 
lining material. 

Time to ignition.A quantity Q s t a r t is defined as the sum of the 
heat release from the ignition source and the vertical wall area 
behind the burner, assuming complete combustion. The corresponding 
time t t t denotes the time necessary for the whole of the the 
lining material behind the burner to be pyrolysing. is taken 
directly from the experimental time - RHR curves and thus includes 
time delay components such as transportation time in the measure
ment system. 

Comparison of t t t values with results from the ISO ignita
bility test can be done in various ways. It was found that the 
simple procedure of correlating ignition time at the 30 kw/m2 i m 
pressed radiation level with t . . seemed to work best. For the 
v start 
full scale series 
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Start = lign + 5 

and for the 1/3 scale series 

t 4 . = t. *1.85 start ign 

gives a reasonable approximation of t t .̂ The different dependencies 

°̂  Start *n hsO r e ^ e c t s t n e difference in thermal load from the 
100 kw and 11 kw gas burner flame respectively. Observe that the 
strength of the ignition source means that the total height of the 
corner is covered by flame from the start of the experiment. 

Calculation of RHR. The model is based on the concepts presented 
m (IS), (JLZ) and (18) from which may be considered as a 

driving force in a proces
proportional to the quantit
creasing with time. In the regression model of ceiling flame spread 
and combustion presented in (Hj, which includes the horizontal wall 
flame propagation along the intersection ceiling - wall, pyrolysis 
area A^ was written as 

A p (t) = Q(e a t - \)β (7) 

where a = h2/k/>c and a and β were coefficients to be determined 
statistically. The rate of heat release could then be expressed as 

Q(t) = A p (t) * Q » A V (8) 

where Q " a v denotes a suitable time and space averaged measure of 
material rate of heat release per unit area. It was shown in 
chapter 2.4 that Q"(t) for a certain constant impressed heat flux 
could be written as 

Q"(t) = Q " m a x e~X(i " V (9) 

Combining Equations 7 to 9 and describing the interaction of flame 
spread and rate of heat release by a superposition, Duhamel—type 
integral (19), a final form of the regression equation was given in 
(ii) as 

'rt ""start = a e a t - e~Xt 

^ max 
a 

a + λ 
(10) 
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where Qstart is as defined earlier, Qrt denoting measured RHR (rt 

meaning room test) and the non-combustible part of wall corner 

flame reaching the ceiling (= Q minus combustion in the verti— 
star ι 

cal part of the corner flame). The time t is measured from t = Start' ^ o r relatively short, initial period 0 < t < t t a r t the 
rate of heat release is assumed to grow linearly up to Q S T A R T -

The overall average values and coefficients of variations for model 
eqn (10) were given as: 

û'aver = -*·» H n û) Vaver = 0 1 3 

âver = 1 1 5 V̂ aver =
It remains to be studied how well time-RHR curves from the 
experiments can be recalculated using average values of a and β. 
Figure 4 a) shows the results of using the regression equation on 
material no. 3 in Table 1 for the full scale test. Figure 4 b) 
shows the same for the 1/3 scale test. The regression equation has 
been used for 6 materials in both full scale and 1/3 scale tests, 
showing similar results. 

RHR in scenario B. The procedure for calculating rate of heat 
release in scenario Β builds on the same principles as the one 
described above. In this scenario there is, however, no material on 
the ceiling. 

The total rate of heat release in the room is assumed to 
come from five sources; the gas burner, the vertical wall area behind 
the burner, a horizontal strip of material corresponding to the verti
cal height og the ceiling jet at the ceiling-wall intersection, the wall 
material in the upper layer and, when downward flame spread has 
started, from the wall linings below the hot gas layer. 

The scenario we are considering is the following one: The 
walls of the test room are lined with the material. The ignition 
source in the corner ignites the wall corner material and spreads 
upward on an area, A , approximately equal to the width of the 
burner times the distance from the burner to the ceiling. In this 
initial period, 0 < t < t t t , the rate of heat release is calculated 
in the same way as above, i.e. assumed to grow linearly up to 

Qstart at t i m e Starf 
The resulting ceiling jet, or flame, spreads along the intersec

tions between the walls and the ceiling in the mode of concurrent 
flame propagation. After a time t̂  the pyrolysing area has propa
gated to the nearest corner in the room and a strip of material at 
the top of the walls is pyroysing. In the experiments discussed 
here this strip has a height of around 5% of the room height. 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



576 FIRE AND POLYMERS 

RHR, full scale test, scenario A 
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Figure 4. Comparison of experimental and calculated rates of heat release in four 
different experimental setups. Continued on next page. 
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RHR, full scale test, scenario Β 
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Figure 4. Continued. 
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We assume we can calculate how long it will take for the pyrolys— 
ing area to reach the nearest corner. In the period t g t a r t < t < 
t̂  there are thus three sources that contribute to the total heat 

release; the gas burner, the diminishing effect of the pyrolysing area 
behind the gas burner and the increasing pyrolysis area of the 
horizontal strip at the wall-ceiling intersection. 

It remains to give expressions for t̂ , the time at which the 
horizontal pyrolysing area reaches the an opposite corner. Saito, 
Quintiere and Williams (20) have given the upward spread velocity 
of the pyrolysis front as 

V p = 4 (q"Q)2 (xf - xp)/[xkpc(Tp - TJ2] (11) 

which has been employed in some recent studies by several workers 
((21), (22) and others). Th
only depend on the energy release rate per unit wall width ((21), 
(22), (23) and (24)) and several expressions for x̂  have been given. 

Efforts are being made to apply the above method to the 
horizontal concurrent flame spread. Some problems have been 
encountered in estimating the horizontal flame length Xj. since earlier 

reported flame height correlations may not be valid in the horizontal 
ceiling—wall intersection configuration. Results from this part of the 
study will be reported later. 

The problem of estimating t̂ , the flame spread along inter
section wail - ceiling and the resulting rate of heat release was 
therefore solved rather crudely as a first effort and is considered to 
be a temporary solution. Magnusson (25) suggested a simple 
expression for the calculation of A ^ , the horizontal pyrolysing area, 

assumed to increase linearly with time 

V 1 ) = k · t · (0start - Q g b)/kpc (12) 

The factor k was derived from experiments to be s 0.004 w/(mK)2. 
For each At the pyrolysis area increases by Δ Α ρ ^ . Equation 12 

will be changed, using the methodology described in (24) instead. 
Following a similar procedure as for scenario A, the expression 

for the rate of heat release for the time period t s t â r t < t < t̂  is 
then written at time step j (counted from t t t) as 

Q(t) = Q g b + A w * C T m a x * e(-A*A t*J) + E [ A A p h * 

Q'max * e{~X*At*[)) (13) 

The first term is the effect from the gas burner, the second the 
contribution from the wall behind the burner and the third from the 
part of the horizontal strip which is pyrolysing. 
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For the period t > t̂  the downward flame spread contributes 
to the increasing rate of heat release. To equation 13 is then 
added the contribution of the downward flame spread in the upper 
layer and, once the flames reach the intersection of the hot gas 
layer and the lower ambient layer, the downward flame spread below 
the hot layer. 

Figure 4 c) shows the results of using this procedure on 
material no. 3 in Table 1 for the full scale test. Figure 4 d) 
shows the same for the 1/3 scale test. The procedure has been 
used on 3 other materials, the results are similar but not quite as 
good. 

The following sections describe how the gastemperatures, surface 
temperatures in the hot layer and below the hot layer and the 
downward flame spread are calculated, thus adding to the rate of 
heat release. 

Calculation of gastemperature

The basic principle used to calculate the temperature in a compart
ment fire is the conservation of mass and energy. Since the 
energy release rate and the compartment temperature change with 
time, the application of the conservation laws will lead to a series 
of differential equations. 

By making certain assumptions on the energy and mass trans
fer in and out of the compartment boundaries, the laws of mass 
and energy conservation can result in a relatively complete set of 
equations. Due to the complexity and the large number of equa
tions involved, a complete solution of the set of equations would 
usually only be obtained from computer programs. 

However, now there exist regression formulae which, with a 
number of limiting assumptions, allow the gastemperature in a 
naturally or mechanically ventilated compartment to be calculated by 
hand. 

McCaffrey, Quintiere and Harkleroad (26) used a simple 
conservation of energy expression and a correlation of a relatively 
wide range of data to develop a hand- calculation formula for the 
hot layer temperature in a naturally ventilated compartment. 

The upper layer temperature was written as a function of two 
dimensionless groups 

Δ Τ = C · X? · (14) 
0 

The constants C, Ν and M were determined from a wide range 
experimental data, the final form of the regression equation in (26) 
was given as 

Δ Τ - 1.63 
0 ^ cp Po T o A o ^ . 

2/3 h k A w 

^ c p 'o A o ^ 

-1/3 

15) 
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The heat transfer coefficient, h ,̂ depends on the duration of the fire 
and the thermal characteristics of the compartment boundaries. The 
thickness of the lining materials treated here and the short duration 
of the corner test is such that the outer boundaries of the test 
compartment do not have an effect on the heat transfer coefficient. 
It can therefore be written as: 

h k = VWt (16) 

Calculation of gastemperatures in the current paper. The energy 
released within the compartment in flame and upper layer combus
tion is restricted by the availability of oxygen. The heat release 
measured in the experiments includes the energy released in the 
flames coming out through the opening. This part of the heat 
release does not influence the gastemperature within the compartment
The availability of oxyge
by using a simple flame
air into the corner flame 

m'air = 2 / 3 <* V2g (1 - Τ / Γ ) X f

3 / 2 (17) 

where Xj is the effective entrainment flame height. Thus, the 
maximum rate of heat release inside the compartment was found to 
be approximately 0.6 Mw for the full scale room and 40 kw for 
the 1/3 scale room. 

The method developed in (26) was followed to calculate the 
upper layer gastemperatures in the corner test experiments. An 
attempt was made to determine the constants C, Ν and M by 
regression analysis but results were not satisfactory. The two 
constants, Ν and M, as they appear in equation 4 did however 
seem to describe the slope and shape of the experimental curves 
well. The constant C was then determined for each of the experi
mental series with the following 

Full scale, scenario A 
1/3 scale, scenario A 
Full scale, scenario Β 
1/3 scale, scenario Β 

c = 2.048 
aver 

= 2.048 
C = 2.237 

aver 
= 2.237 

C = 2.700 
aver 

= 2.700 
C = 2.240 

aver 
= 2.240 

The experimental gastemperature was measured by thermocouples 5 
cm from the ceiling in both 1/3 scale tests series and 30 cm from 
the ceiling in full scale test, scenario A. But in the full scale Β 
test series the gastemperature was measured only 10 cm from the 
ceiling, resulting in relatively much higher gastemperature values than 
in the other test series. This accounts for the much higher C a y e r in 
the last mentioned test series. 

The procedure of limiting the RHR and finding a 
pre-€xponential factor for each test series proved to be very robust 
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and showed eood agreement with experimental results. Figures 5 a), 
b), c) and d) show results of using the above procedure on mate
rial 3 in Table I for both scenarios and both compartment sizes. 
This has also been done for most of the materials in Table 1, 
showing similar results. 

Heat transfer to walls 

When the fire in the corner starts and the lining material in the 
corner ignites, combustion products and plume entrained air are 
transferred to the ceiling. The hot gas layer forms, descends and 
increases in temperature with time. Relatively early in the test the 
layer reaches the top of the opening, stabilizes and hot gases start 
flowing out through the opening. 

Classical heat transfer provides expressions for quantities such 
as view factors, radiation and temperature fields in semi—infinite 
bodies. The lining material
semi-infinite bodies since

One long side of the compartment wall was split into a large 
number of thin, horizontal strips and the heat flux from the gas 
layer to the center of each strip calculated using the well known 
expression 

q" = ι F σ ( T g

4 - T Q

4 ) (18) 

The emission coefficient was taken to be a constant value close to 
unity. The configuration factor, F, was calculated in a conventional 
way, treating the center of each strip as a point. Once the down
ward flame spread started the radiation from the wall flames and 
the pyrolysing lining material behind the flames was added to the 
smoke layer radiation. The heat flux to the walls was then cal
culated from the expression 

q " = <g F g σ ( T g 4 " T o 4 ) + f f F f 0 <Tf4 - T o 4 ) + 

ep F p ο ( T p 4 - T 0 4 ) <19) 

where the subscript g refers to the gaslayer, f to the flame and ρ 
to the pyrolysing wall material. The view factors from the flame 
and the pyrolysing wall material were assumed to be identical and 
equal to the total burning area of lining material. The flame 
temperature was taken to be ~ 1100° Κ and the pyrolysing material 
surface temperature was assumed to be « 750° K. Further, the 
flame emission coefficient was taken to be = 0.5 as was the surface 
of the pyrolysing material. A sensitivity analysis is necessary. 

Wall surface temperatures 

As explained above, one lone side of the compartment wall was 
split into a large number of thin strips and the heat flux to the 
center of each strip calculated. For a constant heat flux, assuming 
the wall material to be semi—infinite, the wall surface temperature 
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Hot gas temperatures, full scale test, scenario A 
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Figure 5. Comparison of experimental and calculated hot gas temperatures in 
four different experimental setups. Continued on next page. 
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Hot gas temperatures, full scale test, scenario Β 
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Figure 5. Continued. 
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can be calculated from 

T s - T Q = (q"/h) * (1 - e h 2 ^ k p c * erfc^t/kpc)) 
(20) 

Knowing the heat flux as a function of time and using the super
position principle, the surface temperature of the lining material was 
calculated at the center of each strip. The surface temperature was 
therefore be calculated as a function of time and height from the 
floor. Here, the Newtonian cooling coefficient was assumed to be a 

ο 
constant value, h = 30 w/m , throughout the test. An explicit 
form of the superposition integrals can be found in (22). 

The surface temperature of the wall material emerged in the 
hot layer was approximated by the expression 

T s - T 0 = (Τ -
(21) 

using the superposition principle and assuming a constant heat 
transfer coefficient. Putting the Newtonian cooling coefficient and 
the heat transfer coefficient equal to a constant value is of course 
an oversimplification and is seen only as a temporary measure. 

No wall surface temperatures were measured in the full scale 
test series, scenario A and in the 1/3 scale test series, scenario B. 
Figure 6 a) shows the experimental and calculated wall surface 
temperatures, at a height of 0.45 m from the floor, for material no. 
3, 1/3 scale test, scenario A. Figure 6 b) shows the same, but at 
a height of 1.2 m from the floor, for the full scale test, scenario 
B. 

Downward flame spread 

The RHR in scenario A is calculated from a regression formula, 
equation 10, where the only dependent variable is time. Calculation 
stops before downward flamespread has become significant or 
dominant. 

In scenario B, however, both the horizontal concurrent flame 
spread and the downward flame spread, in and below the hot gas 
layer, are directly linked to the rate of heat release. 

Downward flame spread for scenario A. Relatively early in the test 
the hot gas layer reaches the top of the opening, stabilizes and hot 
gases flow out through the opening. We have assumed that at the 
beginning of the test the hot layer is already stabilized at the 
height of the opening, this has a relatively small influence on the 
radiation from the hot layer to the walls since the the layer is 
relatively cold to begin with. 

No attempt is made to predict what happens within the hot 
smoke layer for scenario A. The smoke is quite thick in this 
scenario and it is difficult to visually see what happens there. 
When the smoke layer has been heating the wall surfaces for some 
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time, occasional flames start appearing at the interface of the smoke 
layer and the walls. Shortly after, a thin, horizontal line of flames 
has been established on the lining material at this interface. The 
downward flame spread is quite slow to begin with but accelerates 
with time and can be calculated from a similar expression to 
equation 3 

V f = <l>/(Tig - T f l / (22) 

where Tjg and φ are obtained from the bench-scale tests discussed 
earlier in this paper. T f l f is the material surface 
temperature just ahead of the flame front. If the position of the 
flame front is known, this surface temperature at a certain wall 
height and certain time, can be extrapolated from the surface 
temperatures calculated a
time step. The downwar

Since what happens in the gaslayer is not treated in scenario 
A, the wall flames are assumed to start at the intersection of the 
walls and the hot layer, i.e. 40 cm from the ceiling in the full 
scale tests and 13 cm from the ceiling in the 1/3 scale tests. 

In the full scale test series, scenario A, the test was termi
nated at flashover so no data is available for the downward flame 
spread in this series. Figure 6 c) shows the experimental and 
calculated downward flame spread for material no. 3, 1/3 scale test, 
scenario A. 

Downward flame spread for scenario B. Once the horizontal, con
current flame spread along the wall ceiling intersection has reached 
an opposite corner in the compartment the downward flame spread 
in the upper layer starts. In reality, this could possibly start 
happening during the concurrent flame spread time interval. In the 
current version of the model, no account is taken of the relatively 
low oxygen concentration in the upper layer. The flame spread is 
quite slow at first since the wall material has a relatively low sur
face temperature. It then accelerates until it reaches the interface 
of the smoke layer and walls. 

At this point the flame spread slows down since the walls 
beneath the smoke layer have a lower surface temperature than the 
walls immersed in the hot layer. The downward spread then 
accelerates again. The flame spread is calculated from equation 22 
as above. 

Figure 6 d) shows the experimental and calculated downward 
flame spread for material no. 3, full scale test, scenario B. 

Remarks on the results 

No sensitivity testing has so far been carried out with respect to 
the different assumptions and procedures just enumerated. Changes 
will certainly be introduced, especially regarding the horizontal con
current flame spread which will follow the methods outlined in (21), 
(22) and (24). The Newtonian cooling coefficient and the heat 
transfer coefficient in equations (20) and (21) will be calculated as 
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Wall surface temperature, 1.2 m from the floor 
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Figure 6. Comparison of experimental and calculated data (wall surface 
temperatures and downward flame spread) in two different experimental setups. 
Continued on next page. 
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Downward flamespread, 1/3 scale test, scenario A 
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Figure 6. Continued. 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



588 FIRE AND POLYMERS 

functions of surface temperatures. Certain other areas in the proce
dure need to be looked at more closely, a sensitivity analyses with 
regards to emission coefficients and heat transfer coefficients, as well 
as other input parameters, will need to be carried out. 

The ISO surface spread of flame test seems to correlate well 
with room test behavior when directly comparing times to ignition 
and rates of opposed flow flame spread. For the RHR-test the 
correlation is more implicit. A simple model incorporating data from 
this test and the ignitability test is capable of predicting the first 
phases of room fire growth in scenario A. The basic structure of 
the model for predicting fire growth in scenario Β seems acceptable 
although it needs improving. This is valid for both full scale and 
the 1/3 scale test room. 

Legend of Symbols 

A = Area 
C = Flame spread constant in eqn. 5 and constant in eqn. 

14 
Cp = Heat capacity (of air unless otherwise stated) 
F = Configuration factor 
g = Gravitational acceleration 
h = Convective and radiative heat transfer coefficient 
h^ = Convective heat transfer coefficient 
H Q = Height of opening 
k = Constant in eqn. 12 
kpc = Thermal inertia 
q" = Radiative heat transfer per area 
Q" = Energy release rate per fuel area 
Q g t a r t = Total heat release from gas burner and lining material 

behind burner 
t̂  = Time for pyrolysis front to move horizontally along 

wall—ceiling intersection to opposite corner 
Start = T i m e 10 r e a c h Qstart 
Τ = Temperature 

= Position of the flame front, flame height in eqn. 17 
α = Entrainment coefficient in eqn. 17, correlation coefficient 

in eqn. 10 
β = Correlation coefficient 
λ = Decay coefficient 
PQ = Density of ambient air 
σ = Stefan-Boltzmann constant 
φ = Flame spread parameter 
c = Emissivity 
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Subscripts: 

av = average 
e = external 
f — flame 
fl.f = flame front 
g = gas 
gb 
i 

= gas burner gb 
i = initial 
max = maximum 
0 = opening 
Ρ = pyrolysis 
s = surface 
w — wall 
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Chapter 34 

Fire Hazard in a Room Due to a Fire 
Starting in a Plenum 

Effect of Poly(vinyl chloride) Wire Coating 

F. Merrill Galloway and Marcelo M. Hirschler 

BFGoodrich Technical Center, P.O. Box 122, Avon Lake, OH 44012 

An issue of interest is the contribution to 
f ire hazard i  fro  product  i
plenum space
can result fro
room or f ire in the plenum. The products 
being addressed here are PVC electrical 
products contained in a plenum. 

The f i r s t scenario involves a f ire 
starting in the room. 

Three room dimensions and two ceil ing 
materials were analysed; the products were 
PVC conduit (rigid and ENMT, semi-rigid; 100 
m of either) and PVC wire coating (400 m). 
It was found that the amount of energy 
needed for the room fire to cause thermal 
decomposition of the PVC products in the 
plenum was larger than that needed to take 
the room to flashover. Furthermore, if the 
PVC products did eventually decompose or 
burn, somehow, they would cause a lethal 
smoke concentration only significantly later 
than a lethal (by toxicity) atmosphere had 
already been created by the f ire i t se l f . 
Thus, the PVC products did not add any 
significant f ire hazard to that caused by 
the room f ire . 

The next scenario is more complex: i t 
involves a f ire starting in a plenum and has 
been analysed only for wire coating. 

Calculations were made, for many f ire 
scenarios, in which the f ire hazard model 
F.A.S .T. was used to simulate hazard to 
occupants of a standard room following a 
f ire starting in a plenum above it. A total 
of 400 m of PVC wire coating was assumed to 
be present in the plenum. Its decomposition 
was made a function of the plenum 
temperature achieved. The f ire ranged 

0097-6156/90/0425-0592$06.00/0 
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between RHR of 50 and 500 kW; the heat of 
combustion of the f ire varied between a 
standard value (20 kJ/g) and that of methane 
(57 kJ/g). Various vent connections between 
compartments and surroundings were used. 
The plenum temperature was never enough to 
decompose all the PVC wire coating. 
If the plenum was vented to the surround
ings, almost no smoke entered the room. In 
an unvented plenum smoke entered the room 
but the f ire burnt for a short period only: 
the level of oxygen was not enough for f u l l 
combustion. In extreme cases the f ire 
generated enough heat for an untenable 
atmosphere in the room. In almost a l l 
single plenum cases studied the smoke 
flowing into th  insufficient t
generate a concentratio
Therefore, using
wire coating products did not cause a 
significant increase in the f ire hazard to 
occupants. 

In o f f i c e b u i l d i n g s i t i s ver y common t o have plenums, 
i . e . spaces above rooms where the a i r h a n d l i n g system i s 
l o c a t e d , t o g e t h e r w i t h e l e c t r i c a l w i r e s and c a b l e s , as 
w e l l as abundant wood and other c o n s t r u c t i o n m a t e r i a l s . 
These concealed spaces are u s u a l l y ca. 1 m (3 f t ) h i g h and 
are i n v i s i b l e from the room below. 

In the 1980»s years t h e r e has been some c o n t r o v e r s y 
about the e f f e c t of f i r e s i n v o l v i n g combustible products 
c o n t a i n e d i n such concealed spaces. T h i s addresses the 
room-plenum s c e n a r i o both when a f i r e s t a r t s i n the room 
and when a f i r e s t a r t s i n the plenum and i n v e s t i g a t e s i t s 
spread i n t o the room below. 

In r e c e n t y e a r s t h e r e has been much c o n t r o v e r s y 
surrounding the impact of smoke t o x i c i t y f o l l o w i n g a f i r e . 
T h i s has i n c l u d e d d i s c u s s i o n s r e g a r d i n g means t o measure 
t o x i c potency, by one of a v a r i e t y of s m a l l - s c a l e methods, 
and how t o use these r e s u l t s t o e v a l u a t e f i r e hazard. 
There has been, i n p a r t i c u l a r , much s p e c u l a t i o n r e g a r d i n g 
the hazards due t o c e r t a i n p l a s t i c s , t y p i c a l l y p o l y ( v i n y l 
c h l o r i d e ) (PVC). 

The p r e s e n t paper w i l l d e a l w i t h t h i s i s s u e i n 
s e v e r a l s t a g e s . 

(1) Address the i s s u e of PVC f i r e p r o p e r t i e s , i n c l u d i n g 
smoke t o x i c i t y and hydrogen c h l o r i d e decay. 
(2) D e s c r i b e measurements of mass l o s s r a t e s o f v a r i o u s 
e l e c t r i c a l PVC products, by t h e r m o a n a l y t i c a l 
experiments. 
(3) Address the concealed space s c e n a r i o s used. 
(4) I n v e s t i g a t e the f i r e hazard i n a room due t o the 
burning of PVC e l e c t r i c a l products i n a plenum space 
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above i t , when a f i r e s t a r t s i n the compartment 
underneath. 
(5) I n v e s t i g a t e the f i r e hazard i n a room due t o the 
burning of PVC wire c o a t i n g i n a plenum space above i t , 
when the f i r e s t a r t s i n the plenum. 

F i r e P r o p e r t i e s of P o l y ( V i n y l C h l o r i d e ) 

Other papers i n t h i s volume address the importance of a 
v a r i e t y of f i r e p r o p e r t i e s on f i r e hazard, i n p a r t i c u l a r 
the r e l a t i v e importance (or l a c k of i t ) of t o x i c potency 
of smoke (e.g. Réf. [ 1 ] ) . 

PVC i s unique among commodity m a t e r i a l s i n t h a t i t 
c o n t a i n s c h l o r i n e and, thus, produces hydrogen c h l o r i d e 
(HC1) when i t decomposes or burns [2, 3 ] . 

The f i r e p r o p e r t i e s of PVC have been put i n t o 
p e r s p e c t i v e r e c e n t l
polymer w i t h a h i g
f l a m m a b i l i t y . Furthermore, PVC products are a s s o c i a t e d 
w i t h a low r a t e of heat r e l e a s e as w e l l as l i t t l e t o t a l 
heat r e l e a s e d [4-9]. T h i s w i l l depend, c l e a r l y , on the 
type of product, s i n c e p l a s t i c i s e d PVC products are 
o b v i o u s l y more flammable than r i g i d ones. 

Undoubtedly, f i r e hazard i s p a r t i a l l y a s s o c i a t e d w i t h 
the t o x i c i t y of the smoke i t s e l f . The smoke of a v a r i e t y 
of common m a t e r i a l s , as measured e.g. by the NBS cup 
furnace t o x i c i t y t e s t [10], has r e c e n t l y been compared 
with the i n t r i n s i c t o x i c potency of other poisons and of 
t o x i c gases, as w e l l as with t o x i c i t y c a t e g o r i e s [11]. I t 
has been shown t h a t t o x i c i t y i s a r e l a t i v e l y minor f a c t o r 
because t h e r e i s very l i t t l e d i f f e r e n c e between the 
i n t r i n s i c t o x i c potency of the smoke of the m a j o r i t y of 
common m a t e r i a l s , with very few e x c e p t i o n s . 

D e t a i l e d s t u d i e s have a l s o been made on the t o x i c i t y 
of HC1, an i r r i t a n t gas o f t e n p r e s e n t i n f i r e s . I t does 
not cause baboon or r a t i n c a p a c i t a t i o n up t o very h i g h 
exposure doses which are s u f f i c i e n t (or ve r y c l o s e ) t o 
cause e v e n t u a l death [12]. Furthermore, a r e c e n t study 
has shown t h a t the e f f e c t s of i r r i t a n t s a re h e a v i l y 
dependent on the animal model used [13]. 

I n t e r e s t i n g l y , the mouse i s much more s e n s i t i v e t o 
HC1 than the r a t [13-16], In t u r n , however, the r a t works 
as a good model f o r a primate, as f a r as l e t h a l i t y due t o 
HC1 i s concerned [17, 18]. T h i s i s important because a l l 
rodents (mice and r a t s ) are o b l i g a t e nose b r e a t h e r s , w h i l e 
primates can a l s o breathe through t h e i r mouths, and i t has 
been s p e c u l a t e d t h a t t h i s would make rodents l e s s 
s e n s i t i v e t o HC1 than primates [19]. 

The r e l e v a n c e of a l l t h i s t o the p r e s e n t paper i s 
t h a t the t o x i c potency of PVC smoke or of HC1 are f a i r l y 
s i m i l a r t o those of other smoke or of carbon monoxide (CO) 
r e s p e c t i v e l y . 
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A l a r g e number of s t u d i e s have a l s o been done t o 
i n v e s t i g a t e the l i f e t i m e of HC1 i n a f i r e atmosphere 
[20-24]. These s t u d i e s have shown t h a t HC1 r e a c t s very 
r a p i d l y w i t h most common c o n s t r u c t i o n s u r f a c e s (cement 
bloc k , c e i l i n g t i l e , gypsum board, etc.) so t h a t the peak 
atmospheric c o n c e n t r a t i o n found i n a f i r e i s much l e s s 
than would have been p r e d i c t e d from the c h l o r i n e content 
of the burnin g m a t e r i a l . Furthermore, t h i s peak 
c o n c e n t r a t i o n soon decreases and HC1 d i s a p p e a r s completely 
from the atmosphere. 

These c o n s i d e r a t i o n s are i n c l u d e d here because i n the 
d i s c u s s i o n t h a t f o l l o w s HC1 decay w i l l be ignored, t o 
f a c i l i t a t e the c a l c u l a t i o n s . HC1 decay i s a l s o important 
when measuring PVC t o x i c potency, because the w a l l s of 
exposure chambers are made of n o n - s o r p t i v e m a t e r i a l s , 
where such decay i s minimised. In t h i s c o n n e c t i o n i t i s 
worth p o i n t i n g out t h a
found when f i r e f i g h t e r
f i r e was ca. 280 ppm [25, 26]. 

Mass Loss Rates of PVC Products 

T a b l e I p r e s e n t s the r e s u l t s of " i s o t h e r m a l " simultaneous 
t h e r m o a n a l y t i c a l (STA) runs, a t 573 Κ and 773 K, f o r a l l 
t h r e e p r o d u c t s . S i m i l a r data, a t a f i x e d h e a t i n g r a t e i s 
shown i n T a b l e I I . One of the c r u c i a l parameters i s the 
temperature of maximum weight l o s s r a t e , c o r r e s p o n d i n g t o 
the time when d e h y d r o c h l o r i n a t i o n of PVC s t a r t s becoming 
important. T h i s temperature i s c l o s e t o 573 Κ i n a l l 
cases. In f a c t , a t a r e l a t i v e l y f a s t h e a t i n g r a t e , almost 
no decomposition occurs a t temperatures under 563 K. I f 
the m a t e r i a l s are heated a t 573 Κ f o r a prolonged p e r i o d , 
complete d e h y d r o c h l o r i n a t i o n takes p l a c e , but no f u r t h e r 
stages of PVC decomposition occur. None of the t h r e e 
m a t e r i a l s i n v e s t i g a t e d decomposes completely u n t i l a 
temperature of ca. 773 Κ i s a t t a i n e d . Even then o n l y a 
c e r t a i n f r a c t i o n of the e n t i r e mass of the samples i s 
v o l a t i l i s e d , due t o the presence of i n o r g a n i c f i l l e r s i n 
t h e i r composition. 

The average r a t e of mass l o s s i s c a l c u l a t e d from the 
amount of mass l o s t and the co r r e s p o n d i n g time p e r i o d . 
The c a l c u l a t i o n s i n Ta b l e I a t 573 Κ r e p r e s e n t the average 
mass l o s s of i s o t h e r m a l d e h y d r o c h l o r i n a t i o n . Thus, the 
v a l u e s i n Ta b l e I (3.4 %/min f o r blue c o n d u i t , 2.9 %/min 
f o r grey c o n d u i t and 2.3 %/min f o r wire c o a t i n g ) r e p r e s e n t 
a reasonable estimate of the mass l o s s r a t e of the PVC 
products i n a f i r e , a t a temperature not exceeding 563 K. 

Concealed Space S c e n a r i o s 

A few r e c e n t events make i t p a r t i c u l a r l y i n t e r e s t i n g t o 
v a l u a t e the f i r e hazard r e s u l t i n g from the burning of PVC 
m a t e r i a l s , when they are pr e s e n t i n a plenum. These 
i n c l u d e the r e c e n t r e g u l a t i o n s promulgated i n New York 
S t a t e r e g a r d i n g the c r e a t i o n of a data base f o r smoke 
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t o x i c i t y of b u i l d i n g products [27]. The products t h a t 
were t e s t e d i n the f i r s t year ( e l e c t r i c a l ) are o f t e n found 
behind f i r e r a t e d w a l l s or c e i l i n g s . An example of a 
c a l c u l a t i o n of t h i s type has been made f o r f l u o r i n a t e d 
wire c o a t i n g s [28] and f o r PVC e l e c t r i c a l m a t e r i a l s [29] 
and, another one, f o l l o w i n g a d i f f e r e n t procedure and a 
d i f f e r e n t s c e n a r i o , f o r PVC-based e l e c t r i c n o n - m e t a l l i c 
(ENMT, s e m i - r i g i d ) c o n d u i t [30]. The p h i l o s o p h y used i n 
r e f e r e n c e s [28] and [29] i s t h a t f i r e hazard i s h i g h e r i f 
the time t o reach a l e t h a l atmosphere i s lower. 

The s c e n a r i o s i n v e s t i g a t e d here i n v o l v e v a r i o u s 
room-plenum c o n f i g u r a t i o n s . The room has a standard 
opening c o r r e s p o n d i n g t o the s i z e of a normal door (2.03 
χ 0.74 m). The rooms i n the f i r s t p a r t of the study ( f i r e 
i n the room) were of dimensions which might r e p r e s e n t , 
approximately, a s m a l l warehouse (10.0 χ 10.0 χ 3.0 m), a 
bedroom ( 3 . 7 x 3 . 7 x 2 .
m) and the plenum h e i g h
case, two d i f f e r e n t c e i l i n g m a t e r i a l s were c o n s i d e r e d 
( v i z . gypsum w a l l b o a r d (GB) and c e i l i n g t i l e ( CT)). 
Furthermore, the i n t e n s i t y of heat of combustion of the 
f u e l i n v o l v e d i n c a u s i n g the f i r e was s e t a t both 20 kJ/g 
and 40 kJ/g, thus c o v e r i n g the ranges t y p i c a l f o r most 
m a t e r i a l s . 

I t was assumed t h a t the smoke was i n s t a n t a n e o u s l y 
d i s t r i b u t e d among e i t h e r the room and plenum or the room 
and plenum p l u s another t h r e e rooms i d e n t i c a l i n s i z e t o 
the burn room. A l l room w a l l s were assumed t o be made of 
gypsum w a l l b o a r d and a l l f l o o r s of c o n c r e t e . T h i s p a r t 
w i l l p r esent, f o r each case, an assessment of the time 
r e q u i r e d t o achieve an untenable atmosphere, as a 
consequence of the e x c l u s i v e presence, i n the 
c o r r e s p o n d i n g plenum, of PVC-coated e l e c t r i c a l w i re (400 
m) , of PVC-based r i g i d c o n d u i t (100 m) and of PVC-based 
e l e c t r i c a l n o n - m e t a l l i c ENMT, s e m i - r i g i d , c o n d u i t (100 m). 
These times w i l l be compared w i t h the times a t which such 
an untenable atmosphere i s generated due t o the t o x i c i t y 
of the m a t e r i a l s burning i n the room, assuming them t o be 
of normal t o x i c potency, s i m i l a r t o t h a t of an o r d i n a r y 
wooden product (e.g. Douglas f i r ) . 

The rooms i n the second p a r t of the study are a l l of 
the same s i z e , v i z . 3.7 χ 3.7 χ 2.7 m. The plenums being 
c o n s i d e r e d are e i t h e r one w i t h the same f l o o r s i z e and 1.0 
m h e i g h t or one w i t h 3 times the f l o o r s i z e (3 plenum 
c o n f i g u r a t i o n ) or 10 times the f l o o r s i z e (10 plenum 
c o n f i g u r a t i o n ) . The o n l y c e i l i n g m a t e r i a l c o n s i d e r e d i s 
gypsum board and the o n l y product being i n v e s t i g a t e d i s a 
PVC wire c o a t i n g f i r e r e t a r d e d t o g i v e v e r y low heat 
r e l e a s e and flame spread. In t h i s case, the f i r e s t a r t s 
i n a plenum and the work i n v e s t i g a t e s whether i t spreads 
i n t o the room below i n terms of i t s e f f e c t s on 
temperature, smoke l a y e r l e v e l s and c o n c e n t r a t i o n s of 
t o x i c gases, mainly carbon monoxide, i n both room and 
plenum. 
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F i r e s t a r t i n g i n the Room 

For the a n a l y s i s , a s t e a d y - s t a t e f i r e was assumed. A 
s e r i e s of equations was thus used t o c a l c u l a t e v a r i o u s 
temperatures and/or heat r e l e a s e r a t e s per u n i t s u r f a c e , 
based on a s s i g n e d i n p u t v a l u e s . T h i s s e r i e s of equations 
i n v o l v e s f o u r c o n v e c t i v e heat t r a n s f e r and two c o n d u c t i v e 
heat t r a n s f e r p r o c e s s e s . These are: 

(a) c o n v e c t i v e t r a n s f e r from f i r e t o upper room l a y e r 
(b) c o n d u c t i v e t r a n s f e r through suspended c e i l i n g t o 

plenum f l o o r 
(c) c o n v e c t i v e t r a n s f e r from suspended c e i l i n g t o 

plenum a i r 
(d) c o n v e c t i v e t r a n s f e r t o plenum c e i l i n g 
(e) c o n d u c t i v e t r a n s f e r through c o n c r e t e plenum c e i l i n g 

s l a b 
(f) c o n v e c t i v e t r a n s f e

temperature) 
The heat r e l e a s e r a t e necessary f o r f l a s h o v e r was 

c a l c u l a t e d , from the equation g i v e n by Q u i n t i e r e e t a l . 
[31]. The s e r i e s of equations i s then s o l v e d , w i t h the 
assumption t h a t the temperature i n c r e a s e f o r f l a s h o v e r i s 
500 Κ ( l e a d i n g t o an upper l e v e l temperature of T U L: 795 K) 
and the plenum temperature f o r decomposition of the PVC 
products i s 573 K. The r e s u l t s i n Table I I I show t h a t a 
much more i n t e n s e f i r e i s r e q u i r e d , i n a l l cases, t o cause 
the PVC products t o undergo d e h y d r o c h l o r i n a t i o n than t o 
take the room t o f l a s h o v e r . Thus, the heat r e l e a s e d by 
t h i s f i r e a t f l a s h o v e r i s i n s u f f i c i e n t t o 
d e h y d r o c h l o r i n a t e the PVC products i n the plenum, f o r any 
of the s c e n a r i o s . T h e r e f o r e , the occupants of the room 
w i l l succumb b e f o r e t h e r e i s an e f f e c t due t o the plenum 
PVC p r o d u c t s . 

I t i s o f i n t e r e s t t o c a l c u l a t e , too the time r e q u i r e d 
f o r both the f i r e i t s e l f and the thermal decomposition of 
the plenum PVC products t o produce a l e t h a l atmosphere. 
Ta b l e I I I p r e s e n t s such r e s u l t s f o r the f i r e , f o r heats of 
combustion of 20 kJ/g and 40 kJ/g, a range t y p i c a l of most 
f i r e s . In order t o c a r r y out t h i s c a l c u l a t i o n i t i s 
assumed t h a t the smoke i s d i s t r i b u t e d i n s t a n t a n e o u s l y 
throughout the volume being c o n s i d e r e d , one or f o u r 
room-plenums. The b a r r i e r s r e p r e s e n t e d by w a l l s or 
t r a n s p o r t p r o c esses are i g n o r e d . The t o x i c potency used 
f o r the f i r e i s a minimal v a l u e , an LC ? 0 of 40 mg/1 f o r a 
30 min exposure i n the NBS smoke t o x i c i t y t e s t , i n the 
non-flaming mode. T h i s c o u l d be r e p r e s e n t a t i v e of a 
v a r i e t y of m a t e r i a l s (e.g. wood) and i s w i t h i n the normal 
range of t o x i c p o t e n c i e s . 

In order t o c a l c u l a t e the "time t o l e t h a l 
c o n c e n t r a t i o n " the c o n c e n t r a t i o n of smoke (per u n i t time) 
i s f i r s t c a l c u l a t e d . Then the t o t a l amount of smoke ( i n 
c o n c e n t r a t i o n per u n i t time) i s c a l c u l a t e d from the mass 
of m a t e r i a l (and, i n the case of the PVC products, the 
percentage of the weight of the product t h a t can be 
v o l a t i l i s e d , as seen from the STA r e s u l t s ) . To the r a t i o 
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of the t o x i c potency t o the amount of smoke i s added the 
time f o r thermal p e n e t r a t i o n of hot gases through the 
c e i l i n g and the 30 min exposure time t h a t the t o x i c 
potency r e f e r s t o . The c a l c u l a t i o n s are a l l repeated f o r 
t r a n s p o r t of the smoke over f o u r room-plenums of the same 
s i z e . 

T a b le I I I p r e s e n t s the r e s u l t s of c a l c u l a t i n g the 
"time t o l e t h a l c o n c e n t r a t i o n " f o r each one of the PVC 
products i n v e s t i g a t e d . The t o x i c potency v a l u e s used f o r 
a l l the m a t e r i a l s are based on 30 min exposures i n the NBS 
cup furnace t o x i c i t y t e s t , i n the Non-Flaming mode, the 
one most r e l e v a n t t o t h i s s c e n a r i o . 

I t i s c l e a r t h a t the "time t o l e t h a l c o n c e n t r a t i o n " 
f o r the smoke from any of the PVC products i n the plenum, 
i n a l l the s i x s c e n a r i o s c o n s i d e r e d , i s much longer than 
the time r e q u i r e d f o r the f u e l i n the room i t s e l f t o cause 
a l e t h a l c o n c e n t r a t i o

T h i s i n d i c a t e s c l e a r l
w i l l not cause a s e r i o u s f i r e hazard concern u n t i l w e l l 
a f t e r the f i r e i t s e l f has reached f l a s h o v e r c o n d i t i o n s and 
has long s i n c e caused l e t h a l c o n c e n t r a t i o n s , both i n the 
room of o r i g i n and i n other rooms. 

I t i s worth s t r e s s i n g t h a t the c a l c u l a t i o n s done i n 
t h i s work have ignored HC1 decay. T h i s i s v e r y important 
s i n c e the r a t e of HC1 decay i n s o r p t i v e s u r f a c e s (such as 
c o n c r e t e or c e i l i n g t i l e ) i s extremely h i g h ( h a l f l i v e s of 
HC1 of l e s s than 1 min have been c a l c u l a t e d f o r a plenum 
w i t h such s u r f a c e s [32]). 

The same c a l c u l a t i o n procedure has a l s o been a p p l i e d 
t o o t h e r products i n the same s c e n a r i o . In p a r t i c u l a r , i t 
has been used f o r PTFE wire c o a t i n g i n one of the 
s c e n a r i o s being c o n s i d e r e d here [28, 29]. The r e s u l t s 
showed t h a t , even i f the t o x i c potency of the product i n 
the plenum i s extremely h i g h , i t i s extremely u n l i k e l y t o 
c o n t r i b u t e s i g n i f i c a n t l y t o f i r e hazard i n the h a b i t a b l e 
areas i f i t has very good f i r e performance. 

F i r e s t a r t i n g i n the Plenum 

In t h i s case a completely d i f f e r e n t approach was taken. 
I t was decided t o use a f i r e model, of zonal type, t o 
p r e d i c t smoke flows, temperatures and gas c o n c e n t r a t i o n s . 
The model chosen f o r these c a l c u l a t i o n s was the NBS F i r e 
and Smoke T r a n s p o r t model (F.A.S.T.), v e r s i o n 18.3 [33]. 
T h i s model r e q u i r e s t h a t the t r a n s p o r t between rooms be i n 
a h o r i z o n t a l manner. In order t o achieve t h i s , a v i r t u a l 
room i s needed and a vent i s needed i n both the room and 
the plenum. In order, t h e r e f o r e , t o a n a l y s e a broad 
v a r i e t y of d i f f e r e n t f i r e s and s c e n a r i o s , the o n l y product 
used was a low heat r e l e a s e wire c o a t i n g . 

The product used f o r these c a l c u l a t i o n s was a f i r e 
r e t a r d e d p l a s t i c i z e d PVC wire c o a t i n g m a t e r i a l , which does 
not spread flame or continue burning u n l e s s an e x t e r n a l 
source of heat or flame i s d i r e c t e d a t i t . T h i s m a t e r i a l 
was chosen because PVC r e p r e s e n t s the most common c a b l e 
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c o a t i n g m a t e r i a l used o v e r a l l , although the f i r e 
c h a r a c t e r i s t i c s of the p a r t i c u l a r example chosen are 
b e t t e r than those of the average p l a s t i c i z e d PVC. Plenum 
c a b l e s are, of course, very o f t e n a l s o made of f l u o r i n a t e d 
m a t e r i a l s . A t o t a l of 400 m of the PVC wire were assumed 
t o be p r e s e n t i n a plenum. C a l c u l a t i o n s were made f o r 
many f i r e s c e n a r i o s . These v a r i e d i n f i r e s i z e and i n the 
burning c h a r a c t e r i s t i c s of the m a t e r i a l burning i n the 
f i r e . In view of the good f i r e performance of the wire 
c o a t i n g i t s e l f , i t was p o s s i b l e t o igno r e the minute 
p r o b a b i l i t y of i t being the item f i r s t i g n i t e d . 

A f r a c t i o n a l f a c t o r i a l d e s i g n was used t o examine the 
e f f e c t s of 9 v a r i a b l e s which were thought t o be 
s i g n i f i c a n t . The v a r i a b l e s were: 

• F i r e heat r e l e a s e r a t e 
• F i r e heat of

A s e t of f i v g
o r i e n t a t i o n of vents c o n n e c t i n g plenum and room (tops of 
plenum vent and plenum and of room vent and room c o i n c i d e ) 

• Width of a duct c o n n e c t i n g room and plenum 
• Width of vent i n plenum 
• L o c a t i o n of bottom of vent i n plenum 
• Width of vent i n room 
• L o c a t i o n of bottom of vent i n room 

A s e t of two v a r i a b l e s r e l a t i n g t o s i z e and 
o r i e n t a t i o n of s i n g l e vent c o n n e c t i n g room and 
surroundings (bottoms of vent and room c o i n c i d e ) 

• Vent width 
• Vent h e i g h t 

Three f i r e s i z e s were chosen: 50, 275 and 500 kW, and 
the heats of combustion p i c k e d , v i z . 20, 40 and 57 kJ/g, 
r e p r e s e n t a spread between the normal heat of combustion 
of most common m a t e r i a l s (20 kJ/g) and t h a t of methane (57 
kJ/g) . T h i s covers a very wide range of f i r e s and of 
combustible m a t e r i a l s s t a r t i n g the f i r e . 

In o rder t o cover these nine v a r i a b l e s adequately, a 
s t a t i s t i c a l e xperimental d e s i g n was c a l c u l a t e d . The 
s t a t i s t i c a l experimental d e s i g n r e q u i r e s the use of 15 
s i m u l a t i o n s f o r each plenum s i z e . S i m u l a t i o n s were 
repeated u s i n g 3 and 10 plenums. 

The N a t i o n a l Bureau of Standards (NBS, now N a t i o n a l 
I n s t i t u t e f o r Standards and Technology, NIST) f i r e and 
smoke t r a n s p o r t model, F.A.S.T., v e r s i o n 18.3, was used t o 
generate the i n f o r m a t i o n concerning the temperatures and 
gas c o n c e n t r a t i o n s . T h i s i s a zone model which p r e d i c t s 
the f o r m a t i o n of two l a y e r s i n each compartment. 

Once the c o n d i t i o n s generated by each f i r e were 
known, d e c i s i o n s were taken as t o which f i r e s would cause 
s i g n i f i c a n t decomposition of these c a b l e s . Some examples 
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of such cases were then run, where i t was assumed, f o r 
s i m p l i c i t y , t h a t the PVC generated, i n i t i a l l y , o n l y 
hydrogen c h l o r i d e (HC1). The r a t e of HC1 g e n e r a t i o n 
i n c o r p o r a t e d i n t o each example was c a l c u l a t e d based on the 
temperatures achieved i n the plenum, as p r e d i c t e d by 
F.A.S.T. HC1 decay was ignored, as a f i r s t approximation, 
j u s t as i t had been i n the other s e t of cases. 

R e s u l t s And D i s c u s s i o n of F i n a l Case 

Ta b l e s IV-VI present the main r e s u l t s of the s i m u l a t i o n s 
c a r r i e d out with 1, 3 and 10 plenums. Most cases can be 
d i v i d e d i n two c a t e g o r i e s : 

( i ) the f i r e i s very i n t e n s e but runs out of oxygen 
and s e l f - e x t i n g u i s h e s f a i r l y q u i c k l y ; 

( i i ) the f i r e c o n t i n u e
plenum temperature y

A number of a d d i t i o n a l cases were a l s o t r i e d , i n 
which t h e r e was a d i r e c t opening between the plenum and 
the surroundings. None of them produced any s i g n i f i c a n t 
amount of smoke f l o w i n g i n t o the room: the net flow 
through the opening was always outward, so t h a t no a i r 
entered the system t o r e p l e n i s h the oxygen. These cases 
are not being r e p o r t e d i n d e t a i l here, i n the i n t e r e s t of 
space economy. 

Only those f i r e s i n category ( i ) cause s u f f i c i e n t l y 
h i g h plenum temperatures t o allow decomposition of the 
PVC. PVC w i l l s t a r t decomposing a t ca. 473 K, and w i l l 
decompose r a p i d l y a t temperatures above 523 Κ o n l y . 

In a l l the cases s t u d i e d with t e n plenums, which 
r e p r e s e n t a h e a t i n g , v e n t i l a t i n g and a i r c o n d i t i o n i n g 
system, the f i r e was of category ( i i ) . Even i n those 
cases were the upper l e v e l plenum temperature exceeded 523 
K, t h i s never occurred f o r a p e r i o d of more than 2 min. 

V i r t u a l l y a l l the f i r e s r e s u l t e d i n a CO 
c o n c e n t r a t i o n i n the room upper l e v e l which was 
s u f f i c i e n t l y h i g h t o cause s e r i o u s concern. However, i n 
a l l s i n g l e plenum cases, the s i z e of the lower l e v e l ( c o l d 
l a y e r ) i n the room and i t s CO c o n c e n t r a t i o n s were such 
t h a t escape was v i r t u a l l y always p o s s i b l e . 

A t o t a l of ca. 60 s i m u l a t i o n s were run and i n the 
v a s t m a j o r i t y of them PVC decomposition p l a y s a 
n e g l i g i b l e , i f any, r o l e . In o n l y two of the s i n g l e 
plenum s i m u l a t i o n s was t h e r e a h i g h enough plenum 
temperature f o r PVC decomposition t o take p l a c e over a 
p e r i o d of more than 1 min. Those worst cases, v i z . # 2, 
and # 13, were analysed f u r t h e r , by c o n s i d e r i n g v a r i o u s 
r a t e s of PVC decomposition (HC1 g e n e r a t i o n ) , depending on 
upper l e v e l temperatures. 
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Tabl e IV. S i m u l a t i o n s w i t h a s i n g l e plenum 

Sim. Timel Time2 Depth maxRm CO maxRm Τ max 
# >473K >523K i n room 

min min m ppm Κ 

1 1 0 1.7 (11)11,280 (11) 3 3 8 
(1) 
2 2 1 (614) 1.8 (11) 4,987 (11) 3 3 4 

(1) 
3 1 1 (621) 1.1 (11) 6,150 (11) 3 4 6 

(1) 
4 0 0 0.9 ( 6)12,150 ( 8) 3 0 1 

(2) 
5 1 1 (618) 1.1 (10) 6, 121 (11) 3 4 1 

(1) 
6 1 

(1) 
7 1 1 (618) 1.2 (11) 2,29 (11) 

(1) 
1 (618) 

8 1 1 (573) 1.3 (10) 4,808 (11) 3 4 9 
(1) 
9 0 0 0.9 ( 7) 1,849 ( 9) 3 0 3 

(2) 
10 0 0 1.8 (11) 5,724 ( 8) 3 0 0 
(2) 
11 0 0 1.2 (8) 1,837 ( 9) 3 0 4 

(2) 
12 1 1 (630) 1.6 (11) 6,983 (11) 3 4 6 
(1) 
13 2 1 (563) 1.9 (11) 4, 101 (11) 3 3 5 

(1) 
1 (563) 

14 0 0 1.0 ( 7) 1,122 ( 9) 3 0 3 
(2) 
15 0 0 1.4 (10) 3,846 ( 8) 3 0 3 

(2) 

Legends: T i m e l : p e r i o d upper l e v e l plenum temperature 
exceeds 473 K; Time2 : idem f o r 523 Κ (maximum, i n K) ; 
Depth max: maximum smoke l a y e r depth (time reached, i n 
min) ; Rm CO max: maximum room upper l e v e l [CO] (time 
reached, i n min) ; Rm Τ max: maximum room upper l e v e l 
temperature (time reached, i n min). 

The d e h y d r o c h l o r i n a t i o n r a t e s of PVC c o n s i d e r e d were 
[3, 29]: 

(a) f o r the range 473 - 523 K: 0.3 %/min 
(b) f o r the range 523 - 563 K: 1.0 %/min 
(c) f o r the range above 563 K: 2.3 %/min 

Furthermore, f o r lower l e v e l temperatures w e l l below 
mininum PVC decomposition temperature, i t was assumed t h a t 
no more than 20 % of the c a b l e l e n g t h , v i z . 80 m, was 
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Table V. S i m u l a t i o n s w i t h t h r e e plenums 

Sim. Timel Time2 Depth maxRm CO maxRm Τ max 
# >473K >523K i n room 

min min m ppm Κ 

1 2 2 (541) 1.6 ( 2) 15,470 (11) 3 6 4 
(1) 

2 (541) 

2 2 1 (614) 1.8 (11) 4,987 (11) 3 3 4 
(1) 

1 (614) 

3 1 1 (621) 1.1 (11) 6,150 (11) 3 4 6 
(1) 

1 (621) 

4 0 0 0.9 ( 6) 12,150 ( 8) 3 0 1 
(2) 
5 1 1 (618) 1.1 (10) 6,121 (11) 3 4 1 

(1) 
6 1 

(1) 
7 1 1 (618) 1. (11) 2,29 (11) 

(1) 
1 (618) 

8 1 1 (573) 1.3 (10) 4,808 (11) 3 4 9 
(1) 

1 (573) 

9 0 0 0.9 ( 7) 1,849 ( 9) 3 0 3 
(2) 
10 0 0 1.8 (11) 5,724 ( 8) 3 0 0 

(2) 
11 0 0 1.2 (8) 1,837 ( 9) 3 0 4 

(2) 
12 1 1 (630) 1.6 (11) 6,983 (11) 3 4 6 

(1) 
1 (630) 

13 2 1 (563) 1.9 (11) 4,101 (11) 3 3 5 
(1) 

1 (563) 

14 0 0 1.0 ( 7) 1,122 ( 9) 3 0 3 
(2) 
15 0 0 1.4 (10) 3,846 ( 8) 3 0 3 

(2) 

Legends as i n Table IV. 

decomposed s i m u l t a n e o u s l y . The l i n e a r d e n s i t y of c a b l e 
c o a t i n g used i s 70 g/m. In both of these s i m u l a t i o n s , 
worst case s c e n a r i o s , (Table VII) i t i s c l e a r t h a t the HC1 
c o n c e n t r a t i o n does not i n t r o d u c e much a d d i t i o n a l hazard t o 
t h a t due t o the f i r e i t s e l f , s i n c e the l e t h a l p o t e n c i e s of 
HC1 and of CO are very s i m i l a r [1, 11, 13, 34, 35]. An 
i n v e s t i g a t i o n of those cases, among the 3 plenum 
s i m u l a t i o n s , w i t h the h i g h e s t p o t e n t i a l f o r e f f e c t s by PVC 
y i e l d s the same i m p l i c a t i o n s . 

The main reason f o r t h i s i s t h a t the products 
concerned have good f i r e performance. They have v e r y low 
heat r e l e a s e c h a r a c t e r i s t i c s , so t h a t they do not add 
s i g n i f i c a n t l y t o the energy of the f i r e and, furthermore, 
w i l l not spread flame i n the absence of an e x t e r n a l energy 
source, so t h a t they h a r d l y i n c r e a s e the f u e l supply f o r 
the f i r e . 
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Tabl e VI. Sim u l a t i o n s w i t h ten plenums 
Sim. Timel Time2 Depth maxRm CO maxRm Τ max 
# >473K >523K i n room 
— min min Κ m ppm Κ 
1 0 0 2.1 ( 4) 15,050 ( 8) 3 3 6 

(4) 
2 0 0 1.8 (11) 4,987 (11) 3 3 4 

(1) 
3 0 0 1.1 (11) 6, 150 (11) 3 4 6 

(1) 
4 0 0 0.9 ( 6) 12,150 ( 8) 3 0 1 

(2) 
5 0 0 1.1 (10) 6,121 (11) 3 4 1 

(1) 
6 0 0 1.2 ( 9) 10,960 (11) 3 4 4 

(1) 
7 0 

(1) 
8 0 0 1.3 (10) 4,808 (11) 3 4 9 

(1) 
9 0 0 0.9 ( 7) 1,849 ( 9) 3 0 3 

(2) 
10 0 0 1.8 (11) 5,724 ( 8) 3 0 0 

(2) 
11 0 0 1.2 (8) 1,837 ( 9) 3 0 4 

(2) 
(8) 

12 0 0 1.6 (11) 6,983 (11) 3 4 6 
(1) 
13 0 0 1.9 (11) 4,101 (11) 3 3 5 

(1) 
14 0 0 1.0 ( 7) 1, 122 ( 9) 3 0 3 

(2) 
15 0 0 1.4 (10) 3,846 ( 8) 3 0 3 

(2) 

Legends as i n Table IV. 

Tabl e V I I . R e s u l t s of Some S i m u l a t i o n s w i t h PVC 
S i m u l a t i o n # T/2 Γ 7 Ϊ 3 372 3,13 

Room Upper Layer R e s u l t s 

CO § 2 min (ppm) 4 , 325 1, 221 3, 314 2 , 957 
HC1 @ 2 min (ppm) 20 0 0 93 
CO @ 5 min (ppm) 4 , 325 1, 593 5, 204 3, 156 
HC1 @ 5 min (ppm) 20 108 112 126 
CO @ 10 min (ppm) 4 ,564 3, 828 5, 204 5, 282 
HC1 § 10 min (ppm) 202 668 112 696 
Max Temp (K) 335 335 327 353 
Max Smoke l a y e r (m) 
9 9 

1.8 1.9 2.0 

Max P l e n Temp (K) 615 562 497 583 
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C o n c l u s i o n s 

F i r e s s t a r t i n g i n a room may e v e n t u a l l y get t r a n s f e r r e d t o 
a plenum above i t . However, by the time the e f f e c t s of 
such a f i r e cause PVC products ( r i g i d c o n d u i t , ENMT 
co n d u i t and wire coating) i n the plenum t o burn, the room 
has a l r e a d y reached f l a s h o v e r c o n d i t i o n s . Furthermore, 
the smoke generated by the room f i r e f u e l causes much 
f a s t e r t o x i c concern than t h a t from the PVC products i n 
the plenum. 

F i r e s s t a r t i n g i n a plenum communicated t o the 
o u t s i d e are u n l i k e l y t o cause concern i n h a b i t a b l e areas. 
I f the plenum i s i s o l a t e d from the o u t s i d e , a f i r e 
s t a r t i n g i n i t i s more l i k e l y t o cause a hazardous 
s i t u a t i o n i n the room below i f the plenum i s communicated 
w i t h o t h e r plenums. 

The use of f i r
plenum, d i d not c o n t r i b u t e
s i m u l a t i o n s r e p o r t e d here, t o a s i g n i f i c a n t i n c r e a s e i n 
the f i r e hazard due t o the f i r e i t s e l f . T h i s c o n c l u s i o n 
i s v a l i d both f o r the cases where the f i r e s t a r t s i n the 
room and f o r the cases where the f i r e s t a r t s i n the 
plenum. 
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Tin Research Institute, Inc., 189 
U.S. Army Materials Technology 

Laboratory, 542 
U.S. Department of Agriculture Forest 

Service, 411 
United States Borax Research 

Corporation, 157 
United States Borax and Chemical 

Corporation, 157 
University of Montana, 361 
University of Pittsburgh, 21 
University of Wisconsin—Madison, 429 
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Subject Index 

A 

Abiotic oxidation 
effect of extraneous constituents, 436 
effect of metailics, 436-437 
examples, 437 
temperature dependence, 436 

Acid chlorides, preparation, 267 
Acrolein, presence in fires, 470,472,473* 
Additives 
effect on heat and light properties of 

polymers, 178-187 
effect on thermal degradation of 

cellulose, 335-360 
Adsorptive heat 
effect of gas adsorption, 438 
effect of moisture content of 

adsorbent, 438 
exothermicity, 439 

Advanced engineering thermoplastics, fire 
resistance, 241-252 

Afterglow suppressant, zinc borate in 
halogen-containing polymers, 
166,16y,169-170f 

Air flow rate into system, 419-420 
Alumina trihydrate, use in polymers as flame 

retardant, 190 
Ammonium bromide application in 

flame-retarding polymers 
Br2 concentration vs. NH4Br in 

polypropylene polymer, 132,133/ 
Br2 concentration vs. NH4Br in polystyrene 

foam, 136,137-13^ 
change in oxygen index with Br content for 

polypropylene fibers, 132,134/ 
change in oxygen index with Br content for 

polystyrene foam, 136,137-138̂  
effectivity of Br compounds in 

polypropylene, 132,134/ 
effect of initial Br2 concentration on 

deposited NH4Br, 136,139r 
effect of temperature of Br2 sorption on 

deposited NH4Br, 136,139f 
experimental details, 131-132 
flame retardancy of polypropylene, 

134,135/ 
flame retardancy of polystyrene foam, 

139,142/ 
flame retardancy of solid vs. foamed 

polystyrene, 142,143/ 
flame-retarding properties, 131 
flammability limits of bromine compounds 

on cellulose, 134,136/ 

Ammonium bromide application in 
flame-retarding polymers—Continued 

oxygen index vs. weight percent of NH4Br, 
136,14(y 

porofication, 131 
weight percent of NH4Br and oxygen index 

in unfoamed polystyrene beads vs. 
time, 139,141/ 

Animal model lethality 
additivity of exposure doses to CO, HC1, 

and HCN, 15,16/,17 
effect of exposure to atmospheres 

containin  multipl  toxicants  14-15 

Antimony oxide, use as flame retardant, 254 
Antimony oxide-organohalogen synergism in 

flame-retardant additives 
proposed mechanisms for antimony 

volatilization, 109-111 
research, 109 

Antimony trichloride, activity as flame 
retardant, 97,98/ 

Approaches to fire retardants 
brominated compounds, 244-245̂ 46̂ 247/ 
phosphorus compounds, 245,248 

Arapahoe smoke chamber test, 304308/ 
Aromatic engineering polymers, char formation, 

274-287 
ASTM D 1929, test description, 467 
ASTM E-119 furnace, heat release 

measurements, 411-427 
ASTM E-119 test method, application, 411 
Auto-cross-linking reactions, 405-407 

Β 

Bacteria, self-heating of metabolism, 
432-433 

Bench-scale tests for flammability of 
combustible linings 

flame spread parameter, 570 
ignitability test, 567 
ignition temperature, 567,570 
minimum radiant heat flux to sustain 

piloted ignition, 567,565/ 
rate of heat release measurements, 

570-571,577/ 
surface spread of flame test, 567,568/ 

Brandschacht, schematic representation, 
483,487/ 

Britain, regulations for upholstered 
furniture, 498-519 
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Brominated fire retardants 
approach to fire retardation, 244 
properties, 245,247/ 
structures, 245,24̂ " 
Brominated phosphate ester flame retardants 
compounding characteristics, 261-262 
description, 255,256/ 
DSC, 255,25̂  
porybutylene terephthalate, 256,259,260 
porycarbonate(s), 255̂ 56/̂ 59/ 
polycarbonate-acrylonitrile-

butadiene-styrene alloy, 261,264-265/ 
porycarbonate-porybutylene 

terephthalate polyester blend, 261-263 
polycarbonate-polyethylene 

terephthalate polyester alloy, 261-264 
polyethylene terephthalate, 260-262 
solubilities, 255,256/ 
thermogravimetric analysis, 255,257
Bromine application in flame-retarding 

polymers, 130-131 
Burning process of polymers, 179 
Business machine housings, coatings, 311 

C 

Carbonaceous char barriers 
effect of ammonium phosphate on 

penetrability, 99,10Qf 
flame-retardant efficiency, 98/ 
formation, 98 
oxidative destruction of char layer and 

its prevention, 99,l(Xy,101 
oxygen index of silicone-containing block 

polymers, 99,10Qf,101 
Carbonaceous foam, permeability, 99,10Qf 
Carbon black, comparison of toxicity with 

that of diesel soot, 59,62,62/ 
Carbon dioxide, measurement by N-gas 
method, 5 

Carbon monoxide 
additivity of exposure doses, 15,16/,17 
factors influencing concentration in 

fires, 472 
presence in fires, 470,472,473/ 
suppressed by inorganic tin 
compounds, 189-210 

test methods, 191 
Carboxyhemoglobin, formation in blood, 470 
Catalytic modes of flame-retardant action 
effect of Cr content on Ο index, 102,103/ 
effect of metal compounds, 102,104/ 
effect of Pt on burning time, 104,105/ 
effect of tin compounds on Ο index, 104,105/ 

Cellulose, effect of crystallinity and 
additives on thermal degradation, 
337-358 

Cellulose pyrolysis 
effect of additives, 337 
effect of crystallinity, 336-337 
thermogravimetric analysis, 336 

Cellulosics 
impact of combustion, 335 
See also Cellulose, Forest fires, 

Lignocellulosics, Wood 
CEN/TC127, scope, 492-493 
Char 
formation in aromatic engineering 

polymers 
analytical methods, 276 
attempted chemical analyses, 280 
C/H vs. pyrolysis temperature, 278£79f 
1 3C solid-state NMR spectra, 286/ 
differential scanning calorimetry, 276/ 
effect f  index  274,275/ 

electron spin resonance studies, 274 
elemental analyses, 276,278/,27SJf 
experimental materials, 275 
idealized structure with IR band 

assignments, 283,285/ 
photoacoustic FTTR spectra, 280,281-284 
preparation, 275 
Raman spectroscopy, 283/ 
thermogravimetric analysis, 276/̂ 77/ 
X-ray scattering, 283 
yield, definition, 271 

gasification rates, 361-362 
generation, 361 

Charcoal, 438-439 
Chemical analysis of fire effluents 
analytical procedures, 37 
full-scale fire tests, 37,39f,44-46 
gases generated in full-scale 

fire test, 3739f 
small-scale fire tests, 39-46 
tested products, 3738/ 
test methods and materials, 36-37 

Chemical bond strength, effect on thermal 
stability of polymeric materials, 266 

Chemical heat release rate, 543 
Chemisorption of oxygen, influence on ignition 
and combustion of wood, 361-377 

Chlorinated paraffin and antimony oxide, 
development as fire retardant, 88,90 

Cigarette resistance, effect of regulations, 
513-514 

Cigarette test 
mattresses, 512 
upholstered furniture, 508/̂ 12 

Coatings 
effects on fire performance of plastics, 
288-310 

wire, pory(vinyl chloride), effect 
on fire hazard in plenum, 592—608 
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Coatings—Continued 
zinc, fire performance with substrate, 

311-332 
Cobalt compounds, as additives, 186-187 
Combustible linings, test methods, 

566-588 
Combustion 

of gaseous fuels, 253-254 
of wood, influence of oxygen chemisorption, 

361-377 
Combustion processes, toxicity of associated 

particulate matter, 48-66 
Combustion-modified polyurethane foam, 

British regulations for upholstered 
furniture, 498-519 

Commercially available flame retardants, 25 
Composite materials, fiber-reinforced, 

flammability characteristics, 542-56
Concealed-space scenarios, evaluatio

fire hazard from burning of pory(viny
chloride), 595,597 

Condensed-phase ternary reactions among 
polymer substrates, organohalogens, and 
metal oxides, 109-129 

Cone calorimeter test 
analytical procedures, 37 
COj/CO ratio, 44/,45-46 
description of method and materials, 36-37 
oxygen concentration, 45 
results, 40,41/ 
schematic representation, 495,49$ 
See also National Bureau of Standards 

cone calorimeter 
Corner test experiments for flammability of 

combustible linings 
full-scale tests, 571 
one-third-scale tests, 573 
results, 573 

Corrected mass, determination, 336 
Corrosive fire products, generation, 546 
Cottonwood 
effect of acid washing and ion exchange on 

ash yield, 367/ 
effect of acid washing and ion exchange on 

oxygen chemisorption and ignition, 
36937Qf371/ 

effect of metal ions on minimum ignition 
temperature of chars, 372/373 

effect of sample configuration on minimum 
ignition temperature, 373374/ 

metal ion content, 366367/ 
pyrolysis-chemisorption-oxidation, 

367368/· 
Critical heat flux, definition, 544 
Cross-linking, importance in flame-retardant 

design, 183 
Crystallinity, effect on thermal degradation 

of cellulose, 335-360 

D 

Deaths in fire, role of HCN, 21-34 
Degradation, thermal, See Thermal 

degradation 
Demolition landfills, survival of 

microorganisms, 433 
Design of flame retardants 
cobalt compounds, 186-187 
cobalt hydrogénation catalysts, 180 
experimental details, 179-180 
importance of cross-linking, 183 
poly(methyl methacrylate) and model 

reactions, 180 
poly(methyl methacrylate)-red phosphorus 

system 181-182 
poly(methyl methacrylate)-Wilkinson's 

reaction of KjCofCN^ with pory(methyl 
methacrylate), 180-181 

reaction of VLfjo(CN)6 with pory(methyl 
methacrylate), 180 

temperature requirements, 179 
2,4-Diamino-l̂ -benzenediol 

dihydrochloride, preparation, 267 
Diesel exhaust, composition, 54,55/ 
Diesel soot 
acute toxicity, 52̂ 4 
chronic toxicity, 54-59 
comparison of toxicity with that of carbon 

black, 59,62,63/· 
extractable organic matter, 51/ 
MS/MS analysis of nitroaromatics, 51,52/ 
toxicity, epidemiologic studies, 62 

2,4-Difluoro-l,5-phenylenediamine, 267 
Dimelamine cyanurate 

IR spectrum of residue after heating, 
215,21?' 

thermal degradation mechanism, 215,217 
thermogravimetric and differential 

thermogravimetric curves, 215,21$* 
AT -̂Dimethylacetamide, preparation, 267 
Dimethyl glutarate, structure, 184 
DIN 53436 test 
analytical procedures, 37 
COj/CO ratio, 44/,45-46 
description of method and materials, 36 
oxygen concentration, 44—46 
results, 42/ 

Dodecachlorododecahydrodimethanodibenzo-
[ujcyclooctene 

structure, 90-91 
use as flame-retardant filler, 91 

Domestic upholstered furniture, principle of 
1988 United Kingdom regulations, 506-507 

Downward flame spread, calculation, 584-585 
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Ε 

Ease of burning, measurement, 467 
EGOLF, scope, 493 
Electromagnetic interference coating, 
effect on fire performance of plastic 
substrates, 311-312 

effects on fire performance of plastics 
Arapahoe smoke chamber test, 304,308* 
flammability test methods, 289 
glow wire test, 290-294 
needle flame test, 289-290,291* 
radiant panel test, 293̂ 95/̂ 96 
smoke chamber test, 296-308 
test specimens, 289 

Engineering plastics 
aromatic, char formation, 274-287 
brominated phosphate ester flame 

retardants, 253-265 
char formation, 274-287 
effects of coatings on fire 

performance, 288-310 
fire resistance measurement, 

241,243*,244 
representative structures of repeating 

units, 241,247/ 
synergistic fire performance between 

zinc coating and modified substrate, 
311-332 

with improved flammability 
characteristics, 266-287 

Epiradiateur, schematic representation, 
483,48$ 

Equipment, heat release, to measure smoke, 
520-541 

Ethylene-acrylic rubber 
effect of inorganic tin compounds on fire 

retardancy, 200 
effect of temperature on flammability, 

200,201/202 
European community, harmonization of fire 

testing, 479-497 
Example of fire safety engineering program 

CO exposure experienced on escape route, 
80,81/ 

CO in corridor, 75,78f 
computation of fire, 68,70 
depth of cold and hot layers, 75,7$ 
flow through fire room door, 70,74f,75 
hot layer temperature in corridor, 75,77/ 
occupant actions, 75,79-84 
plan of apartment building, 68,69/" 
probability of incapacitation or death, 80,87/ 
properties of ceiling hot layer, 70,73/ 
pyrolysis rate, 70,77/ 
rate of heat release, 70,71/ 
time line of fire, 75,79r 
time line of occupant actions, 75,79r,80 

Exposure dose, definition, 463 

Extinguishment of fire, influencing 
factors, 543 

F 

Fiberboard, self-heating, 437-438 
Fiber-reinforced composite materials, 

flammability characteristics, 542-563 
Filling materials, fire test requirements, 

507,509r,512 
Fire(s) 
approaches to reduce human losses, 4 
as cause of death, role of HCN, 21-34 
classifications, 464 
effluents, chemical analysis, 35—47 
extinguishment, factors influencing 

efficiency, 546 
i  polymers  retardance  87-96 

592-608 
in United Kingdom 
causes and casualties in dwellings, 

498,499f 
location, 498,499r 

propagation 
conditions, 521 
index, 545 

properties, measurement by small-scale 
tests, 521 

smoke containing HC1,12-20 
smoke, toxic potency, 3-11 
stages, 463-464 
starting in a plenum, hazards, 592-609 
toxic gases, 470 
toxicity, See Toxicity of fires 

Fire effluents 
chemical analysis, 35 
modeling of toxicological effects, 17-18 

Fire hazard(s) 
assessment 
advantages of full-scale tests, 474-475 
calculations via mathematical fire growth 

and transport models, 474 
importance, 475 
procedure, 8-9 
properties, 466 

definition, 463 
factors concerning humans, 464 
factors influencing determination, 520 
from fire starting in plenum, 592-608 
concealed-space scenarios, 595,597 
experimental procedure, 601,604-605 
fire properties of poly(vinyl chloride), 

594-595 
mass loss rates of poly(vinyl chloride) 

products, 595,596*,598-599r 
results for fire starting in plenum, 

605,606-608* 
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Fire hazard(s)—Continued 
results for fire starting in room, 
600-601,602-603/ 

influencing factors, 3 
index, 9 

Fire performance 
of furniture and furnishings, 498,500 
of plastics, effects of coatings, 288-310 
synergistic, between Zn coating and substrate, 
311-332 

Fire resistance 
assessment, examination of 
processes, 542-543 

in advanced engineering thermoplastics 
flame retardants for polycarbonates, 
248/,249,250r 

incorporation of brominated compounds, 
244-247 

incorporation of Ρ compounds,
Fire retardance 
historical aspects, 87-96 
in polymers, use of halogen sources, 157 
See also Engineering plastics, 
Flame retardance 

Fire-retardant fillers, development, 90-91 
Fire-retardant melamine salts, 211-235 
Fire-retardant systems, evaluation 
emphasis, 211 

Fire risk, description, 463 
Fire-safe environment, 67 
Fire safety 
importance of material choice, 460 
requirements, technical barriers 

to trade, 480 
Fire safety design 
approach, 67-68 
factors influencing prediction of safe 
escape from building, 67 

illustrative example, 68-84 
important factors, 68 

Fire scenario, description, 463 
Fire science, 67-83 
Fire smoke toxicity, See Smoke toxicity 
Fire test requirements 
cigarette test for mattresses, 512 
cigarette test for upholstered furniture, 
508/̂ 12 

fabrics, 507,508/ 
filling materials, 507̂ 09/̂ 12 
flame ignition test for pillows and 

cushions, 510r,512 
interliners, 507,508/ 
polyurethane foam sheets or blocks, 
509/̂ 12 

time scale and labeling, 512-513 
Fire testing harmonization 
CENATC127, 492-493 
classification system, 492 
EGOLF, 493 

Fire testing harmonization—Continued 
final solution, 494,495-49$,497 
interim test package, 483-491 
possible approaches, 480-483 
SPRINT RA 25, 493-494 
Flame ignition test, pillows and cushions, 
51Qr,512 

Flame retardance 
catalytic modes of action, 102-105 
free radical inhibitors, 101-103 
improving efficiency, 97-106 
oxidative destruction of char layer and 

its prevention, 99-101 
permeability of carbonaceous foam, 
99,ioqr 

physical barriers to heat, air, and 
pyrolysis products, 98/ 

synergism,
vapor-phase flame retardants, 97,98/ 
See also Fire retardance 
Flame retardant(s) 
brominated phosphate esters for engineering 

thermoplastics, 253-265 
bromine in polymers, 130-144 
design, 178-187 
for plastics, 189,190/ 
for polycarbonates, 248-250 
inorganic tin compounds, 189-210 
latices for nonwovens 
binders, 145-148 
commercially available, 146,149/ 
effectiveness, 151,153/ 
examples, 150-151 
flammability of binder-flame retardant 
systems on polyester, 151,154 

flammability of binder-flame retardant 
systems on rayon, 154,155/ 

flammability on substrate, 151,152/ 
tests, 148,15Qf 
phosphate esters, brominated, for 

engineering thermoplastics, 253-265 
polymers and Br, 130-144 
polyurethane foams 
development, 503,506 
ignitability, 503 
ignitability of upholstery, 503-505 

zinc borate in halogen-containing 
polymers, 158,160-164/· 

zinc borate in halogen-free 
polymers, 166,172,173/ 

Flame spread, 467—468 
Flame spread parameter, determination, 570 
Flammability 
definition using rate of burning and 

ignition tests, 514—515 
fiber-reinforced composite materials, 
542-565 
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Flammabihty-^ontinued 
in polymers, improved, 266-273 
of combustible linings 
bench-scale tests, 567-572 
corner test experiments, 571,573 
downward flame spread, 584-585 
future research, 585,588 
gas temperatures, 579-583 
heat transfer to walls, 581 
rate of heat release in room 

fire experiments, 573-579 
wall surface temperatures, 

581,584,586-587/ 
of fiber-reinforced composite materials 

correlation between data from 
flammability apparatus and 
smoke chamber, 556,55^ 

experimental materials, 549r 
fire extinguishment, 546,549 
fire propagation, 545-546, 552̂ 54/
fire properties, 549,550-551* 
fire suppression/extinguishment by Halon 

1301, 562̂ 63/ 
flame heat flux, 549,559,561/ 
generation of material vapors, 544 
generation of smoke and toxic and 

corrosive fire products, 546 
hazards due to thermal and nonthermal fire 

environments, 559,562 
heat release, 545, 559,56qf 
ignition, 544 
isothermal TGA data, 549r 
mass loss rate vs. external heat flux, 544 
mass loss rate vs. temperature, 544 
mass optical density of smoke from NBS 

smoke chamber, 556,557/ 
mass optical density vs. yield of smoke, 

556,55̂ ,559 
oxygen and temperature index, 547,549/ 
oxygen index results, 556 
peak fire propagation index values, 

549,552/ 
procedures for fire propagation behavior 

quantification, 547 
pyrolysis-GC-MS procedure, 547 
pyrolysis products, 552̂ 53/ 
quantity of Halon 1301 required for 

flame extinguishment, 549,552/ 
resistance to ignition and fire 

propagation, 559 
self-sustained fire propagation, 559 
small-scale flammability apparatus, 

547,54^ 
smoke density measurement, 547 
thermal analytical procedure, 547,552̂ 55/ 

test methods, 191 
Flexible poly(vinyl chloride), ignition, 

166,170/ 
Floor coverings, 488,49Qf 

Foam(s) 
advantages of use in fire fighting, 45Qr 
highly stabilized, high-expansion, use 

in fighting forest fires, 450-460 
use in regular fire fighting, 450 

Forest fires, fighting, See Foam(s) 
Fractional effective dose model, 17-18 
Fractional effective dose of toxicant, 

definition, 80 
Free radical inhibitors in condensed phase 
effects of antioxidants on oxygen index, 

101/ 
examples of flame retardants, 102 
oxygen content, 101,103/" 

Full-scale fire 
analytical procedures, 37 
C O ^ O ratio, 44/,45-46 
definition  44 

organic species in fire effluents, 42,43/ 
oxygen concentration, 44-46 

G 

Gas temperatures, 579-581,582-583/" 
Gay-Lussac, first scientific investigation 

of fire retardancy, 88 
Glow wire test 
apparatus, 290,291/ 
comparison to needle flame test, 

290,293,294/ 
electromagnetic interference 

coatings, 290,292/ 
procedure, 290 

Grass clippings, self-heating, 429 

H 

Halogen-containing polymer systems 
effect of inorganic tin compounds on 

fire retardancy, 196,200 
fire-performance characteristics of other 

halogenated systems, 196-200 
fire-performance characteristics of 

polyester resins, 191,193-199 
Halogen-free polymer systems 
fire-performance characteristics of 

ethylene-acrylic rubber, 
200,201/202 

fire-performance characteristics of other 
nonhalogenated systems, 202 

Hardboard, self-heating, 437 
Harmonization of fire testing in European 

community, See Fire testing 
harmonization 

Hay, self-heating, 437 
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Heat evolution or generation 
isothermal, rate in lignocellulosic sheet 

materials, 378-410 
quantification, 543 

Heat release 
calorimeter types, 521 
effect of rate and exothermicity of 

pyrolysis process, 439 
equipment to measure smoke, 520-539 
from wood wall assemblies 
accuracy of oxygen consumption method, 

426-427 
air flow rate into system, 419-420 
calibration test procedure, 413 
comparison to previous work, 426 
construction and load conditions, 413,414/ 
experimental materials, 413 
furnace operating conditions, 414,416/ 
instrumentation, 416,417/ 
probe and thermocouple locations
sampling handling system for gas analysis, 

416,417/ 
theory, 412-413 
total from wall assemblies, 421,425/,426 
wall assembly construction, 414,415/ 

instruments, 521 
usefulness of measuring rate, 521 

Heat release rate 
calculation, 545 
definition, 412 
determination, 412 
equation, 418 
from calibration test, 421,422/" 
from fuel gas calculation, 420 
from furnace calculation, 418—419 
from wall assemblies, 421,422-424/* 
from walls calculation, 420 
measurement via oxygen consumption 

method, applications, 411 
See <Uso Rate of heat release 

Heat transfer to walls, calculation, 581 
Highly stabilized high-expansion foams, use in 

fighting forest fires 
advantages, 450/ 
characteristics of ultrastabilized foam, 453/ 
disadvantages, 451/ 
drainage and water loss from bubble 

wall, 454,455/ 
generators and placement for outdoor 

scenario, 454,45$ 
ingredients, 453/ 
interaction with polymer additive, 

453,455/ 
long-term potential, 457 
parameters, 451/ 
polymeric additives, 452/ 
schematic of production, 454,45$ 
stabilization, 451-455 

Historical aspects of polymer fire 
retardance 

early developments, 87-88,85/ 
modern fire-retardant developments, 88-94 
thermally stable polymers, 93,95/ 

Hydrated aluminum oxide, 91 
Hydrocarbons in fire effluents, 37 
Hydrogen chloride 
additrvity of exposure doses, 15,16/,17 
effect on baboons, 13 
hazardous concentration, 13-14 
lethal toxic potencies, 14/ 
lifetime in fire atmosphere, 595 
presence in fires, 472,473/ 
respiratory effects on rodents and 

nonhuman primates, 13 
toxicity, 12-18̂ 594 

presenc  fires, 472,473
role in deaths, 21-33 

I 

IEC 695-2, test description, 467 
Ignitability tests 
description, 570 
examples, 467 

Ignition 
calculation, 544 
of wood char, effect of heat of 

chemisorption of oxygen, 362 
quantification of process, 543 
sources, characteristics, 500,501/ 
temperature, determination, 567,570 

Inorganic tin compounds as fire retardants 
carbon monoxide evolution test method, 191 
experimental materials, 190-191 
flammability test method, 191 
halogen-containing polymer systems, 

191,193-200 
halogen-free polymer systems, 

200,201/202 
mechanistic studies, 202-208 
physical properties of tin additives, 

191,192/ 
smoke density test method, 191 

Interim test package for fire safety 
harmonization 

development, 482-483 
ISO 1182 test apparatus, 483,485/ 
requirements, 483 
simple ignition test, 488,491/ 
smoke test, 488 
test methods, 483,484/ 
test methods for floor coverings, 

488,49Qf 
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Interim test package for fire safety 
harmonization—Continued 

test methods for noncombustible materials, 
483,485/ 

test methods for roofs, 488 
test methods for wall and ceiling linings, 
483,486-489 

toxicity test, 488 
Interliners, fire test requirements, 
507,508/ 

Intumescent fire-retardant systems 
development, 92 
examples, 93,94/ 
influencing factors, 93 

Iron pentacarbonyl, 97,98/ 
ISO 5657, test description, 467 
ISO tests, development for fire safety 

harmonization, 481 
Isothermal heat evolution of lignocellu

losic sheet materials in air strea
air temperature vs. time for 

delignified pulp based hardboard, 
386390-391/ 

air temperature vs. time for 
ground wood based hardboard, 
386387-38S/ 

analytical conclusions, 402,404 
and inverse absolute temperature, 
400,401/403/ 

Arrhenius plot constants, 384385/ 
auto-cross-linking reactions, 
405-406,407/ 

comparison to other heat release data, 
404-405 

curing chamber, 386392/" 
degradation products, 396397/ 
experimental details, 381383-385 
full-scale measurements in curing chambers 

for hardboard, 386392-394 
heat release vs. reaction time, 
399-400,401/403/ 

initial rate of heat evolution, 
396398/399,401/ 

labyrinth air flow calorimeter, 379-383 
oxidation and degradation reactions, 
406,408 

released heat vs. weight loss, 
393395/396397/ 

temperature dependence of total heat 
release, 402,403/ 

temperature gradients in samples during 
measurements, 393394/" 

total heat release, 400,402 

L 

Labyrinth air flow calorimeter 
advantages, 379381 
board characteristics, 381382/ 

Labyrinth air flow calorimeter—Continued 
calorimeter conditions, 381382/ 
schematic representation, 37938Qf 
temperature difference between surface and 

thickness, 381 
temperature drop vs. air temperature, 
381383/ 

Landfills, survival of microorganisms, 433 
Latex binder(s) 
flammability on substrate, 151,152/ 
in flame-retardant nonwovens 
examples, 145 
performance properties on rayon and 

polyester, 146,147/ 
physical and chemical properties, 
146,148/ 

study of flame retardants, 145 
Latices  flame-retardan  fo

Lignin, self-heating, 379,429-449 
Lignocellulosics) 
heat of pyrolysis, 434-436 
self heating, 379, 429-449 
sheet materials, isothermal heat evolution 

in air stream, 378 
smoldering combustion, 334 
source of residential and forest 

fires, 361 
Limiting oxygen index test, 467 
Linings, combustible, test methods, 566-588 
Living tree cells, self-heating from 

respiration, 431 

M 

Mass loss rate 
and external heat flux, 544 
and temperature, 544 
parameter, 474 
pory(vinyl chloride) 

products, 595,596098-599/ 
Mass optical density, definition, 546 
Material(s), toxic hazard, 472,474 
Material vapor generation, 

quantification, 543-544 
Mattresses, cigarette test, 512 
Mechanistic behavior of inorganic tin 

additives 
effect of halogen/tin ratio, 204 
extents of elemental volatilization, 
207,208/ 

gases evolved during thermal degradation, 
204-2053)7/ 

thermal breakdown behavior, 204—206 
thermal dehydration, 202̂ 04 
TGA-differential thermal analysis, 
202-205 
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Mechanistic behavior of inorganic tin 
additives—Continued 

yield of involatile carbonaceous char, 
207,208* 

Mechanism, thermal degradation of fire-
retardant melamine salts, 211-238 

Melam, 212214/* 
Melamine 
fire retardancy, 213 
IR spectrum, 212214/" 
progressive condensation on heating, 
211-212 

thermogravimetric and differential 
thermogravimetric curves, 213,214/" 

use in fire-retardant additives, 211 
Melamine borate 
ammonia evolution, 231232/ 
ER spectra of borate and residue
thermal degradation mechanism
thermogravimetric and differentia

thermogravimetric curves, 231,232/* 
water evolution, 231,232/* 
Melamine hydrobromide 
IR spectra of residue, 217,219,221/ 
rate of ammonia evolution, 217218/219 
thermal degradation mechanism, 219 
thermogravimetric and differential 

thermogravimetric curves, 
217,21̂ ,219 

Melamine nitrate 
IR spectra of nitrate and residue, 220,222/" 
rate of ammonia evolution, 220,221/ 
thermal degradation mechanism, 220 
thermogravimetric and differential 

thermogravimetric curves, 220,221/ 
Melamine o-phthalate 
thermal degradation mechanism, 217 
thermogravimetric and differential 

thermogravimetric curves, 217,218/* 
Melamine salts, 213-235 
Melamine sulfate 
ammonia evolution, 220,222/223,225 
condensation, 223 
IR spectra of sulfate and residue after 

heating, 220,223,224/* 
thermal degradation mechanism, 225 
thermogravimetric and differential 

thermogravimetric curves, 220,222/* 
water evolution, 220,222/223 
Melem, 212214/" 
Melon, 212 
Metal ions, effect in ignition of wood 
content of cottonwood, 366367/ 
content of newsprints, 374375/ 
effect on minimum ignition temperature of 

chars, 372/373 
effect on oxygen chemisorption, 366-373 
effect on pyrolysis, 367369 
experimental materials, 362-363 

Metal oxides, ternary reactions with polymer 
substrates and organohalogens, 109-129 

Microorganisms, self-heating, 432-433 
Modern fire-retardant developments 
chlorinated paraffin and antimony oxide, 
88,90 

fire-retardant fillers, 90-91 
intumescent fire-retardant systems, 
92-93,94/ 

list, 88,89/ 
oxygen index test method, 91-92,94/ 
reactive fire retardants, 90 

Modified pory(phenylene oxide) substrate, fire 
performance with zinc coating, 311-332 

MVSS-302 test, description, 148,15QT 

Ν 

comparison to OSU calorimeter, 527,530 
correlation among NBS smoke chamber 

results, smoke parameter, and OSU 
smoke factor, 536,535/ 

correlation between OSU smoke factor and 
smoke parameter, 530334/336337/ 

correlation between smoke factor and OSU 
smoke factor, 530334/336 

correlation between smoke factor and smoke 
parameter, 530,535/536 

experimental materials, 525326/ 
results at different incident fluxes, 
530331-533/ 

smoke measurement, 524-525 
usage, 521 

National Bureau of Standards (NBS) smoke 
chamber 

correlation of results with cone smoke 
parameter and OSU smoke factor, 
536335/ 

deficiencies, 522323/324 
maximum optical density, 536338/ 
measurement of smoke obscuration, 468 
smoke generation, 522323/ 

National tests for fire safety 
development, 482-483 
harmonization, 481-482 
requirements, 483 

Needle flame test 
comparison to glow wire test, 
290^9334/ 

comparison to oxygen index, 296297/ 
procedure, 289-290 
results for electromagnetic interference 

coatings, 290291/ 
Newsprint 
effect of ink and color on ignition 

temperature of char, 374376/ 
metal-ion content, 374375/ 
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NFPA-701 test, description, 148,150/ 
Nitrogen gas measurement of smoke toxicity 
comparison to other methods, 7 
gas exposure equation, 5 
procedure, 6 
technical issues to be researched, 7-8 
typical results, 6-7* 
validity, 5 
Nonhalogenated systems, effect of inorganic 

tin compounds on fire retardancy, 202 
Nonwovens, 145-155 
Nordest NT-FIRE 004 test 
analytical procedures, 37 
COj/CO ratio, 44*,45-46 
description of method and materials, 36 
oxygen concentration, 44-46 
results, 40r 

Nordest NT-FIRE 025 
COj/CO ratio, 44*,45̂ $6 
development, 35-36 
organic species in fire effluents, 42,43* 
oxygen concentration, 44—46 
Nylon 66, thermoplastic compositions, 

166,170f 

Ο 

Ohio State University (OSU) calorimeter 
comparison to NBS cone calorimeter, 
527̂ 30 

correlation among NBS smoke chamber 
results, cone smoke parameter, and OSU 
smoke factor, 53633S/ 

correlation between smoke factor and cone 
smoke factor, 530334/336 

correlation between smoke factor and cone 
smoke parameter, 530334/336337* 

experimental materials, 525326* 
experimental procedure, 525-526 
results at different incident fluxes, 
526-52732£-529r 

usage, 521 
Oil rags, self-heating, 437 
Organic materials, self-heating, 430 
Organohalogens, ternary reactions with metal 

oxides and polymer substrates, 109-129 
Origin of synergistic fire performance 
between zinc coating and modified 
polyphenylene oxide substrate 

Arapahoe smoke chamber data, 313314* 
char analysis, 327* 
decomposition temperature vs. heating 

rate, 31331$ 
DSC, 313315/317-32QT 
effect of charring process, 312-313 
isothermal TGA, 323325/ 
pyrolysis GC-MS, 32332$ 
radiant panel test results for structural 
foam samples, 312314* 

Origin of synergistic fire performance 
between zinc coating and modified 
polyphenylene oxide substrate—Continued 
SEM, 327328-33^ 
TGA, 313321-324 

Oxidation and degradation reactions, heat 
evolution rates, 406,408 

Oxygen chemisorption effect in ignition of 
wood 
carbon-oxygen reaction mechanism, 369372 
effect of metal ions, 366-373 
effect of sample configuration, 373374* 
effect of thermal history, 
363364*365/366 

experimental materials, 362-363 
influencing factors, 362 
initial chemisorption rates and pyrolysis 
weigh  los  maximu  charrin

of heat release from wood wall 
assemblies, 411—427 

accuracy, 426-427 
description, 412-413 
Oxygen index 
comparison to needle flame test, 296,297* 
definition, 268-269346 
description, 148,296 
influencing factors, 546 
measurement, 181,268 
results for structural foam samples, 
296297* 

Oxygen index text method 
development, 91 
limiting oxygen indexes of materials, 
92,94* 

procedure, 92 

Ρ 

Particles in smokes, potential toxicity, 50 
Particulate matter associated with 
combustion processes, 48,49/30 

Perkin, William Henry, work on flammability 
of flannelette, 88 

Permanent covering fabrics, fire test 
requirements, 507308* 

13-Phenylenediamine, preparation, 267 
Phosphate esters, brominated, as flame 

retardants in engineering thermoplastics, 
253-265 

Phosphorus compounds, flame-retardant 
mechanism, 245248254 

Phosphorus oxychloride, activity as flame 
retardant, 97,98* 

Plant(s), self-heating from respiration, 
430-432 

Plant tissue decomposition by 
microorganisms, 432 
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Plastics 
additives for flame retardancy, 189,190f 
applications, 288 
effects of coatings on fire performance, 

288-308 
See (uso Polymer(s) 

Plenums, as origin of fire, 592-608 
Poly(beiizo[12̂ :5,4-<f]-13-phenylene) 
characterization, 269,27Q*271*272 
preparation, 268 

Polyblends of flame-retardant with 
non-flame-retardant plastics, 104,106 

Polybutylene terephthalate polyester resin, 
256259-260f 

Polycarbonate(s), flame retardants, 
248r249250f 

Polycarbonate—acrylonitrile—butadiene-
styrene, 261264-265* 

Polycarbonate—polybutylene terephthalat
polyester blend, 261-263 

Polycarbonate-polyethylene terephthalate 
polyester alloy, 261-264 

Polycarbonate resin, 255256*259r 
Poly(2,4-difluoro-13-phenyleneisophthal-

amide) 
characterization, 26927Qf271*272 
preparation, 268 

Poly(2,4-difluoro-13-phenylene 
trimetallic amide-imide), 

characterization, 26927C/271*272 
preparation, 268 

Polyester, flammability of binder-flame-
retardant systems, 151,154 

Polyester resins 
effect of inorganic additives on CO 

emission, 196,195/ 
effect of inorganic additives on smoke 

density, 196,197/198* 
effect of metal oxide level on 

flammabUity, 193,194-195/196 
Polyethylene terephthalate polyester resin, 

brominated phosphate as flame retardant, 
260-261262* 

Porymer(s) 
and inorganic tin compounds, 189-210 
and zinc borate, 157-177 
bromine as flame retardant, 130-144 
burning process, 179 
effect of additives on heat and light 

properties, 178-187 
fire retardance, historical aspects, 87-96 
flame retardants, properties, 245247* 
with improved flammability characteristics 

characterization procedures, 268-269 
char yield, 271 
decomposition reaction, 269 
effect of additives, 269271*27?** 
FTIR characterization of 
structures, 269 

Porymer(s) 
with improved flammability characteristics— 

Continued 
monomer preparation, 267 
onset of decomposition temperature, 

26927QT 
polymerization, 266268 
poty(phosphoric acid) preparation, 266 
solubilities, 269 
solvent preparation, 267 

See also Plastics 
Polymer substrate-organohalogen-metal 

oxides, ternary reactions, 109-126 
Poly(methyl methacrylate), structure, 184 
Pory(methyl methacrylate)-red phosphorus 

system, reaction mechanism, 181-182 
Pory(methyl methacrylate)-Wilkinson's 

reaction mechanism, 184-185 
requirements for flame retardants, 185-186 

Poly(methyl vinyl ether-maleic anhydride), 
453-455 

Pory(phenylene oxide) substrate, fire 
performance with zinc coating, 311-332 

Pory(13-phenyleneisophthalamide) 
characterization, 26927QT271*272 
preparation, 268 

Pory(phosphoric acid), preparation, 267 
Polyurethane foam 
combustion-modified, British regulations 

for upholstered furniture, 498-519 
disadvantages for use in upholstered 

furniture, 500 
sheets or blocks, fire test requirements, 
509f,512 

Poly(vinyl chloride) 
fire properties, 594-595 
respiratory effects on rodents and 

nonhuman primates, 13 
wire coating, effect on fire hazard 

in plenum, 600-608 
Pory(vinyl chloride) products, mass loss 

rates, 595,596*398-595* 
Pory(vinyl chloride) smoke, lethal toxic 

potencies of HQ produced, 17* 
Porofication, description, 131 
Protochar, formation, 363366 
Pyrolysis 
definition, 434 
effect of temperature, 434 
endothermicity, 434—435 
exothermicity, 434 
fire hazard, 435 
rate of heat release, 435-436 
self-heating, 434-436 

Pyrolytic conditions for ternary reactions 
among polymer substrates, organohalogens, 
and metal oxides, 109-129 
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R 

Radiant heat flux, minimum amount to 
sustain piloted ignition, 567,569/" 

Radiant panel 
results for structural foam samples, 
293̂ 95/296 

schematic representation, 483,48$ 
test procedure, 293294/* 

Radical trap theory, description, 254 
Rate of burning tests, U. K. regulations, 516 
Rate of heat release 
calculation in room fire experiments, 
573-579 

function, 465 
measurement, 465-466,570-572 
time to ignition, 573-574 
See oho Heat release rate 
Rate of pyrolytic heat release 
in wood and cotton, 444,447/ 
increments in Centigrade steps, 439,441/442 
influencing factors, 439 
per gram of original wood, 444,446/" 
per gram of volatiles, 442,443/ 
per mass of volatiles vs. temperature, 
444,445/ 

temperature dependence, 439,44Qf 
Rayon, flammability of binder-flame-

retardant systems, 154,155/ 
Reactive fire retardants, development, 90 
Respiration, self-heating, 430-432 
Risk, definition, 460 
Risk assessment, formulas, 460 
Role of hydrogen cyanide in human deaths in 

fire 
age group distribution of victims, 2325/ 
blood analysis of victims, 21,2324/ 
blood levels of carboxyhemoglobin and cyanide 

related, 2333/33 
blood levels of carboxyhemoglobin and ethanol 

related, 23,31/33 
blood levels of carboxyhemoglobin, cyanide, 

and ethanol compared, 23,24/ 
carboxyhemoglobin levels of victims, 
232S/ 

cyanide levels of victims, 233QT33 
ethanol levels of fire victims, 2328/" 
experimental details, 2122-2324/ 
lethal level of cyanide in blood, 33 
participants in data collection, 2122/ 
race distribution of victims, 23,27/ 
sex distribution of victims, 2325/ 
Roofs, fire test methods, 488,49Qf 
Room/corner test, schematic representation, 
494,495/497 

Room fire growth on combustible linings, 
test methods, 566 

S 

Sanitary landfills, survival of 
microorganisms, 433 

Self-heating 
cause, 430 
occurrence, 429-430 
of lignocellulosic materials 
abiotic oxidation, 436-438 
adsorptive heat, 438-439 
heat of pyrolysis, 434-436 
metabolism of microorganisms, 432-433 
respiration, 430-432 

Single European Act, fire safety 
requirements, 479-480 

Small-scale fire test 
COj/CO ratio, 44/,45-46 
description  44 

oxygen concentration, 44-46 
results, 40-44/ 
Smoke 
containing hydrogen chloride, 
toxicity, 12-18 

definition, 463 
equipment to measure, 520-541 
generation, 543346 
measurement, 522323/324-525 
measurement of density, 191 
measurement of evolution, 296 
measurement of obscuration, 468 
measurement of toxic potency, 
468,469f,470,471/ 

specific chemical species, 4 
toxic potency 
measurement, 4-8 
uses of data, 8-9 

toxicity 
impact following a fire, 593 
role in fire hazards, 462-478 

types of toxic gases, 470 
Smoke chamber test 
coatings and substrates used, 296297/ 
comparison to Arapahoe smoke chamber test, 
304308/ 

procedure, 304 
electromagnetic interference coatings on 
foam, 296298-304 

electromagnetic interference coatings on 
solid plaques, 304-308 

Smoke factor, definition, 466325 
Smoke hazard, description, 525 
Smoke parameter 
definition, 524 
measurements, 525 
Smoke retardants or suppressants 
inorganic tin compounds, 189-210 
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Smoke retardants or suppressants—Continued 
zinc borate in halogen-containing 

polymers, 158,165/166,167/ 
zinc borate in halogen-free 

polymers, 166,171/,172 
Soot 

formation, 50 
from controlled combustion process, 50-63 

Specific mass optical density, 546 
Specific optical density, 296 
Spores of fungi, self-heating, 432-433 
SPRINT RA 25 program, description, 493-494 
Stages of fire 
list, 463-464 
relevant properties, 464—465 

Sublethal effects of toxicants, 12 
Substitution method, description, 412-413 
Surface spread of flame test, 567,568* 
Synergism, relationship of polyme

flammability to flame-retardant 
concentration, 106 

Synthetic polymers 
applications, 189 
use of inorganic tin compounds as fire 

retardants, 189-209 
See also Polymer(s) 

Τ 

Ternary reactions among polymer substrate-
organohalogen-metal oxides in 
condensed phase under pyrolytic 
conditions 

capillary GC, 113,11$ 
capillary GC-MS, 113,117/ 
chain-transfer reaction, 118 
experimental details, 111-113 
mechanisms for volatile antimony-containing 

species generation, 109-111 
relative retention times for oxide, 113,114/ 

formation, 118,120 
time to 50% weight loss data for 

hexabromocyclododecane mixtures, 124,126/ 
volatile degradation products of oxide, 113 
volatile metal halide species formation 

without HX, 120 
volatile product capillary GC analysis for 

class I extent of reaction, 120,121/ 
volatile product capillary GC analysis for 

class II extent of reaction, 120,122/ 
volatile product capillary GC analysis for 

class III extent of reaction, 120,122/,123 
volatile product capillary GC analysis for 

extent of reaction of polypropylene and 
polyethylene, 123,125/ 

volatile product capillary GC analysis for 
hexabromocyclododecane, 124,125/ 

volatile product capillary GC analysis for 
polypropylene mixture, 118,121/ 

Ternary reactions among polymer substrate-
organohalogen-metal oxides in 
condensed phase under pyrolytic 
conditions—Continued 

volatile product capillary GC analysis for 
simple mixture, 115,119/ 

volatile product GC analysis for 
polypropylene mixtures, 188,119/ 

Tetraethyllead as flame retardant, 97,98/ 
Thermal degradation 
cellulose 

activation parameters, 338-355 
Arrhenius plots of first-order rates, 

33835$357 
char-residue, 338356/ 
effect of aluminum trichloride 

hexahydrate, 352-355/358 
effec f phosphori  acid  348-351/357 

results for control samples, 
338340-347/35$357 

fire-retardant melamine salts 
dimelamine cyanurate, 215,21$,217 
experimental materials, 213 
melamine borate, 231-236 
melamine hydrobromide, 217-219,221/ 
melamine nitrate, 220,221-22̂ " 
melamine phosphate, 225-232 
melamine o-phthalate, 217,218/" 
melamine sulfate, 220-225 
procedure, 213,215 
thermogravimetry-evolved gas analytical 

procedure, 215 
Thermally stable polymers, development as 

flame retardants, 93,95 
Thermal stability of polymeric materials, 266 
Thennogravimetric analysis of cellulose 

pyrolysis 
activation parameters, 338-355 
advantages, 336 
Arrhenius plots of first-order rates, 

33835$357 
char-residue, 338356/ 
corrected mass détermination, 336 
effect of aluminum trichloride 

hexahydrate, 352-355/358 
effect of phosphoric acid, 348-351/357 
experimental procedures, 337-338 
kinetic mass loss rate constants, 338-353 
results for control samples, 

338340-347/35$357 
Thermoplastics, advanced engineering, 

See Engineering thermoplastics 
Time of exposure, description, 463 
Time to effect, description, 463 
Toxicant, characterization of effects, 12 
Toxic fire hazard index, definition, 9 
Toxic fire products, generation, 546 
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Toxic gases in fires 
acrolein, 470,472,473/ 
CO, 470 

Toxic hazard, 460 
Toxic hazard science, 67-83 
Toxic potency of fire smoke 

definition, 4,463 
measurement, 468,469r,470,471/ 
measurement and use, 3-11 
smoke toxicity measurement, 4-8 
uses of data, 8-9 
See also Smoke toxicity 

Toxicity 
of fire(s),2 
of fire effluents, modeling, 17-18 
of fire-produced toxic agents, 67 
of particulate matter associated 

with combustion processes 
effect of aerodynamic diameter
48,45/ 

effect of chemical composition, 50 
effect of particle solubility, 48,50 
potential toxicity, 50 
soot from controlled-combustion process, 

50-63 
of smoke, See also Smoke toxicity 
of smoke containing hydrogen chloride 

additivity of exposure doses, 15,16r,17 
choice of animal model, 12-13 
hazardous concentration of HC1,13-14 
lethal toxic potencies, 14/ 
lethal toxic potencies of H Q produced 

from polyvinyl chloride), 17/ 
modeling of toxicological effects, 17-18 
respiratory effects of H Q and pofy(vinyl 

chloride), 13 
of soot from controlled-combustion process 

accumulation of particles in lung with 
time, 553*/ 

acute toxicity of diesel soot, 5234 
bioavailability of soot-adsorbed organic 

chemicals, 5233/34/ 
chronic toxicity of inhaled diesel soot in 

animal studies, 54—59 
clearance rates, 553$ 
comparison of diesel soot and carbon black 

toxicities, 59,62,63/ 
diesel exhaust composition, 5435/ 
effect of diesel exhaust on DNA adduct 

concentrations, 59,6Qf 
effect of diesel exhaust on regional 

distribution of DNA adducts, 59,61/ 
epidemiology studies, 62 
incidence of lung tumors, 5539/ 
influencing factors, 51 
physicochemical characteristics of 

diesel soot, 51-52/ 
pulmonary inflammatory response to chronic 

diesel exhaust, 5537-58/39/ 

Toxicity testing, 2 
Translation of national test data, 

development of fire safety 
harmonization, 482 

Tree chips, self-heating, 430 
Triaryl phosphate esters, flame inhibition 

reactions, 254 

U 

United Kingdom regulations for upholstered 
furniture 

characteristics of ignition sources, 
500301/ 

comparison to U.S. regulations, 502-503 
consumer safety regulations for domestic 

furniture  507-513 

foams, 503304-505/306 
investigation of fire performance, 500 
principle of 1988 regulations for domestic 

upholstered furniture, 506-507 
probable effect of consumer regulations 

and fire hazards of furniture, 513-514 
rate of burning tests, 516 
standard test development, 500302 

United States regulations for upholstered 
furniture, comparison to United Kingdom 
regulations, 502-503 

Upholstered furniture 
cigarette test, 508/312 
ease of ignition, 498300 
unacceptable fire behavior, 498 
United Kingdom regulations, 500-516 

V 

Vapor-phase flame retardants, 97-98 
Volatile antimony-containing species, 110-111 

W 

Wall and ceiling linings, fire test methods, 
483,486-489 

Wall surface temperatures, calculation, 
581384386-587/ 

Weight of material/heat of combustion 
method, description, 413 

Wet-process hardboards, hot-air curing, 379 
Wilkinson's catalyst, use as additive for 

flame retardancy, 184-186 
Wire coating, pory(vinyl chloride), effect 

on fire hazard in plenum, 592-608 
Wood 
constituents, 361 

In Fire and Polymers; Nelson, G.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1990. 



INDEX 627 

Wood—-Continued 
ignition and combustion, influence of oxygen 

chemisorption, 361-376 
Wood-based panel products, self-heating, 430 
Wood wall assemblies, measurement of heat 

release using oxygen consumption method, 
411-427 

Wyld, patent on fire-retardant treatment for 
wood, 87 

Ζ 

Zinc borate(s) 
advantages as flame retardant, 158 
completely reacted material, 158 
dehydration temperature, 158 
electrical properties, 158 
in halogen-containing polymers 
as flame retardant, 158,160-164/* 
as smoke suppressant, 158,165-167 
mode of action, 166 
NBS smoke test, 158,165-169 
oxygen index of flexible poly(vinyl 

chloride) formulations, 158,163-164/* 

Zinc borate(s)—Continued 
oxygen index on epoxy, 158,161/ 
oxygen index test of porylite, 158,16Qf 
performance as afterglow suppressant, 

166,16̂ ,169-170/ 
rigid pofy(vinyl chloride) formulation, 

158,162/" 
in halogen-free polymers 
as flame retardant, 166,172,173/ 
as smoke suppressant, 166,171/172 
differential scanning calorimetric 

analyses, 172,175/ 
mode of action, 172,173/,174-17$ 
NBS smoke test, 166,171/ 
pyrolysis, 172,173/ 
scanning electron micrographs, 172,174/* 

multifunctionality as Are retardant, 158 

thermogravimetric analysis, 157,155/ 
tinting strength, 158 
toxicity, 158 

Zinc coating-modified polyphenylene oxide 
substrate, synergistic fire performance, 
311-331 
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