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ABSTRACT: The specific heat-release rate is the molecu-
lar-level fire response of a burning polymer. The Federal
Aviation Administration obtains the specific heat-release
rate of milligram samples by analyzing the oxygen con-
sumed by the complete combustion of the pyrolysis gases
during a linear heating program. Dividing the specific heat-
release rate (W/g) by the rate of the temperature rise (K/s)
of a sample during a test gives a material fire parameter with
the units (J/g K) and significance of the heat (release) capac-
ity. The heat-release capacity appears to be a true material
property that is rooted in the chemical structure of the

polymer and is calculable from additive molar group con-
tributions. Hundreds of polymers of known chemical com-
positions have been tested to date, providing over 40 differ-
ent empirical molar group contributions to the heat-release
capacity. Measured and calculated heat-release capacities
for over 80 polymers agree to within +15%, suggesting a
new capability for predicting flammability from the polymer
chemical structure. © 2002 Wiley Periodicals, Inc. ] Appl Polym
Sci 87: 548-563, 2003
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INTRODUCTION

The additivity of molar group contributions to the phys-
ical and chemical properties of polymers is the basis of
an empirical methodology for relating the chemical
structure to the polymer properties.' The early work in
this area* focused on calculating the heats of combustion
from the individual atoms comprising small molecules.
However, performing calculations for large (polymer)
molecules based on the interactions of the individual
atoms can be very difficult> A simpler approach to
correlating the polymer chemical structure to the prop-
erties is to group the atomic contributions into charac-
teristic structural elements (e.g., —CH,), determine the
value of the group contribution to the property of inter-
est parametrically, and add these group contributions
according to their molar fractions in the polymer repeat
unit. This method has been used to relate the chemical
structures of polymers to their thermal, chemical, optical,
and mechanical properties with excellent results." Of
particular interest in this context is the ability to predict
the thermal stability parameters of polymers (pyrolysis
activation energy, thermal decomposition temperature,
and char/fuel fraction) from additive molar group con-
tributions."

A prerequisite for any structure—property correla-
tion is the ability to identify and reproducibly measure
the intrinsic property of interest. In the area of poly-
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mer flammability, no single material property has
been correlated with fire performance, nor does any
test measure fire performance unambiguously be-
cause the burning rate, ignitability, flammability, and
heat-release rate are not intrinsic properties. Rather,
they are extrinsic quantities resulting from the reac-
tion of a macroscopic polymer sample to severe ther-
mal exposure. Because the sample size in a flamma-
bility or fire test is orders of magnitude larger than the
chemical process zone,”” heat and mass transfer dom-
inate the fire response. Therefore, an intrinsic material
property for use by scientists in designing fire-resis-
tant polymers is not obtainable from standard fire or
flammability tests.

Recently, a material fire parameter with the units
and significance of the heat-release capacity”” has
been identified that appears to be a good predictor of
the fire response and flammability of polymers. A
quantitative laboratory pyrolysis—combustion method
for directly measuring the heat-release capacity has
been reported.® ' This article provides empirical mo-
lar group contributions to the heat-release capacity
that allow its calculation from the polymer chemical
structure. The relationship between the measured (or
calculated) heat-release capacity of a polymer and its
fire behavior or flammability is described.

THEORY

The solid-state thermochemistry of flaming combus-
tion>” reveals a material fire parameter that has the
units of the heat (release) capacity (J/g K):
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Figure 1 Schematic diagram of the pyrolysis—combustion flow calorimeter.
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The heat-release capacity (7.) is a combination of the
thermal stability and combustion properties, each of
which is known to be calculable from additive molar
group contributions." The component material prop-
erties are the heat of complete combustion of the py-
rolysis gases [ (J/g)], the weight fraction of the solid
residue after pyrolysis or burning [u (g/g)], the global
activation energy for the single-step mass-loss process
or pyrolysis [E, (J/mol)], and the temperature at the
peak mass-loss rate [T, (K)] in a linear heating pro-
gram at a constant rate [ (K/s)]. The constants in eq.
(1) are the natural number (e) and the gas constant (R).
Equation (1) shows the heat-release capacity to be a
particular function of the thermal stability and com-
bustion properties, each of which is known to be cal-
culable from additive molar group contributions.'
Consequently, 7, itself is a material property and
should be calculable from the same (or similar) molar
groups as the component properties as long as there
are no interactions between the chemical structural
units. Along with this assumption of group additivity,
there is the postulate that for a polymer repeat unit of
molar mass M, there is a molar heat-release capacity
[V (J/mol K)] whose functional form is eq. (1) but
which has thermal stability and combustion properties
written as the molar quantities H, V, E, and Y/M in
place of K, (1 — w), E, and T, respectively. If each
chemical group i in the polymer adds to the compo-
nent molar properties according to its molar fraction #;
in the repeat unit,

i i
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where H;, V,, E;, Y, and M; are the molar heat of
combustion, molar fraction of fuel, molar activation
energy, molar thermal decomposition function,' and
molar mass of component i, respectively. Expanding
the summations in eq. (2) and retaining only the non-
interacting terms for whichi =j =k ... (i.e., neglecting
terms containing products and quotients with mixed
indices), we have the following:

H;ViE;
V= 2R mp = 2 @)

Equation (3) shows that there is a molar group contri-
bution to the heat-release capacity ¥; that adds ac-
cording to its molar fraction in the repeat unit of the
polymer. If N; and M; are the number of moles and the
molar mass, respectively, of group i in the polymer
with the repeat unit molar mass M

N;
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1

then the heat-release capacity on a mass basis is
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Equations (2)-(4) provide the physical basis for an
additive heat-release capacity function, but the values
of the molar contributions of chemical groups must be
derived empirically (i.e., experimentally). To this end,
the heat-release capacities of more than 200 polymers
with known chemical structures have been measured
with the measurement technique described later, and
these experimental values have been used to generate
over 40 group contributions.'?
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EXPERIMENTAL
Materials

Polymer samples were unfilled, natural, or virgin-
grade resins obtained from Aldrich (Milwaukee, WI)
and Polysciences, Inc. (Warrington, PA), and research
universities or directly from the manufacturers. The
oxygen and nitrogen gases used for calibration and
testing, obtained from Matheson Gas Products
(Bridgeport, NJ), were dry and greater than 99.99%
pure.

Methods

A pyrolysis—combustion flow calorimeter®™'® was

used for all experiments (see Fig. 1). In this device, a
pyrolysis probe (Pyroprobe 2000, CDS Analytical, Ox-
ford, PA) is used to thermally decompose milligram-
size samples in flowing nitrogen at a controlled heat-
ing rate. The samples are heated at a constant rate
(typically 4.3 K/s) from a starting temperature that is
several degrees below the onset degradation temper-
ature of the polymer to a maximum temperature of
1200 K (930°C). The 930°C final temperature ensures
the complete thermal degradation of organic polymers
so that the total capacity for heat release is measured
during the test and eq. (1) applies. Flowing nitrogen
sweeps the volatile decomposition products from the
constant-temperature (heated) pyrolysis chamber, and
oxygen is added to obtain a nominal composition of
4:1 N,/O, before a 900°C furnace is entered for 60 s to
effect complete nonflaming combustion. The combus-
tion products (carbon dioxide, water, and possibly
acid gases) are then removed from the gas stream with
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WALTERS AND LYON

Ascarite and Drierite scrubbers. The mass flow rate
and oxygen consumption of the scrubbed combustion
stream are measured with a mass flowmeter and zir-
conia oxygen analyzer (Panametrics model 350,
Waltham, MA), respectively.

The specific heat-release rate (Q.) in the pyrolysis—
combustion flow calorimeter is determined from oxygen
consumption measurements with the assumption that
13.1 kJ of heat is released per gram of diatomic oxygen
consumed by combustion.'>'® Because Q, is equal to the
fractional mass-loss rate multiplied by the heat of com-
plete combustion of the pyrolysis products,

() dm(t)

. E .
Q) =, A0k =~

where E = 13.1 = 0.6 k]/g of O,, A O, is the instan-
taneous mass consumption rate of oxygen, m, is the
initial sample mass, hg,v is the instantaneous heat of
complete combustion of the volatile pyrolysis prod-
ucts, and dm/dt is the instantaneous mass-loss (fuel-
generation) rate of the sample during the test. The
advantage of synchronized oxygen consumption cal-
orimetry for determining the specific heat-release rate
is the ease and speed of the method in comparison
with the simultaneous measurement of the mass-loss
rate of the solid and the heat of combustion of the
pyrolysis gases.'” At T,, the specific heat-release rate
has an analytical form:>7'®

ymax _ E AOmax —
c i 2

“hO) [dm©) - _ o BA~ wE,
mO dt max_ ‘ ERT;

(6)
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Figure 2 Specific heat-release rates for several polymers measured with the microscale calorimeter.
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TABLE 1 Continued

Total
heat release
&/g)

Heat release

Trade name,

MW
(g/mol)

Char
(%)

capacity
(/g X)

Repeat unit structure

Repeat unit
CAS number composition

manufacturer/
supplier

Material (abbreviated
name)

592.61

49.2

11.8

121

o

s
Ry

N
[s]

i
C,
C,

0--0L

C37H24O(1N2

[61128-46-9]

Ultem 1000,

Poly(ether imide) (PEI)

General

[s
]

¥
CH,

~O-

Electric

650.6

40.6

111

164

C39H220‘10

[70679-92-4]

Vectra C LCP

Polyester of

NN

OO

(virgin/unfilled),

Hoechst

Celanese
NASA Langley

hydroxybenzoic and
hydroxynapthoic

acids

LaRC-TOR

692.71

63

11.7

135

N
N

N

CuHxoN,O,P _O_©>_<

[191985-77-0]

0010
©

\

H

N
i
H

_fﬁ@

57 700.55

34

14

Qs
oto

o
N

§rs
7
CF,

C37H18N206F6

[79062-55-8]

NASA Langley

LaRC-CP2

o]}

o]

52 926.66

29

13

OO

§
&

g
C-
I
[«

C46H22N206F12

[87186-94-5]

NASA Langley

LaRC-CP1

molecular weight.

NA = not applicable; MW
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The rate-independent heat-release capacity is obtained
from eq. (6) by the division of the maximum specific
heat-release rate by the constant sample heating rate

[B (K/s)l:

B ngx B E

h(1 — wE,
=78 " Bm,

eRT,

A0y = ()

The quantities measured in the test are the initial sample
mass and Q, (W/ g). The time integration of the specific
heat-release rate gives the total heat released by the
complete combustion of the pyrolysis gases per unit of
the initial sample mass [1° (J/ g)]. 1. J/g K) is calculated
from the peak specific heat-release rate and the linear
heating rate of the sample according to eq. (7). Weighing
the sample after the test allows for the calculation of u
(g/g) and the average heat of complete combustion per
unit mass of volatiles.

RESULTS

Pyrolysis—combustion flow calorimeter data for the spe-
cific heat-release rates of polyethylene (PE), polypro-
pylene (PP), polystyrene (PS), an acrylonitrile-buta-
diene-styrene terpolymer (ABS), poly(methyl methacry-
late) (PMMA), poly(ethylene terephthalate) (PET),
poly(ether ether ketone) (PEEK), and polybenz-
imidazole (PBI) are shown in Figure 2, having been
horizontally shifted for clarity. Dividing the maximum
specific heat-release rate (W/g) measured during the test
(peak height in Fig. 2) by the constant sample heating
rate (8 = 4.3 K/s in these tests) gives the heat-release
capacity of the polymer (J/g K) for materials that ther-
mally decompose in a single step. Materials exhibiting
multiple heat-release peaks are beyond the scope of this
report and will be addressed in the future.

The measured heat-release capacities for more than
100 polymers with known chemical structures are
shown in Table I. These data have been used to gen-
erate the group contributions shown in Table II. The
molar group contributions were obtained by ¥; being
treated as adjustable parameters in the linear system
of equations for polymers with known chemical struc-
tures and measured 7, values. The optimization cal-
culation continued until the sum of the squares of the
relative error between the measured 7, value and the
value calculated from group contributions was a min-
imum. The calculation converged rapidly to the
unique ¥; values listed in Table II, which were inde-
pendent of initial estimates.

Figure 3 is a plot of the calculated and measured
heat-release capacities for over 80 polymers for which
optimized ¥; values were determined. The correlation
coefficient between the measured and predicted heat-
release capacities is r = 0.96, and the average relative
error is =15%.
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TABLE II
Structural Groups and Their Molar Contribution to the Heat Release Capacity
Contribution Contribution Contribution
Structural group (kJ/mol K) Structural group (kJ/mol K) Structural group (kJ/mol K)
\@:>— 118° —H 8.1 —OH -19.8
g
© @ O 77.0 “NH 7.6 —Br -220
/

o)
69.5 —CH,—0— 418 . g_ -22.0
30.6 \CFZ 1.8 @ -23.2°
J/ /C=O

?H3 cag a 0
—¢— 29.5 i 0.1 \©:/<\<N— -255
CHs /N o
I\{H
— : : — 28.8 -8.8 —l -347
N>_
| [0} O
—C— 28.3 —5— ~10.9° _N;>@E§N_ ~36.4°
| (o] o]
| 0 o Pendant: —39.5
_CI:H 26.6 —116 —o—g—o— Backbone: —13.7
4) ,
—CH; 25 —N=p— ~1338 N —43.0°
o}
| AN

0

—@ 19.0 —NH, ~139 s ~49.0
|

O N 18.7 —CF, —14.8 —Si— —53.5%

AN
/CH2 16.7 —C= -176 —66.7

N N v
15.1 — :@: M ~18.9° i ~745
O o} o

N/ § i
c=cC 9.7 —:s:— -19.2 o ~76.7
4 N 0 1
@ Molar group contribution derived from a single polymer.
Calculation of the Heat-Release Capacity tions for a diglycidyl ether of bisphenol A (BPA ep-

oxy) cured by anionic ring-opening polymerization.
The following example illustrates the calculation of  This polymer has the following repeat unit chemical
the heat-release capacity from molar group contribu-  structure:
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Figure 3 Calculated and measured heat-release capacities for 80 pure polymers.
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y ol

The polymer repeat unit consists of six basic chemical
groups, and the heat-release capacity is calculated
from the associated N, M;, and ¥, values for these
groups, which are listed in Table III.

The molar heat-release capacity is obtained by the
summing of the group contributions according to their
molar fraction in the repeat unit and division by the
molar mass of the repeat unit to give the heat-release
capacity on a mass basis (J/g K).

E nV¥; 2 N,
P i i 204.5 k] /mol K

nczM:EniMi:ENiMi: 340 g/mol

1 1

The predicted value of 601 ] /g K compares reasonably well
with the measured value of 657 J/g K for this polymer.

Heat-Release Capacity and Fire Hazard

The primary indicator of the fire hazard of a material
is the heat-release rate in forced flaming combustion."?
Figure 4 is a plot of the average flaming heat-release
rate of samples (10 cm X 10 cm X 0.64 cm, ~80 g) of
pure polymer measured in a fire calorimeter at an
external heat flux g.,, = 50 kW /m?) according to stan-
dard methods®* versus the measured heat-release
capacity. Proportionality is observed between the av-
erage flaming heat-release rate of kilogram-size sam-
ples and the heat-release capacity of milligram-size
samples of the same polymer with a slope of 1.0 (kg/
s)/m?/K, which is in general agreement with predic-

=601]/gK  tions for steady burning at this external heat flux.”>”
TABLE III
Group Contributions Used in the Calculation of the Heat Release Capacity of Bisphenol A Epoxy
v NM, N
Chemical group (i) N M; (g/mol) (kJ/mol K) (g/mol) (k] /mol K)
|
- 1 12 28.3 12 28.3
|
|
_CH 2 13 26.6 26 53.2
HCH,- 4 14 167 56 66.8
—CH, 2 15 22.5 30 45.0
‘—@—— 2 76 28.8 152 57.6
—O0— 4 16 —11.6 64 —46.4
Total 340 204.5
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Figure 4 Average flaming heat-release rate (HRR) versus
the heat-release capacity for several polymers.

Consequently, 7, is a reasonable predictor of the fire
hazard with an empirical correlation (e.g., Fig. 4) or
physically based calculations.””

Heat-Release Capacity and Flammability

Flammability is taken here to mean the tendency of a
thin sample of a material ignited by a small flame to
continue burning in the absence of external radiant
heat after the removal of the ignition source. Self-
extinguishing behavior in these tests implies a certain
resistance to ignition and/or flame propagation, and
standard methods have been developed to measure
this characteristic. These flame tests are widely used to
rank the burning propensity of combustible solids, but
they do not yield any material property information.
Two common flammability test methods are the Un-
derwriters Laboratories UL 94 test for upward vertical
(V) and horizontal burning (HB)* and the critical
oxygen concentration for flame extinguishment or lim-
iting oxygen index (LOI) in downward burning.**

In flammability tests, the flame heat flux at the
sample tip must provide all of the heat energy to
continue the burning process after the removal of the
Bunsen burner (UL 94) or methane diffusion flame
(LOI) used to cause ignition. If the heat flux from the
sample surface flame is constant (UL 94 test) or in-
creases in a known way with oxygen concentration
(LOI), the criterion for self-extinguishing behavior in
these tests can be formulated in terms of a critical
heat-release capacity if it is assumed that a minimum
heat-release rate of about 100 kW/m? * is needed to
sustain flaming combustion. Such an analysis for the
UL 94 test® indicates that polymers with m, values
lower than about 300 J/g K should self-extinguish
because they do not release heat at a high enough rate
to overcome heat losses and so the flame cannot prop-
agate. Therefore, for pure polymers with n, = 300]/g
K, self-extinguishing behavior in the UL 94 vertical
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Figure 6 LOI versus the measured heat-release capacity.

test (a V rating) is expected. Figure 5 contains UL 94
data®® and measured heat-release capacities for sev-
eral pure polymers. A transition from a self-propagat-
ing (HB) flame behavior to a self-extinguishing (V-0)
flame behavior occurs in the vicinity of n, = 300J/g K,
as predicted from the critical heat-release-rate crite-
rion.

The criterion for self-extinguishing behavior in the
LOI test must take into account the fact that an in-
crease in the oxygen concentration of the flowing gas
stream in the test chamber increases the temperature
(radiant heat flux) of the sample diffusion flame and,
therefore, the amount of thermal energy deposited in
the polymer. Because the heat-release rate of the sam-
ple increases with the flame heat flux, which in turn
increases with oxygen concentration, an inverse rela-
tionship between 7, and the limiting oxygen concen-
tration is expected and observed, as shown in the LOI
data'?”*® plotted versus m, in Figure 6.

E T T : T ;
HB F s ®s s® . 1
= -
E V-2F . e E
" L
B . Bgin- Flame ]
a Fguishing Propagation
0 r
- r
o V1r L] ]
V-0 o e @ 1
: L - L L R S S
0 200 400 600 800 1000 1200

Heat Release Capacity (J/g-K)

Figure 5 UL-94 ratings versus the measured heat-release
capacities of pure polymers.
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Comparing Figures 5 and 6 shows that self-extin-
guishing behavior in the UL 94 vertical test occurs at a
lower heat-release capacity (n. = 300 = 100 J/g K)
than in the LOI test (1, = 550 = 100 J/g K) underam-
bient conditions (298 K, LOI = 21% O,). The reason for
this is that the upward burning UL 94 test is more
severe than the downward burning LOI test because
of convective and radiative preheating of the sample
by its flame and so requires more material fire resis-
tance (lower heat-release capacity) for self-extinguish-
ing behavior under ambient conditions.

CONCLUSIONS

The heat-release capacity is a physically based mate-
rial property that is a good predictor of the fire behav-
ior and flammability of pure polymers. The heat-re-
lease capacity is simply calculated for pure polymers
from their chemical structures with additive molar
group contributions that have been determined em-
pirically with a high level of confidence (=15%). The
proposed methodology for predicting the fire behav-
ior and flammability of polymers from their chemical
structures allows for the molecular-level design of
ultra-fire-resistant polymers without the expense of
synthesizing and testing new materials.

The authors are indebted to Stanislav I. Stoliarov of the
University of Massachusetts (Amherst, MA) for performing
the optimization calculations for the molar group contribu-
tions to the heat-release capacity. Certain commercial equip-
ment, instruments, materials, or companies are identified in
this report to adequately specify the experimental proce-
dure. This in no way implies endorsement or recommenda-
tion by the Federal Aviation Administration.
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