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Empirical molar group contributions to the thermal combustion properties measured by microscale
combustion calorimetry were determined by multiple linear regression of data for engineering polymers
of known chemical composition. Char yield, heat of combustion and heat release capacity of polymers
calculated from their chemical structure using optimized additive molar group contributions were in
reasonable agreement with measured values for these properties. The relationship between the thermal

combustion properties and the results of standardized flame and fire tests (i.e., flammability) was
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1. Introduction

A molecular basis for polymer flammability exists if there are
material properties that govern flammability and are rooted in the
chemical structure of the polymer and are amenable to exact
measurement [1]. Material properties are distinct from product
properties measured in flame and fire tests [2]. Product properties
depend on extrinsic factors such as the size of the sample, its method
of fabrication, the sample processing history, physical processes
induced by burning such as swelling or dripping, chemical processes
in the flame, and the characteristics of the test method [3-7].
Consequently, standardized tests are needed to compare product
fire properties. Bench-scale fire calorimeters are standardized tests
that measure the fire response of a product such as its heat release
rate, smoke production, and ignition delay. Flame resistance, which
is the tendency of a thin strip of material to resist burning after brief
ignition by a small flame, is another product property that is sensi-
tive to extrinsic factors [8]. In this paper, a molecular basis for
polymer flammability is established by demonstrating that there are
material properties rooted in the polymer chemical structure that
correlate fire and flame test results.

2. Approach

The largest unique chemical descriptors of polymers are their
repeat units that are comprised of chemical groups/moieties such
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as methyl, phenyl, carbonyl, ether, amide, and ester. These chemical
groups represent a relatively tractable set for purposes of
computing polymer properties [1,9-11]. A higher level of detail
considers atomistic contributions to polymer properties either
empirically [12] or fundamentally [13], but these require a signifi-
cant computational effort to account for atomic interactions.

A relatively simple approach to calculate an intrinsic property of
a polymer from its chemical groups is to assume that groups i and j
contribute an amount Pj; to a property P according to a weighted
sum over all of the pair-wise interactions between n groups [1]. If ¢;;
is a dimensionless weighting factor for the interaction between
groups i and j:

n n
P=> > Py =3 ®Pi+> > P
i=1j=1 i=j i*j
= (¢11P11 + ¢22P22 + P33P33 + ...) + (¢12P12 + $21P21
+ 13P13 + ¢31P31 + d23P23 + 3oP30 4 ..) (1)

The order of the subscripts i and j is interchangeable and using
contracted notation, ¢;; = ¢; and P;j =P;

P=> dPi+23 > ¢;P

15
= (§1P1 + PPy + ¢3P3 + ...) + (2¢12P12 + 2¢13P13
+2¢3P3 + ...) (2)

If the weighting factors are defined to be the geometric mean of
the mole, mass or volume fractions of the components x; multiplied
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by an interaction parameter A; that describes the strength of the
pair-wise interaction between groups i and j, then ¢;;= Aij(x,vxj)m.
Furthermore, if P; is the arithmetic mean of the properties,
ij: (P,-+Pj)/2, and A; =1

DoxPi+ > > APy

i=1j=i+1

P

= X1P1 +XaPy + X3P3 + ... + Ap(X1%2) 2 (Py + Py)
+ 243(x1%3) 2 (Py + P3) + Aoz (x2x3) 2 (P + P3) + ... (3)

BHDB Arylate
The pair-wise interaction terms 4;; in Equation (3) can produce
positive or negative deviations from additivity. For a simple two-
component mixture or compound, n = 2, and Equation (3) becomes

P = X1Py +X2P3 + Ma(X1x2) /2 (Py + Py) (4)

Equation (4) is plotted in Fig. 1 to show the effect of the sign and
magnitude of an interaction term having values 4;; = —1/2,0,and 1/2

{00\l

BPC Arylate

on P for a two-component mixture where x1 + X = 1, and for which
Py =2P;. Positive deviation from additivity (synergism) is observed
for 21 = 4> 0 and negative deviation (antagonism) for A < 0.

When all of the interaction parameters in Equation (3) equal
zero (i.e., 4j = 0), the simple rule of mixtures (additivity) is obtained
and this is plotted as the straight line in Fig. 1,
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Fig. 1. Reduced property P of binary mixture versus fraction of component 1 for
Py =2P,.

P = x1Py + X3Py + x3P3 + .. Xy Py (5)

Examples from the literature show that Equation (4) provides
areasonable description of the properties of binary mixtures using A
as the sole adjustable parameter. Fig. 2 is a plot of the mass fraction
of char (char yield) remaining after pyrolysis at 850 °C versus the
mass fraction of the bishydroxydeoxybenzoin (BHDB)-based poly-
arylester (arylate) repeat unit in a copolyarylate with bisphenol-A
[14]. The solid line is the best fit of Equation (4) to the datawith A =0
in Equation (4) for the copolymer (i.e., Equation (5)).
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BPA Arylate

It is clear that the char yields of the BHDB and BPA arylate
moieties are additive, and that Equation (5) describes the data for
this copolymer reasonably well with correlation coefficient
R=0.96.

If BHDB is replaced with 1,1-dichloro-2,2-bis(4-hydroxy-
phenyl)ethylene/bisphenol-C/BPC in polyarylate copolymers and
blends [15],
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Fig. 3 is a plot of char yield versus mass fraction of BPC arylate in
BPC-BPA copolyarylates and blends of BPC polyarylate with BPA
polyarylate. Synergism between BPC and BPA with respect to char
yield is observed when BPC is incorporated into the mixture as
either a co-monomer or blended polymer as evidenced by the
positive deviation from additivity with A=0.24 obtained by

Equation 4 with . = 0
(R =0.98)

Char Mass Fraction, u
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Fig. 2. Mass fraction of char in BHDB-BPA copolyarylate versus mole fraction of BHDB
arylate. Solid line is best fit of Equation (4) (A= 0).
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Fig. 3. Mass fraction of char in BPC-BPA arylate copolymers and blends versus mass
fraction of BPC arylate. Solid line is best fit of Equation (4) (A= 0.24).

a non-linear least squares regression of Equation (4) on the
experimental data with R=0.98.

Copolyarylates based on BHDB have been synthesized and
characterized in which a phosphonate moiety replaces the tere-
phthalate moiety in the polymer backbone [16,17].

becomes intractable when polymer repeat units are subdivided
into their constituent chemical groups and A; must be
computed along with P; for n > 2 components. For this reason,
and at the expense of generality, the interaction terms in
Equation (3) are usually neglected and additivity (Equation (5))
is assumed for chemical groups on a molar basis, i.e., molar
additivity [1]. Thus, if x; = n; is the mole fraction of component i
having molar group contribution P;, then the molar quantity P
is obtained by additivity

P = ZniP,- (6)

The specific (mass based) property p is obtained from P by
dividing by the molar mass of the polymer repeat unit M. Thus, if N;
and M; are the number of moles and the molar mass of component i,
respectively,

_ P P NP

P=wm~ > mM; > NiM; )

Equation (7) has been used to calculate dozens of polymer prop-
erties [1], including several that are related to their flammability
[1,10,11], from additive molar contributions of the chemical groups
comprising the polymer repeat unit. Additive flammability prop-
erties that are related to the chemical structure include the heat of
complete combustion of the fuel gases H [11,18] as well as solid
properties such as heat capacity, thermal conductivity, density,
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BHDB Arylate

Fig. 4 shows the results for char yield versus composition for the
BHDB arylate-co-phosphonate. Synergy is observed with A=0.13,
obtained from a non-linear least squares regression of Equation (4)
on the experimental data with R =0.95.

Despite the ability of the generalized chemical interaction
model (i.e., Equation (3)) to describe properties of two-
component systems with a single adjustable parameter A (Figs.

2-4), the number of undetermined coefficients rapidly
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Fig. 4. Mass fraction of char in BHDB polyarylate-co-phosphonate versus mass fraction
of BHDB arylate. Solid line is best fit of Equation (4) (A= 0.13).

BHDB Phosphonate

thermal decomposition (ignition) temperature Tp, activation
energy for pyrolysis E; [1], char yield u [1,11], and the tendency to
form soot in a diffusion flame [19].

It follows that if a property is a combination of intrinsic prop-
erties it should be calculable from the same (or similar) chemical
groups as the component properties. The capacity of a solid to
release combustion energy in a single-step thermal decomposi-
tion process during a linear temperature program at constant
heating rate is a unique combination of thermal combustion
properties called the heat release capacity, n. having units of J/g K
[20-22]

_H(QQ-p  he (8)
© T eRTZ/E, AT,

In Equation (8), (1 — w) is the volatile fuel fraction, hc = H{(1 — u) is
the heat of complete combustion of the pyrolysis gases per unit
initial mass of solid, ATP:eRTf,/Ea is the pyrolysis temperature
interval, and e and R are the natural number and gas constant,
respectively. Since each of the thermal combustion properties on
the right hand sides of Equation (8) is calculable from additive
molar group contributions, the heat release capacity itself should
be calculable from additive molar quantities [10,11]. Thus, if W is
the molar heat release capacity and ¥'; are the molar contributions
of components i.

L L Znilpi (9)
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The mass-based heat release capacity 7 in Joules per gram of
sample per degree of temperature rise (J/g K) is
ne = > Ni¥;

¢ X NM;

(10)

The heat of combustion of the sample gases, h (J/g-sample) is
likewise obtained from molar group contributions Q;

he = 2 Nili
< Y NM;

(11)

The mass fraction of char u (g-char/g-sample) is also obtained
from its molar group contributions Xj,

It is well known that the flammability of polymers is related to their
thermal and combustion properties and that these thermal
combustion properties are amenable to calculation by additive
molar group contributions [1,9-11]. In the present study we
recalculate additive molar group contributions to 7. for the
chemical groups specific to engineering plastics, add values for hc
and u, and compare the predictions to experimental values.
Reasonable agreement between measured thermal combustion
properties and those calculated using the additive model (i.e.,
neglecting chemical group interactions) is observed, reinforcing the
concept that these thermal combustion properties are material
properties. Finally, we examine the effect of these thermal
combustion properties on polymer flammability as measured in
standard tests using a probabilistic, rather than deterministic,
analysis of an expanded data set.

3. Experimental
3.1. Materials

Polymers that were tested to determine molar group contri-
butions include 73 research polymers synthesized at laboratory
scale and 11 commercial thermoplastic polymers obtained in
sheet form from plastics suppliers without additives. The 11
commercial thermoplastics were included in the flame and fire
test population for which thermal combustion properties were
also measured. The sample population for flame, fire and thermal
combustion property (flammability) tests includes 69 thermoset-
ting and thermoplastic hydrocarbon polymers and polymer
blends, 26 halogenated polymers or polymers containing halo-
genated flame retardants, 30 polymers containing non-halogen
(typically phosphorus) flame retardants, and 35 polymer
composites reinforced with particulate mineral fillers, glass fibers,
carbon fibers or nanometer-sized clay obtained from commercial
sources and research laboratories over a period of several years
[23-28]. Thus, hydrocarbon polymers account for 43% of the
flammability sample population, halogen-containing polymers
account for 16%, non-halogen flame retardant plastics 19% and
composites 22%. Methane, oxygen, and nitrogen gases used for
calibration and testing were dry, ultra high purity (>99.5%) grades
obtained from Matheson Gas Products.

3.2. Methods

3.2.1. Microscale combustion calorimetry

Thermal combustion properties were measured using micro-
scale combustion calorimetry (MCC) according to a standard
method [29]. In the MCC test a 3-5 mg specimen is heated at

a constant rate § =1 K/s from ambient temperature to 850 °C in
nitrogen flowing at 80 cm®/min. The pyrolysis gases are purged
from the sample chamber by the nitrogen, mixed with excess
oxygen, and completely combusted at 900°C for 10s. The
specific heat release rate during the test Q(t) in units of Watts
per gram of sample is calculated from the flow rate of the gas
stream and the oxygen consumed by combustion of the pyrolysis
gases. The sample is weighed before and after the test to
determine the initial and residual mass. Four thermal combus-
tion properties are deduced from the specific heat release rate
history during the typical 15 min test: the total heat released by
combustion of fuel gases per unit mass of sample h¢ (kJ/g), the
temperature Tp (K) at the maximum specific heat release rate of
the sample, the heat release capacity of the sample 7. (J/g K), and
the pyrolysis residue ¢ (g/g-sample) which includes the weight
of the polymer char p and any inert material remaining after the
test at 850 °C.

Samples containing components that thermally decompose at
distinctly different temperatures can exhibit specific heat release
rate histories with multiple peaks. The components that give rise to
multiple peaks may be chemical moieties present in the original
polymer, volatile additives, or chemical intermediates generated
during the decomposition process. In these cases, the thermal
combustion properties of the sample are weighted averages of the
component values. If w;, h; and QM are the mass fraction,
combustion heat, and maximum specific heat release rate of
component i, respectively, in an n-component mixture or
compound, the specific combustion heat of the compound is given
by the energy balance:

n
hc = W]h] +W2h2 + '“thn = Zw,-h,- (13)
i=1

The pyrolysis temperature interval of the compound AT, is
computed from the pyrolysis temperature intervals of the compo-
nents AT; using a lower bound rule of mixtures with ¢; =w;h;/hc
a weighting factor and 2¢; =1 by Equation (13),

1 LNOR n h;i/hc¢ 1<¢ h;
— = — = w; = — W; — 14
ATy ~ AT; ; 'OAT; hci; 'AT; (14)

Equations (8) and (14) give the heat release capacity of a compound
containing n-components in terms of the maximum specific heat
release rates of the components normalized for sample mass and

heating rate, g™ = w,QM*/8 = w;n;.

h n h n n
Ne =ﬁ=;wirﬁ=gwmi ;qlmax (15)

In practice, 7 is determined by summing the minimum number
of Gaussian, Lorentzian, asymmetric Gaussian or Lorentzian, or
asymmetric Gaussian-Lorentzian hybrid peaks needed to fit the
specific heat release rate history measured in the MCC with an
accuracy of at least 90%. Fig. 5 shows q(T) versus temperature for
a blend of 75 weight percent polycarbonate (PC) and 25 weight
percent acrylonitrile-butadiene-styrene terpolymer (ABS). The
solid lines are the asymmetric Gaussian-Lorentzian peak fits of the
ABS and PC components assuming n=2 for the blend, which
reproduce the MCC data with sufficient accuracy. From the indi-
vidual peak fits, A% = 170]/g K and qB¥* =370 J/g-K, so the heat
release capacity of the PC/ABS blend is 1. = qAEE + qp&™* =540 J/g K.
Fitting an additional peak to the small shoulder at 490 °C does not
change 7. significantly because the ABS and PC peaks’ heights are
correspondingly reduced to conserve the total heat of combustion
hc as per Equation (13). The heat release capacities of the pure PC
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Fig. 5. MCC data for 75/25 (w/w) PC/ABS blend. Circles are experimental data. Solid
lines are asymmetric Gaussian-Lorentzian fits of the ABS and PC peaks.

and ABS can be calculated from the specific heat release rates of
these 2 components in the blend and their nominal mass
fractions:

NaBs = AR /WaBS
— (170]/g-blend/K)/(0.25 g-ABS /g-blend)
— 680 ]/g-ABS/K

NMpc = qpc*/wpe = (370]/g-blend/K)/(0.75 g-PC/g-blend)
— 493 ]/g-PC/K

These values compare reasonably well to the measured values for
the pure components, nags = 690 + 20 J/g Kand npc = 511 £33 J/g K.

The heat of combustion and heat release capacity of polymers
containing inert filler or noncombustible fiber are reduced in
proportion to the combustible mass of the sample. For example, the
heat release capacity of polyhexamethyleneadipamide (PA66)
containing 33 weight percent glass fiber reinforcement can be
calculated from the mass fractions and heat release capacities of the
pure components. The heat release capacity of PA66 is
npass = 61515 J/g K [23] while the heat release capacity of the
noncombustible fiberglass is 7glass=0]/g K, so the heat release
capacity of the glass fiber reinforced polyamide plastic (GFRP)
should be

(ngass) (nglass) + (Wpae6) (pass)
(0.33)(0) + (0.67)(615]/gK) = 412+ 15]/gK.

NGFRP =

This value is within the experimental error of the measured value
for the compound, ngerp =390 414 ]/g K.

Table 1
Classification criteria for the Underwriters Laboratory Vertical Test for Flammability
of Plastics (UL 94V) [30,31].

Criterion UL 94 classification
V-0 V-1 V-2
Flaming combustion time after test flame removed (s) <10 <30 <30
Total flaming time for 5 specimens (s) <50 <250 <250
Flaming/glowing combustion up to the clamp? No No No
Flaming drops ignite cotton 300 mm below test specimen? No No Yes
Glowing persists for more than 30 s after test flame? No <60 <60

3.2.2. Vertical flame testing

The propensity for vertical burning under ambient conditions
was measured on 3 mm x 13 mm x 125 mm plastic samples
according to a standard method [30,31]. The procedure consists of
subjecting a set of 5 preconditioned specimens to a standard
Bunsen burner test flame for two, successive, 10-s flame

Table 2a
Molar group contribution values.
Chemical group? Type®  Molar group contributions viIM;J/g K
Q; X; g/mol ¥, kJ/mol K
M]/mol
-C(CH3)- B 2.63 0 85.5 2036
—CH3 S 0.50 0 18.5 1233
—CHa- B 0.51 0 14.4 1029
©© S 4.84 0 108.6 855
-0- B 0.12 0 11.1 694
_@_ B 2.19 21 432 576
~ox
S 2.16 0 39.6 508

|
| S 0.67 0 5.7 438
-NH- B 0.72 0 6.1 407

R
—@— S.B 169 21 24.7 329
B 2.38 54 39.6 314
@I B —-0.69 76 23.0 303
-OH S —0.12 0 48 282
-S- B 0.78 9 79 247
I}

—0-C-0— B 0.22 -1 13.6 227
-CH,0- B 0.42 0 5.8 193

S B 1.08 35 13.1 172
—©— B 1.08 35 131 172
_© S 149 37 125 162

Q
—C-0— B 0.24 0 31 70
-CF,- B 0.15 2 2.5 50

R
—@— S,B 1.20 48 0.4 5
R
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applications. The duration of flaming (after-flame time) is recorded
after the first flame application and the after-flame and afterglow
times are recorded following the second flame application for each
specimen. Information is also recorded on whether or not flaming
drops of molten plastic fall from the specimen and whether or not
these drops ignite a cotton indicator. The total flame time is
recorded for each 5-specimen set. A qualitative classification of the
flame resistance of the material is made according to the criteria
given in Table 1.

Table 2b

Additional molar group contribution values.

Chemical group® Type®  Molar group contributions WiM; J/g K
Q; X; g/mol ¥; kJ/mol K
M]/mol

ehe
NH B 0.79 87 ~10 -9
<00

o o B 019 128 -33 21

-CF3 S —0.96 40 -4.0 —58
-NHy S —0.04 1 -14 —88
N=
S,B 0.13 0 -17 -121
o
—N
B —0.04 100 —18.6 —128
(0]
o e}
\
—N N—
4 B 0.25 129 —27.7 —129
o O

0
1
<0 s 027 9 ~173 _165

o}
1]
e B 0.31 -1 -10.9 -170
3 l I
Q
—C-0— S -0.07 3 -135 -307
-l S -047 11 ~118 -333
CCl
—C— S ~126 79 -333 —351
|
_C_
[ S 1.00 -2 53 —442
©
—C— B -0.19 7 -126 —450
—C=N
S -1.85 26 —366 —1408
I
—Si— B —0.81 28 —985 -3518

@ R = Organic substituent.
b B = Backbone group, S = Side or pendant group.

3.2.3. Fire testing

Fire testing was performed on 10 cm x 10 cm square samples
ranging in thickness from 1.6 to 6 mm according to a standard
method [32] using an edge frame holder and an irradiance of
50 kW/m? (Cone Calorimeter, Fire Testing Technology).

4. Results and discussion
4.1. Molar group contributions

Empirical molar group contributions to the thermal
combustion properties were determined by multiple linear
regression of the thermal combustion properties: 7, he, and u
measured by MCC against 38 backbone and side-group
component chemical groups using a commercial spreadsheet
program [11]. Earlier efforts had established the efficacy of
molar group contributions to 7. for a wide range of thermo-
setting and thermoplastic polymers [10]. In the present study,
the molar group contributions were re-optimized to better fit
the focal subclass of engineering plastics comprised mostly of
polycarbonates and some polyester carbonates, and extended to
include h: and u data. Data from over a hundred different
formulations tested by MCC were used in the linear regression
to provide the optimized set of molar group contributions in
Tables 2a and 2b. The molar group contributions to the heat
release capacity ¥; were normalized by the molar mass of the
chemical group and these specific values, listed in the last
column of Table 2, were used to sort all of the group contri-
butions to 7¢. Scanning down the columns in Table 2 shows that
chemical groups in engineering thermoplastics add to 7. in
the approximate order: aliphatic > aromatic > heterocycles >
heteroatoms as the contributions to the heat of combustion (Q;)
and the char yield (X;) change in opposite directions with this
ordering in accordance with Equation (8).

Negative values of the molar group contributions in Table 2
are a consequence of neglecting the interaction parameters of
Equation (3) in the additive model of Equation (5). Large
negative contributions to the heat release capacity by imid-
azole, oxazole and imide heterocycles and heteroatom groups
in Table 2b reflect strong synergistic interactions between
these and other groups in polymers that are not captured by
simple additivity. For example, Fig. 3 demonstrates a strong
positive (synergistic) interaction between BPC and BPA poly-
arylates with respect to char forming tendency that is attrib-
utable to the 1,1-dichlo-2,2-bis(ethylene) group (>C=C(Cl);)
[33] and is expressed as negative contributions to the heat of
combustion € and heat release capacity W in the additive
model (Table 2).

The thermal combustion properties of a polymer of known
chemical structure can be calculated by summing the additive
molar group contributions in Table 2 according to Equations (10)-
(12). By way of example, the chemical structure of the repeat unit of
polyethyleneterephthalate (PET) is,

0 1
—O—C@C—O—CHZCHZ—

The following data for the chemical groups comprising the PET
repeat unit, their molar masses M; and the corresponding molar
group contributions are obtained from Table 2.

The thermal combustion properties are then computed from
Equations (10)-(12) and compared to measured values [11,23,24]
given in parentheses for this example.
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M 0 X ® Experimental Materials (73) Nylonﬁﬁv
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(g/mol)  (Mj/mol) (g/mol) 25 © Commercial Polymers (11) [
)
S 20
1 76 1.08 35 131 2
[&]
=]
15 1
kel
_g_o_ & pvoF  @ePY soi fPET
2 44 0.24 0 31 S 104 o ° &
‘% PEI
—CH,- 2 14 0.51 0 14.4 O g Slope = 0.859
(R =0.88)
SNP; 192g  258M] 35g 481 kJ/K 0 i i ‘ i i
0 5 10 15 20 25 30
Measured h, (kJ/g)
Z Ni'Qi 2.58 MJ Fig. 7. Specific heat of combustion h. calculated by the additive model versus
he = = measured h for 84 polymers.

TS NM; T 192¢g
= 13.4kJ/g (Measured values=16 kJ/g)

o ZNiXi _ 35g _ .
u= SNM;, 1928 0.18 (Measured values=0.13)

Y NW;  48.1KJ/K

e =SSNM; ~ 192 g
= 251% (Measured values=350 J/g K)

Figs. 6 through 8 show the results for the thermal combustion
properties modeled as additive molar functions versus measured
values for the 73 experimental polymers and 11 commercial poly-
mers using the 38 individual chemical groups.

Fig. 6 shows the modeled versus experimental char yield u in
the MCC and the least squares regression line calculated from the
data and forced through the origin having slope 0.929 with
R =0.95. The experimental data are reasonably well approximated
by additive molar contributions to charring (Tables 2a and 2b).

Fig. 7 shows the results of the additive model calculations of h,
versus the measured values for the 84 test polymers. The least
squares regression line forced through the origin has slope 0.859
with R = 0.88.

The molar group contributions to 7. were refined from the
previous set [10] and recalculated for the 84 experimental and
commercial polymers in an attempt to obtain better predictive
capability for the subset of engineering thermoplastics. The
results of the additive model calculations for 7. are shown in

60
- Slope = 0.929 g PEI
T 5] (R=095) .9
= |
& 40
©
L
O 304
o
] |
©
= 201
o
8 L]
10 e Experimental Materials (73)
_.3 Nylon6/6 PVDF o Commercial Polymers (11)
[
i e ——
0 10 20 30 40 50 60

PM?;‘;?M’ Measured Char (%, w/w)

Fig. 6. Char yield u calculated from the additive model versus measured u for 84
polymers.

Fig. 8 versus the measured values from MCC. The least squares
regression line forced through the origin has slope 0.98 with
R=0.88.

4.2. Flammability and thermal combustion properties

The uncertainty in the results of standardized flame and fire
tests due to systematic and random measurement errors, sample
variations, and test procedures [3-8] precludes a deterministic
analysis of the relationship between these product properties and
polymer thermal combustion properties over a wide range of
composition and fire behavior [22,25-27]. Moreover, macroscopic
physical and chemical processes such as dripping, distortion,
swelling, accumulation of char at the burning surface, intumes-
cence and inhibition of flame chemistry that affect the results of
flame and fire tests are not accounted for by the thermal combus-
tion properties [22]. Further obscuring a molecular basis for flam-
mability is the fact that imperfections in polymer chain
architecture, impurities, additives, modifiers and flame retardants
that change the thermal decomposition chemistry of polymers will
change the thermal combustion properties in a way that is not
presently calculable from the additive molar group contributions
derived for pure polymers in Table 2. Consequently, and in view of
the above limitations, an attempt was made to use a statistical
rather than deterministic analysis to correlate the thermal
combustion properties of materials with the results of flame and
fire tests.

700 e

600 ® Experimental Polymers (73)
1| o Commercial Polymers (11) [o)
Q . Nylon6/6
_@ 500 F ) a%s .
2 e o Y e PC
£ 400 | P
; g *e s PMMA
3 | o* e ®°
B 300 . n.? o e ®
-
[ PP PVDF
= 200 - e 9 e 4 PET
o PEI,POM Slope = 0.980
100 1 $ PVC (R=0.88)
0 T v T v - T
o] 100 200 300 400 500 600 700

Measured 1, (J/g-K)

Fig. 8. Heat release capacity 7. calculated from additive molar group contribution
model versus 7. measured in MCC for 84 polymers.
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Fig. 9. UL 94 classification versus 7. for 110 polymers, plastics and composites. Solid
circles are burn results. Open circles are no-burn results.

4.2.1. Flame test results

Qualitative vertical flame test results were converted to binary
(burn/no-burn) results by assigning a burn rating to V-1, V-2, No
Rating/NR and HB results and a no-burn rating to V-0 results. Fig. 9
shows UL 94 classification data for 110 samples versus the
measured heat release capacity of the sample 7. Open circles
indicate a V-0 (no-burn) result while solid circles indicate a V-1, V-
2, NR or HB (burn) result. The data in Fig. 9 were sorted by 7. and
the fraction of burn results (probability of burning pg) was
computed for successive 10-sample bins along with the average 7.
for the bin. The results of this sorting and binning procedure for the
data in Fig. 9 are plotted in Fig. 10.

The probability of burning pg versus the other thermal
combustion properties measured in the MCC test were computed
by the same sorting and binning procedure that was used for 1,
and the results are shown in Figs. 11-13. Fig. 11 shows the proba-
bility of burning versus the heat of combustion h. for 110 polymers,
plastics and composites using a 10-sample bin. The correlation
between pg and h. is approximately the same as it is with 7.

The probability of burning pg, the pyrolysis residue ¢ (which
includes both char, inorganic filler and fibrous reinforcement for
plastics) and the temperature at peak pyrolysis rate T, were
computed for 77 of the 110 plastics for which these data were
available. The results of these calculations for pg and the average
values of ¢ and T, using a 7-sample bin are plotted in Figs. 12
and 13.

The data in Figs. 10-13 show that the trend of pg with 1. and hc is
more nearly monotonic and better correlated than the trend with ¢
and T, for the qualitative flame test results of UL 94V. Similar
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Fig. 11. The probability of burning in the UL 94V test (pg) versus heat of combustion
(h¢) for 110 polymers, plastics and composites.

correlation between 7. and the probability of burning in other
standardized flame and fire tests with qualitative (pass/fail)
outcomes has been demonstrated [34]. Consequently, 1. and hc
were used to sort and bin the quantitative data for the peak heat
release rate in flaming combustion pHRR measured in a fire calo-
rimeter [26] at 50 kW/m? external heat flux.

The pHRR was chosen as the dependent (fire) variable because
in the absence of a steady-burning plateau, pHRR is the only time-
independent value of the heat release rate measured during the
test. In addition, the pHRR is more sensitive to material properties
than the average heat release rate [35] and both are calculable from
the heat release rate history using a moment-area analysis [36].
Fig. 14 shows the results of the sorting and binning procedure as the
average value of pHRR versus the average h. for 150 polymers,
plastics and composites computed for successive 10-sample bins.
The data for this subset of the 160-sample flammability database
are reasonably well correlated (correlation coefficient, R=0.91) by
a proportional relationship with slope 23.8 g/m? s. Fig. 15 shows the
results of the sorting and binning procedure for pHRR versus 7 for
the 160 polymers, plastics and composites in the flammability
database computed for successive 10-sample bins. These data are
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Fig. 10. The probability of burning (pg) in the UL 94V test versus the heat release
capacity (n) of 110 polymers, plastics and composites.
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Fig. 12. The probability of burning in the UL 94V test (pg) versus the pyrolysis residue
() for 77 polymers, plastics and composites.



2616 RE. Lyon et al. / Polymer 50 (2009) 2608-2617

LI o o o B e B o 1 1 N L A o

o o
[} @

o
»

LI R N B R IR R S B R B BN R

Probability of Burning pg

S
[N

U (B N A [ (B N (N O W O B A

O....I....l....l....l....\.w | L1i

300 350 400 450 500 550 600 650 700
Peak Pyrolysis Temperature T, (°C)

Fig. 13. The probability of burning in the UL 94V test (pg) versus the temperature at
peak pyrolysis rate (Tp) for 77 polymers, plastics and composites.

very well correlated (R=0.98) by a proportional relationship with
slope 1120 g/m?s/K. The ratio of the slopes in Figs. 15 and 14
eliminates pHRR (and any dependence on external heat flux) from
the data which, according to Equation (15), gives a global average
pyrolysis temperature interval for the 150+ samples, AT,=h¢/
ne= (1120 g/m? s/K)/(23.8 g/m?s) =47 K. This value agrees with
the approximation (Equation (8)) for a single-step thermal
decomposition process having a typical activation energy
E,=200kJ/mol [1] at a typical polymer pyrolysis/ignition temper-
ature T,=378°C [37], AT,=eRT}/E,=(2.72)(8.314 J/mol-K)-
(651 K)?/(200 k]/mol) = 48 K.

The weighted least squares regression lines forced through the
origin in Figs. 14 and 15 show good correlation (R > 0.9) between
pHRR and either h. or 7. This fact, and the observation that
AT, = 50 K over a wide range of polymer composition and prop-
erties, allows the energy balance for flaming combustion [38] to be
expressed in terms of the thermal combustion properties,
he=nc AT, [20-23],

he h XN
HRR = _( " A" ) e — HRR, C /"
th Gflame — Tloss ) T X hg Gext o+ hg/ATp Qext
(16)
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Fig. 14. Peak heat release rate in flaming combustion versus specific heat of
combustion h¢ of 150 samples.
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Fig. 15. Peak heat release rate in flaming combustion versus heat release capacity 7. of
160 samples.

In Equation (16), x is the efficiency with which the fuel gases are
combusted in the flame, hg is the energy required to gasify unit
mass of solid fuel, gg, . is the heat flux from the flame to the
burning surface, qj, . :aTl‘} is the heat loss from the surface due to
reradiation with ¢ the Boltzmann constant, g7, is the external heat
flux from a fire, Bunsen burner, or radiant heater, and HRRg is the
natural heat release rate of the material in the absence of an

external heat flux or Bunsen burner flame [23],

~ X"c /" 4
HRR, ~m(qﬂame - an) (17)
The apparent proportionality between pHRR, h. and 7. in Figs. 14
and 15, respectively, is a consequence of the fact that
XMcGoxt/(hg/ATp)>HRRy at the high external heat flux,
gl = 50 kW/m?.

The trends in pg versus the thermal combustion properties 7, ,
h¢ and Ty, for the qualitative data in Figs. 10-13 are consistent with
Equations (15)-(17) if there is a heat release rate HRR" [39] and
a corresponding heat release capacity n” or heat of combustion h*
such that materials are likely to continue burning in the UL 94 test
after the Bunsen burner is removed if

HRRy _%e _ e (18)
HRR® 7" h

Figs. 10 and 11 show that sustained burning is likely in the UL 94
vertical flame test (pg > 0.5) when 7. > 450 J/g K or h. > 20 kJ/g.

5. Summary and conclusions

The char yield p, specific heat of combustion hc, and heat release
capacity 7. of engineering plastics were calculated from their
chemical structure using additive, empirical molar group contri-
butions. The calculated values for these thermal combustion
properties show reasonable agreement with experimental values
even though interactions between component chemical groups
were neglected. These and other thermal combustion properties
were used to sort and compute mean values of qualitative (pass/
fail) and quantitative (peak heat release rate) flammability test
results using a binning procedure that averages out the random and
systematic variations in the dependent variables (fire or flame test
results). Of the thermal combustion properties examined, it was
found that 7 and h. best correlate the qualitative flame test results
(ps) and quantitative fire test results (pHRR) and a physical basis for
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this observation in terms of the heat release rate in flaming
combustion is proposed. A molecular basis for flammability is
suggested by the fact that the thermal combustion properties 7.
and h, are rooted in the chemical structure of the polymer.
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