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Kinetics of thermal degradation of explosive binders
Viton A, Estane, and Kel-F�
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Abstract

The use of isoconversional, sometimes called model-free, kinetic analysis methods have recently gained favor in the thermal analysis
community. Although these methods are very useful and instructive, the conclusion by some that model fitting is a poor approach is largely
due to improper use of model fitting, such as fitting a single heating rate or multiple heating rates separately. The current paper shows the
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ability of model fitting to correlate reaction data over very wide time-temperature regimes for three polymers of interest for form
high explosives: Estane 5703 P (poly[ester urethane] block copolymer), Viton A (vinylidene-hexafluoropropene copolymer), an
800 (vinylidene-chlorotrifluorethene copolymer). The Kel-F required two parallel reactions—one describing an early decomposition
accounting for∼1% weight loss and a second autocatalytic reaction describing the remainder of pyrolysis. Essentially no residue was
Viton A and Estane also required two parallel reactions for primary pyrolysis. For Viton A, the first reaction is also a minor, early p
but for Estane, it accounts for 42% of the mass loss. In addition, these two polymers yield 2–3% of residue, and the amount depe
heating rate. This is an example of a competitive reaction between volatilization and char formation, which violates the basic ten
isoconversional approach and is an example of why it has limitations. Although more complicated models have been used in the lite
this type of process, we model our data well with a simple addition to the standard model in which the char yield is a function of the lo
of the heating rate.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Much work has been published on polymer decomp
sition, including numerous kinetic models. Unfortunate
the diversity of polymer formulations, experimental met
ods, and kinetic analysis methods makes it difficult to obt
from the literature kinetic parameters of the quality need
for quantitative modeling of any given application. The m
tivation of the current work was to measure thermal deco
position kinetic parameters for materials of specific inter
for formulating high explosives. These polymers are Esta
5703 P, a poly(ester urethane) block copolymer; Viton A
vinylidene-hexafluoropropene copolymer; and Kel-F 800
vinylidene-chlorotrifluorethene copolymer.

The history of kinetic analysis for thermal decompositio
has a long and checkered history, which will not be detai
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here. Recent debate has centered on a comparison of model
fitting methods with isoconversional methods, originated by
Friedmann[1] and recently popularized by Vyazovkin and
Wight [2] as a model-free method. Briefly, isoconversional
methods calculate an instantaneous reaction rate constant as
a function of reaction extent then determine the activation
energy and frequency factor from Arrhenius plots at constant
reaction extent. Due to historical limitations in computing ca-
pability, model fitting has traditionally meant fitting a single
heating rate experiment, often by mathematically transform-
ing the data to a form that would be linear for any particular
model. Vyazovkin and Wight have justifiably criticized this
form of model fitting as being unreliable, largely because
changes in one or more model parameters away from their
true value can compensate for and hide the underlying defi-
ciencies of a particular model. Even though isoconversional
kinetic analysis is not model free in the strictest sense of
the term, as when competitive reactions occur, it is usually
a pretty good approximation, hence their approach is clearly
superior to model fitting of single heating rate data. In fact, a
recent report on the ICTAC kinetics project noted that multi-
heating rate methods are more reliable than single heating
rate methods[3].

It has seemed to escape the attention of most people in-
volved in thermal analysis that it has been readily possible
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[6]. Many polymers show autocatalytic decomposition prop-
erties that mimic nucleation-growth characteristics[8]. The
Prout–Tompkins model is similar in form to a random initia-
tion with short zip length mechanism, and a first-order model
is the limit for large zip lengths for either random or end ini-
tiation [9]. Parallel, competing, or sequential reactions are
sometimes needed, although our current software version is
limited to parallel reactions for the nucleation growth model.

2. Materials and methods

Three polymer materials were chosen based on their use
in stockpile high explosive formulations[10].

Estane 5703 P (Lot 1/97) was obtained in pellet form
from the BF Goodrich Co. Estane 5703-P contains ap-
proximately 25% hard segments which are composed of
4,4-methylenediphenyl 1,1-diisocyanate (MDI) and a 1,4-
butanediol chain extender. The soft segments are comprised
of poly(butylene adipate). The calculated % composition is C:
61.98, H: 7.19, N: 2.53, and O: 28.30. The thermal conductiv-
ity, λ, is 0.148 W/m K; the coefficient of thermal expansion
(CTE) is 245�m/m K at 293–317 K; the glass transition
(Tg) occurs at 242 K; and the nominal density is 1.18.

Kel-F 800 (Lot 553) is a 3:1 copolymer of chlorotri-
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ince 1987 to fit models simultaneously to multi-thermal
ory data sets on personal computers[4]. By thermal history
ere, we mean any arbitrary time–temperature progres
f which isothermal and constant heating rate experim
re two simple limits. This is accomplished by numerica

egration of the model rate equation over the each the
istory and refining the model parameters by simultan
on-linear regression of all data sets. While fitting to a si
eating rate experiment is usually not adequate to con

he model parameters, the simultaneous fitting of a div
et of thermal histories usually is. Starink[5] recently called
ethods that use numerical integration as non-transp

ut numerical integration has served other physical scie
ell for decades, and if done properly, eliminates the n

o obsess over the temperature integral. Kinetic models
rated by numerical integration are also more readily in
orated into more complicated source and sink model
eal applications than are isoconversional models.

Polymers cover a wide range of chemical structures
heir decomposition characteristics are equally diverse.
ction model we have found[6,7] to be particularly adaptab

o a wide range of materials is the extended Prout–Tomp
odel

dα

dt
= k(1 − q(1 − α))m(1 − α)n (1)

hereα is the fraction reacted,n the reaction order,m a
ucleation-growth parameter, andq an initiation paramete

t has limits of the original Prout–Tompkins model (m= n
1), a first-order reaction, and annth-order reaction, whic

s equivalent to a gamma distribution of frequency fac
uorethene and vinylidine fluoride manufactured by
orporation. Its generic name is vinylidine fluorid
hlorotrifluoroethylene copolymer. The calculated % c
osition is C: 23.24, H: 0.49, Cl: 25.72, F: 50.55. The t
al conductivity,λ = 0.053 W/m K, the CTE at 314 K
00�m/m K, andTg is observed approximately between 3
nd 311 K.

Viton A, vinylidine fluoride/hexafluoropropylene copo
er (3.5 to 1), is manufactured by DuPont Corporat
he calculated % composition is C: 33.33, H: 13.33
3.34. The thermal conductivity,λ = 0.226 W/m k, the CTE
728�m/m K at 253–343 K, andTg = 246 K.
Weight loss measurements of the polymer binders

arried out using a TA Instruments Simultaneous Diffe
ial Thermogravimetric Analyzer (SDT), model 2960, ma
actured by TA Instruments, using TA open aluminum p
he SDT instrument is capable of performing both ther
ravimetric analysis (TGA) and differential thermal analy
DTA) at the same time, but the DTA measurements will
e reported here. Approximately, 5 mg of material for e
ample were decomposed at heating rates that ranged
.2 to 40◦C/min over 20–550◦C to provide a broad tem
erature range for calibration and test of the kinetic mo
egradation was carried out under nitrogen carrier gas
ow rate of 100 cm3/min.

The temperature of the SDT apparatus was calibrat
0◦C/min using the onset of melting for In, Sn, Pb, and
arlier calibration work on our DSC found that the temp

ure error due to heat transfer when using a single heatin
alibration was linear with heating rate over 0.5–100◦C/min.
ince a calibration error that depends on heating rate
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cause a 4 kJ/mol error per◦C error per decade heating rate
change, we measured the melting points of Sn, Pb, and Zn at
2 and 20◦C/min in the SDT to assess the magnitude of pos-
sible error. The onset of melting increased by 1.1± 0.2◦C
over this range. This implies a temperature error of 0.5◦C
or less for all heating rates except 40◦C/min. Consequently,
1.5◦C was subtracted from those experiments. Any residual
temperature errors would be expected to cause an error in
activation energy of∼2 kJ/mol.

Data were collected and processed so that each experiment
had between 100 and 1500 points covering the region over
which any reaction occurred. Kinetic analysis was done with
the LLNL program Kinetics05, which is an upgrade of a pro-
gram described earlier[11]. This program first preprocesses
the data using isoconversional kinetic methods to determine
general reaction characteristics and initial guesses for non-
linear regression. Models available for non-linear regression
are first-order,nth-order, sequential, competitive, nucleation-
growth, thermodynamically inhibited nucleation-growth, and
activation energy distribution (Gaussian, Weibull, and dis-
crete) models. The chosen model is integrated numerically
over the measured thermal histories and compared to the
data. In this work, the non-linear regression weighted each
experiment equally and minimized the squared residuals si-
multaneously for the reaction extent and reaction rate for all
e
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Fig. 1. Activation energies derived by Friedman’s isoconversional method.
The standard errors for the energies averaged 3.9, 5.8, and 6.4 kJ/mol for
Estane, Kel-F, and Viton A, respectively, except that the 90% point of Viton
A had an anomalously high standard error of 48 kJ/mol. The solid line comes
from analysis of synthetic data with a char yield that depends on heating rate
(Table 2).

Since Viton A and Kel-F decompositions are primarily a sin-
gle reaction, it is easily determined that they have a narrow
reaction profile, suggesting a nucleation growth model with
values of 0.5 and 0.8 form in Eq. (1). Even though Estane
has two reaction components, the overall reaction is about as
wide as a single first-order reaction, suggesting that each of
the two components is also governed by nucleation-growth
kinetics.

We used these approximate kinetic analyses in combina-
tion with an inspection of the reaction profiles to pick appro-
priate kinetic models and initial parameter values for model
fitting by non-linear regression. Fitting the models to the frac-
tions converted and reaction rates at all heating rates simul-
taneously yielded the kinetic parameters inTable 1. Some
of the minor parameters were determined manually by in-
spection. A comparison of measured and calculated reaction
extent (fraction of mass lost) is given inFig. 2. The over-
all agreement is very good over the entire reaction extent and
simultaneously matches the shift in profile location with heat-
ing rate. The energies from the non-linear regression agree
well with the Kissinger values. Also evident inTable 1is
that Viton A has the greatest autocatalytic character (largest
value ofm). In a separate optimization (not shown), allow-
ing n2 to be optimized for Kel-F resulted in a reaction order
of 1.09, with slight shifts in other parameters and negligible
i
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xperiments.

. Calibration of kinetic models

Isoconversional analysis is a simple method to get b
ense of the overall reaction uniformity and an initial estim
f the kinetic parameters. We use the method of Friedma[1],

n which the instantaneous rate constant is calculated
he reaction rate and fraction reacted and used in an Arrh
nalysis at constant conversions of 10–90% at 10% inte
he activation energy as a function of conversion is show

he three materials inFig. 1. The activation energy at 90
onversion for Viton A has an anomalously high stand
rror, which is reflective of the breakdown of the isocon
ional assumption due to heating-rate-dependent char fo
ion. Otherwise, the activation energies show a gentle s
ownward for Kel-F, and gentle slope upwards for Viton
nd a stepped increase at about 40% conversion for E

nspection of the Estane weight loss curve clearly show
resence of two decomposition processes, with a tran
etween the two at about 45% conversion.

Another method to get an indication of the average
ivation energy is Kissinger’s method, which uses the
n Tmax with heating rate[12]. This method gave 186, 21
nd 271 kJ/mol, respectively, for Estane, Viton A, and K
. These are within the ranges determined by Friedm
ethod. An extension of Kissinger’s method uses pr
idth and skewness relative to that expected for a first-o
odel to determine which reaction model is most approp
nd approximate initial values for non-linear regression[6,7].
mprovement in fit.
A comparison of the measured and calculated fraction

cted for the low temperature reactions of Kel-F and Vito
re shown inFig. 3. The kinetic parameters are not known
urately, but they fit the data within its limited reproducibil
his weight loss is probably due to some structural im

ection causing labile pendant groups.
The most obvious deviation between measured and c

ated values is the decrease in volatile yield from Viton A



88 A.K. Burnham, R.K. Weese / Thermochimica Acta 426 (2005) 85–92

Table 1
Kinetic parameters determined by non-linear regression to an extended Prout–Tompkins nucleation growth model, plus minor initial reactions for Viton A and
Kel-F and unreactive components for Estane and Viton A

Parameter Estane Viton A Kel-F

f1 0.420 0.012 (manual) 0.01 (manual)
A1 (s−1) 6.01× 1010 1.00× 1013 (manual) 6.64× 1012 (manual)
E1 (kJ/mol) 155.0 167.4 (manual) 146.4 (manual)
m1 0.07 0.0 (fixed) 0.0 (fixed)
n1 1.0 (fixed) 1.0 (fixed) 1.0 (fixed)
f2 0.552 0.960 0.99
A2 (s−1) 1.64× 1012 4.74× 1013 9.89× 1017

E2 (kJ/mol) 183.0 216.8 271.3
m2 0.45 0.77 0.23
n2 1.0 (fixed) 1.0 (fixed) 1.0 (fixed)
f3 0.028 (unreactive) 0.028 (unreactive)

Fig. 2. Comparison of measured and calculated fractions reacted using the
parameters inTable 1. Kel-F and Viton A were measured at 0.2, 0.5, 2.5,
5.0, 10, 20, and 40◦C/min. Estane was measured at the upper five heating
rates.

the heating rate is decreased. This is because the increased
residence time of the products at lower heating rates pro-
motes retrograde condensation reactions, yielding coke and
gas. Kinetic models are sometimes calibrated in this situa-
tion by redefining the maximum yield and renormalizing the
conversion data. Alternatively, one can recognize that other
systems have found a linear relationship between coke yield
and the logarithm of heating rate[13]. The coke then un-
dergoes a slower devolatilization characterized by a distri-
bution of reactivity, reflected either in the frequency factor
via annth-order reaction or in a distribution of activation
energies.

F
a
t
a

ig. 3. Comparison of model and data for the initial minor reactions of Kel-F
nd Viton A at the same heating rates as inFig. 2. Limited reproducibility at

his small conversion level means that the model can achieve only qualitative
greement.
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Char yield is a complicated function of sample size, gas
flow rate, and other geometric factors that affect the resi-
dence time of the pyrolysis products in the sample region.
Although we previously developed detailed models for com-
petitive volatilization and retrograde reactions for oil shale
[14], we chose the simpler approach of making char forma-
tion a simple function of the heating rate according to the
relation

fraction of polymer to char= 0.02+ 0.08
(
1 − e−1/Hr

)
(2)

where Hr is the heating rate in◦C/min. At low heating rates,
e−1/Hr → e−∞, which equals zero, so the char yield ap-
proaches 10%. At high heating rates, the exponential ap-
proaches unity, so the char yield asymptotes to 2%.

The char has sufficient hydrogen that it continues to evolve
gas when heated to higher temperatures. Two choices to
model that process are annth-order pyrolysis model for char
devolatilization, which would correspond to a Gamma distri-
bution of frequency factors, and a discrete activation-energy
distribution model having a finite number of reaction chan-
nels. We chose the latter approach, using six reaction chan-
nels. The shape of the devolatilization curve above 90% con-
version was used to define the distribution of reactivity among
the six reaction channels. Not all the char was volatilized.
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Table 2
Kinetic parameters for the extended Prout–Tompkins nucleation growth
model, supplemented by a char formation and devolatilization model, for
Viton A. Model parameters for reaction components 1 and 2 are denoted by
a single index. The double indices for reaction component 3 denote values
for each of the six reaction channels

Parameter Viton A

f1 0.012 (manual)
A1 (s−1) 1.00× 1013 (manual)
E1 (kJ/mol) 167.4 (manual)
m1 0.0 (fixed)
n1 1.0 (fixed)
f2 0.988× (1-char fr.)
A2 (s−1) 7.90× 1013

E2 (kJ/mol) 219.7
m2 0.82
n2 1.0 (fixed)
f3 0.02 + 0.08× (1−e−1/Hr)
A3 (s−1) 1.0× 1013

E31 (kJ/mol) 209.2
E32 219.7
E33 230.1
E34 240.6
E35 251.0
E36 261.5
f31 0.08
f32 0.21
f33 0.18
f34 0.13
f35 0.08
f36 0.05
finert 0.27

so that negligible reaction would occur during heatup at
20◦C/min, even though Kinetics05 used the exact thermal
history to numerically integrate the kinetic equations. The
results are shown inFig. 5. The agreement is excellent for Es-
tane and good for the other two polymers. The Kel-F predic-
tion is too slow, while the Viton A prediction is too fast. The
discrepancy appears to be related to the estimation of the auto-
catalytic severity. For the most generally applicable kinetics,
the best approach would be to measure isothermal kinetics
at one or two additional temperatures and fit the isothermal
and constant-heating-rate data simultaneously. The experi-
mental char yield for Viton A agrees well with the model.
The model char fraction was chosen as that for a heating rate
of 1◦C/min, which gives a 50% conversion point at approx-
imately the isothermal temperature used here.

4. Comparison to earlier work

Van Krevelen[15] reports an empirical correlation be-
tween activation energy and theT1/2 for mass loss at
3◦C/min. Given the scatter of activation energies in the lit-
erature, this correlation should not be taken too seriously. It
agrees well for Estane and Kel-F, as shown inTable 3, but it
is significantly too high for Viton A. The discrepancy arises
f era-
t her
har typically has an H/C atomic ratio <1, so elimination
ydrocarbon gases (H/C >2) must leave an even more ca
ich, non-volatile residue.

The resulting model parameters, determined by ma
rial and inspection, are given inTable 2. The fraction of orig
nal polymer mass is equal tof3 timesf3i, and the fraction o
riginal polymer mass remaining at the highest tempera
s an unreactive residue is equal tof3 times finert. A com-
arison of the model with data for Viton A for conversio
reater than 90% is shown inFig. 4. Accounting for the differ
nces in char and ultimate volatile yield causes slight s

n the Arrhenius parameters for the main reactions, w
ad been distorted slightly in the previous analysis to

ially accommodate aspects of variable char formation
evolatilization.

Synthetic data at 0.2, 2.0 and 20◦C/min from the mode
utlined inTable 2was analyzed by Friedman’s method,

he result is shown inFig. 1along with the original data. Th
odel calculation mimics the upturn in activation at high c

ersion, although it is not quite as pronounced. The Fried
ctivation energy at 90% conversion is higher than any o
ctivation energies in the char devolatilization. This refl
breakdown in the assumption of the isoconversional m

aused by the variable amount of char formed as a functi
eating rate, i.e., a competition between two different rea
athways so that the reactions occurring at fixed conve
re not the same at different heating rates.

Each polymer was pyrolyzed at a fixed temperature to
he ability of the non-isothermal kinetics to predict isother
ehavior. The isothermal temperature was chosen as ro

he 10% conversion point at a heating rate of 2.5◦C/min

rom the fact that Kel-F has a lower decomposition temp
ure but a smaller shift with heating rate, resulting in a hig
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Fig. 4. Comparison of measured devolatilization of Viton A with that cal-
culated from the model parameters inTable 2, which include char yield as a
function of heating rate and subsequent char devolatilization.

activation energy. All the activation energies here are lower
than the 280–370 kJ/mol strengths of typical carbon–carbon
chemical bonds, presumably because of the contribution of
lower propagation energies to the global average as well as
lower-strength heteroatomic bonds in Estane.

4.1. Kel-F

Our kinetics for Kel-F copolymers agree qualitatively with
other published data. The earliest published kinetics on Kel-F

Table 3
Comparison of our activation energies with the correlation of Van Krevelen
[15]

Polymer Emeas(kJ/mol) T1/2 at 3 K/min (K) Ecalc (kJ/mol)

Estane 169.0a 599 176
Viton A 216.8 716 293
Kel F 271.3 694 271

a Average of the two activation energies.

Fig. 5. Comparison of measured and calculated fractions reacted for nomi-
nally isothermal experiments. The Estane time axis is logarithmic because
of the different time scales for the two reactions.

appear to be those of Degteva et al.[16,17] They collected
products, give Arrhenius plots for a few species, and report
an activation energy of 222 kJ/mol—about 20% lower than
we obtain. They also observe autocatalytic behavior at their
lowest temperature, in agreement with our model. Their data
indicates half-lives of 10 h at 360◦C and 2 h at 380◦C, and
our model predicts 6.4 and 1.35 h, respectively.

David [9] and Wright[18] tabulate pyrolysis kinetics of
Kel-F like copolymers of varying monomer ratios. Activation
energies ranged from 209 to 285 kJ/mol, which encompass
our value. More important, they give rate of 0.06–0.18 %/min
at 350◦C. Our expression, being autocatalytic, predicts that
the reaction rate increases from an initial value of 0.03 %/min
initially (not counting the labile 1%, which would be con-
sumed during sample heatup) to a maximum of 0.07 %/min
at 25% conversion.
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Madorsky[8] also found autocatalytic kinetics for pure
poly(chlorotrifluoroethene) and determined an activation en-
ergy of 234 kJ/mol, which is slightly lower than our value.

4.2. Viton

Kinetic results for Viton A in the literature are more var-
ied. David[9] and Wright[18] also report data for Viton A.
Activation energies range from 192 to 305 kJ/mol, and the
rates at 350◦C range from 2× 10−6 to 0.04 %/min. Our cal-
culated rate increases from 0.005 %/min to a maximum rate
of 0.05%/min at 42% conversion. Also, we read a maximum
rate of mass loss at about 450◦C at 2◦C/min in nitrogen from
Knight and Wright[19], while we measured 440◦C.

Cuccuru et al.[20] report aTmax of 485◦C in nitrogen
at 10◦C/min, while we obtained 466◦C. Using single heat-
ing rate data, they determine first-order activation energies
of 293 and 350 kJ/mol from mass loss and the decomposi-
tion endotherm. These are much higher than our values and
probably reflect the use of an inappropriate kinetic model, as
stressed by Vyazovkin and Wight[2].

Papazian[21] reports TGA analysis of Viton A at
10◦C/min. He calculates an effective rate constant at each
conversion, and then constructs an Arrhenius plot from the
single heating rate experiment. He finds that the Arrhenius
p ◦ e
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and 45 min estimated from their figure. They do not report
frequency factors for their isoconversional analysis, but we
can compare to our work using the parameters from their first-
order model fit. Their frequency factor of 6.65× 1016 s−1 and
activation energy of 252.4 kJ/mol give 90% conversion times
in agreement with their isothermal data, but these parameters
also give aTmaxof 428◦C at 10◦C/min, which does not agree
with either their ramped data or ours. In short, the results of
Singh et al.[24] are not internally consistent. In contrast, our
non-isothermal kinetics agree very well with our isothermal
experiment. Even so, we do agree that, although our model
has some autocatalytic character in each individual reaction,
the composite reaction does not show an acceleratory phase
for their high-temperature conditions.

Endres et al.[25] report first-order kinetics for thermal de-
composition of a polyurethane under thermoplastic process-
ing conditions. However, they characterize reaction extent
by the number of bonds broken, as measured by molecu-
lar weight, rather than by volatilization. This difference is
significant: acceleratory models work for some polymer py-
rolysis kinetics because multiple bonds must be broken to
form a volatile fragment, and the nucleation growth formal-
ism works as well as or better than a serial reaction model in
that case[26].

This comparison to the literature indicates that no one
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lot has a break in slope at about 450C, at which point th
ctivation energy changes from 107 to 356 kJ/mol. We do
onsider his kinetic analysis method as valid.

.3. Estane

There are numerous reports of thermal analysis of
us types of polyurethane in the literature (e.g. Grassie
endoza[22]), but there are few reports on Estane. Sal
t al. [23] give a detailed description of the same mate
e have studied. They report an elegant thermal hydro
odel for Estane, but hydrolysis reactions are different

or our conditions.
The most directly comparable studies are by Singh e

24], who report TGA and DSC data for Estane at 10◦C/min,
hich also shows a two-step endothermic (320 J/g) deco
ition with a shoulder at 350◦C and peak at 390◦C. For com
arison, we also see the two-step process but with a h
max at 407◦C. Their isothermal weight-loss experiments
ot show an autocatalytic character. They obtained activ
nergies ranging from 251 to 261 kJ/mol by fitting a var
f models, presumably to a single heating rate. They als
ort activation energies as a function of conversion usin

soconversional method, and their figure indicates activa
nergies of about 175 kJ/mol for conversions less than
nd close to 250 kJ/mol for conversions above 0.8. Thes
ignificantly higher than our values.

Calculating isothermal reaction curves for our data
omparing to the data in Fig. 5 of Singh et al.[24], we find
dditional discrepancies. We obtain 90% conversions
nd 9 min at 390 and 410◦C, respectively, compared to
o our knowledge has reported kinetic parameters for t
olymers based on matching degradation data over a
ange of both conversion and temperature. Most expres
re derived by matching only a few characteristics of
yrolysis data. Consequently, we view our models as the
hat could be used to make detailed predictions of the
egradation over a wide range of conditions. Although we
ot use isothermal data to calibrate the rate expressions
tudy, our expressions predict reasonably well the isothe
yrolysis curves for the single temperatures we explored
odel development methods used here also worked for

sothermal and constant heating rate conditions for cellu
27], which shares many of the reaction characteristic
hese polymers (autocatalytic, some char formation).

. Conclusions

When done properly, model fitting has the ability to de
inetic models that work over wide range of temperatures
onversions. An absolute requirement for this to work is u
ither multiple heating rates with a dynamic range of at l
0, or some combination of isothermal and constant hea
xperiments. The three polymers studied here all exhi
utocatalytic behavior, which is typical of linear polyme
his behavior is consistent with either random scission o

nitiation with a short zip length. Activation energies deriv
re consistent with the best previously published work.

Isoconversional kinetic methods work well for most of
yrolysis but have limitations during the final stages of
on A and Estane, which form a char whose yield dep
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on heating rate. The problem was most evident for Viton A,
which was studied over a wider heating rate range and there-
fore had a wider range of char yield. Our multi-heating-rate
model-fitting approach was able to fit this char-yield charac-
teristic by making the ratio of immediately volatile products
to char a function of the logarithm of the heating rate. The
char then undergoes addition devolatilization at higher tem-
peratures, in agreement with experiment.
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