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Abstract

Thermal decomposition kinetics of solid rocket propellants based on hydroxyl-terminated poly-
butadiene—HTPB binder was studied by applying the Arrhenius and Flynn—Wall-Ozawa’s methods.
The thermal decomposition data of the propellant samples were analyzed by thermogravimetric
analysis (TG/DTG) at different heating rates in the temperature range of 300-1200 K. TG curves
showed that the thermal degradation occurred in three main stages regardless of the plasticizer
(DOA) raw material, the partial HTPB/IPDI binder and the total ammonium perchlorate decomposi-
tions. The kinetic parameters £, (activation energy) and 4 (pre-exponential factor) and the compen-
sation parameter (S,) were determined. The apparent activation energies obtained from different
methods showed a very good agreement.
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Introduction

The combustion phenomena of solid propellants are largely dependent on the propel-
lant ingredients, pressure, propellant initial temperature, and various parameters re-
lated to the aerothermochemistry in rocket motors. In rocket motors, extreme condi-
tions are predominant leading to temperatures of 2000-3500 K, pressures of
5-10 MPa, and estimated heating rates as high as 10° K s™'. Combustion is an exo-
thermic reaction involving rapid oxidizing reactions. In recent years, the theoretical
and experimental aspects of chemical kinetics and the fluid dynamical nature of com-
bustion have been understood through the use of high-speed computers and modern
types of optical equipment. Because the reaction rates during combustion are much
faster than those of commonly observed chemical reactions and because physical
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changes, such as velocity, temperature, and pressure, accompany the combustion,
aerothermochemistry is needed to understand the combustion phenomena.

Several information may be obtained from thermal studies. The thermogravi-
metry at low heating rates can be used to study the decomposition kinetics of solid
rocket propellants formulated with ammonium perchlorate (AP) and hydroxyl termi-
nated polybutadiene (HTPB-binder) [1-3]. Sometimes, the pyrolyzed propellant
samples can be analyzed by gas-phase chromatography [4]. The thermal decomposi-
tion behaviour may be correlated to the solid propellant burning rate [5] and as it is
well known the propellants based on AP exhibit a greater dependence of burning rate
on oxidant particle size than propellants based on other oxidants such as cyclotetra-
methylene tetranitramine (HMX) and ammonium nitrate (AN). The burning rate is
the prime balistic parameter of the solid composite propellant and it can be directly
correlated to the maximum decomposition reaction temperature of a determined pro-
pellant formulation.

HTPB has long been one of the most commonly used polymers in composite
solid propellants. Fairly good mechanical properties are, usually, achieved when
HTPB is mixed with a diisocyanate crosslinking agent, an isophorone diisocyanate —
IPDI — as was used in the present study. The mixture is then cast into the desired grain
configuration before it is completely cured, i.e., hardened. HTPB/IPDI serves as a
‘binder’ material to physically accommodate different propellant ingredients and it
acts as a fuel constituent releasing fuel-rich gaseous products when decomposed and
pyrolyzed. A plasticizer agent like DOA (di-octyl adipate) is also and frequently used
to improve the casting properties.

A considerable number of decomposition and pyrolysis studies on HTPB poly-
mers can be found in [1-5]. These studies have greatly enhanced the understanding
of the detailed thermal decomposition and pyrolysis characteristics of HTPB poly-
mers. Also, the thermal degradation of polybutadienes, including its hydroxyl and
carboxyl terminated analogs, has been well studied. The uncured polybutadiene
polymers show a thermal degradation in two stages. The first stage involves the car-
bon—carbon bond cleavages, leading to depolymerization, crosslinking and cycliza-
tion reactions. The second stage involves further degradation of the cyclized prod-
ucts. The thermal decomposition studies of the urethane crosslinked HTPB reveal
that the urethane linkages are the first to cleave with the resultant loss of the cross-
linking agent. The residual polymer decomposes as if it was an uncured binder [6].

Ammonium perchlorate, AP, is widely used as an oxidizer agent in composite
solid propellants. In propellants with AP addition to the HTPB/DOA/IPDI binder the
major loss steps may be primarily related to the ammonium perchlorate [7] decomposi-
tion with some degradation of the polymer binder. Also, some additives like iron oxide
(Fey03) can be used in the composite formulation as a burning-rate modifier catalyst
resulting in a different decomposition process which may be seen in TG-DTA curves.
Thin particles of aluminum powder (15 pm) are also added to the propellant formula-
tion (15-20 mass%) to increase the specific impulse (Isp) and it acts as a combustion
instability supressant in the solid rocket motor.
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Thermogravimetric thermal analysis (TG-DTG) at different heating rates were
carried out to study the thermal degradation of the ‘composite’ solid propellant. The
TG data were applied to the Flynn—Wall-Ozawa and the Arrhenius methods to inves-
tigate the thermal decomposition kinetics.

Kinetic analysis from TG data

The kinetics of heterogeneous decomposition of solids are customarily described by
the basic kinetic equation [3, 7]:

dov/dt=k(1-a)" (D

where a represents the extent of reaction (degree of conversion), ¢ is the time and, & is
the rate constant. The value of a is experimentally derived from the global mass loss
in TG experiments. In most cases, the temperature dependence of £ can be well
described by the Arrhenius equation, postulated as

k=Aexp(—E./RT) (2)
whose substitution into Eq. (1) yields
do/d=Aexp(—E/RT)(1-w)" 3)

where E,, 4, R and T are the activation energy (J mol "), the pre-exponential factor (s),
the gas constant (8.134 J mol”' K™') and the temperature (K), respectively.

Assuming a first order process (n=1), considering k from Eq. (1) and taking the
natural logarithm of Eq. (2), one obtains

Ink=In(do/df)-In(1-a))=Ind—E,/RT (4)

Thermal decomposition of solid materials is known to involve multiple steps
that are likely to have different activation energies. Then, the contributions of these
steps into the overall decomposition rate measured by TG should vary with both 7
and o.. This means that the effective activation energy determined from TG experi-
ments will also be a function of these variables. In such situations, a commonplace
approach is force the fitting to experimental data by assuming a reaction model. This
approach can be used only for a TG-DTA curve using only one heating rate () but, it
is valid only for an ideal system because in such conditions there are no changes in
the reaction process as a function of the heating rate.

The Arrhenius plot of Ink vs. 1/T should give a straight line and the parameters
E, and A4 are, respectively, obtained from the slope (—F,/R) and the intercept (In4).

Concerning runs at different heating rates, 3, a second method can be applied to
achieve the activation energy. Based on kinetics equation (Eq. (1)) for heterogeneous
chemical reactions Flynn and Wall [8] and Ozawa [9-12] have proposed the so-
called isoconversional method using TG/DSC curves to determine the kinetics para-
meters. This method is based on the isoconversional principle: the reaction rate at a
constant extent of conversion is only a function of the temperature.
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The Flynn, Wall and Ozawa (FWO) method is described with the following
equation:

logB=log(4E./R)-logg(a)-2.315-0.4567E,/RT (5)

where g(a) is a conversion functional relationship and the other terms have the usual
meaning. The degree of conversion is defined as a=(mo—m)/(m¢—my), where mq, m, ms
refer to the initial, actual and final mass of the sample. This isoconversional method
allows evaluating the dependence of the activation energy on the degree of
conversion without the knowledgement of the explicit form of g(a) [13].

The activation energy determined by applying the FWO method is a sum of the
activation energies of chemical reactions and physical processes in thermal degrada-
tion and therefore it is named apparent activation energy.

The use of the FWO method requires recording the a=a(7) curves for several
heating rates. For different heating rates at a constant degree of conversion, a, a linear
relationship is observed between logP3 and 1/7. Therefore, using de Doyle’s approxima-
tion [14, 15], Eq. (5) was simplified and rewritten by Flynn, Wall and Ozawa as:

logPB=const.—0.4567E,/RT (6)

Equation (6) was derived by assuming a constant activation energy [8] and this
assumption obviously introduces some systematic error in the estimation of £, if it is
not actually constant. However, for (E,/RT) at 20<E,/RT<60, the Doyle’s approxima-
tion leads to errors lower than 10%.

Elucidation of activation energy (£,) is quite simple by FWO method and pres-
ents the additional advantage that any change of mechanism is obvious by changes in
the slopes of the lines at different conversion degree. However, on the other hand,
multiple heating rates require several samples introducing probably some errors.

Since E, and A4 parameters are known, a comparison of the thermal stabilities at
different heating rates (TG curves) may be done using a compensation parameter, Sp:

S,=E./logA (7)

Generally, the greater value of the compensation parameter means the smaller
reactivity of the system [13].

Materials and method

Initially, the ingredients except the curing agent (IPDI) are mixed thoroughly to ob-
tain a high degree of homogeneity. Then, the desired quantity of diisocyanate (IPDI)
is added and mixed thoroughly just before casting the propellant samples. The poly-
urethane network was obtained by curing HTPB polymer samples with IPDI at a
[NCOJ/[OH] equivalent ratio of 0.95 at 65°C for 120 h. The NCO/OH ratio is defined
as the equivalent ratio between the materials containing NCO (IPDI) groups and
those containing OH groups (HTPB) and it affects the mechanical properties of cured
composite propellant [9, 13]. The chemical composition of the propellant is (mass)
binder 20% and others 80%.
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TG/DTG curves were obtained on a model TGA 50 thermogravimetric analyser
(Shimadzu) in the temperature range of 298—1200 K with heating rates 5, 15, 17.5,
30, 32.5 and 35 K min ', under dynamic nitrogen atmosphere (50 mL min ). Sample
masses were about 1.8 mg and each sample was heated in Pt crucibles. The dynamic
method of Ozawa was applied using the TG kinetic analysis program installed in
Shimadzu Data acquisition system.

All analyzed samples were from a composite modified propellant with Fe,O; and
aluminum powder. The propellant samples were obtained from the same laboratorial
scale batch.

Results and discussion

Figure 1 shows a typical thermogravimetric curve of composite sample obtained at a
heating rate of 15 K min"'. Three main steps can be observed in the thermal degrada-
tion process and this number was confirmed with the application of the onset/endset
command in the Shimadzu TA 50 software. The first step around 541-573 K shows a
mass loss of 6.3% and it can be related to the plasticizer (DOA) raw material degra-
dation as pointed out by Sell ez al. [7]. The following two steps observed in Fig. 1, re-
spectively, are in the ranges 573—-608 and 608—655 K. These steps are related to the
partial HTPB/IPDI binder and total AP thermal decomposition and represent a total
of 67.8% mass loss (23.9% first step and 43.9 second step).

Al-Harthy and Williams [16] applying thermogravimetric analysis by simulta-
neous TG/DTA curves (heating rate of 10 K min ') of AP/HTPB mixture showed that
the mass loss started at 561 K and was completed at about 679 K with mass losses
of 13 and 81% in the first and second stage, respectively. Therefore, the behaviour
observed in the range 573-655 K, Fig. 1, is quite similar to the behaviour of the
AP/HTPB mixture [16].

The last mass loss step located at 655-900 K is related to the residual
HTPB/IPDI binder and corresponds to 5.4% of the initial sample mass. This result is
in agreement with thermal decomposition studies [6] of the urethane crosslinked
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Fig. 1 TG, DTG traces for degradation of solid composite propellant (HTPB/AP)
at 15 K min" heating rate
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HTPB showing that the urethane linkages are the first to cleave with the resultant loss
of'the crosslinking agent and the residual polymer decomposes as if it was an uncured
binder. After 900 K a very small residual mass can be observed and it may be attrib-
uted to aluminum oxidation during the combustion reaction leading to the formation
of alumina. The residual mass was found to be 3.7%.

Figure 2 shows the TG curves for thermal decomposition of the composite
samples at the different used heating rates. The lowest heating rate, 5 K min ', led to a
significant shift in the degradation temperatures to the lowest range. The beginning of
the decomposition was anticipated to 525 K but three important steps were also
identified and the mass losses are, respectively, 6.9, 74.2 and 15%. The last step shows
a relatively high mass loss which appears, apparently, decomposed in two steps for
5 K min ', Fig. 2. This last step can also be observed for 15 K min ' but with a low
mass loss. These last steps disappear in the TG curves for the other heating rates.
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Fig. 2 TG curves of nonisothermal degradation of solid composite propellant
(HTPB/AP) at 5, 15, 17.5, 30, 32.5 and 35 K min~! heating rates

An increasing induction period can be observed in Fig. 2 for the first decompo-
sition step. Three groups of experimental curves can be identified as (5 K min '),
(15and 17.5 K min ") and (30, 32.5 and 35 K min ). According to these different in-
duction periods, three regions can be identified in all of the curves in Fig. 2. In the
range 0-25% of decomposition the onset temperatures of each decomposition step
increase as the heating rate increases except for 32.5 and 35 K min' which are antici-
pated in respect to the 30 K min'. Between 25 and 50% of degradation the curves
for 30, 32.5 and 35 K min "' show an opposite behaviour when compared to the lowest
heating rates (5, 15 and 17.5 K min ') because as the heating rate increases the de-
composition temperature decreases. Above 25%, the intensity of degradation in-
creases with the increase in the heating rates and the onset/endset ranges are very nar-
row. When the temperature reaches approximately 635 K, the TG curves for the high-
est heating rates, mainly 30, 32.5 and 35 K min ', show different mass loss rates due
to the detonation behaviour of the solid propellant samples. This detonation tempera-
ture is shifted to lower temperatures as the heating rate is increased and, the process
occurs only after at least 25% of decomposition of the sample.
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The FWO method was applied to all experimental TG curves obtained at
different heating rates considering the degrees of conversion lower than 21% [13].
According to Fig. 2, at conversion degrees higher than 25%, an intense decomposi-
tion process can be seen and attributed to the deflagration behaviour of the samples.
Figure 3 shows the plot of logP (heating rate) vs. 1/7 (K ") for different degrees of
conversion (o). From the slope of the curves in Fig. 3, according to Eq. (6), the
average apparent activation energy was calculated resulting in (124+3) kJ mol .

0.6

1.60 1.65 1.70 1.75 1.80 1.85
/T /K10’
Fig. 3 Plots of the FWO method for solid composite propellant (HTPB/AP) at various

fixed conversion degrees (plots from the right to the left hand-side): 0.063,
0.080, 0.096, 0.11, 0.13, 0.15, 0.16, 0.18 and 0.19

Table 1 shows the values of E, obtained from the slopes of the curves in Fig. 3.
The respective values of 4 (pre-exponential factor) and S, (compensation parameter)
were also calculated for each degree of conversion and they are shown in Table 1.
The change of E, is very small, isoconversional lines are parallel, which indicates the
dominance of one mechanism of the reaction for the viewed thermal decomposition
step (95 to 79%). The values of the compensation parameter (S,) for solid propellant
samples are practically constant, which means that the mechanism does not change,

Table 1 Kinetic parameters of nonisothermal degradation of propellant sample (HTPB/AP)

a E,/kJ mol™ A/min™ 107" Sy
0.063 125.0 2.045 12.12
0.080 121.6 2.145 11.77
0.096 122.7 1.567 12.04
0.112 122.7 1.179 12.18
0.128 119.4 9.069 10.90
0.145 119.4 6.995 11.01
0.161 123.9 6.202 11.48
0.177 126.7 5.741 11.78
0.194 129.7 0.5149 13.36
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only the kinetics of degradation. As it can be seen in Table 1 the pre-exponential fac-
tor (4) is higher for the highest decomposition degree and almost constant for the
other degrees except for the highest used conversion degree. This variation is proba-
bly not caused by a change of reaction mechanism but it is the result of experimental
conditions or the physical state of the system.

Considering that the reaction mechanism could change with the increasing heating
rates the isoconversional method could not be applied to the full range of the
decomposition steps. But, fortunately, the FWO method could be applied to 1 by 1%
decomposition steps along the TG curves considered in this study resulting in a plot of
activation energy (F,) as a function of the conversion degree (o). Figure 4 shows that £,
values are not constant over the range of the degree of conversion (ot) where the iso-
conversional method was applied. The values of E, corresponding to the smaller
degradation percentages falls within the range 70-85 kJ mol . The lowest activation
energies are observed for 0:<0.05 and this mass loss is practically equal to the content of
the DOA plasticizer propellant. However, we cannot rule out that the HTPB may also
contribute to this first step. The higher conversion degrees (5-21%) considered to apply
the FWO method led to higher and very closed (low standard deviation) activation
energies, (124+3) kJ mol . This apparent activation energy may be correlated to the AP
decomposition and partially to the HTPB/IPDI thermal decomposition because the
region (0.05<0<0.21) is located in the temperature range (538—621 K) that practically
coincides with the temperature of AP and HTPB/IPDI decomposition [16].
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Fig. 4 Dependence of the apparent activation energy on the extent of decomposition of
the propellant (HTPB/AP) samples decomposition

The kinetic parameters of thermal decomposition of propellant samples were
also deduced from the TG curves using the Arrhenius method, in a very exhaustive
work. The deduced activation energy varied along with the temperature ranges in
each TG curve and for the different heating rates used.

The first step of decomposition exhibits an activation energy of 80 kJ mol™ for
the 5 K min' heating rate (8) and about 100 kJ mol™" for the other heating rates. The sec-
ond step of degradation has a quite similar (90 kJ mol™) activation energy when
B=5 K min"' but, exhibits an abrupt change to smaller values (51+3) kJ mol " for the
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other heating rates. The activation energies for the third step defined using the on-
set/endset command was quite similar for all of the heating rates studied,
(120+15) kJ mol ™', and are in a very good agreement with the value from the FWO
method, (12443) kJ mol .

Comparisons between the E, values obtained using the Arrhenius plot and
Flynn, Wall and Ozawa method must be made considering that the thermal decompo-
sition reaction is not a first order reaction and that the decomposition steps were not
the same. While the FWO method was applied to only 0-21% range of sample mass
loss the Arrhenius concept could be applied up to 80% giving the £, value for each
decomposition step. On the other hand, the FWO method could be applied to a large
range of heating rates recorded in this study giving an apparent E, value that is more
representative of the composite thermal decomposition along these heating rates.

For the 5 and 15 K min ' heating rates the TG curves showed the binder decom-
position steps, located between 657 to 900 K. As the heating rates were increased the
binder decomposition steps were shifted to lower temperatures problably because the
kinetics for propellant samples thermal degradation changed. This step (binder de-
composition) is strongly determined by the binder pyrolysis and AP decomposition
behaviour. It can be noted that, as related by Al Harthy and Williams [16], the reac-
tions between the binder and oxidiser products are not yet fully understood.

Conclusions

Propellants are defined as the material which generates a large number of gaseous mole-
cules at high temperature during combustion that can self-sustain without the presence of
ambient oxidizer combustion. The thermal decomposition of solid rocket propellants
based in HTPB binder is a complex process that may involve various chemical and phys-
ical phenomena. Since the physical structure of composite propellants is heterogeneous,
the combustion wave structure appears to be heterogeneous too. The combustion phe-
nomena of composite propellants are largely dependent on the propellant ingredients,
pressure, propellant initial temperature, and various parameters of aerothermochemistry
in rocket motors [17, 18]. In a rocket motor extreme conditions are predominant leading
to high temperatures, pressures and heating rates. To simulate these conditions, pyrolysis
studies of solid rocket propellant and polymeric binders should be conducted at high
heating rates. Thermogravimetry at low heatings rates, between 35 and 5 K min ™', was
here used to study the decomposition kinetics of the composite propellant based on AP
with HTPB binder. It was observed that the activation energy varies with the extent of
composite decomposition. The slow heating rate data may happen to be irrelevant if the
reaction mechanism changes with temperature. However, the difference in the tempera-
ture regions is not a sufficient condition of the change in the reaction mechanism. The re-
action kinetics and mechanisms derived from the slow heating rate experiments can be
used to predict decompositions under conditions of combustion [7]. Considering heating
rates lower than those used in the present work (5 K min "), the results are quite similar.
Sell et al. [7] have studied the thermal decomposition of HTPB-DOA—-AP composite
propellant at heating rates of 0.5, ....., 3.2, 3.6, 4.5, 6.8 and 9.0 K min"' and the TG
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curves have also showed three major steps of the mass loss. The interrelation between £,
and o observed by Sell ez al. [7] is quite similar to that in the present work. The first step
of decomposition (a:<0.08) exhibits an activation energy about 100 kJ mol . The activa-
tion energy suddenly drops at the beginning of the second step (0.08<a<0.9), which
shows an increase in E, from ~100 to 230 kJ mol .

Using two approaches for plotting variable heating rate data, it has been demon-
strated that the Arrhenius plot may be used to obtain satisfactory values for activation
energies for the decomposition of solid composite propellants. The values obtained
using this approach are quite comparable to those obtained using standard variable
heating rate method associated to the Flynn, Wall and Ozawa method.

The use of Fe,O; as a burning rate catalyst is not denoted clearly as related by
Carvalheira et al. [19]. Fe,O5 additive causes an increase in the magnitude of the exo-
termic DTA peaks and a decrease in the magnitude of the endothermic DTA peaks to
the decreasing heating rates considering only the HTPB/IPDI polymer mixture [19].
The thermal decomposition of AP/HTPB without addition of Fe,O; was studied by
DSC in non-isothermal conditions, at different heating rates [20]. The Arrhenius
parameters were estimated according to the Flynn—Wall-Ozawa method and the
calculated activation energy was 134.5 kJ mol ', which is in an excellent agreement
with the values found in the present work for the HTPB/AP/Fe,O; propellant, and the
pre-exponential factor, 4, equal to 2.04-10'° min™' is also quite similar to those
obtained in the 0<a<0.12 region present results.

The thermal decomposition behaviour of the solid composite propellant is af-
fected by the heating rates used in the experiments. The reduction of heating from 35
to 5 K min "' showed a shift of the decomposition peaks along different temperatures.
The TG curves (different heating rate) are typical of the raw material used in solid
propellant formulation and the decomposition events observed have an intrinsic cor-
relation with the ingredients used in such formulation.
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