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Abstract 

Phase-stabilised ammonium nitrate (PSAN) and hydroxyl-terminated polybutadiene (HTPB) 
are the main ingredients of propellants used with success in some pyrotechnic igniter compo- 
nents of the VULCAIN liquid rocket engine for the ARIANE 5. Small amounts of selected 
additives play an important role in solving some of the problems presented by composite 
propellants that include ammonium nitrate (AN). Iron(II1) oxide (Fe,O,), for example, can be 
used as a burning-rate modifier in PSAN/HTPB propellants and although its effect on the 
burning rate is well known, its mechanism of action is not well understood. Thermogravimetry 
(TG), differential thermogravimetry (DTG) and differential thermal analysis (DTA) have been 
applied to study the slow thermal decomposition of selected compositions to investigate the 
mechanism of action of Fe,O, as a burning-rate modifier of PSAN/HTPB propellants. The 
compositions evaluated include PSAN, Fe,O, and HTPB cross-linked with isophorone 
diisocyanate (IPDI) as ingredients. No effect of Fe,O, on PSAN decomposition is found. Fe,O, 
shows an effect on the kinetics of the first stage of HTPB-IPDI decomposition and increases 
the exothermicity of HTPB-IPDI decomposition. In the decomposition of PSAN/HTPB- 
IPDI/Fe,O, propellants, the effect of Fe,O, is also observed and a synergetic interaction 
between PSAN and HTPB-IPDI is found, for which a physical-chemical explanation is given. 
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Arrhenius pre-exponential factor/s- 1 
particle diameter/pm 
Arrhenius activation energy/kJ mol- 1 
mass fraction of oxidiser 
mass fraction of binder 
mass/mg 
initial mass/mg 
kinetics order of reaction 
pressure/MPa 
universal gas constant/kJ mol- ’ K- 1 
temperature/K 
temperature of sample at maximum amplitude of DTG or DTA peak/K 
amplitude of DTA signal/K 

Greek Symbols 

; 
Fractional mass loss 
heating rate/K min - ’ 

1. Introduction 

Interest in the kinetics of thermal decomposition of AN and HTPB partly originates 
from the use of these materials in gas generator propellants used for the turbo pump 
starter, gas generator igniter and thrust chamber igniter of the VULCAIN HM60 
liquid propellant rocket engine for ARIANE 5; other applications are envisaged. Small 
amounts of selected additives play an important role in solving some of the problems 
presented by propellants that include ammonium nitrate (AN). The phase transition 
IV -+ III which occurs at 305 K (32°C) and the associated large volume change of the 
AN crystal is a serious problem. Incorporation of small amounts of NiO (l-3 wt%) in 
the AN crystal lattices produces one kind of phase-stabilised ammonium nitrate 
(PSAN) by promoting the AN phase transition from IV to II, which eliminates the 
previously mentioned abrupt volume change in the useful temperature range [l, 23. 
Other problems presented by AN propellants are their high hygroscopicity, low 
ignitability and low burning rate. Korting et al. [3] found that in the range 1.5- 
10 MPa, Fe,O, improves the ignitability of AN/HTPB propellants and when used in 
small quantities (0.4-0.5 wt%), it increases the pre-exponential factor moderately and 
the pressure exponent slightly of Vieille’s burning-rate law; when Fe,O, was increased 
(1.0-4.0 wt%), a decrease in the pre-exponential factor and pressure exponent was 
observed. (Vieille’s law is an empirical, dimensional non-homogeneous law, named 
after the French combustion engineer and scientist Paul Vieille (185441934), and used 
to describe the dependence of steady-state burning rate of solid propellants on pressure, 
at a fixed initial temperature of the propellant and under zero cross-flow; it has the form 
r = ap*, where r is the burning rate in mm s- ‘, a the pre-exponential factor, p the 
burning pressure in MPa, and n the pressure exponent.) Korting et al. [3] also found 
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that when Fe,O, is used in very small amounts (0.25 wt%) it may cause combustion 
instability. Langlet et al. [4] found, using mass spectrometry, that in the combustion of 
ammonium perchlorate (AP) AP/HTPB propellants, Fe,O, has an effect not only on 
AP decomposition but also on HTPB decomposition. Carvalheira [S] used TGA and 
found no effect of Fe,O, on AN slow thermal decomposition confirming the observa- 
tion of Guiochon [6]. These observations and results of Langlet et al. [4] indicate that 
the effect of Fe,O, on burning rate of PSAN/HTPB propellants as shown by Korting 
et al. [3] must be in the decomposition of HTPB, even if a gas-phase catalytic 
mechanism involving this iron compound is not out of question. Fe,O, is a very 
convenient burning-rate catalyst because it has a considerable effect even if used in 
small quantities, it introduces no appreciable changes in the Vieille’s law pressure 
exponent, it is cheap and easily available, it presents no compatibility problems with 
other propellant ingredients and if particle size and shape are conveniently chosen it 
introduces no undesirable effects on rheological properties during propellant manufac- 
ture [7]. Although the effect of Fe,O, as a burning-rate modifier in PSAN/HTPB 
propellants is well known, its mechanism of action is not well understood. The main 
objective of this work is to investigate the mechanism of action of Fe,O, as a burning- 
rate modifier on PSAN/HTPB propellants using thermogravimetry (TG), differential 
thermogravimetry (DTG) and differential thermal analysis (DTA). TG, DTG and DTA 
have been applied to study the slow thermal decomposition of selected compositions 
including, as ingredients, PSAN (called the oxidizer in composite solid rocket-propel- 
lant nomenclature), HTPB cross-linked with isophorone diisocyanate (IPDI) (the 
binder system, called the binder in abbreviated form), and Fe,O, (the burning-rate 
catalyst), of a PSAN/HTPB-IPDI/Fe,O, composite solid-propellant system. It was 
found that Fe,O, changes the kinetics of the first stage of HTPB-IPDI decomposition 
and increases the exothermicity of the HTPB-IPDI decomposition. The effect of 
Fe,O, is also observed at the beginning of the second stage of decomposition of 
PSAN/HTPB-IPDI/Fe,O, propellants which is the first stage of decomposition 
of HTPB-IPDI in these compositions. This is a very important result because for 
polybutadiene (PB), as the heating rate increases the weight loss by the mechanism of 
the first step of decomposition of polybutadiene becomes dominant [8,9], and high 
heating rates are characteristic of combustion-like conditions. A synergetic exothermic 
interaction between PSAN and HTPB-IPDI is found in PSAN/HTPB-IPDI/Fe,O, 
propellants. A physical-chemical explanation is given for this interaction based on the 
fact that AN decomposition becomes less endothermic and even exothermic as 
pressure increases [lo] and on thermal oxidation of the binder by the products of 
decomposition and dissociation of PSAN. It was found that Fe,O, has no effect on 
PSAN decomposition, as previous workers [S, 61 found for AN decomposition. 

2. Experimental 

2.1. Materials 

PSAN containing 1 wt% NiO, as phase-stabilising agent, and 0.5 wt% Petro, as 
anti-caking agent, with a particle size diameter d, of 180 urn, was obtained from ICT, 
Germany. The particle size of PSAN was measured using a Malvern particle sizer 2600 
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with a powder-in-air method at 15% RH and 20°C ambient temperature. HTPB Poly 
Bd R45HT was obtained from Atochem. According to the manufacturer’s information 
for this HTPB, the molecular weight is 2800 g Eq-‘, the hydroxyl value is 0.83 meq 

g i, the hydroxyl number is 46.6 mg KOH g- ‘, trans-1,4 content is 60%, c&-1,4 
content is 20%, and vinyl-l,2 content is 20%. The hydroxyl number was measured and 
found to be 46.5 mg KOH g- ‘. IPDI was obtained from Fluka Ref. 59192, and Fe,O, 
BayFerrox 180 (purity, 96-97% , d, = 0.7 urn) was obtained from Bayer Chemie A.G. 

2.2. Sample preparation 

Samples were prepared in a climate-controlled room with 15-20% RH and 18-23°C 
ambient temperature. Samples of PSAN were collected from the PSAN container. The 
same was valid for the HTPB sample. PSAN/Fe,O, samples were prepared by careful 
mechanical mixing of the two components in a 5cm diameter polished-porcelain 
container with a polished-porcelain pylon. PSAN/HTPB-IPDI/Fe,O, samples were 
prepared in a polyethylene container by first mixing manually HTPB and Fe,O, (if 
present in the composition), for 20 min, then adding PSAN (if present in the composi- 
tion), and mixing again manually for 10 min, and finally adding IPDI and mxing for 
30 min. Compositions containing HTPB and IPDI were allowed to cure in an oven at 
303 K (6O”C), for 10 days at atmospheric pressure. Isophorone diisocyanate (IPDI) is 
the curing agent for HTPB. A ratio of NCO:OH = 0.90 was used for all compositions. 

2.3. Apparatus and procedure 

TG/DTA measurements were carried out using a Seiko TG/DTA 320. Prior to the 
experiments, calibration was performed using melting points of pure indium (Fluka, 
purity: 99.999%) and tin (from Seiko sample kit of standards, purity > 99.99%). For all 
samples, a mass of lo-11 mg was used, and a heating rate of 10 K min- ‘. The purging 
gas was N, (dry), at a 40 ml min- ’ gas flow rate and at 0.1 MPa absolute pressure. Care 
was taken to avoid contact with moisture during storage before the measurements 
and during measurements, because of the high hygroscopicity of PSAN. Before the 
measurements, samples were stored in a room at a relative humidity of less than 20% 
and a temperature of 18-23°C and measurements were made in a room within the 
same ambient conditions. Transportation of the samples from the preparation labora- 
tory to the thermal analysis laboratory was made in sealed polyethylene bags contain- 
ing dried silica gel. For compositions 1,2,3 and 4, the initial and final temperatures 
were respectively 298 K (25°C) and 648 K (375°C). Table 1 gives the compositions 
tested. For the other samples, the initial and final temperature were respectively 303 K 
(30°C) and 848 K (575°C). Two measurements were taken for each composition. 

2.4. Methodology of analysis 

2.4.1. TGIDTA measurements 
The DTA signals are indicated in Kelvin and the temperature sensor is a Ptt 

Ptl3%Rh thermocouple measuring temperature difference between the sample in an 
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Table 1 
Sample composition and size 

Composition PSAN/wt% HTPB/wt% IPDI/wt % Fe,O,/wt% Sample size/mg 

2 
3 
4 
5 
6 
I 
8 
9 

10 
11 
12 

100 0 0 0 10 
99.500 0 0 0.500 10 
99.000 0 0 1.000 11 
97.500 0 0 2.500 10~11 

0 100 0 0 10-11 
0 92.334 7.666 0 10-11 
0 91.411 7.589 1.000 10-11 
0 90.026 1.474 2.500 10 

75.000 23.084 1.916 0 11 
74.625 23.084 1.916 0.375 10 
74.250 23.084 1.916 0.750 10-11 
73.125 23.084 1.916 1.875 10 

open aluminium pan and an empty aluminium pan as reference. The amplitude of the 
DTA peaks A T and the temperature of the sample at maximum amplitude of the DTA 
peaks T, were considered, rather than the onset temperatures of the DTA peaks T,, 
because they are unambiguously defined. Results of DTA measurements expressed as 
DTA peak amplitudes and temperature of samples are presented in Table 2. The 
temperature, magnitude and weight loss fraction of DTG peaks for the decomposition 
stages are presented in Table 3. 

2.4.2. Kinetics of decomposition at 10 K min- ’ 
Kinetic parameters such as activation energies and pre-exponential factors were 

calculated using the non-isothermal method developed by Coats and Redfern [l l] to 
analyse the TG data. This method is subject to some criticism and has been compared 
by Sharp and Wentworth [12,13] with the method developed by Freeman and Carroll 
[14] and with the method developed by Achar et al. [lS] to study the kinetics of 
decomposition of calcium carbonate, both pure and with some additives, as a loose 
powder and in pellet form. It proved to give satisfactory results and to be less 
time-consuming than the other methods. This makes it convenient for use when a large 
number of experiments is needed to characterise a material or a combination of 
materials when compared to the isothermal methods. Recently, it has been used by 
Chen and Brill [16,17] to determine the kinetic parameters of decomposition and 
thermolysis at low heating rates (l-10 K min- ‘) of polymeric binders used in compos- 
ite solid propellants. Arrhenius kinetic parameters obtained using isothermal TGA and 
this method were found to be essentially the same for both methods within experimen- 
tal errors for energetic azide polymeric binders [ 163. 

The equations used are presented below 

dT 
dt- -P (1) 
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m,--m 
u=p (2) 

ma 

$=k(T)(I -a) 

According to Guiochon [6], AN thermal decomposition is first order. Chen and Brill 
[17] have considered the thermal decomposition of HTPB prepolymer and cross- 
linked HTPB-IPDI polymer to be first order. Assuming a first-order decomposition 
for all compositions, as a first approximation, we have n = 1 [ 1 l] 

k(T)=A exp -5 
( 1 

The criterion we have used to select the data range to determine the kinetic parameters 
was the large-range linearity criterion where we chose the largest data range where 
there is a linear dependence of In ( - (ln( 1 - LY))/T’) on l/T. The criterion for linearity to 
select the largest (1 - a) range was visual observation of the graphs, at first, and then, in 
a more accurate way, imposing the correlation coefficient of the linear regression of the 
data to be larger than 0.99. The Arrhenius kinetics parameters in Table 4 are the results 
of application of the large-range linearity criterion to the TG data. 

For compositions 9, 10, 11 and 12 (see Table l), a slightly different algorithm was 
used to calculate kinetic parameters by the non-isothermal TG method, for two 

Table 4 
Arrhenius parameters obtained by the non-isothermal TG method with large-range linearity criterion a 

Comp. 1st stage 2nd stage 

log A/s- 1 E/(kJ mol-‘) (1 -x) range log A/s ’ E/(kJmol-‘) (1-a)range 

1 8.53 kO.03 113.5*0.5 
2 8.63&0.10 114.2 f 0.9 
3 8.64kO.16 114.2+ 1.5 
4 8.63 +0.13 114.0* 1.2 
5 2.59kO.10 77.0* 1.4 
6 1.41+0.26 59.5 k 2.8 
lb 1.45 61.4 
8 2.17kO.36 69.4 + 4.7 
9 9.99* 1.10 118.5 f 10.4 

10 9.37kO.64 112.0+6.5 
11 8.84* 1.47 108.4k 13.6 
12 10.19&0.63 120.4? 6.3 

0.87-0.53 
0.85 -0.47 
0.85 - 0.48 
0.86 -0.46 
0.98 -0.82 
0.98 -0.76 
0.99 - 0.77 
0.99 -0.76 
0.98-0.79’ 
0.96 - 0.69’ 
0.97 -0.73 c 
0.97 -0.70’ 

13.20k0.21 
11.59+0.49 
11.52 
11.78 +0.43 
20.2 + 3.9 
21.6* 1.8 
31.1 i8.9 
35.8 i 7.5 

215.4k2.9 
192.5k6.7 
206.1 
196.1+ 5.9 

311*54 
329 If: 25 
458+119 
524 + 102 

0.62 -0.045 
0.60 - 0.030 
0.53 -0.049 
0.55 -0.069 
0.91-0.70d 
0.97-0.76d 
0.96-0.81 d 
0.97-0.87d 

a Errors are based on the standard deviation of the actual points and the least square fit. 
bOnly one measurement made for this composition. 
’ (1 -a)* range. 
d(l -a)** range. 



P. Carvalheira et al.lThermochimica Acta 2691270 (1995) 273-293 281 

reasons. Firstly, observation of the TG curves suggests the existence of two stages at 
two different temperature ranges corresponding to the decomposition of the two main 
constituents of these compositions, namely PSAN and cross-linked HTPB-IPDI; 
secondly, a correlation was envisaged with the temperature ranges and slow decompo- 
sition kinetic parameters of the main constituents of these propellant compositions, 
namely PSAN and cross-linked HTPB-IPDI, with and without Fe,O,. 

Basically the algorithm and equations are the same as the previous ones, but are 
applied to two different stages. The first stage corresponds to a condition where the 
mass fraction decomposition is less or equal to the oxidiser and additives mass fraction; 
the second stage corresponds to the decomposition of the remainder of the sample. For 
the first and second stages, (1 - m) is substituted respectively by (1 - M)* and (1 - a)** in 
all equations where it appears 

(1 - a)* = ,” ,?f”, for l.OO>(l -a)>fb 
0 b 

(1 - CC)** = --$ forf, > (1 - a) > 0 
0 

3. Results and discussion 

3.1. PSAN/Fe,O, compositions 

The TG/DTA and DTG curves of PSAN powder without Fe,O, are shown in Fig. 1. 
TG and DTA curves of PSAN powder coated with different concentrations of Fe,O, 
are similar to the respective TG and DTA curves of PSAN powder shown in Fig. 1. For 

I , 3 

1 

0.8 

7 0.6 

0.4 

- 2.5 y 

- 2 2 
c 

- 1.5 rr 
.o, 

’ r” 

- 0.5 .g 
W 

-0 n 

0 ’ 
300 350 

. ’ -0.5 
400 450 500 550 600 650 

Temperature in K 

Fig. 1. TG, DTG and DTA results for PSAN powder without iron(M) oxide. In all figures, data are obtained 
at a heating rate of 10 K min-‘, under a 40 ml min-’ nitrogen flow. 
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TG and DTG curves, there is a small difference between PSAN powder and PSAN 
powder coated with different concentrations of Fe,O,. For DTA curves the addition 
of Fe,O, to PSAN causes a reduction in T,,, of less than 5 K in the phase transition 
II + I, on melting and on the last endothermic peak. Observation of the plots of 
ln( - (ln(1 - a))/ T’) vs. l/T suggests only one step need be considered for decomposi- 
tion of samples of these compositions. Kinetic parameters obtained by the non- 
isothermal method for these compositions are presented in Table 4. They indicate 
almost no effect of Fe,O, on either log A or E when it is added to PSAN, and there is no 
net trend, within experimental uncertainty, in the evolution of the values of either of 
these kinetic parameters with increasing Fe,O, mass fraction. This indicates no effect 
of Fe,O, on PSAN decomposition kinetic parameters, and a small effect on the phase 
transition from II to I and on melting of PSAN, shown by the DTA peaks. 

3.2. HTPB-IPDI/Fe,O, compositions 

HTPB is composed of a mixture of trans-1,4-, c&1,4- and vinyl 1,2-polybutadiene 
isomers. The relative amount of the isomers can be controlled in the synthesis process 
but all three exist in propellant-grade HTPB. The TG/DTA and DTG curves of HTPB 
prepolymer are shown in Fig. 2 where two main DTG peaks can be seen. In the second 
main peak, two secondary peaks can be considered, as also reported by Tingfa Du [ 181. 
Table 3 shows the DTG data relative to these peaks. In addition, observation of DTA 
and DTG curves in Fig. 2 shows that the first DTG peak weight loss is an exothermic 
stage and that the two other DTG peaks weight losses are endothermic. The overall 
pattern of the TG, DTA and DTG curves is in agreement, respectively, with the TG, 
DSC, and DTG results reported by previous workers for HTPB [17,18] and PB [S, 91 
with the same heating rate and 4-6 mg samples. The weight loss in the first stage of 
decomposition of HTPB is mainly due to depolymerisation of HTPB where lower 

300 350 400 450 500 550 600 650 700 750 800 850 

TemDerature in K 

Fig. 2. TG, DTG and DTA results for HTPB prepolymer. 
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molecular weight hydrocarbons, such as 1,3-butadiene (C,H,) and 4-vinylcyclohexene 
(&Hi,), volatilise [17]. In the first stage, cyclisation and cross-linking of the HTPB 
occur simultaneously. Depolymerisation is an endothermic process, while cross-link- 
ing and cyclisation are exothermic processes. Material not undergoing depolymeris- 
ation cyclises and cross-links, yielding a solid residue which decomposes in the second 
stage [17]. The first stage is an overall exothermic process as a result of the positive 
energy balance of the endothermic depolymerisation process and the exothermic 
cross-linking and cyclisation [17]. The second stage of decomposition of HTPB is 
endothermic because of the predominance of bond-breaking (depolymerisation) of the 
cross-linked residue from the first stage and desorption of the fragments [17]. These 
processes are essentially the same as those that occur with PB [S, 9,193. For PB, in the 
first stage, the competition between depolymerisation and cross-linking and cyclisation 
is evidenced by the facts that when heating rate is increased the weight loss in the first 
stage increases, and the amount of 1,3-butadiene in the volatile products increases 
while the amount of 4-vinylcyclohexene is maintained. In the first stage at /I = 10K 
min-‘, weight loss is 5-11 wt% for HTPB [this work, 181 and for PB [9], while at 
/3 = 100 K min- ’ it is about 50 wt% for PB [9]. In consequence, it is expected that in 
combustion-like conditions the first stage of decomposition will dominate the thermal 
degradation of HTPB, while cross-linking and cyclisation will be negligible. This 
reasoning is supported by results on the thermal decomposition of HTPB in combus- 
tion-like conditions [ 171 where the kinetic parameters of the process at high heating 
rate are much closer to the kinetic parameters of the first stage than to those of the 
second stage of decomposition and where the several diisocyanate cross-linking agents 
have an effect on the kinetics of thermal decomposition of cross-linked HTPB at high 
heating rate and on the kinetics of the first stage of decomposition at low heating rate, 
but not on the thermal decomposition kinetics of the second stage of decomposition. In 
consequence of this, for our purposes of evaluating the effect of iron(II1) oxide on the 
thermal decomposition of HTPB in combustion-like conditions, using slow thermal 
decomposition, the effect of this additive in the first stage of decomposition assumes 
primary relevance. 

TG/DTA and DTG curves of cross-linked HTPB-IPDI polymer have a pattern 
similar to those of HTPB prepolymer in Fig. 2. Compared to the TG/DTA and DTG 
curves of HTPB prepolymer, the most important differences are: the reduction from 
649 to 638 K and the reduction in amplitude from 1.9 to 0.8 K of the first DTA 
exothermic peak; the reduction in magnitude, from - 0.41 to - 0.34 K, and in T,, from 
725 to 717 K, for the second DTA peak; the reduction in magnitude, from -0.67 to 
-0.46K, and in T,, from 752 to 747 K, for the last main endothermic peak; the 
reduction from 660 to 637K of the first DTG peak; an increase in the weight loss 
fraction of the first and second steps of decomposition, in consequence of higher IPDI 
volatility; and a decrease in the weight loss of the third DTG peak. For the DTG curve, 
we also obtained a main DTG peak which, in our DTG curve, includes two secondary 
DTG peaks. Chen and Brill [ 171 used the same method to study the slow decomposi- 
tion of pure HTPB and cross-linked HTPB-IPDI with a NCO:OH ratio of 1.0 and 
with samples about half the mass (4-6 mg) of ours (10-l 1 mg). For cross-linked 
HTPB-IPDI with 10 K min-’ heating rate, Chen and Brill [17] obtained just one 
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endothermic DTG peak. The first weight loss stage is probably associated with 
depolymerisation and cleavage of urethane cross-links. In this first stage there is also 
cross-linking and cyclisation of the HTPB backbone which do not contribute to any 
noticeable weight loss but are responsible for the overall exothermic character of the 
first stage of the decomposition. The two other weight losses are depolymerisation of 
the cross-linked and cyclised residue from the first stage of decomposition and are 
overall endothermic processes [ 171. As shown in Table 5, the value of E obtained in our 
measurements is in agreement, within experimental error, with the value obtained by 
Chen and Brill[17] for pure HTPB for the first stage and for cross-linked HTPB-IPDI 
for the second stage of decomposition. The value of E for the second stage and the 
values oflog A for the first and second stages for pure HTPB, and for the second stage of 
cross-linked HTPB-IPDI decomposition obtained in this work are close to the values 
obtained by Chen and Brill [17] but are not in agreement with their results within 
experimental error. 

DTA curves for HTPB prepolymer, cross-linked HTPB-IPDI polymer and HTPB- 
IPDI/Fe,O, polymer with different concentrations of Fe,O, are shown in Fig. 3, and 
DTA peak data are shown in Table 2. When Fe,O, is added to cross-linked HTPB- 
IPDI the following trends are shown with increasing Fe,O, content: the first exother- 
mic peak shows a slight increase in magnitude and almost no change in T, and a net 
increase in area; the first endothermic peak shows an increase in magnitude, becoming 
higher than the second endothermic peak, and an increase in T,; the second endother- 
mic peak shows a reduction in magnitude and T,; the magnitude of the area of the 
endothermic peaks is reduced and that of the exothermic peaks is increased; the overall 
decomposition process becomes more exothermic. 

DTG curves of HTPB prepolymer, cross-linked HTPB-IPDI and HTPB-IPDI/ 
Fe,O, polymer with different concentrations of Fe,O, are similar in shape. Table 3 
shows the DTG peaks, weight loss and residue data. When Fe,O, is added to 
cross-linked HTPB-IPDI, there is a decrease in magnitude and weight loss fraction, 
and a 7-8 K reduction in T, for the first peak; there is an increase in magnitude, 
a decrease in the weight loss fraction and a l-2 K decrease in T, for the second and 
largest peak; and an increase in magnitude and weight loss fraction and almost no 

Table 5 
Comparison of Arrhenius parameters obtained by the non-isothermal TG method in this work and in other 
investigations 

Ref. Composition 1st stage 2nd stage 

log A/s - 1 E/(kJ mol-‘) T/K log A/s - ’ E/(kJ mol-‘) T/K 

This work HTPB 2.59+0.10 77.0* 1.4 608-703 13.20k0.21 215.4+2.9 7222759 
HTPB-IPDI 1.41+0.26 59.5 +2.8 5722695 11.59 kO.49 192.5 k 6.7 717-760 

[17]“,b HTPB 1.1 78.7 601-693 10.1 195 7099743 
HTPBPIPDI 9.8 192 709-743 

’ Values of E converted from kcal molt 1 in Ref. [ 121 to kJ mall 1 by multiplying by 4.184. 
b Values of T converted from “C in Ref. [ 123 to K by adding 273.15. 
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Fig. 3. DTA results for HTPB prepolymer, cross-linked polymers HTPB-IPDI and HTPB-IPDI/Fe,O, 
with different concentrations of Fe,O,. 

change in temperature for the third and also large peak. The weight loss fraction 
distribution of cross-linked HTPB-IPDI/Fe,O, lies between that of HTPB and that of 
cross-linked HTPB-IPDI. The residue increases from HTPB to cross-linked HTPB- 
IPDI and when Fe,O, is added continues to increase, but this increase can be mainly 
accounted for by added Fe,O,. 

The net increase in the amplitude of the first DTA exothermic peak with increasing 
Fe,O, mass fraction, the reduced mass loss and mass loss rate of the correspondent first 
DTG peak with inclusion of Fe,O, indicate that Fe,O, promotes cross-linking and 
cyclisation (exothermic processes) and reduces depolymerisation in the first stage of 
decomposition of cross-linked HTPB-IPDI and there is a pattern of higher regression 
rates with higher rigidity in linear pyrolysis studies with other polymers [20]. 

As suggested by observation of ln( - (ln(1 - a))/T’) vs. l/T plots and previous work 
by Chen and Brill[17], two steps were considered for the decomposition of samples of 
compositions 5,6,7 and 8. Arrhenius plots for the kinetics of weight loss measured by 
TG for HTPB, cross-linked HTPB-IPDI polymer and HTPB-IPDI/Fe,O, propel- 
lants with different concentrations of Fe,O, are shown in Fig. 4. Arrhenius parameters 
obtained by the non-isothermal method for compositions 5,6,7 and 8 are presented in 
Table 4. When Fe,O, is added to cross-linked HTPB-IPDI (compositions 6,7 and 8) 
and Fe,O, mass fraction is increased, there is a monotone increase in both log A and 
E for the first stage of decomposition and, in general, the kinetics of decomposition of 
cross-linked HTPB-IPDI/Fe,O, approaches the TG kinetics of decomposition 
of pure HTPB, indicating a net effect of Fe,O, on the first stage of decomposition of 
cross-linked HTPB-IPDI. The second stage of decomposition is very similar for 
compositions 6,7 and 8. They indicate that for both log A and E there is a noticeable 
reduction in first stage and second stage of decomposition from pure HTPB to 
cross-linked HTPB-IPDI. For the second stage, there is no definite trend in the 
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Fig. 4. Arrhenius plots for the kinetics of weight loss measured by TG for HTPB prepolymer, cross-linked 
polymers HTPB-IPDI and HTPB-IPDI/Fe,O, with different concentrations of Fe,O,. The second stage 
of decomposition is very similar for cross-linked polymers HTPB-IPDI and HTPB-IPDI/Fe,O, with 
different concentrations of Fe,O,. 

evolution of either log A or E with increasing Fe,O, content and the values overlap or 
almost overlap within experimental error. In the first and second stages, results for 
the Arrhenius kinetic parameters of compositions 5,6,7 and 8 show relatively low 
dispersion. 

3.3. PSANIHTPB-IPDI/Fe,O, compositions 

Fig. 5 illustrates typical TG, DTG and DTA curves of PSAN/HTPB-IPDI propel- 
lant. TG, DTG and DTA curves of PSAN/HTPB-IPDI/Fe,O, compositions are 
similar in shape to TG, DTG and DTA curves of PSAN/HTPB-IPDI. The three first 
endothermic peaks, corresponding respectively to the phase transitions IV -+ II, II + I 
and to melting of PSAN [2], show T, values close to the values for PSAN. For the 
PSAN/HTPB-IPDI composition, a strong DTA exothermic peak appears at 501 K 
and a strong DTG peak appears at 502 K. This is the strongest effect observed for all 
compositions and is a synergetic solid phase reaction that is present in propellant 
samples containing PSAN and cross-linked HTPB-IPDI. This synergetic effect is also 
present at 504-506 K in PSAN/HTPB-IPDI/Fe,O, compositions. The exothermic 
peaks of DTA curves are the most intense and the intensity of this first DTG peak 
oscillates in the range 12.2-14.4 wt% K- ’ for these compositions. For PSAN/HTPB- 
IPDI and PSAN/HTPB-IPDI/Fe,O, compositions, there is also an endothermic 
peak that is not present for the other compositions. This peak is in the temperature 
range 526-529 K and becomes less endothermic with increasing Fe,O, content. 
A related DTG peak was observed at 515 K for PSAN/HTPB-IPDI and in the range 
518-520 K for PSAN/HTPB-IPDI/Fe,O, compositions with no monotone change in 
magnitude with increase in Fe,O, content. There are also DTG peaks at 719 K for 
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Fig. 5. TG, DTG and DTA results for PSAN/HTPB-IPDI propellant. 

PSAN/HTPB-IPDI and at 717-718 K for PSAN/HTPB-IPDI/Fe,O, compositions 
with no appreciable change in magnitude with increase in Fe,O, content. The 
endothermic DTA peak at 754 K for PSAN/HTPB-IPDI/Fe,O, containing 0.75 wt% 
Fe,O, is related to the decomposition of the HTPB-IPDI weight fraction in composi- 
tions PSAN/HTPB-IPDI/Fe,O, because it appears, respectively, as an endothermic 
DTA peak in the second stage of decomposition of HTPB-IPDI at 747 K and in the 
second stage of decomposition of HTPB-IPDI/Fe,O, compositions at 741-742 K. 
The two exothermic DTA peaks respectively at about 700 and 750 K shown in Fig. 5 
are particular to one of the two measurements made with PSAN/HTPB-IPDI 
composition and are not repeatable patterns. 

Observation of the ln( - (ln(1 - a))/T’) vs. l/T plot of composition 9, in Fig. 6, 
suggests four steps of decomposition. Plots of ln( - (ln(1 - ct))/T') vs. l/T for composi- 
tions 10, 11 and 12 present the same pattern as composition 9. The first step was 
identified as PSAN decomposition. The second step is considered a runaway in weight 
loss of PSAN for which a physical explanation is given later. The third step is 
a relaxation of the previous runaway process. The fourth step is considered to be the 
thermal decomposition of the HTPB-IPDI binder mass fraction. We consider the 
second and third steps to be unrepresentative of the kinetics of thermal decomposition 
of these propellants at 0.1 MPa and consequently the Arrhenius kinetics parameters 
were determined only for the first and fourth steps, which were called the first and 
second stage, respectively. 

Table 4 presents TG kinetic parameters for samples of compositions 9,10,11, and 12. 
Analysis of results for first stage indicate that there is no net tendency, within 
experimental uncertainty, in the evolution of the values of log A and E with increasing 
Fe,O, mass fraction. As the first stage of decomposition for these compositions is 
mainly due to PSAN decomposition, this is in agreement with the results for composi- 
tions 1, 2, 3 and 4 containing PSAN and Fe,O, which indicate no catalytic effect of 
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Fig. 6. Arrhenius plots for the kinetics of weight loss measured by TG for decomposition of propellant 
PSAN/HTPB-IPDI showing four steps in the decomposition process. 

Fe,O, on PSAN decomposition. Arrhenius plots for the kinetics of weight loss 
measured by TG for PSAN/HTPB-IPDI and PSAN/HTPB-IPDI/Fe,O, propel- 
lants with different concentrations of Fe,O, for the second stage of decomposition are 
shown in Fig. 7. For the beginning of the second stage, there is a monotone increase in 
the values of both E and log A with increasing Fe,O, mass fraction. Because the second 
stage of decomposition for these compositions is mainly due to cross-linked HTPB- 
IPDI decomposition and the range of (1 - CC)** covered is similar to the range of (1 - LX) 
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Fig. 7. Arrhenius plots for the kinetics of weight loss measured by TG for the second stage of decomposition 
ofpropellants PSAN/HTPB-IPDI and PSAN/HTPB-IDPI/Fe,O, with differentconcentrationsofFe,O,. 
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Fig. 8. TG results for PSAN powder, cross-linked HTPB-IPDI polymer and PSAN/HTPB-IPDI 
propellant. 

for first stage of decomposition for compositions 5,6,7 and 8 containing cross- linked 
HTPB-IPDI and Fe,O,, this is in agreement with the results for these compositions 
which indicate a net effect of Fe,O, on the first stage of decomposition of cross-linked 
HTPB-IPDI decomposition. In the first stage, results for Arrhenius kinetic parameters 
of compositions 9,10,11 and 12 show more dispersion than for compositions 5,6,7 and 
8, but the results for the second stage show a high level of dispersion especially for 
compositions 11 and 12. 

The interaction between PSAN and HTPB-IPDI in compositions 9, 10,ll and 12, 
including PSAN/HTPB-IPDI is evidenced in Fig. 8 by the TG curves of decomposi- 
tion of bulk PSAN, cross-linked HTPB-IPDI and PSAN/HTPB-IPDI. This interac- 
tion is also evidenced by the large DTA and DTG peaks in the 501-506 K range, for the 
second DTG peak and the corresponding endothermic DTA peak, in Fig. 5, Tables 2 
and 3, and for the second and third step in the plot of ln( - (ln( 1 - c())/T’) vs. l/7: shown 
in Fig. 6, for composition 9 which is representative of compositions 10, 11 and 12 for 
this interaction. A physical-chemical explanation for this interaction follows. For 
temperatures higher than the melting point of PSAN (443 K), the decomposition and 
dissociation process of PSAN begins and oxidising gaseous products begin to be 
generated. In the propellant, the existence of isolated pockets formed by the binder 
around each PSAN particle trap these oxidising gaseous products, which begin to 
oxidise the binder, and produce a pressure inside the pockets that does not occur in the 
bulk decomposition of PSAN, because in the bulk decomposition of PSAN the gaseous 
products can escape to the atmosphere through the liquid PSAN-gaseous atmosphere 
interface. This pressure can make the PSAN decomposition exothermic [lo] and may 
be responsible for the exothermic DTA peak that begins after the melting DTA peak of 
PSAN in compositions including PSAN/HTPB-IPDI, instead of the endothermic 
DTA peak that is observed after the bulk melting for PSAN and PSAN/Fe,O, 
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Fig. 9. DTA results for PSAN powder, cross-linked HTPB-IPDI polymer and PSAN/HTPB-IPDI 
propellant. 

16 

0 
300 350 400 450 500 550 600 650 700 750 800 850 

Temperature in K 

Fig. 10. DTG results for PSAN powder, cross-linked HTPB-IPDI polymer and PSAN/HTPB-IPDI 
propellant. 

compositions, as shown in Fig. 9. Moreover, in the propellant, the specific surface 
contact area of condensed PSAN with gaseous products of decomposition and 
dissociation, is larger than in the bulk melted PSAN. Both the pressure build-up and 
the increase in specific surface contact area of condensed PSAN with these gaseous 
products increase the decomposition rate. When most of the binder pockets break due 
to internal pressure build-up they leak the gaseous products and there is a sudden 
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weight loss of sample which is responsible for the large DTG peak and for the second 
step in the ln( - (ln(1 - a))/T2) vs. l/T plot of Fig. 6. After this, the pressure inside the 
binder pockets reduces to the ambient pressure ofO.1 MPa and the thermal decomposi- 
tion of PSAN proceeds. The effect of pressure on PSAN decomposition kinetics and 
heat generation disappears and consequently the decomposition rate of PSAN de- 
creases strongly as shown by the DTG curves in Fig. 10 for PSAN/HTPB-IPDI 
composition and bulk PSAN. In addition, the PSAN decomposition becomes en- 
dothermic as it is in the last DTA peak of decomposition of bulk PSAN, as shown by 
the DTA curves in Fig. 9. Only the effect of temperature remains and since these 
measurements are non-isothermal, as time passes the temperature increase promotes 
an increase in mass loss rate, attaining a maximum at a certain temperature higher than 
the temperature of the first exothermic peak. This phase corresponds to the second 
DTG peak, the corresponding endothermic DTA peak and the third step in the plot of 
ln( - (ln( 1 - a))/T2) vs. l/T of Fig. 6. A detail in the shape of the DTG curve of Fig. 5 for 
PSAN/HTPB-IPDI composition supports this explanation because there is a con- 
cordance between the beginning of the envelope of the first DTG peak and the envelope 
of the second DTG peak. This explanation, being correct, shows the very important 
role of pressure in the kinetics of PSAN decomposition which can be related to the 
important effect of pressure on the ignition and combustion of PSAN/HTPB propel- 
lants. It would be interesting to estimate the pressure level inside the binder pocket 
during the first DTG peak and to relate it with the extinction pressure of the propellants 
of compositions 9-12, which is in the range l-2 MPa. 

A remarkable feature of the TG results for PSAN/HTPB-IPDI and PSAN/HTPB- 
IPDI/Fe,O, compositions is that they leave an amount of solid residue (6.72- 
9.16 wt%) that is much higher than the weighted sum, by mass fraction, of the residues 
of PSAN and HTPB-IPDI compositions plus the weight fraction of Fe,O,, which is 
clearly shown in Fig. 8 for the PSAN/HTPB-IPDI composition. This behaviour can 
be accounted for by the thermal oxidation at high temperature of HTPB-IPDI 
polymer by the PSAN oxidiser, because it is well known that in thermal oxidation at 
high temperature, polymers transform into char leaving more residue than under 
thermal degradation. The thermal oxidation, at high temperature, of the organic 
polymer phase HTPB-IPDI by the inorganic oxidiser PSAN could be verified with 
chemical analysis of the volatiles whose formation would be induced at a lower 
temperature than in thermal degradation under nitrogen. 

The TG/DTG results have less dispersion in peak magnitudes and T, than the DTA 
results. 

4. Conclusions 

There is a strong interaction in the solid phase between PSAN and cross-linked 
HTPB-IPDI in the propellant composition PSAN/HTPB-IPDI which is revealed by 
the strong DTA exothermic peak and the strong DTG peak at 502 K. A physical- 
chemical explanation is given for this interaction. The same strong interaction is 
observed for the other propellant compositions containing these components and 
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Fe,O,. This additive causes an increase in the magnitude of the exothermic DTA peaks 
and a decrease in the magnitude of the endothermic DTA peaks. 

Compositions including PSAN/HTPB-IPDI (compositions 9-12) exhibit a solid 
residue which is much greater than the sum of the solid residues weighted by mass 
fraction of PSAN and HTPB-IPDI plus the solid catalyst mass fraction. This 
behaviour can be accounted for by the thermal oxidation at high temperature of 
HTPB-IPDI polymer by the PSAN oxidiser. 

When Fe,O, is included as an additive in cross-linked HTPB-IPDI, the overall 
pattern of DTA curves is maintained for all compositions. The magnitude and shape of 
the DTA peaks indicate a general increase in exothermicity of cross-linked HTPB- 
IPDI decomposition with increasing Fe,O, content. 

The TG kinetics of decomposition of HTPB, HTPB-IPDI and HTPB-IPDI/Fe,O, 
compositions, indicate a net effect of Fe,O, in the first stage of cross-linked HTPB- 
IPDI decomposition. This is confirmed by the TG kinetics results of PSAN/HTPB- 
IPDI and PSAN/HTPB-IPDI/Fe,O, compositions for the beginning of the second 
stage of decomposition of these propellants where the first stage of decomposition of 
HTPB-IPDI occurs. 

There is not much difference between the slow thermal decomposition of PSAN and 
PSAN coated with Fe,O,. This is indicated by DTA, TG/DTG and TG kinetics results. 
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