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Abstract

Thermal analysis was carried out to investigate the effect of the particle size of ferric oxide, which acts as a combustion
catalyst, on the thermal decomposition of a solid propellant consisting of ammonium perchlorate (AP) as an oxidizer and
hydroxyl-terminated polybutadiene (HTPB) as a binder. The particle size of ferric oxide used in this study varied from
nanometer size to submicron size. Differential scanning calorimetry (DSC), thermal gravimetric analysis (TGA) and dif-
ferential thermal analysis (DTA) were used for the investigation of the thermal behavior of the samples. The activation
energy was calculated using the Kissinger method. As a result, it was confirmed that the size reduction of Fe,Os to nano-
meter size contributes to the promotion of the decomposition of AP-based solid propellant with the lowering of reaction

temperature and / or activation energy.
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1. Introduction
Burning rate and specific impulse are representative

parameters that describe the burning characteristics of
solid propellants. In order to design rocket motors, the
basic method to satisfy the required relationship between
impulse and combustion time of the rocket motor is the
adjustment of the burning area by tailoring the grain
configuration of the propellant. However, controlling the
burning rate more widely would be very advantageous in
designing rocket motors because the restriction on grain
configuration could be decreased. Representative methods
to control the burning rate of composite solid propellants
used to date include: 1) adding a combustion catalyst,” -9
2) controlling the particle size of the solid oxidizer, !> '
3) increasing thermal conductivity '? and 4) increasing of
the heat transfer coefficient.

It is well known that the burning rate of the composite
propellant which consists of ammonium perchlorate (AP)
is enhanced when some transition metal oxides (TMOs)
are added to the compositions. -2-9-7 For example, ferric
oxide (Fe;03), copper oxide (CuO or Cu,0), copper chro-
mate (CuCrOy ), copper chromite (CuCr,0,) and manga-
nese oxide (MnO,) are very effective in enhancing burning
rate. Among these TMOs, Fe,Os has been used most com-
monly, therefore its catalytic effect has been researched
widely. -2-7 Although many researchers have proposed

various ideas about how Fe,0O; enhances the burning
rate, it still remains unclear. In such research it also has
been pointed out that the particle size of the combustion
catalysts greatly effects the burning rate enhancement.
However there have been few studies in which the particle
size effect was confirmed experimentally. Recently, nano-
sized particles have become available at a relatively low
price, but there have been few reports of these nanosized
particles applied to composite propellants as combustion
catalysts.”~?

In a previous report, the effect of the particle size of
Fe,Os on the burning rate of AP / HTPB composite pro-
pellants was examined with a series of combustion tests.
13 It was clear that the burning rate was greatly enhanced
by reducing the size of Fe,O; from submicron to nanome-
ter size. In the present study, the effect of Fe,Os particle
size on the decomposition of AP / HTPB composite pro-
pellant was examined by thermal analysis. To examine the
effect on AP decomposition, which is considered to be the
first step of propellant decomposition, thermal analysis
was also carried out for the AP / Fe,O; mixture. For con-
venience, the size reduction to nanometer size is defined
as “nanosization” in this paper.
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Table 1 Compositions of the solid propellant samples (by parts).

Solid oxidizer Binder Combustion catalyst
Sample No.
AP HTPB Fe,Os(f) Fe,0s(c)
1 84 16 1.0 —
2 84 16 — 1.0
3 84 16 — —
Table 2 Compositions of the AP / Fe;O; mixture samples (by parts).
Solid oxidizer Combustion catalyst
Sample No.
AP F6203(f) Fe203(c)
4 100 1.2 —
5 100 — 1.2
6 100 — —

2. Experimental
2.1 Materials

Two series of samples were prepared in this study: solid
propellant samples and AP / Fe,Os; mixture samples.
Table 1 shows the main compositions of the solid propel-
lant samples. In addition to the listed materials, the solid
propellant samples included a small amount of plasti-
cizer and curing agent. Two types of Fe,Os; were used: a
fine one which had mean particle sizes of 5.4 nm, called
Fe,0s(f), and a coarse one with particle sizes of 0.36 um,
called Fe,O;(c). These sizes were confirmed with small-
angle X-ray scattering (SAXS) or dynamic light scattering
(DLS), respectively. ' . The compositions were confirmed
by powder X-ray diffraction using a Shimadzu XRD-
6000, so any materials other than Fe,O; were not detected.

Table 2 shows the compositions of the AP / Fe,O; mix-
ture samples. Sample No. 6 was pure AP with no Fe,Os.
The particle size of AP used in these samples was 10 pm.
The two kinds of Fe,Os; used were the same as mentioned
above. To prepare the AP / Fe,O; mixture samples, both
AP and Fe,O; were heated separately at 373 K for two
hours in a furnace to eliminate moisture. The designated
weights of AP and Fe,O; were then measured and simply
mixed with a wooden stick in a mortar. The ratio of AP
and Fe,Os; in these mixture samples was equivalent to the
ratio of those in the propellant samples.

2.2 Thermal Analyses

DSC measurements were carried out on a Mettler-
Toledo differential scanning calorimeter, DSC822.. The
sample was placed in an aluminum pan and then the pan
was crimped to withstand an internal pressure of about
0.2 MPa. The weights of the solid propellant samples and
AP / Fe,O3 mixture samples were about 1.5 mg and 0.5
mg, respectively. The dynamic scans were performed at a
heating rate of 1, 3, 5, 10 and 20 Kmin™!, in a temperature
range from 293 K to 773 K. During the measurement,
nitrogen gas was purged throughout the system at 50
mLmin~' to maintain an inert environment.

TGA and DTA measurements were carried out on a
TGA / SDTA851. (Mettler-Toledo) which could measure
TGA and DTA curves simultaneously. The sample (about
3.0 mg) was placed in an alumina pan which was covered
with a pierced lid. The dynamic scans were performed at
a heating rate of 3, 5, 8 and 10 Kmin™, in a temperature
range from 303 K to 873 K. During the measurement,
nitrogen gas was purged throughout the system at 50
mLmin~' to maintain an inert environment.

For both instruments, the Star. software (Mettler-Toledo)
was used to control the temperature program and obtain
thermograms for analysis.

3. Results and Discussion
3.1 Propellant Samples

The DSC curves of the solid propellant samples at a
heating rate of 10 Kmin' are shown in Fig. 1. In each
curve four thermal events are observed: a broad exother-
mic peak (A) at 490 - 530 K, a large exothermic peak
(B) over 620 K, a shifting small endothermic peak (C)
between 500 K to 550 K and a small endothermic peak
near 520 K. The peak temperatures 7, of peaks A, B and
C in Fig. 1 are summarized in Table 3. The peak tempera-
ture was measured at least three times per a sample and
then averaged. The TGA and DTA curves at a heating rate
of 10 Kmin™! are shown in Fig. 2.

The endothermic peak near 520 K in the DSC and DTA
curves for each sample can be attributed to the phase transi-
tion of AP from the orthorhombic to cubic form. ' !> This
is supported by the fact that the TGA curve does not show a
weight loss at this temperature. There is another endother-
mic peak (peak C) in the DSC curve at 555 K for sample
No. 3 and 525 K for sample No. 2. For sample No. 1, the
peak shifts to even lower temperature, 510 K. Since there is
no weight loss observed in the TGA curves at this tempera-
ture, it is believed that this peak represents the scission of
polymer binder. The order of this temperature shift is No.
1 > No. 2 > No. 3. Since the burning rate order obtained
from the combustion test is also No. 1 > No. 2 > No.3, ¥
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Fig. 1 DSC curves of solid propellant samples (heating rate: 10 Kmin!).
Table 3 Peak temperature 7, of solid propellant samples (K).
Sample No. Peak A (exothermic) Peak B (exothermic) Peak C (endothermic)
1 506 6438 510
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3 526 667 555
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Fig.2 TGA and DTA curves of solid propellant samples (heating rate: 10 Kmin™).

it is concluded that this drop in the endothermic reaction
temperature in the DSC curve may be related to the burn-
ing rate enhancement and that the nanosization of the Fe,O;
particles further promotes the effect. No endothermic peaks
were detected in the DTA curves at this temperature. This
may be attributed to the lower resolution of DTA.

The small exothermic peak (peak A) at 490 - 530 K for
each sample is difficult to distinguish, because the shape
of this peak is very broad and it overlaps the endothermic
peak. It is believed that this peak represents the decompo-
sition of the binder because a gentle weight loss curve can
be seen in the TGA curves of samples No. 1 and 2. The
temperature shift of this peak increases in the order of No.
1 > No. 2 > No. 3 as the particle size of Fe,O; gets smaller.
Therefore it is concluded that this drop in the reaction
temperature may relate to the improvement of the burning
rate and that the nanosization of the Fe,O; particle further
promotes the effect in a similar manner to peak C. Fong
et al. proposed that Fe,O; catalyzes the melting or thermal
decomposition of the binder. ¥ These results support their
proposal.

The largest peak at higher temperature, peak B corre-
sponds to the exothermic decomposition of AP. This peak
shifts to low temperature by the addition of Fe,O; in a
similar manner as the other peaks. This peak is character-
ized by a change of the peak configuration especially in
samples No. 1 and No. 2 and suggests that the reaction
became more dramatic by the addition of Fe,Os. It has
been stated that Fe,O; has a catalytic effect on the decom-
position of AP and the mechanism of the catalytic effect
has been proposed in many times. '® -9 This change of
the peak configuration supports those opinions. However
the nanosization of the Fe,O; particles seems to have no
effect on this peak.

In the present study, it is assumed that each reaction fol-
lows the Arrhenius equation,

k = Aexp (-E./ RT) ¢))
where k is the rate constant, E, is the activation energy, R

is the gas constant, T is the absolute temperature and A is
the frequency factor. In this case, the thermal stability of
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Fig. 3 Kissinger plots for solid propellant samples, a) peak A, b) peak B, ¢) peak C.
Table 4 Activation energy of solid propellant samples (kJmol").
Sample No. Peak A (exothermic) Peak B (exothermic) Peak C (endothermic)
1 116 278 146
2 129 31 196
3 144 233 133
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Fig. 4 DSC curves of AP / Fe,O; mixture samples
(heating rate: 10 Kmin™).

the samples at various heating rates can be analyzed using
a Kissinger plot in which In(f3 / T?) versus 1/ T plot shows
a linear relationship as shown in the following equation,

In (8/T2) =—-E, | RT, +In (AE,/ R) )

where /5 is the heating rate and 7}, is the peak temperature. 2
This equation can be rearranged to the following form,

dl /T2
E,= RL (3)
d(1/T,)

Kissinger plots for each peak are shown in Fig. 3 and the
activation energy calculated by those plots is summarized
in Table 4.

Compared to the result of the peak temperature, it was
revealed that the order of the activation energy was not
necessarily the same as that of the temperature shift.
Especially for peak B, which represents the main reac-
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Fig. 5 TGA and DTA curves of AP / Fe;O3 mixture
samples (heating rate: 10 Kmin™').

tion, the activation energy increases remarkably with the
addition of Fe,Os. It was concluded that the use of Fe,O;
and nanosization contributed to peak A by lowering both
the reaction temperature and activation energy, while they
contributed to peak B and C only by lowering the reaction
temperature. Since the reaction order cannot be determined
from the measurements in this study, frequency factor A,
which provides a measure of the frequency of occurrence
of the reaction situation, cannot be calculated. Its determi-
nation is the object of a future study.
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Fig. 6 Kissinger plots for AP / Fe,O; mixture samples.

3.2 AP / Fe;O; Mixture Samples

The DSC curves of the AP / Fe,O; mixture samples at a
heating rate of 10 Kmin! are shown in Fig. 4. In each curve,
three thermal events are observed: a large exothermic peak
(D) at around 670 K, an endothermic peak (E) at around 630
K and an endothermic peak near 520 K. All curves are of
the same shape with no significant differences.

The TGA and DTA curves at a heating rate of 10 Kmin™!
are shown in Fig. 5. In this figure there is a remarkable
difference in the curve shapes. In the TGA curves, sample
No. 4 starts a weight loss at a lower temperature than No.
5 and No. 6 and the DTA curve shows an exothermic peak
at the same temperature of the weight loss in the corre-
sponding TGA curve. The shape of this exothermic peak
in the DTA curves seemed to be one peak for No. 5 or No.
6, but two peaks are clearly observed for No. 4. The rea-
son why this peak is not observed in the DSC curves but
appeared in the DTA curves is believed to be due to the
difference in the sealing state of the samples. This techni-
cal issue requires further consideration.

A Kissinger plot for the main exothermic peak in the
DTA curves is shown in Fig. 6 and the kinetic data calcu-
lated with the plot are summarized in Table 5. The order of
the activation energy for this peak is No. 4 < No. 6 < No.
5. Fig. 6 shows that the line of No. 4 shifts more towards
the right than those of No. 5 and No. 6. Thus it is clear that
the addition of microsized Fe,Os does not affect the acti-
vation energy very much, while the addition of nanosized
Fe,Os decreases it greatly. It can therefore be concluded
that the nanosization of Fe,Os contributes to AP decompo-
sition both by lowering the reaction temperature and the
activation energy.

Conclusions

From the results of thermal analysis, it was confirmed that
the use of Fe,Os and its nanosization, in particular, con-
tribute to the decomposition of composite solid propellant
including AP by both lowering the reaction temperature and/
or the activation energy. And it was also clear that nanosiza-
tion of Fe,Os contributes to AP decomposition by both of
lowering the reaction temperature and the activation energy.
It can be assumed that these nanosization effects enhance
the burning rate of the solid propellant further.

Table 5 Activation energy of peak D of
AP / Fe,O3 mixture samples (kJmol").

Sample No. Peak D (exothermic)
4 131
5 170
6 156
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