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Abstract The thermal decomposition of ammonium
perchlorate (AP) is considered to be the first step in the
combustion of AP-based composite propellants. In this
report, the effect of the specific surface area of titanium
oxide (TiO,) catalysts on the thermal decomposition
characteristics of AP was examined with a series of thermal
analysis experiments. It was clear that the thermal
decomposition temperature of AP decreased when the
specific surface area of TiO, increased. It was also possible
that TiO, influences the frequency factor of AP decom-
position because there was no observable effect on the
activation energy.

Keywords Ammonium perchlorate -
Specific surface area - Thermal decomposition -
Titanium oxide

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 con-
figuration 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 lessened. Representative methods to
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control the burning rate of composite solid propellants used
to date include adding a combustion catalyst [1-10] and
controlling the particle size of the solid oxidizer [11, 12].

It is well known that the burning rate of these composite
propellants which consist of ammonium perchlorate (AP) is
enhanced when some transition metal oxides (TMOs) are
added to the compositions [1-3, 6, 7]. For example, ferric
oxide (Fe,03), copper oxide (CuO or Cu,0O), copper
chromate (CuCrQO,), copper chromite (CuCr,O,4), and
manganese oxide (MnO,) are very effective in enhancing
the burning rate. Although many researchers have proposed
various theories as to how TMOs enhance the burning rate,
the mechanism remains unclear. It also has been observed
that the specific surface area of the combustion catalysts
greatly affects the burning rate enhancement. However,
there have been few studies in which the effect of specific
surface area was confirmed experimentally. Recently,
nano-sized particles have become available at a relatively
low price, but there have been few reports of these nano-
sized particles applied to composite propellants as com-
bustion catalysts [8—10].

In a previous report, the effect of the particle size of
ferric oxide (Fe,O3) catalysts on the thermal decomposition
of AP-based composite propellants and pure AP was
examined with a series of thermal analysis experiments [1].
It was clear that the thermal decomposition of the propel-
lant samples and pure AP was greatly enhanced by
reducing the size of Fe,O; from the submicron to nano-
meter size. Recently, it has been reported that titanium
oxide (TiO,) nanoparticles enhanced the burning rate of
AP-based solid composite propellants [10]. In the present
study, the thermal decomposition characteristics of AP,
which has been considered to be the first step of AP-based
propellant decomposition, with and without TiO, catalysts
were determined, and the effect of the specific surface area
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of the TiO, catalysts on the AP decomposition was
investigated by thermal analyses.

Experimental
Materials

The particle size of AP used in this study was about 10 pm.
Five types of commercial TiO, particles were used as
catalysts and their specifications are listed in Table 1. The
specific surface areas of TiO, in Table 1 were experi-
mentally confirmed by the BET method with an automatic
surface area analyzer, Betasorb model 4200 (Nikkiso Co.,
Ltd.).

In order to prepare the samples for thermal analysis, AP
and each TiO, powder were heated separately at 120 °C for
3 h in a furnace to eliminate moisture. The designated
weights of AP and TiO, were measured, and the samples
were thoroughly mixed with a wooden stick in a mortar.
The ratio of AP and TiO; in the samples was 97:3.

Thermal analysis

Differential scanning calorimetry (DSC) measurements
were carried out with a DSC 822, differential scanning
calorimeter (Mettler-Toledo K. K.). The sample was placed
in an aluminum pan and then the pan was sealed to with-
stand an internal pressure of about 3 MPa. The weight of
the sample was about 1.0 mg. Dynamic scans were per-
formed at a heating rate of 10 °C min~' in a temperature
range from 20 to 500 °C. During the measurement, nitro-
gen gas was purged throughout the system at 50 mL min~"
to maintain an inert environment.

Thermogravimetric (TG) analyses and differential ther-
mogravimetry (DTG) measurements were carried out
with a TGA/SDTA 851. thermogravimetric analyzer
(Mettler-Toledo K. K.). The sample (about 3.0 mg) was
placed in an open-type alumina pan. The dynamic scans
were performed at a heating rate of 3, 5, 8, and
10 °C min~ ', in a temperature range from 30 to 600 °C.
During the measurement, nitrogen gas was purged
throughout the system at 200 mL min~' to maintain an

Table 1 Specifications of TiO, particles

inert environment. Each sample was measured three times.
For both instruments, the Star, software (Mettler-Toledo K.
K.) was used to control the temperature program and obtain
thermograms for analysis.

Results and discussion
Thermal analysis

The DSC curves of the samples at a heating rate of
10 °C min~" are shown in Fig. 1. Two thermal events are
observed in each curve: a small endothermic peak near
240 °C and a large exothermic peak around 450 °C. The
peak temperatures were measured at least three times per
sample and then averaged. The endothermic peak near
240 °C is attributed to the phase transition of AP from the
orthorhombic to cubic form [13, 14]. The relationship
between the peak temperature T, of the large exothermic
peak around 450 °C and the specific surface area of the
TiO, catalyst is summarized in Fig. 2. The peak tempera-
tures of the samples including TiO, were nearly equivalent
to that of pure AP, showing the peak temperature did not
depend on the surface area of the TiO, catalyst. One
explanation for these results is that the reaction between
AP and TiO, catalyst is depressed, because the sample pans
used in the DSC experiment were sealed completely,
compressing the reaction gas inside the pan.

The TG and DTG curves at a heating rate of 10 °C
min~" are shown in Fig. 3. « is the conversion degree as
represented below [15]:

x=— (1)

All DTG curves consisted of a small peak and a large
peak. It has been pointed out that AP decomposition occurs
in two steps: low temperature decomposition (LTD)
(<350 °C) and high temperature decomposition (HTD)
(>350 °C) [16-18]. The first peak indicates the LTD of AP.
For every sample, the LTD reaction starts near 300 °C and
then shows a shoulder near 340 °C in the DTG curve. This
peak cannot be observed in the DSC curve. The reaction is

1

TiO,(1V) Manufacturer Particle size (from catalogs)/nm Specific surface area (BET method)/m2 g
(A) Wako Pure Chemical Industries, Ltd. <5000 55

(B) Kanto Chemical Co., Inc. 19.7-101.0 35

©) Kanto Chemical Co., Inc. 200 18

(D) Wako Pure Chemical Industries, Ltd. <5000 7

(E) Kanto Chemical Co., Inc. 100-300 6
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Fig. 1 DSC curves of pure AP and mixtures of AP with TiO,
catalysts (heating rate: 10 °C min~")
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Fig. 2 The relationship between the peak temperature T}, of the large
exothermic peak around 450 °C and the specific surface area of TiO,
catalyst

depressed by the pressurization from the sealing of the
sample pan in the DSC experiment, so that the peak may be
shifted to higher temperature and overlapped with the next
peak. Boldyrev proposed that this LTD reaction starts with

nucleation followed by proton transfer as shown below
[16],

NH,Cl04(s) = NH;(g) + HCIO,4(g) (2)

From the TG results, it was concluded that the LTD
reaction was not affected by TiO, catalysts.

The next large peak indicates the HTD of AP. Boldyrev
showed that the HTD starts from the dissociation of AP
into NH3 and HCIO, on the surface of AP, then secondary
reactions between the thermal decomposition products of
HCIO, and NH; occur either on the surface of AP or in the
gas phase above the surface [16]. In the presence of TiO,
catalyst, it can be seen that both onset temperature and
peak temperature are lower than those of pure AP. The
relationship between the peak temperature of HTD of AP
and the specific surface area of TiO, catalyst is summa-
rized in Fig. 4. The temperature shift of this peak increases
as the specific surface area of TiO, gets larger and the plot
is found to be linear except for pure AP (the specific sur-
face area of TiO, = 0). Therefore, it can be concluded that
this HTD reaction of AP takes place on the surface of the
TiO, catalyst.

Kinetic analysis

Kinetic analyses were carried out by the Ozawa method,
which is known as a model-free approach [19]. It is also
known as an iso-conversional method. In order to deter-
mine the activation energy of HTD of AP using TG data, it
is assumed that each reaction follows the Arrhenius
equation,

k = Aexp(—E,/RT) (3)

where k is the rate constant, E, is the activation energy, R is
the gas constant, 7 is the absolute temperature, and A is the
frequency factor. g(o) can be defined as the integral
function of conversion degree as shown below,

“ o (‘3{: = kf(fl)) 4)

(o) 70

0
In this case, the thermal stability of the samples at
various heating rates can be analyzed using a Ozawa plot in

which log f versus 1/T shows a linear relationship, as
shown in the following equation:

AE, E,
logf =1 — 2315 — 0.4567—2~ 5
ogf i RT (5)

where f is the heating rate [19]. When log f is plotted
against 1/T for each of o = constant, a straight line is
obtained with a slope equal to —0.4567E,/RT, and then E,
can be calculated.
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Fig. 4 The relationship between the peak temperature of HTD of AP
in DTG curves and the specific surface area of TiO, catalyst

The activation energy for o = 0.5 which represents the
HTD reaction calculated by Ozawa plots and its correlation
coefficient (r) are summarized in Table 2. The difference
in the activation energy between pure AP and AP+ various
TiO, is negligible regardless of the specific surface area.
Therefore, we conclude that the specific surface area of the
TiO, catalyst does not influence the activation energy of
the HTD reaction of AP. In other words, the energy
required for the HTD reaction to occur is not affected by

Table 2 Activation energy of HTD reaction of AP calculated with
the Ozawa method

Sample E,/kJ mol™! r

Pure AP 124 0.957
AP + (A) 115 0.929
AP + (B) 123 0.970
AP + (C) 139 0.978
AP + (D) 133 0.965
AP + (B) 123 0.919
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It was clear that the thermal decomposition of AP was
enhanced by increasing the specific surface area of TiO,. In
particular, the effect on the HTD of AP is apparent and
there is a linear relationship between the peak temperature
of HTD of AP in DTG curves and the specific surface area
of the TiO, catalyst. It is also possible that the TiO,
influences the frequency factor of AP decomposition
because there was no observable effect on the activation
energy.
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