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Abstract

The thermal decomposition of ammonium perchlorate (AP) with Al and Zn
metallic particles was studied at different heating rates in dry air atmosphere
and the combustion behavior of AP/Al/Zn propellant was evaluated. The ex-
othermic reaction kinetics was studied by differential thermal analysis (DTA)
in non-isothermal conditions and compare with the thermal decomposition of
pure AP and AP/aluminum particles analyzed in the same experimental con-
ditions. The Arrhenius parameters were estimated according to the Ozawa
and Kissinger methods. The calculated activation energies for the low and
high temperature exothermic reactions were 91 and 229 kJ/mol for pure AP,
90 and 112 kJ/mol for 80 wt% AP/20 wt% Al particles. When zinc was incor-
porated, activation energy of 56 kJ/mol was determined for the only exother-
mic peak observed for 90 wt% AP/10 wt% Zn and 44 kJ/mol for 78.4 wt%
AP/19.6 wt% Al/2 wt% Zn propellant composition.

Keywords
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1. Introduction

For composite propellants, there are a number of common ingredients such as
oxidizer, fuel and additives playing a profound effect on the propellant combus-
tion. Ammonium perchlorate NH,ClO, (AP) is one of the best known oxidizers
capable to produce large amounts of hot gases to create thrust by expansion in
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the nozzle. AP combustion is remarkably catalyzed with transition metal oxide
additives in relatively small amounts [1] [2] [3]. Fuel, the other relevant compo-
nent in composite propellant composition, consists basically of micrometric
metallic particles usually constituting 5 to 20% of the propellant by weight [4],
being aluminum (Al) the most common fuel nowadays [5]. Other metallic sys-
tems, as magnesium (Mg) and magnesium/aluminum alloys, have been used in
some clean formulas with reduced exhaust emissions [6]. Concerning the em-
ployment of metallic zinc (Zn) powder as a fuel, long time ago it was used to-
gether with sulphur (S) but there is scarce information and just recently some
data has been published using zinc nanometric particles [7] and other metallic
nanoparticles [8] together with AP.

One of the problems of using transition metal oxides like copper oxides and
copper chromites to catalyze AP combustion, is the potential chemical reduction
of such oxides by the presence of metallic aluminum leading to the presence of
low melting point products capable to block the nozzle throat. In this prelimi-
nary work, mixtures of micrometric zinc powders together with AP oxidizer
were prepared and the effect of chemical composition was investigated by ther-
mal analysis experiments. The current work incorporates zinc particles on am-
monium perchlorate to observe the thermal decomposition, and compares its
behavior relative to the usual AP-Al system and presents the thermal combus-
tion of AP/Al/Zn propellant.

2. Experimental Procedure

AP was obtained by neutralization of perchloric acid HCIO, (Sigma-Aldrich
ACS Reagent) with aqueous ammonia NH,OH (Fermont ACS Reagent), then
dissolving the product followed of a crystallization process at a pH of 7.5 [9].
Domestic zinc (Galvanoquimica Mexicana) and aluminum (Metapol Inc.)
powders were used as received. Differential thermal analysis DTA (Perkin Elmer
DTA7) and thermogravimetric analysis (Perkin Elmer TGA7) were used to eva-
luate the decomposition of AP/Al, AP/Zn and AP/Al/Zn in dry air at 20 ml/min.
All samples were placed in alumina (Al,O;) open pans. Different heating rates
ranging from 2.5°C/min to 20°C/min were used to perform kinetic analysis. Par-
ticles size of both, AP and aluminum fuel, play a significant role in the activation
energy of the thermal decomposition [10]. Figure 1 shows the corresponding
scanning electron microscopy (SEM) images of NH,CIO, Al and Zn powders. In
the present work, AP, Al and Zn particles presented a mean particle size of 200

pm, 50 pm and 4 pm respectively.

3. Results and Discussion

3.1. Thermal Decomposition of AP

Ammonium perchlorate (AP) is the most widely used oxidizer in solid compo-
site propellants mainly because of the high oxygen content, large specific volume
of product gases and extensive handling and storage experience [11]. The cor-

responding DTA thermograms are shown on Figure 2. Much work has been
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Figure 1. SEM images of: (a) NH,CIO, (AP); (b) Zinc powder;
(¢) Aluminum powder.

done on the thermal decomposition of pure AP, existing vast reference on re-
view articles [11] [12]. Consequently at 248°C, all DTA curves on Figure 2 pre-

sented an endothermic peak corresponding to the structural transformation of
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Figure 2. Thermal analysis results obtained from as-prepared AP powder (a) DTA curves
at different heating rates; (b) Ozawa plots; and (c) TGA and derivative TGA curves.
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AP from the orthorhombic to cubic form. The literature on DTA/TGA data
suggests that thermal decomposition of AP usually appears as a sequence of two
main peaks (one at low and the other at high temperature), the first of which is
exothermic. The second peak may appear as an exothermic or endothermic
event, depending on the experimental conditions [13]. Different points of view
exist about the mechanism of thermal decomposition of AP, nonetheless, in spite
of advances in investigating the mechanism of thermal decomposition of am-
monium perchlorate [11] [12] [13] [14], some aspects and sequence of reaction
still remain unclear. On Figure 2 the curves obtained from DTA indicate that
there are some small exothermic peaks between the two main events, all asso-
ciated to some mass volatilization during the decomposition process as shown
on TGA diagram presented on Figure 2(c). These small peaks could not be the
noise signal of the instrument because this behavior has already been reported
before [15] [16].

The thermal decomposition of any energetic material is quite important be-
cause the rate of thermal decomposition affects the quality of the material to
provide thrust as well as its shelf life. The activation energy of energetic materials
has been calculated before by Ozawa and Kissinger methods in double base pro-
pellants [17] and AP solid propellants [18]. The reported activation energy for
low temperature AP decomposition is ranging from 80 to 115 kJ/mol, and those
for high temperature decomposition between 150 and 260 kJ/mol. [11] [12] [13]
[14]. In our case, the activation energy E, for AP was calculated by Ozawa me-
thod. In this procedure, the activation energy can be determined from plots of
the logarithm of the heating rate versus the inverse of the peak temperature 7,
at constant heating rate experiments, without a precise knowledge of the reac-
tion mechanism using the following equation [19]:

log 8, +0.4567 E, /RT,, = constant

where f3,, is the heating rate and R the gas universal constant. Appling the me-
thod on DTA data from Figure 2(a), the activation energy of the AP decomposi-
tion was calculated only for the two main peaks, showing the corresponding re-
sults on Figure 2(b). The values obtained with the present experimental condi-
tions are in quite good agreement with those reported previously [11] [13],
finding for the low temperature peak a mean activation energy of 91 kJ/mol and
for the high temperature peak a mean activation energy of 229 kJ/mol. On the
other hand, if Kissinger method is applied to all the thermal analysis results, the
activation energy obtained from this procedure leads to the same values as those
obtained with Ozawa equation, as shown in Table 1. Kissinger model assumes
explicitly a first order reaction, making possible to calculate the pre-exponential
factor A from the expression [20]:

Eﬁm :Ae—Ea/RTm
RT?

m

3.2. Thermal Decomposition of AP-Al System

DTA experiments were done with aluminum particles in order to compare the
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effect of Zn on AP decomposition relative to the well known AP/Al system [21]
[22]. Figure 3(a) shows the thermograms obtained from three different chemi-
cal compositions for AP/Al propellants. Concerning the aluminum particles, all
curves present the two main events already observed in pure AP together with
the small peaks, but in this case there are another two additional peaks.

The exothermic peaks at 600°C on Figure 3 corresponded to the aluminum
oxidation and the endothermic peaks at 661°C were associated to the melting
point of non-reacted aluminum. Subsequently, the presence of Al particles lead
to shifting the high temperature peak of AP decomposition to lower values, re-
maining the low temperature peak unchanged. Once more, an attempt was made
to compare the kinetic parameters of non-isothermal decomposition of AP in
presence of aluminum particles.

Concerning the thermal decomposition of 80 wt% AP - 20 wt% Al propellant,
Figure 3(b) shows that in the AP/Al system both the low and high temperature
peaks still are far away from each other even at high heating rates. Figure 3(c)
presents the TGA diagram of the 80 wt% AP - 20 wt% Al composition, corrobo-
rating the two main steps of the decomposition process where gases are evolved.
Figure 3(d) presents the activation energies E, calculated by Ozawa method on

propellant composition 80AP20Al. The values obtained for AP/Aluminum
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Figure 3. (a) DTA thermodiagrams obtained from different AP/Al chemical com-
positions; (b) Thermograms obtained at different heating rates from the propellant
composition of 80 wt% AP - 20 wt% Al; (c) TGA and derivative TGA curves; (d) Activa-
tion energies from the same propellant calculated by Ozawa method.
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thermal decomposition with the present experimental conditions gave for the
low temperature peak a mean value of 90 kJ/mol and for the high temperature
peak 112 kJ/mol. Comparing the values of the activation energy E, obtained
from pure AP, then the presence of aluminum particles only modified the kinet-

ics of the chemical event occurring at high temperature (Table 1).

3.3. Thermal Decomposition of AP-Zn System

On the other hand, thermal analysis was carried out to different chemical com-
positions of AP/Zn propellants following the same experimental procedures. In
this case, zinc particles lead to a different behavior for AP decomposition. The
decomposition of AP in presence of zinc particles seems to be concentrated in
almost one step, as indicated on Figure 4(a) and Figure 4(b) From the peak
shape observed in the first event (290°C), a deconvolution analysis carried out
on experimental data strongly suggest the presence of the first peak already ob-
served in pure AP at approximately the same temperature superimposed with a
second peak.

The last exothermic peak at 354°C was related to the initial zinc concentra-

tion, being associated to the oxidation of zinc. XRD analysis of the solid product
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Figure 4. (a) DTA curves obtained from different AP/Zn chemical compositions; (b)
TGA curve of sample 90 wt% AP - 10 wt% Zn and XRD pattern of the solid combustion
product; (¢) DTA diagrams obtained at different heating rates from propellant com-
position 90 wt% AP - 10 wt% Zn; (d) Activation energy calculated from Ozawa method.
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fore, preliminary results suggest a catalytic effect of zinc particles on the thermal
decomposition of AP leading to zinc oxide as the only final solid combustion
product. Once again, an attempt was made to compare the kinetic parameters of
non-isothermal decomposition of AP in presence of zinc particles. Concerning
the thermal decomposition of 90 wt% AP - 10 wt% Zn propellant at different
heating rates, Figure 4(c) corroborates the suggested presence of a second event

during the thermal decomposition of AP in presence of zinc particles, corres-
ponding to ZnO formation, fulfilling the one step decomposition behavior re-
quired to achieve a catalyzed propellant.

Concerning the activation energies E, calculated by Ozawa method for
AP/Zinc decomposition and considering the presence of just one main event,
taking into account that the peaks observed at 290°C, 291°C, 292°C and 295°C
correspond to the same event, experimental data gave a mean activation energy
of approximately 58 kJ/mol (Figure 4(d)). Comparing the lowest activation
energy obtained from the AP/Aluminum system (Table 1), the present results
suggest that the presence of zinc particles appreciably reduce the potential bar-

rier of ammonium perchlorate to thermal decomposition.

3.4 Thermal Decomposition of AP-Al-Zn System

A burning rate catalyst or burning rate modifier, usually incorporated at con-
centrations between 1 to 3 wt%, helps to accelerate the combustion and increases
the value of the propellant burning rate [23]. From Figure 3(a) and Figure 4(a),
it is notorious that zinc particles are accelerating the combustion mechanism by
reducing the numerous stages of AP decomposition in just one main event.
Thermal analysis results shown on Figure 5(a) correspond to the decomposition
of the 80 wt% AP - 20wt% Al with the addition of 2 wt% zinc particles, leading to
the nominal chemical composition of 78.4wt% AP - 19.6 wt% Al - 2 wt% Zn.
The thermograms shown on Figure 5(b) strongly suggest that the combustion of
this material is proceeding in one fast step where TGA diagram indicates the
large production of gases in this only event, behavior typical of an energetic
propellant. Concerning the activation energies E, calculated by Ozawa method for

this AP/Al/Zinc decomposition and considering the presence of the only peak ob-

Table 1. Kinetics parameters obtained from the different propellants mixtures.

Composition Peak Temp. Ozawa Kissinger A AH
(wt %) Q) E, (kJ/mol) E, (kJ/mol) (min™) (/g)
100 AP 303 91 88 2.19 x 107 -355
462 229 226 8.34 x 10" —~748
80AP20Al 304 90 86 1.98 x 107 -356
425 112 106 2.87 x 107 -1075
90AP10Zn 288 58 55 5.57 x 10* -1806
87.5AP15.5A12.5Zn 285 44 42 2.23 x 10° —2042
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Figure 5. (a) Differential thermal analysis results with different heating rates obtained
from PA/Al/Zn propellant; (b) TGA and derivative TGA curves of propellant 78.4 wt%
AP - 19.6 wt% Al - 2 wt% Zn; (c) Activation energy of the same material calculated from
Ozawa method.
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served, the activation energy E, calculated gives a value of 44 kJ/mol (Figure
5(c)), quite similar to the value calculated by Kissinger method (Table 1).

The present work only gives experimental results and no attempt was made to
get a mechanistic explanation of the effect of metallic zinc on AP thermal de-
composition. Nevertheless, a compound capable to affect the rate of chemical
reaction by providing a lower energy profile is the basic characteristic of a cata-
lyst. Therefore, the kinetic parameters obtained in the present case for the ther-
mal decomposition of AP (Table 1), strongly suggest the catalytic behavior of

zinc particles.

4. Conclusion

The Ozawa and Kissinger methods applied to DTA technique revealed a linear
relationship between peak temperature and heating rate. Both techniques were
used to determine the kinetics parameters of the thermal decomposition reaction
of the energetic materials AP, AP/Al, AP/Zn and AP/Al/Zn. The activation
energies E, obtained from both methods gave equivalent values in all cases. The
activation energy for AP decomposition with the present experimental condi-
tions is in good agreement with those reported before, finding in this case for the
low temperature peak a mean activation energy of 91 kJ/mol and for the high
temperature peak a mean activation energy of 229 kJ/mol. PA/aluminum de-
composition with the same experimental conditions gave for the low tempera-
ture peak a mean value of 90 kJ/mol and 112 kJ/mol for the high temperature
peak. According to the present analysis, the presence of aluminum particles only
modified the kinetic scheme of the high temperature event. Regarding the
PA/zinc decomposition, it was found ZnO as final solid combustion product,
decomposition reaction taking place basically in one main event, experimental
data giving mean activation energy of approximately 58 kJ/mol. Considering a
potential catalytic effect of zinc particles on AP, thermal decomposition of the
system PA/Al/Zn was evaluated. Thermal analysis results strongly suggest for
the material having chemical composition 78.4 wt% PA/19.6 wt% Al/2.0 wt%
Zn, that combustion proceeds in one fast step as required to become a propel-
lant, presenting an activation energy E, calculated by the Ozawa method of 44
kJ/mol.
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