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Abstract

Ammonium nitrate (AN) is widely used as an oxidizer in propellants, explosives and pyrotechnics. Some of the
disadvantages of ammonium nitrate can be reduced by using Mg-Al alloy as a fuel. The effects of zirconium oxide
(Zr0O;) on the burning characteristics and thermal properties of AN/Mg-Al - based pyrotechnic mixtures have been
studied. The addition of ZrO, increase the burning rate significantly and lowers the pressure deflagration limit
(PDL) from 2 MPa to less than 1 MPa. Differential Scanning Calorimetry investigated the thermal decomposition
characteristics at different heating rates, and the activation energies were evaluated. With the addition of Mg-Al
alloy to pure AN, the main peak shifts lower at approximately 100 °C. At the same time, ZrO, does have a significant
influence on the thermal properties of both of AN and AN/MgAl. The addition of MgAl alloy and ZrO, reduces the
activation energy.

Keywords: pyrotechnic mixtures, ammonium nitrate (AN), Mg-Al alloys, zirconium oxide, burning characteristics,

thermal properties, activation energy.

1. Introduction

Composite pyrotechnic mixtures are
heterogeneous materials consisting of synthetic
or plastic bonding matrices, metals or metal
alloys, and crystalline oxidants. They are used
as fuel for space launchers, tactical and strategic
missiles, automobile airbag inflators, etc.

Ammonium nitrate is an oxidizer having
positive oxygen (+20%) and has several
disadvantages such as low burning rate, low
flammability, high hygroscopic nature, and phase
changes in the solid-state at temperatures below
100 °C. Despite these drawbacks, AN is widely
used as an oxidizer of energetic systems because
its combustion products are clean. The chemical
decomposition of ammonium nitrate has been a
lot studied, and the possibilities of some thermal
decomposition are presented [1-6].
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The use of an Mg-Al alloy as fuel for improving
the burning and thermal decomposition
properties of pyrotechnic mixtures based on
ammonium nitrate is considered effective
for improving the performance of AN-based
pyrotechnic mixtures. It is known that the
density, melting point, and ignition temperature
of the Mg-Al alloy are lower than those of pure
magnesium and aluminum [7] and this property
improves the lower pressure limit of AN-based
pyrotechnic mixtures [8-10]. Many studies have
declared that the inclusion of metal oxides in the
composition of the energetic materials is based
on AN improved burning characteristics [11-15].
Although some metal oxides exert a negative
effect on the burning of AN/Mg-Al composite
pyrotechnic mixtures [16].

In this study, the effect of zirconium oxide
(ZrO;) on the burning characteristics in high
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pressures and thermal properties of AN/Mg-Al
- based pyrotechnic mixtures were investigated
with a strand burner and differential scanning
calorimeters at different heating rates. Further,
the activation energy was evaluated by the method
of Kissinger.

2. Experimental part
2.1 Materials

Ammonium nitrate was used as an oxidizer in
the pyrotechnic mixtures. Diameter of AN between
212 and 350 pm. It was of = 99% purity. Mg-Al
alloy (50/50) is used as a fuel in the pyrotechnic
mixtures with a diameter of particles between 50
to 70 pm. Zirconium oxide (ZrO,) was used as a
catalyst. The diameter of the basic metal oxide
particles was 60-70um range. The powder has a
purity of at least 99.7%. Paraffin was used as an
energetic binder.

2.2 Materials and propellant samples

All  components of the AN/Mg-Al/ZrO,
pyrotechnic mixtures were dried (24 h) and
mixed in the ball mill (5 min). All samples were
prepared by pressure pressing method. The

pyrotechnic mixtures samples were prepared
with and without zirconium oxide. The samples
were prepared by pressing in a cylindrical shape
on a hydraulic machine under a pressure of
20 MPa. The compositions of the samples are
shown in Table 1.

2.3 Measurement of burning characteristics

The diameter of pyrotechnic mixtures strand
sample is 6 mm and the length is 10 mm. The
burning process was studied under nitrogen
pressure in the burning chamber. Each sample
was burned under a pressure of 1 to 7 MPa. The
burning of pyrotechnic mixtures was recorded
using high-speed camera. These videos were used
to determine the burning rate of each samples.

All tests are measured 3 times at each pressure
and the average burning rate is obtained. If the
pyrotechnic mixture sample does not ignite or

Table 1. Sample compositions

AN MgAl 7r0,
70 wt% 30 wt% -
70 wt% 30 wt% 5 parts
(without)
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Fig. 1. Schematic of the combustion test setup: 1 - sample; 2 — nichrome wire; 3 - window; 4 - high-speed video
camera; 5 - camera; 6 - PC, 7 - tranformer; 8 - system for pressure control; 9 - filter.
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1/3 does not burned, the burning rate will not be
determined. Figure 1 shows a scheme of a pressure
burning chamber.

2.4 Measurement of thermal decomposition
behavior

Thermal analysis is effective way to study
thermal decomposition and ignition of pyrotechnic
mixture. Thermal decomposition properties
are studied by using Differential Scanning
Calorimeter (DSC) in the temperature range of 60
to 400 °C. The equipment operates in atmospheric
pressure in the nitrogen flow(300 cm?/min). DSC
is working with the different heating rates of (f3)
2.5-20 °C min. In DSC equipment, the DSC value
was measured 3-4 times for each sample.

3. Results and discussion
3.1 Burning characteristics

Figure 2 shows the phenomena of burning
of AN/MgAl - based pyrotechnic mixtures at
pressures of 3 and 5MPa.

Figure 2 shows that the MgAl/AN - based
pyrotechnic mixtures depending on the increase in
pressure increases the in burning time in the form
of a line. However, pyrotechnic mixtures do not
ignite at certain reduced pressures. For example,
the pyrotechnic mixtures AN/Mg-Al without
Zr0, did not ignite when the medium pressure
decreased by 2 MPa. This pressure limit required
for the ignition of AN/Mg-Al - based pyrotechnic
mixtures were defined as the PDL.

1380.00msec

Figure 3 shows the propagation of combustion
wave for the AN/Mg-Al/ZrO, mixtures in the
burning chamber at different pressures.

Figure 3 also shows increases in burning rate
due to increases in pressure for AN/Mg-Al/ZrO,.
A lower PDL value is desirable for the Mg-Al/
AN - based pyrotechnic mixtures to improve the
ignitability at low pressure and the burning rates
increased by the catalytic effect of ZrO,.

The burning Characteristics of composite
pyrotechnic mixtures; AN/Mg-Al and AN/Mg-Al/
Zr0, at different pressures are shown in Fig.4.

When addition ZrO,, the burning rate of the
pyrotechnic mixtures increases by 3 mm s in
average at each pressure. At the same time, the
PDL was reduced from 2 MPa to less than 1 MPa.
Pressure index of two compositions are nearly
same at approximately 0.57.

3.2 Characteristics of thermal decomposition

The  characteristics of the  thermal
decomposition of pyrotechnic mixtures, prepared
in different ways, were measured at different
heating rates by the DSC method. Figure 5
shows two endothermic peaks at 127 and 169 °C
respectively, in accordance with the DSC values
of pure AN. Endothermic peaks at 127 °C are due
to a phase exchange of pure ammonium nitrate
and melting point at 169 °C. Wide endothermic
sequences after melting with ammonium nitrate
is reduced to the thermal decomposition of
ammonium nitrate. At the same time, with the
addition of Zr0O, the thermal decomposition
temperature decreased by 5-10 °C comparing

(AN/MgAl, 5 MPa, Burning time - 664 msec)

Fig. 2. Burning cinegram of AN/Mg-Al - based pyrotechnic mixtures at pressures of 3 MPa and 5 MPa.
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(AN + MgAl + ZrO,, 5 MPa, burning time - 728 msec)
Fig. 3. Burning cinegram of AN/Mg-Al/Zr0, - based pyrotechnic mixtures at 1 MPa, 3 MPa and 5 MPa.
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Fig. 4. Dependencies of the burning rates of AN/Mg-Al
and AN/Mg-Al/ZrO, on the pressure.

with pure AN. The addition of zirconium oxide to
ammonium nitrate may affect as a catalyst to AN.
Figure 6 shows the DSC values of the thermal
decomposition of AN/Mg-Al and AN/MgAl/Zr0,
composites.
Figure 6 shows that typical DSC values for
AN/Mg-Al and AN/Mg-Al with ZrO, pyrotechnic
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Fig. 5. DSC curves for pure AN and AN/ZrO,.

composites. According to DSC values, the
endothermic peak of 127 °C is due to the phase
exchange of ammonium nitrate. Large exothermic
peaks are registered between 166.41 and 172.59
°C. This is due to the thermal decomposition
associated with the melting of ammonium nitrate
at the temperature of about 169 °C under the action
of a MgAl alloy [17].
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Fig. 6. DSC curves for AN/Mg-Al and AN/Mg-Al with ZrO,.

NH4N03(_)NH3 + HNO3 H = 176 k] mol'l (1)

From 282.69 to 289.21 °C there are small
exothermic peaks. AN is decomposed into water
and N,O [18].

NH4NO3_)N20 + 2H20 AH = _59 k] mol_l (2)

Figure 6 shows the effect of ZrO, on AN/Mg-
Al - based pyrotechnic mixtures. The first large
exothermic peak from 140 to 240 °C coincide
with the thermal decomposition of the MgAl
alloy, which accompanies the melt of ammonium
nitrate. Ammonium nitrate in small exothermic
peaks at a temperature between 250 and 300 °C
appears from the separation of water and nitrogen
oxide (N,0) by dissolving gaseous products.
Therefore, the principle of Fig. 6 is the same with
Fig. 5, which indicates that the ZrO, compound
do significantly affect the thermal decomposition
characteristics of AN/MgAl pyrotechnic mixtures.
The addition of Mg-Al alloy as a fuel and ZrO, as
a catalyst increased the thermal decomposition
temperature of ammonium nitrate and increases
the ignition of pyrotechnic composites.

3.3 Kinetics of thermal decomposition

The activation energy is important in the
kinetics of thermal decomposition properties of
pyrotechnic mixtures and is evaluated using the
Kissinger method based on the DSC analysis [15-
16].

According to the Kissinger method, E, is
expressed by the following equation:

E, din(BT;?)

R dT; 1

where T, is the temperature of the thermal
decomposition.

Where T, is the peak temperature of the DSC
curve.  is heating rate of DSC. It can be assumed
that E, changes from the change in T, values of the
DSC curve under the influence of the catalyst.

As noted in Section 3.2, the thermal peaks of
thermal decomposition of AN/Mg-Al pyrotechnic
mixtures are less than 100 °C compared to
pure ammonium nitrate. The values of these
pyrotechnic mixtures can be determined by the
DSC values measured at each heating rate in
determining the activation (E,) of gas generators
with = 2.5, 5, 10 and 20 K min™. Table 2 shows
the values of T, for ammonia nitrate and AN/Mg-
Al - based pyrotechnic mixtures.

Figure 7 shows the relationships between In
(BT,?) and T,* for AN and AN/Mg-Al pyrotechnic
mixtures. The E, values were determined as 99.0
and 91.5 kJ/mol for pure AN and AN/Mg-Al,
respectively. The activation energy decreased
with the addition of Mg-Al alloy, and this result
shows that the thermal decomposition of AN is
activated by the exothermic reaction with Mg-Al
alloy in the condensed phase.

Table 3 shows the values of T, for pure AN with
ZrO,and AN/Mg-Alwith ZrO, pyrotechnic mixtures
with Zr0,, and Fig. 8 shows the Kissinger plot for
pure AN with ZrO, and AN/Mg-Al with ZrO,. The
E, of AN with ZrO, and AN/Mg-Al with ZrO, was
90.0 and 89.0 k] mol?, respectively. The E, of AN

Table 2. The values of T, for AN and AN/Mg-Al - based pyrotechnic mixtures

[/ °C min™] T,/°C
D
AN/MgAl
2.5 221.99, 235.29, 250.51, 252.10 146.70,150.21, 153.22, 164.64
5 224.05, 239.35, 262.26, 264.03 153.39, 159.22, 166.64, 174.41
10 248.03, 261.25, 280.06, 283.47 159.11,167.11, 172.59, 205.76

20 257.65,272.32,292.98, 297.37

169.05, 175.25, 184.44, 215.34
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Fig. 7. Kissinger plots of AN and AN/Mg-Al - based pyrotechnic mixtures.
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Fig. 8. Kissinger plot of pure AN with ZrO, and AN/Mg-Al with ZrO,,

Table 3. The values of T, for AN and AN/MgAl with ZrO,

[B/ °C min"'] T,/K
AN with Zr0, AN/MgAl with Zr0,

2.5 212.25,226.13, 240.65, 249.50 156.08, 159.21, 160.99, 164.52

5 236.27,251.17, 258.56, 267.49 159.21,161.34, 162.44, 169.21

10 245.07, 260.84, 271.90, 282.69 159.33,162.64, 164.41,177.99

20 264.67,274.63, 283.00, 300.14 160.87, 164.52, 170.09, 188.35

with ZrO0, is reduced by 9.0 k] mol! comparing with
that of AN itself, suggesting that ZrO, accelerate the
thermal decomposition reaction of AN pyrotechnic
mixtures slightly in the condensed phase.

The activation energy of AN thermal
decomposition is reduced by addition Mg-Al alloy
and zirconium oxide (Zr0,). These results show
that the thermal decomposition of pure AN and
AN/Mg-Al - based pyrotechnic mixtures can be
improved by ZrO,. The rate determining steps
of AN/Mg-Al pyrotechnic mixtures may begin in
the gas-phase reaction zone. Addition of ZrO, can
be assumed to improve the gas-decomposition
reactions of composites or combustion reaction

in the gas-phase reaction zone as a catalyst and
increases the burning rate. The same pressure
index of burning rate for AN/Mg-Al and AN/Mg-Al/
Zr0, may support this idea Zr0O, acts as a catalyst.

4. Conclusion

The use of the Mg-Al alloy as a fuel for the AN-
based pyrotechnic mixtures increases the burning
rate. Addition of ZrO, to AN /Mg-Al reduces the PDL
from 2 MPa to less than 1 MPa and increases the
burning rate significantly. ZrO, additive reduces
the activation energy of the pure AN from 99.0 to
90.0 k] /mol and improves the gas decomposition
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reactions in the condensed phase. However, it
can be assumed that the addition of ZrO, to AN/
Mg-Al-based pyrotechnic mixtures affected the
transitioned the from condensed phase zone to
gas phase zone. Zr0, can be the catalyst for our
AN - based pyrotechnic mixtures system.
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HUccinepoBanue BaugHuA ZrO, Ha Xxapakre-
PUCTHKM TOpeHUs] 1 TepMUYEeCKHe CBOMCTBA
AC/Mg-Al - KOMNO3UTHBIX MUPOTEXHUYECKUX
cMeceit
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AHHOTaAUMA

AvMmuaynas cenutpa (AC) MIHUPOKO HUCIOIb3Y-
€TCSl B KaUeCTBe OKUCJIUTEJISI B pPAKETHOM TOILJIU-
Be, B3pPbIBYATHIX BelleCTBAaX U NUpoTexHUKe. He-
KOTOpble HEJOCTATKU HUTpPATA aMMOHHUS MOKHO
YMEHBLINUTb, UCN0JIb3ys cniaB Mg-Al B kauecTBe
TomsiuBa. Mi3ydeHo BJIMSIHUE OKCHUJA LUPKOHUS
(ZrO,) Ha XapaKTepUCTUKU TOPEHUS U TepPMHU-
YyeCcKHe CBOUMCTBA MUPOTEXHUYECKHUX CMeced Ha
ocHoBe AC/Mg-Al. /lo6aBnenue ZrO, 3HaYUTEb-
HO YBeJIUYUBAET CKOPOCTb FOPEHHUsI U CHUKAET
npeaes gedbaarpainuu noj gasjaenueM ¢ 2 Mlla go
MeHee 1 MIla. [ludpdepenHuunanbHasg cKaHUPYIO-
1asi KaJIOpUMeTPUS UcCie/joBasia XapaKTEPUCTH-
KA TEPMHUYECKOrO pasJioKeHUs NPU PasJIUYHBIX
CKOpOCTSIX HarpeBa U OlLleHWJla 3Hepruyu aKTHUBa-
nuu. [Ipu fo6aBieHnu crsiaBa Mg-Al k uucrtoit AC
OCHOBHOU MUK CMellaeTcsl HUKe NMPUMEPHO MpHU
100 °C. B To ke BpeMms ZrO, leiICTBUTEIbHO OKa-
3bIBaeT 3HAUYUTEJbHOE BJIUSIHUE Ha TEPMUYECKUE
cBoiictBa kak AC, Tak u AC/MgAl. /lobaBieHue
crtaBa MgAl u ZrO, cHUKaeT 3HepPTHUI0 aKTHUBa-
1197978
Kawuesvle caosa: NMHUPOTEXHHUYECKHE CMeCH, HUTPAT
ammonus (HA), ciaBer Mg-Al, okcuj 1UpKoOHUS, Xa-
PAKTEPUCTHUKH IOPEHHUA, TECIIJIOBbIE CBOﬁCTBa, JHeprud
dKTHUBallUH.
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AC/Mg-Al - KOMHIO3UTTIK NUPOTEXHUKAJBIK,
KocnajJlapJblH, »aHy cUIaTTamMajapbl MeH
XbUIy KacuerTepiHe ZrO, acepiH sepTTey
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Axgarna

AvMonu#l HuTpatbl (AH) 3bIMBIpaH OTBIH-
JlapblH/la, >KApbLIFbII 3aTTapa >oHe IHUPO-
TEeXHUKaJa TOTBIKTBIPFbIL peTiHJle KeHiHeH
KOJITaHbLJIaZibl. AMMOHUM HUTPATBIHBIH, KeWbip
KeMIUiJikTepiH OTBIH peTiHze Mg-Al KOpbIT-
MachlH MaWjajaHy apKblibl a3alTyFa 60J1ajibl.
LupkoHuil okcuginiyg (Zr0O,) AH/Mg-Al Heri3in-

Jleri MUPOTEeXHUKAJbIK KOCHaJapAblH >KaHy CH-
naTrraMajapbl MeH JKbUIYJBbIK KacUeTTepiHe
acepi 3eprrenai. ZrO, Kocy aHy XKblJ11aM/bIFbIH
adTapJbIKTall apTThIpaZbl >XdHe KbICBIMHBIH
Jednarpauusicel merin 2 Mlla-gan 1 MIla-gan
TeMeHre JlediH TemeHeTei. JuddepeHiuanbl
CKaHepJiey KaJOpPUMETPUSChl dPTYpJi KbI3AbIPY
KbUIJAM/bIKTAapbIHAA TEPMHUAJBIK bIAbIpay CH-
naTTaMaJjsapblH 3epTTe/l >koHe GesiceHAipy 3Hep-
rusiiapblH Garanazbl. Taza aWHbBIMasbl TOKKa
Mg-Al KopbITIIaChlH KOCKaH/1a, HETi3Ti UIbIHbI 11a-
MameH 100 °C TemeH biFbicaZibl. COHbIMEH KaTap
ZrO, AH xone AH/MgAl ekeyiHiH [e >XbIIyJBbIK,
KacveTTepiHe aWTapJibiKTall acep etexi. MgAl
koHe Zr0Q, KOpbITIacblH KOCY aKTUBTEHY 3HEPTH-
SICbIH TOMEH/JeTe/i.

Kinm ce3dep: mUpOTeXHUKAJBIK KocClasap, aMMOHUHI
cesautpacsl (AH), Mg-Al KopbITnasnapbl, LUPKOHUM OK-
CI/I,Z[i, KaHy cUNlaTTaMaJiapbhbl, XXbIJ1y KaCI/IETTepi, adKTUB-
TEHY 3HEePTHUAChI.



