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ABSTRACT

Ammonium nitrate (AN) is widely used as an oxidizer in energetic-burning mixtures. However, poor ignition and
low burning rate require special additives to speed up this process. MgAl alloy is used as a fuel to improve the
burning characteristics of AN. Mg-50%Al Alloy was synthesized by a high-temperature diffusion bonding method.
In addition, the effect of iron oxide on the burning characteristics of pyrotechnic mixtures was studied. The burning
characteristics of pyrotechnic mixtures were determined by ignition in a high-pressure chamber. With the addition
of iron oxide, the burning rate of pyrotechnic compounds increased up to two times. Also, the pressure deflagration
limit of the pyrotechnic mixture was reduced from 2 MPa to 1 MPa. In addition, the thermal characteristics of

pyrotechnic mixtures were studied, and activation energies were calculated.
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1. Introduction

Pyrotechnic mixtures are the same type of
heterogeneous phases, consisting of synthetic or
plastic connecting matrices, metals and fuels of metal
alloys and components of crystalline oxidants. They
are used in space vehicles, in tactical and strategic
missiles, in automobile production and in other
technical branches, in propellant fuels in engines.

Ammonium nitrate (AN) with a positive oxygen
bond (+ 20%) will be an oxidizing agent, AN-based
composites can be widely used in the production of
explosives. The thermal decomposition of ammonium
nitrate has been extensively studied and several
possible mechanisms of decomposition have been
proposed [ 1-4]. In the recent years, composites based
on AN were investigated for airbags, gas generators
and as oxidizing for propellants. However, a low
burning rate, slow flammability, high gyroscopicity
and phase changes in solid states at temperatures
below 100 °C are disadvantages [5]. Despite these
drawbacks, ammonium nitrate is widely used as
energy oxidants. Because, AN is distinguished by
natural, pure burning without chlorine. To improve
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the quality of burning and thermal decomposition of
pyrotechnic mixtures based on ammonium nitrate,
the use of a MgAl alloy as a fuel is effective to
improve the ignition of pyrotechnic mixtures at
low temperatures. Because, the density, melting
point and ignition temperature of the MgAl alloy
is lower compared to pure aluminum [6]. These
qualities of MgAl alloy improve the ignition limit
at low pressures of pyrotechnic mixtures [7-9]. In
addition, many studies have shown that the burning
characteristics of AN-based pyrotechnic mixtures
are improved by adding transition metal oxides and
carbon-containing materials. [10-11]. However, the
oxides of some metals adversely affect the ignition of
the MgAl alloy in the composition of the composite
[12].

In this research work, Mg-50%Al Alloy was
synthesized by a high-temperature diffusion bonding
method and use in pyrotechnic mixtures as a fuel.
In addition, the effect of iron oxide (Fe,O3) on the
burning characteristics and thermal decomposition
of pyrotechnic mixtures on the basis of pure AN
and AN/MgAl was studied using a high-pressure
chamber at different pressures.

© 2023 MHCTUTYT TPOOIEM rOpEeHUSI.
WznatenscrBo «Kaszak yHuBEepcHuTETI»



202 K. Kamunur et al. / TOPEHUE U ITJIASMOXUMUA 21 (2023) 201-207

Fig. 1. Scheme of the high-pressure chamber: 1 — regulators; 2 — romote fill valve; 3 — fill flow rate control; 4 — monometer; 5 — high
speed video recorder; 6 — camera; 7 — light source; 8 — screen monitor; 9 — PC; 10 — pressure control system; 11 — filter; 12 — vent flow

rate control.

2. Experimental part
2.1. Materials

Ammonium nitrate (purity 99%) was dried in
a vacuum drying oven at 60 °C and ground in a
planetary ball mill (5 min). MgAl alloy (50/50)
powder synthesized by the high-temperature
diffusion bonding method is used as fuel. Iron oxide
and paraffin were used as a catalyst and binder,
respectively.

2.2. Prepare of samples and burning

The compositional analysis of MgAl alloy powder
synthesized by the high-temperature diffusion
bonding method was studied using an automatic
X-ray diffractometer D8 ADVANCE (Bruker AXS
GmbH, Germany).

Pyrotechnic mixtures were prepared in a hydraulic
press with a pressure of 4 MPa. Prepared samples
were ignited with a nichrome wire in a high-pressure
chamber at different medium pressures. The burning
process was recorded on a high-speed video camera,
and the burning rate was determined based on the
cinegram of the burning. The schematic of the high-
pressure chamber is shown in Fig. 1.

2.4 Measurement
pyrotechnic mixtures

of thermal properties of

Thermal analysis is an effective way to study
a pyrotechnic mixture's thermal decomposition
and activation energy. Thermal decomposition

properties of pyrotechnic mixtures are determined
using a thermogravimetry-differential scanning
calorimeter (TG-DSC) in a nitrogen atmosphere,
in the temperature range of 25-600 °C, at different
heating rates (2.5, 5, 10, and 20 Kmin'). 1 mg of
energy additives is measured, and aluminum pans
(height 2.5 mm and diameter 5 mm) are placed in the
device to determine their thermal properties. In DSC
equipment, each pyrotechnic mixture was measured
3—4 times, and accurate values were obtained.

3. Results and Discussion
3.1 Physicochemical Characteristics of MgAl alloy
Al-Mg alloy was synthesized in the argon gas

flows by melting the initial components at high
temperatures. According to the results of XRD,
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Fig. 2. XRD patterns of AI-Mg alloys.
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Fig. 3. Burning cinegram of the AN/MgAl/Fe,O; — based pyrotechnic mixtures at different pressure.

a single-phase Al-Mg alloy was synthesized at a
temperature of 750 °C. Therefore, we can synthesize
Al-Mg alloy in different ratios of the initial
components. The phase structure of all the samples
was investigated by XRD (Fig. 2).

According to XRD curves in Fig. 2, as a result
of high-temperature diffusion bonding of pure Al
and Mg (30%), along with $-Al;Mg, and y-Al,,Mg,
mechanical alloys, Mg is clearly shown. Pure Mg
particles can be explained by the diffusion of molten
magnesium atoms into the layers of the crystal lattice

12

(iR
- T =]

Burniing rate, mns

ka2 o Oy

2 3 4 5 b 7 B

Pressure, MPa

o ANMgAl o ANMgAl with Fe203

Fig. 4. Graph of the dependence of the burning rate of pyrotechnic
mixtures on the medium-pressure.

of aluminum. Therefore, the synthesized alloys
can be described as solid solutions of metastable
magnesium in aluminum. The Al-50%Mg alloy
XRD patterns show the formation of a single-phase
alloy (y-Al;Mg;,;) with an increase in the content
of Mg in the initial mixture. That is, the degree of
solubility of Mg in Al in the alloy is increased. The
X-ray analysis also showed that with an increase
in the amount of Mg, only the intermetallic phase
Al,Mg,; is formed in the produced material.

3.2 Burning characteristics

A cinegram of burning of AN/MgAl-based
pyrotechnic compounds at different pressures is
presented in the research paper [13]. According to
the results, when the pressure of the combustion
medium drops below 2 MPa, pyrotechnic mixtures
do not ignite. Therefore, a pressure of 2 MPa is
considered the pressure deflagration limit (PDL) of
the AN/MgAl mixtures. In many studies, transition
metal oxides have been shown to reduce the PDL
of combustible mixtures [14-15]. This study studied
the effect of iron oxide on the reduction of PDL
and the improvement of burning characteristics of
pyrotechnic mixtures.
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Fig. 5. DSC curves for pure AN and AN with Fe,0;-

Figure 3 shows burning cinegrams of AN/MgAl/
Fe,Os;-based pyrotechnic mixtures at different
pressure. Figure 3 shows a linear decrease in the
burning time with a linear increase in pressure in
pyrotechnic mixtures based on AN/MgAl with the
addition of Fe,0;. In addition, compared to the initial
pyrotechnic compositions, the PDL value decreased
to 1 MPa pressure, and the burning rate increased to
2 times. As a result, Fe,O; played a catalytic role in
the initial pyrotechnic mixtures.

Figure 4 shown the burning characteristics of
AN/MgAl and AN/MgAl/Fe,0;-based pyrotechnic
mixtures at different pressures.

Figure 4 shows that with the addition of iron oxide,
the burning rate of pyrotechnic mixtures increased to
2-4 mm/s on average for each pressure value.
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Fig. 6. DSC curves for AN/MgAl and AN/MgAl with Fe,Os
pyrotechnic mixtures.

3.3 Thermal decomposition of AN and AN/MgAl
with and without Fe,0;

Figure 5 shows thermal curves of thermal
decomposition of AN with Fe,O;. Many scientific
studies have been conducted on the thermal
decomposition of AN.

According to the DSC curves in Fig. 5, 127 °C
corresponds to the phase change of AN and 169 °C to
the melting of ammonium nitrate. Compared to AN,
adding Fe,O; reduced the thermal decomposition
temperature to 9-10 °C. The decomposition
temperature dropped to about 209.31 from 248.03
at 10 °C min' when 5% Fe,O; was added. The
peak temperature changes and exothermic reactions
showed an intense response between AN and Fe,0s.
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Fig. 7. Kissinger plot of pure AN and AN/MgAl with Fe,Os.
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Figure 6 shows the effect of Fe,O; on the thermal
decomposition of AN/MgAl-based pyrotechnic
mixtures.

As shown in Fig. 6, a notable change happened
when Fe,O; was added to the AN/MgAl alloy.
Adding Fe,0; to AN/MgAl-based additives reduced
the thermal decomposition temperature by 12+2 °C
and is shown to have a catalytic effect for pyrotechnic
mixtures.

3.4 Calculation of activation energy

The activation energy (Ea) is the minimum
energy for chemical reactions and is estimated by
the Kissinger method based on the values of the
DSC curve. This method is widely used and does not
require a detailed reaction model. In recent years,
many researchers have calculated the activation
energy of composite rocket fuel and solid high-
energy materials using the Kissinger method [16].

According to the values in the DSC curve, the
activation energy of pure AN and Fe,O;-added AN,
calculated by the Kissinger method, is 99.03 kJmol!
and 95.47 kJmol', respectively. In addition, the
activation energy of AN/MgAl and AN/MgAl/Fe,Os-
based pyrotechnic mixtures is 91.41 kJmol ™' and 89.26
kJmol!, respectively. Adding Fe,O; to pyrotechnic
mixtures based on ammonium nitrate and AN/
MgAl improves burning characteristics and reduces
activation energy to about 3-5 kJmol'.

It can be concluded that adding Fe,O; to pure AN
and AN/MgAl-based energy mixtures reduces the
kinetic barriers of thermal decomposition and lowers
the activation energy to low-temperature regions,
significantly improving thermal properties.

4. Conclusion

The production of a single-phase Mg-50%Al
alloy by the high-temperature diffusion bonding
method was determined at a temperature of 750
°C, and the PDL value was reduced from 2 MPa to
1 MPa compared to the original AN/MgAl-based
pyrotechnic mixtures. In addition, the burning rate
was increased to 2-4 mm/sec for each pressure value.
Also, Adding Fe,0; to pyrotechnic mixtures based on
ammonium nitrate and AN/MgAl improves burning
characteristics and reduces activation energy to about
3-5 kJ mol ™.
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Temip oxcuainin AN/MgAl Herizingeri muportex-
HUKAJIBIK KOCHAJAPABIH )KAHYbl MEH TEPMUSIBIK
bLAPAybIHA dcepi
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AHHOTALUA

TOTBIKTBIPFBILT peTiHAe aMMOHUI HUTpaThl (AN)
KarThl 3bIMBIpaH OTBIHIAPBIHAA, JKAPBUIFBIII 3aT-
Tapjaa ’oHe MUPOTEXHUKAIBIK KOMIIO3UTTEPE KeHi-
HEH KoJaHbuianel. JlereHMeH, OipHele MaHBI3JIbI
KEMIUTIKTEp OHBI KOJAaHy asichlH azaitansl. Kom-
MO3UTTEP KypambiHgarbl AH-HBIH OChl KEMIIITIK-
TepiH JKaKCapTy YIIiH dHEPTCTHUKAIBIK OTHIH PETIHIIEC
MgAl kopwiTiacel KonmaHbmaapl. Mg-50%Al xo-
PBITIIACHL JKOFapbl TemIeparypaibl Iu(Qy3UsIIBIK
Oaitanbic omiciMeH cuHTe3zeai. COHBIMEH KaTap,
TeMip OKCHIIHIH THPOTEXHUKAIBIK KOCTaJapIablH
JKaHy CHIIaTTaMajapbiHa ocepi 3eprrenui. [luporex-
HUKaJBIK KOCTIAJIAP/IbIH KaHy CHIIaTTamMalapbl KOFa-
PbI KBICBIMJIBI KaMePa/ia )KaH IbIPy apKbLUIbI aHBIKTAI-
nel. TeMip OKCHAI KOCBUIFaHAA MHPOTEXHUKAIBIK
KOCBUIBICTap IbIH JKaHY KbUIIAM/BIFBI €Ki ecere Jei-
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i ecti. CoHIaif-aK, MAPOTEXHUKAIBIK KOCTIAHBIH KbI-
ceIMABIK TyTany mreri 2 MIla-gan 1 Mlla-ra neiiin
temeHAeTUI. COHBIMEH KaTap, MUPOTEXHHUKAIBIK
KOCIaJapJIblH TEPUMSIIBIK CHUIIATTaMalapbl 3epT-
TEJiHII, aKTUBTEHY YHEPTUAIAPHI €CENTENiH]I.
Tytiin coe30ep: aMMoHMH HHUTpaTbl, Mg-50%Al Ko-
PBITIIACH], THPOTEXHUKANBIK KOCBUIBICTAp, IKaHY
KBUIIAMJIBIFBI, )KOFaphl KbICHIM.

Baunsinne okcuaa xkejie3a Ha TOpeHHe W TepMUYe-
CKOe pa3jiolKeHHe NHPOTeXHHYECKHX cMecedl Ha
ocHoBe AN/MgAl

K. Kamynyp'?*, b. Munuxat!, A. Barkan', b. Kanmy-
parosa?, JI./1. Kyman?

"MuctutyT npobiieM ropenwus, yi. boren6aii 6atsipa, 172,
Anmatsl, Kazaxcran

SKazaxckuit HAllMOHAIBHBIN YHUBEpCHTET WM. anb-Dapa-
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AHHOTALMS

B kauectBe oxuciurens HuTpar ammoHus (HA)
IIMPOKO HCHOJB3YEeTCsS B IOPOXE, B3PHIBUATHIX Be-

[IeCTBaX M MUPOTEXHUUECKHUX cocTaBax. OIHAKO Psij
CYIIIECTBEHHBIX HEOCTATKOB CY3UJIH cepy ero npu-
MeHeHus. [[ns ycTpaHeHus 3Tux HenxoctaTtkoB HA
B COCTaBe KOMITO3UTOB B Kaue€CTBE IHEPreTHUECKO-
ro TOTUIMBa WCMoNb3yloT cmiaB MgAl. Crutas Mg-
50%Al cuHTEe3upOBaH METOIOM BBICOKOTEMIIEPATYp-
HoWl nuddysnonnoit ceasu. Kpome toro, mszydeHo
BIIMSHUE OKCHJA Kelie3a Ha XapaKTepUCTHKU Tope-
HUS NHUPOTEXHUYECKUX CMeced. XapaKTepUCTHUKHU
TOpEHUsI NMHPOTEXHUYECKUX CMECEH OMpelesuINCh
METO/IOM BOCIIJIAaMEHEHHUS B KaMepe BBICOKOTO J1aB-
nenus. [Ipu noGaBieHUN okcuia Keje3a CKOPOCTb
TOpEHUsT THPOTEXHUYECKHX COCTAaBOB YBEIUYHBA-
Jack OO ABYX pa3. Takke CHHMXKEH INpefaesl TOpPEeHUs
MUPOTEXHUYECKOW cMecH 1o fasieHuto ¢ 2 Mlla go
1 MIla. Kpome Toro, ObUIM H3Y4YEHBI TEPMUYECKHUE
XapaKTEePUCTUKH MUPOTEXHUYECKUX CMeceil m pac-
CUMTAHBI YHEPTUN aKTUBALIHUH.

Knwouegvie cnosa: uutpatr ammonus, Mg-50%Al
CIUIaB, MUPOTEXHUYECKHE CMECH, CKOPOCTh TOPEHNS,
BBICOKOE JIaBJICHHUE.



