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MODIFICATION OF THE SURFACE OF ALUMINUM AND
MAGNESIUM PARTICLES UNDER THE CONDITIONS
OF MECHANOCHEMICAL TREATMENT AS A METHOD
OF OBTAINING ENERGY-INTENSIVE COMPOSITIONS

Abstract. The paper presents the results of a mechanical treatment of metal powders (aluminum brand PA-4
and magnesium brand MPF-3) in a dynamic action mill using graphite as a surfactant additive in order to improve
the dispersion of powders and modify the surface layer of particles. The mechanical treatment of metals, with
graphite, contributes to the change in the structure, the composition of the surface of metal particles, an increase in
the proportion of the active metal, and the formation of an organic coating of dispersible particles. The obtained
metal particles with graphite were studied by physicochemical analysis methods, a granulometric method for
estimating the particle size distribution carried out on the instrument Malvern 3600E. The effect of mechanochemical
treatment of metal powders on the process of technological combustion of thermite mixtures is investigated. The
results of the study showed that after the machining, the particle size of the metal powders decreases and, as a
consequence, the specific surface area of the metal particles increases with the accumulation of defects in the crystal
lattice. In the process of mechanochemical treatment, the size of the crystallites depending on the mass of the fraction
of graphite used in the composition of the Me/C composite. When using aluminum and magnesium as a fuel
component after mechanochemical treatment in the presence of graphite, the thermal kinetic characteristics of the
combustion process increase.

Key words: mechanochemical treatment, aluminum, magnesium, modification, technological combustion.

Introduction. Metal powders are one of the most important components of fuels of various
compositions and purpose. Their use is primarily due to the high thermal effect of oxidation of the metal,
as well as the decrease in the average molecular weight of the gaseous combustion products as a result of
deoxidation of H,O and CO, during their interaction with the metal [1]. This is especially important for
hydro-reacting fuel systems, in which the metal contains up to 80% and it is the main fuel [2-4]. The most
common and quite energy-intensive metal fuel for fuel systems for various purposes is aluminum. In some
fuels, especially ballistite, aluminum particles, because of the low oxidative activity of oxygen-containing
combustion products, ignite with a large delay in time. In such cases, magnesium or its alloys with
aluminum are used, the particles of which ignite faster than aluminum and burn completely [1, 3]. The
most important characteristic of metallic powders, when used in combustible mixtures, is the content of
the active (non-oxidized) metal, as well as the size and shape of the particles. In most cases, ultrafine
powders with a particle size of less than 1 pm are used. And in recent years, more attention has been paid
to nanodispersed powders, since they are characterized by increased chemical activity, this allowing to
increase the burning rate of fuel [5-7].

To ensure the stability of the properties of metallic powders and to maintain the active metal content,
they are passivated and hydrophobized [8]. In the first case, a solid and strong oxide-hydroxide film is
formed on the surface of the particles preventing interaction of the metal with the oxidizing medium. And
in the second, the surface of particles is covered with a layer of a fatty acid salt, in particular, sodium
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stearate. However, the presence of an oxide-hydroxide film on the surface of particles firstly reduces the
proportion of the active metal, and secondly, the ignition begins only from the moment of contact of the
fuel with the oxidizer as a result of the cracking of the oxide film by the volumetric expansion of the
molten metal inside the oxide capsule.

To a large extent, the state of metal particles, in particular aluminum and magnesium, is primarily
modified in terms of increasing the proportion of the active metal and provides resistance to the external
oxidizing medium, as well as to increase the activity of combustion in the composition of combustible
mixtures, using mechanochemical treatment (MCT) of the powder in planetary centrifugal mills. In the
mechanochemical treatment with various organic modifiers, the fraction of the oxide film of the particles
can be reduced to a considerable extent in the process of grinding the powder, replacing it with an organic
one. As was shown in [9, 10], as a result of MCT of aluminum with graphite in an inert atmosphere, the
reactivity of aluminum increases substantially, and in the first stages of processing a homogeneous
composite product Al/C is formed, in which fine-dispersed aluminum particles are stabilized in highly
dispersed graphite. With prolonged mechanical treatment, there takes place chemical interaction of
aluminum with carbon with the formation of the crystal phase of Al,C; [10]. Much attention is also paid to
the possibility of mechanical activation of magnesium [11].

To obtain highly dispersed metal particles of aluminum and magnesium with a modified particle
surface, it is important to select the optimum MCT conditions for a particular modifying additive. In this
paper, we present the results and a comparative analysis of the MCT studies of aluminum and magnesium
in the presence of graphite.

Results and discussion. For the experiments we used aluminum PA-4 and magnesium powder of the
brand MPF-3. The microstructure of the initial particles of powdered aluminum and magnesium was
investigated. According to the results of microstructural analysis, PA-4 aluminum particles have a
spherical shape with a size of 20 to 63 microns (figure 1 a, b).The specific surface of such samples,
according to the results of the BET analysis, is 3.692 m*/g. The energy dispersive spectrum showed that in
the composition of the initial aluminum grade PA-4, the mass fraction of oxygen is more than 10%. The
presence of oxygen atoms indicates the presence of a sufficiently dense layer of oxide film on the surface
of particles.

The results of the microstructural analysis of the original MPF-3 magnesium powder showed (figure
lc, d) that magnesium particles have a scaly form and the average particle size of the sample exceeds 200
pm, with a flake thickness of about 20 um. The specific surface of such samples, according to the results
of the BET method, is 0.181 m?*/g. The results of EDX analysis show the presence of 2.26% oxygen in
magnesium, i.e. the presence of oxide film on the surface of particles. However, the X-ray phase analysis
of initial magnesium of MPF-3 brand showed that it contains 9.6% Mg (OH),, i.e. the surface of the
particles is covered with a hydroxide film.
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Figurel - Electron-microscopic images (a, c), the energy-dispersive spectrum and the mass fraction
of the elements (b, d) of the original aluminum powder PA-4 (a, b) and magnesium MPF-3 (c, d)

Mechanical grinding of Al and Mg particles is difficult due to their plasticity. To facilitate the
dispersion process, surfactants, for example, stearic acid, graphite and other organic compounds, are
added. Thus, when processing aluminum with graphite additives, the dispersing process is facilitated, and
the presence of graphite in a mixture with the metal is a positive factor for subsequent targeted use, for
example, in the composition of energy condensed systems [12-17].Thus, modification of the surface of
metallic nanoparticles by graphite during MCT is carried out not only to protect the metal from oxidation,
but also to increase the energy content of the obtained composite mixture.

Mechanochemical treatment of powders was carried out in the centrifugal planetary mill Pulverzette 5
(manufactured by FRITSCH) with the volume of each working chamber of 500 mm’, the rotation speed of
the platform is 400 rpm, the acceleration of the movement of grinding balls 40 g, the energy consumption
1.5 kW/h. Mechanochemical treatment was carried out in an air atmosphere at a powder/ball ratio
(Mp/M3) = 1/4. When grinding, the amount of the modifying additive varied (5-20%). The processing time
was not more than 20 minutes to exclude self-ignition. The choice of the optimal time for the MCT was
due to the results of previous studies [18,19]. To prevent oxidation of aluminum particles by air oxygen
after MCT and to assess the changes actually associated with mechanical action, samples of the dispersed
mixture were passivated with hexane (CgH ).

After MCT of aluminum with graphite, the particles have a plate (scaly) shape of different thickness,
i.e. in the process of grinding, the shape of the particles changes and the formation of the layer structure of
the Al/C composite occurs (figure 2 a).

The specific surface area of the powders, which was determined by the BET method, increases
substantially after the MCT. Thus, the specific surface area of the treated mixture (Al 80% + C 20%)
increases to 9.554 m”/g according to BET analysis. The state of the surface layer also changes. Elemental
analysis of the composite (Al 80% + C 20%) after MCT showed that the mass fraction of aluminum in the
composite is 80.69%, that of carbon 13.57% of the total mass of the sample, and the amount of oxygen is
5.75% (figure 2 b). Consequently, in the aluminum-graphite MCT process, aluminum is partially reduced
in the surface oxide layer of the particles and the oxygen content in the composite decreases.

As a result, MCT of magnesium with graphite, the particles retain a plate-like shape (figure 2 c). The
specific surface for the composite particles (Mg 80% + C 20%) increases to 16.383 m?*/g. The EDX
analysis of the elemental composition of the Mg/C composites showed that the mass fraction of oxygen
atoms increases after MCT, so for Mg 80% + C 20% it is more than 6% (figure 2d).

Consequently, on the surface of magnesium particles after MCT, the thickness of the oxide layer
increases.However, based on the results of X-ray phase analysis, neither oxides nor hydroxides are formed
on the surface of the particles, the amount of which can reach 15% (figure 3).
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Figure 2 - Electron-microscopic images (a, c), the energy-dispersive spectrum and the mass fraction of elements
(b, d) in the composite (Al 80% + C 20%) and (Mg 80% + C 20%) after 20 minutes of MCT
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Figure 3- Diffractogram of the sample (Mg 80% + C 20%), after 20 minutes of MCT

Evaluation of the particle size distribution carried out on the Malvern 3600E showed that when the
graphite content in the aluminum system increases to 15-20% after grinding, the bulk of the powder has a
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particle size of less than 5 um. Almost half of them have a size of less than 2 pm (figure 4 a) resulting in
the increase in the specific surface area of the aluminum particles of grade PA-4 from 3.7 to 9.5 m*/g.

After grinding magnesium in a mixture with graphite, the bulk of the powder of the Mg/C mixture has
a particle size of less than 5 um, which are practically agglomerates of nanosized particles (figure4 b).
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Figure 4 - The mass distribution of the Al/C (a) composite particle
and the Mg/C (b) composite after 20 minutes of MCT

To evaluate the substructure features of aluminum particles after MCT, crystallite sizes were
measured by the XRD method in the obtained Al/C, Mg/C composites. According to the results of the
analysis, in the process of mechanochemical treatment, the size of the crystallites varies from the amount
of the modifier used (table 1).

Table 1 - The size of aluminum and magnesium crystallites after 20 minutes of MCT with graphite

The content of graphite in The size of crystallitesL, A

composites Al Mg

- 690 580
5%C 560 600

10% C 490 770

15%C 440 590
20%C 410 520

With mechanical action, both accumulation and redistribution of defects over the volume of the
particle takes place. As a result of MCT aluminum with graphite, the size of crystallites decreases and the
content of carbon increases in the Al/C composite. During MCT of magnesium with graphite, at first there
proceeds growth of crystallites and at a carbon content of 15-20%, the size of the crystallites, decrease i.e.
there takes place more intensive accumulation of defects in the volume of grains. This may be due to the
fact that during MCT carbon atoms penetrate into the grain of the aluminum particle and together with the
defects diffuse by its volume under the action of mechanical stresses. In some cases, this process is likely
to contribute to stabilization of defects, in other cases, it transfers them to the particle grain boundary and,
as a consequence, the size of crystallites grows[20]. The surface film of particles of both aluminum and
magnesium is destroyed (loosened) and saturated with highly disperse carbon particles (figure 5).
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Figure 5 - Electron-microscopic images of aluminum and magnesium particles in the initial state (a, c)
and in the composite (Al 80% + C 20%) and (Mg 80% + C 20%) after 20 minutes of MCT (b, d)

Thus, the use of graphite during MCT of aluminum and magnesium, according to all the
characteristics analyzed, contributes to a change in the morphology and structure of the particles of the
formedmetal/carbon composites (Me/C). The observed changes in the size of aluminum and magnesium
particles modified by the organic additive (graphite) during MCT is a consequence of the fact that in the
formation of the surface layer of particles in all the considered cases, an important role is played by
carbon, also dispersed in the MCT process.

Structural changes during MCT of the investigated Me/C composites lead to a change in their
chemical activity, which is clearly manifested in the solid-phase combustion (ie self-propagating high-
temperature synthesis - SHS) of the mixture of aluminum or magnesium powder, as a fuel, with silicon
dioxide, used as an oxidizing agent. Silicon dioxide, in this case, is used in an unactivated state. Mixtures
were prepared at the stoichiometric ratio of the components: (Al 37.5% + SiO, 62.5%) and(Mg 44% +
Si0; 56%). After MCT of aluminum with graphite and introduction of the resulting powder, respectively,
in an amount of 37.5% and 44% into the charge with quartz, a considerable reduction in the induction
period of ignition is observed as well as an increase in the rate and temperature at all stages of the
combustion process as compared to a non-activated fuel (figure 6 a).For a mixture of quartz with a
composite (Mg/C) after MCT, the induction period of ignition also decreases and the temperature and
burning time of mixtures with SiO, increase, but this is less expressed than in the case with
aluminum(figure 6 b).
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Figure 6 - Thermograms of combustion of the system (SiO, + Me) with aluminum and magnesium in the initial state and after 20
minutes of MCT with different amounts of graphite: a-SiO, + (Al/C), b-SiO, + (Mg/C); 1 - Me initial; 2 - 5%; 3 - 10%; 4 - 20% C

Table 2 shows the parameters of the main characteristics of the combustion process and the strength
of the synthesized samples. It is seen in Table 2 that composition [(Al + C 20%)mcr 37.5% + SiO;]has the
maximum combustion temperature, but its strength is significantly reduced compared to the sample
without carbon. This is due to the release of gaseous products, the amount of which increases with
theincrease in carbon content in the mixture, thus leading to formation of the porous structure of the
sample (figure 7 a). The maximum burning rate (118.2 deg/sec) during SH-synthesis was stated for the
system [(Al + C 5%)mcrt SiO,]. This is possibly related to the optimum ratio of the particle size of the
constituent components of the mixture, and correspondingly to the increase in the packing density, which
provides a close contact between the oxidant and the fuel.

Table 2 - The indices of the maximum temperature, the burning rate of mixtures of SiO, with modified aluminum
and magnesium, and the strength characteristics of the synthesized samples

0,

Composition of modified fuel based on Trax, C Burning rate, o, MPa
aluminum deg/sec

Al initial + (SiO,) 1319 19.16 37.6
(Al + 5 % C)per + (S10,) 1441 118.2 8.36
(Al + 10 % C)pcr + (Si0») 1436 83.7 12.54
(Al + 20 % C)yer + (Si0y) 1532 56.8 2.11
Mginitial + (SiO,) 1170 23.6 50
Mg+5%C)pert (Si0,) 1295 40.9 5.8
Mg+10%C)ycrt (Si0,) 1318 58.6 1
Mg+20%C)pcrt (Si0,) 1223 51.4 1

Figure 7 - The break and appearance of SHS samples obtained with aluminum (a)
and magnesium (b) modified during MCTwith the content of graphite equal to 20%
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In the samples obtained with a fuel in the form of carbon-modified aluminum, a fine-porous structure
with dense partitions is formed. This fact testifies to the prospects of using such materials for obtaining
heat-insulating systems. Products of technological combustion of samples, the combustible component of
which is the composite (Mg/C), have a low index of strength characteristics due to the porous, loose
structure of the samples (figure 7 b). This is due to the fact that combustion proceeds layer-by-layer and a
large amount of gaseous synthesis products are formed.

Conclusion. Thus, MCT of aluminum and magnesium with graphite contributes to a change in the
morphology and structure of the particles during formation of composites (Me/C), the change in the size
of aluminum and magnesium particles, and the surface modification with an organic additive (graphite).
The use of mechanical treatment leads to a decrease in the particle size of metal powders and, as a
consequence, an increase in the specific surface area of metal particles with an accumulation of defects in
the crystal lattice. In the grinding process, the particle surface is constantly in an excited highly active
state, and the presence of organic additives in the course of MCT provides the formation of an organic
coating on the surface of the particles.

The combustion results of mixtures in which aluminum and magnesium were used as a fuel
component after MCT in the presence of graphite showed the efficiency of this method in increasing the
thermo-kinetic characteristics of the combustion process, as well as the conditions for the preparation of
the combustible material and procedure the combustion process due to which formation of a large volume
of gaseous synthesis products. The latter fact is important when using the obtained nanostructured Me/C
composites in the composition of combustible systems intended, for example, for gas generators or for
swelling and production of porous systems of a certain purpose. Such compositions are generally
heterogeneous condensed systems.
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AJIIOMUHUM )KOHE MATHUA BOJIIIEKTEPTHIH BETTEPTH MEXAHOXUMMUSLIBIK
OHAEY PEXXUMIHJAE MOJUOULHUPJIEY — )KbIJTY CBIMBIM/IbI KOMITIO3UTTEP AJTY TOCLII

AnHoTamms. Makanana Merayul yHTakrapsiH (amoMmunnii PA-4 mapkacebkoHe marauii MPF-3 mapkacer) GerTik Gerncenni
3aT periHie rpadUT KeMeriMeH, YHTaK IUCIEPCTUIIriH apTThIpy koHe Oeunmrek OeTTik KabaThlH MOAMGHLUPICY MaKcaThIHIA
JMHAMMKAIBIK AWIPMEHAE MEXaHOXMMMSUIBIK OHJEY JKYMBICTAPBIHBIH HOTIDKENepi KenrtipiireH. Mertanpapasl rpadurieH
MEXaHOXHMISUTBIK OHJIEY METall OeNIICKTEpiHiH KYPBUIBIMBI JKOHE KACHETTEpiHIH e3repyiHe, OelceHIi MeTajul MeJIIepiHiH
JKOFapbUIaybIHA KOHE AUCTIICPCTENIHETIH OoIIeKTep OeTiHAe OpTaHNKAJIBIK XKaOBIHABUIAPABIH Maiaa O0MybIHA aKeneai. ATBIHFaH
MeTaJul XxKoHe rpadut GemmekTepi Gu3NKa-XUMISUIBIK Tatgay aaictepi, «MansepH 3600E» KypbUIFBICEI KOMETIMEH JKYPTi3ileTiH,
OeJIeK  eJIIEMICPiHiH TapalyblH TpaHyJIOMETPHSIIBIK oONiC KOMETiMeH 3eTTeysep Kyprisinmi. TepmuTTi SKyHenepnin
TEXHOJIOTHSUIBIK, JKaHy YJIepiCiHe MeTaul YHTaKTapblH MEXaHOXMMUSJIBIK OHICYIIH ocepi 3epTTeliHAl. 3epTTey HOTHXKelepi
MEXaHOXMMMSUIBIK OHICYJCH KEeWiH MeTaul YHTAKTapbIHBIH OOJIIEKTEpiHiH oJIeMaepi TOMEHJE, COMKECIHIIe KPHUCTaUIUTTI
TOopIa akayjap JKMHAJbBIN, MEHIIIKTI OCTTIK KeJieMi >KOFapbUIAMTBIHIBIFBIH KOpceTTi. MeXaHOXUMHUSUIBIK OHACY yHepicrepi
ke3inne Me/C KOMIO3HMT KypamblHAa TrpaduTTIH MaccaiblK yiieciHe OaiIaHBICTBl KPUCTAUIUTTEpP OJIIeMi ©3repeTiHAiri
aHBIKTAIABL. AJIOMHHHUHA JKOHE MarHuil OejmiekTepiH rpadUTIeH MEXaHOXMMUSUIBIK OHICYICH KEeWiH JKaHFBII 3aT peTiHIe
KOJIZIaHy KaHy YIAEepICTEepiHiH TePMO-KHHETHKANBIK CUTIATTaMAIapbIHBIH )KOFapblIayblHa AJIBIN KENETIHIITT KOPCETiIi.

Tyiiin ce31ep: MEXaHOXUMUSIIBIK OHICY, AMIOMUHHAN, MATHUH, MOAU(UIHPIICY, KATTHI(A3aIIbl )KaHy

VIK: 541.124.16
H.H. Moga, B.C. CanbikoB, A.E. bakkapa, H.I'. [Ipuxoasko,b.T. Jlecoaes, 3.A. Mancypos

WuctutyT npobiem ropenus, Anmatsl, Kazaxcran;
Kazaxckuii HaMOHANIBHBIA YHUBEPCUTET UMeHH anb-Papabu, Anmarsl, Kazaxcran

MOANPUIIUPOBAHUE NIOBEPXHOCTHU YACTHUI AIIOMUHUS 1 MAT'HUSA
B PEXKUME MEXAHOXAMMYECKOM OBPABOTKH — CLIOCOB IMMOJIYYEHHUSI
SHEPTOEMKHNX KOMITIO3UITA

AHHoTanms. B pabore mpexncTaBineHbl pe3yibTaThl MEXaHOXUMHUYECKOH OOpPaOOTKH MOPOLIKOB METAUIOB (QJIIOMHHHUS
Mapku [IA-4 u marnus mapku MPF-3) B MenbHuIle AMHAMHUYECKOro JIEHCTBUS C HCIOJB30BaHHEM TIpaduTa B KauecTBeE
MOBEPXHOCTHO aKTHBHOHN JOOABKH C IETBIO MOBBIIICHHS JUCICPCHOCTH IOPOIIKOB M MOJU(UIIMPOBAHKS IIOBEPXHOCTHOTO CIIOS
gactull.MexaHnndeckass oOpaboTKa METauIOB C TpadUTOM CIOCOOCTBYET H3MEHEHHIO CTPYKTYphl M COCTaBa IOBEPXHOCTH
METaJUINYECKHX YacTHII, TIOBBIMICHHUIO O aKTHBHOTO MeTalla M ()OPMHUPOBAHUIO OPTaHHYECKOTO HOKPBITHS JHCHEPTHPYEMBIX
gactuil.[lodydeHHble 4YacTHIBI METAUIOB C TpaduTOM OBUIM HCCIEOBaHBl (DU3HKO-XMMHYECKIMH METONaMH aHaju3a,
IPaHyJIOMETPHYECKUM METOJOM [UIsi OLHKM pacHpelelieHHs YacTHIl 110 pa3MepaMm, IpoBoanMas Ha mnpubope «MaiBepH
3600E».VccienoBano BiIMsSHHE MEXaHOXUMHYECKOH 0OpabOTKH MOPOIIKOB METAIIOB Ha MPOLECC TEXHOJIOTMYECKOTO T'OPESHUS
TEpPMHUTHBIX cMecel. Pe3ynbTaThl McclieoBaHMs MOKAa3aliH, YTO TOCIe MEXaHW4ecKoil oOpaboTKM pa3Mepsl YAaCTHI] MOPOLIKOB
METAJIJIOB YMEHBIIAETCS M KaK CIEACTBUE yBEIMYMUBACTCS Y/eIbHas NOBEPXHOCTh YaCTULl METAJUIOB C HAKOIUICHUEM Je(eKTOB B
KPHCTAIUTMYECKON perreTke.B mporecce MexaHOXUMHYECKOH 00paOOTKH, pa3Mep KPHCTAJUINTOB M3MEHSETCS OT MAaCCOBOU IO
ucroib3yeMoro rpagura B cocraBe kommosuta Me/C. Ipuncnons3oBaHnE B KadecTBE TOPIOYEro KOMIIOHEHTA AIIOMHHHS U
MarHus 1ocjie MEXaHOXMMHUYCCKOH 00pabOTKH B IPHCYTCTBHM TpaduTa MOBBIMIAIOTCS TEPMO-KMHETHUECKUE XapaKTEPUCTHKU
npolecca ropeHusI.

KnroueBble cjioBa: MexaHOXMMHYECKast 00pabOTKa, aIFOMUHUMA, MarH1H, MOAN(HUIPOBaHUE, TBepAO(a3HOE FOpEHHE.
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