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Abstract. Materials based on molybdenum-aluminium-carbon compounds have a considerable potential for use under intense wear
conditions at elevated temperatures. This paper presents the experimental results of self-propagating high-temperature synthesis
of compounds within the Mo—Al-C system. By combining two processes: SHS of the elements and SHS-metallurgy, cast
materials containing the Mo,AlL,C, Mo,C, Mo,Al, and Mo,Al; phases were obtained. The experiments used mixtures with
compositions calculated according to the ratio (1 — a)(3M0O,-8Al-C)/a(3Mo-2Al-C), where a varied in the range from 0 to 1.
The synthesis was carried out in a laboratory reactor of 3 L volume at an initial argon pressure of 5 MPa. The mass of the initial
mixtures in all experiments was 20 g. The process of combustion was initiated by a 0.5 mm diameter molybdenum wire spiral
by applying 28 V voltage to it. The resulting end products were studied by X-ray diffraction and local microstructural analysis.
A significant influence of the ratio of the initial reagents on the synthesis parameters, phase composition, and microstructure
of the target products was established. Introduction into the high-exothermic mixture 3MoO,-8AI-C inert “cold” mixture
3Mo—-2AI-C leads to an increase in the content of carbide phases in the ingots. The possibility of obtaining cast materials based
on the triple phase Mo,Al,C, the maximum content of which is 87 wt. % at the content of the “cold” mixture in the charge a. = 0.4
is shown. The presence of secondary phases of molybdenum carbide (Mo,C) and molybdenum aluminides (Mo,Al;, Mo,Al)
in the final products is due to a change in the composition of the initial mixture caused by the ejection of components during
combustion and insufficient existence time of the melt formed in the combustion wave.
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AHHOTayms. Matepuaibl Ha OCHOBE COCIMHEHUI MONTMO/ICHA ¢ ATFOMUHHUEM M yTIIEPOIOM 00Jadat0T OOIBIINM MOTCHIIHAIOM
JUI UCIIOJIb30BaHMS B YCJIOBHSX HMHTCHCHBHOIO H3HOCA NP ITOBBINICHHBIX TeMIepaTypax. B Hactosmed pabote
MIPEICTaBICHBl YKCIICPUMEHTAIBHBIE PE3yIbTaThl CaMOPACIIPOCTPAHSIOMIETOCS BhICOKOTeMIieparypHoro cuare3a (CBC)
coenunenuil B cucreme Mo—Al-C. IIpu coBmemenun asyx npoueccos — CBC u3 snementoB u CBC-mertamnypruu —
HOJIy4€HBI JIMThIC MaTepualsl, coaepxaimue dassl Mo Al,C, Mo,C, Mo,Al u Mo,Al. B skcriepuMeHTax HCIOJIb30BAIIH
CMECH C COCTaBaMM, PACCYMTAHHBIMU CONIACHO cOOTHOWEHUIO (1 — 0)(3M00,~-8Al-C)/0(3Mo-2Al-C), rue 3nauenue o
MeHsiTi B uHTepBasie oT 0 1o 1. CuHTE3 NpOBOAMIN B 1AOOPATOPHOM peakTope 00beMOM 3 JI IPU HadaIbHOM JaBJICHUU
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aprona 5 Mlla. Macca ucxonHbsIx cMecell Bo Bcex akcnepuMenTax coctasisiia 20 r. IIpouecc ropenus MHULIMUPOBAIN
CHUpaIbI0 U3 MOJIUOICHOBON MPOBOJIOKM auaMmerpoM 0,5 MM IyTeM Hojauu Ha Hee HampsbkeHus 28 B. IlomydeHHble
KOHEUHBIE IPOAYKTHl HCCIEIOBAHBI METOZAMU PEHTIeHO()A30BOr0 M JOKAJIBHOTO MHMKPOCTPYKTYPHOTO aHAJIU30B.
VYCTaHOBICHO CYIISCTBEHHOE BIMSHHE COOTHOIICHHS HMCXOMHBIX PEarcHTOB Ha MapaMeTphl CHHTE3a, (a30BBI cOCTaB
¥ MHKDPOCTPYKTYPY ULEJNEBBIX MPOAYKTOB. BBeneHue B BBICOKOOK30TEPMUUECKYIO cMech 3Mo0O,~8Al-C unepTHOi
«xonomHOI» cMecH 3Mo—-2A1-C mpUBOIMT K YBEIHUCHUIO COAEp KaHMs KapOMIHBIX (a3 B cnuTKax. [TokasaHa BO3SMOXKHOCTh
NOJIy4€HHs JINTBIX MATEPUAJIOB Ha OCHOBE TPOWHON (asel Mo,Al,C, MakcHUManbHOE COIEPKAHUE KOTOPOH COCTABIIAET
87 mac. %, NpH KOJIUYECTBE «XOJIOJHOH» cMecd B HIMXTe, cooTBeTcTBYylowed o= 0,4. IIpucyTcTBue B KOHEYHBIX
NpofyKTax BTOpUUHBIX (a3 kapbuma monubaena (Mo,C) u amomuuunos monubaena (Mo,Aly, Mo,Al) obycnosneno
U3MEHEHUEM COCTaBa UCXOIHOW CMECH BCIEACTBUE BHIOPOCA KOMIIOHEHTOB IIPU FOPEHUU U HEJOCTATOUHBIM BPEMEHEM

CYLIECTBOBaHMS paciuiaBa, OPMUPYIOIIETOCs B BOIHE TOPCHHUS.

KnroueBbie cioBa: caMopaciipoCTPAHSOIIHICS BRICOKOTEMIIEpATypHBIN cHHTE3, cucteMa Mo—Al-C, MukpocTpykrypa, $ha3oBbiit

cocTaB
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Introduction

There are several binary compounds in Mo—Al system—
MoAl,, Mo, Alg, MoAl, and Mo, Al [1]. These compounds,
given their high melting points and mechanical properties,
are promising materials for use under high temperature
and intense wear conditions [2—4]. In Al-C system, the
aluminum carbide phase Al,C, is stable. Al,C, particles
finely dispersed in the aluminum matrix reduce the creep
tendency of the material, especially in combination with
silicon carbide particles. Aluminum carbide can be used
as an abrasive material in high-speed cutting tools [5; 6].
In the Mo—C system, molybdenum and carbon form
carbides Mo,C and MoC, . Among these, molybdenum
carbide Mo,C has the most widespread use in practice.
It is used as a catalyst in hydrodesulfurization reactions,
in dry reforming of methane, for the decomposition of
hydrazine, and in regulators of small rocket engines [7-9].
Various methods are used for the synthesis of molybdenum
carbide: carbothermal reduction of molybdenum (VI)
oxide with graphite in an inert medium, electrochemical
synthesis, melting with graphite, reduction of oxide
using a methane-hydrogen mixture or other carbon
sources [10-12].

Among the ternary molybdenum aluminum carbon
compounds, the Mo,Al,C compound, a superconductor
with a transition temperature of ~9 K, is of greatest
interest. In the studies [13-16], this compound was
obtained by the arc and high-frequency melting at high
pressures (up to 10 GPa). Its transport, magnetic, and
thermodynamic properties were investigated. The bulk
modulus of elasticity is estimated at 221 GPa. Known
methods for obtaining Mo,ALC are inefficient and
energy-intensive. A one-stage method — self-propagating
high-temperature synthesis (SHS) — is a promising
method for obtaining such compounds. It requires
practically no electricity, exhibits high capacity and is
environmentally friendly [17; 18].

40

The SHS method allowed to obtain a large number
of binary and ternary element compounds [19-22].
One of the technological trends of application of
self-propagating high-temperature synthesis is SHS-
metallurgy, which allows to obtain “cast” materials by
the complete melting of components in a combustion
wave. A specific feature of the process is the use
of mixtures consisting of metal oxides, a reducing
metal (Al), and carbon. At a certain ratio of reagents,
the combustion temperature exceeds the melting point
of the initial reagents and final products. As a result, the
product during synthesis is formed in the liquid state.
Under the action of gravity, the heavy metal-like and
light oxide phases of the formed products are separated.
Cast materials based on binary and ternary compounds
(MAX phases) in the systems: Cr—Al-C [23-25], Nb—
Al-C [26;27], and V-Al-C [28] obtained by SHS-
metallurgy are of great interest. The mentioned studies
demonstrate that the main synthesis parameter that
determines the composition of the final products is
the existence time of the melt, which depends on the
combustion temperature of the initial mixture. To date,
the authors of this paper have not identified any studies
on the production of cast materials in the Mo—Al-C
system by the SHS method.

The purpose of this paper was to study the possibility
of obtaining cast products within the Mo—Al-C system
by combining the methods of SHS from elements and
SHS-metallurgy.

Materials and methods

Powders of MoO, (“Ch”, purity 99.9 %), Al (ASD-1,
purity 99.2 %, particlesized < 30 um), Mo (PM-M, 99.9 %,
d <10 pm), and graphite (PG, 99.2 %, d <400 um) were
used as initial reagents. In the experiments, stoichiometric
mixtures were used as base mixtures; their composition
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was calculated from a combination of two chemical
reactions:

3MoO; + 8Al + C = Mo,ALC + 3ALO;,  (I)

3Mo + 2Al + C = Mo,ALC. (I1)

. . M L.
The mass ratio of the mixtures o = —% varied in the
1
range from 0 to 1, where M, and M,; are the masses of

the mixtures calculated from reactions (I) and (II),
respectively.

The experiments revealed that the combustion of
the mixture, the composition of which was calculated
according to reaction (I), is characterized by a high rate
and a strong ejection of reagents and synthesis products
from the reaction vessel. The mixture, the composition
of which was calculated according to reaction (II), does
not burn and, when added to the first mixture, behaves
as a “reactive” inert component. The ratios of the initial
compounds in reactions (I) and (II) remained constant in
all experiments.

Before mixing, the powders were dried for 3 h at
a temperature of 60 °C. The charge was prepared by
manually stirring it in a porcelain mortar. The bulk density
reaction mixture was placed in a 20 mm in diameter and
50 mm high quartz mold (Fig. 1, @). The weight of the
initial mixtures in all experiments was 20 g. The syntheses
were carried out in a 3 L reactor (Fig. 1, ») in an argon
atmosphere at an initial pressure of 5 MPa according
to the procedure described in work [23]. The reaction
was initiated with a 0.5 mm diameter molybdenum
wire coil. The combustion process was recorded using
a video recorder. The combustion rate was calculated

from the process video by measuring the time of passage
of the combustion wave along the height of the sample.
The parameters of synthesis were determined from the
following values:

M. 1 . . .
N, = —= — the ratio of the product yield in the ingot
0
and the weight of the mixture;
Ming )
N, = —_ — the completeness of the reaction, the
Ming

ration of the product yield in the ingot relative and its
calculated value;

M, — M,
N3 M,
to the ejection of components from the reaction vessel,
where M, - the weight of the target product (ingot),
M, ifgfc — the calculated weight of the ingot, M, — the mass
of the initial mixture, M, — the total mass of products
after burning.

The end products of the synthesis were studied using
X-ray diffraction (XRD) and microstructural analysis.
The methods for studying the obtained products are
described in more detail in the authors' previous
works [25].

— mass loss during combustion due

Results and Discussion

The samples after synthesis consist of two ingots
that are easily separated mechanically. The material
in the upper part of the sample, according to the XRD
results, is mainly an a-Al,O, phase. At the bottom, an
ingot (target product) with a characteristic metallic
sheen is formed (Fig. 1, ¢). The formation of an ingot

Fig. 1. Quartz crucible with a charge (a), reactor diagram (b), and final products (c)
1 —body, 2 — substrate, 3 — inspection window, 4 — charge, 5 — initiating coil, 6 — oxide layer, 7 — “metal” ingot

Puc. 1. KBapueBblii TUrens ¢ muxToii (a), cxema peaktopa (b) 1 KOHEUHbIE MPOAYKTHI (C)
I — xopnyc, 2 — nojinoXxKa, 3 — CMOTPOBOE OKHO, 4 — IMXTA, 5 — MHULIMKMPYIOIIAs CIIMPalib, 6 — OKCHHBIH CIIOMH, 7 — «METaIMUECKUiD) CIMTOK
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indicates that in the combustion wave a liquid phase
was formed, i.e. the synthesis temperature is higher than
the melting temperature of the initial components and
the resulting products. Different specific masses of the
final products lead to their separation due to gravity —
the heavy “metal” phase settles at the bottom of the
crucible, whereas the light oxide phase forms at the top.

The values of the combustion rate of the initial
mixtures and the pressure increase in the reactor
depending on the value of a are shown in Fig. 2, a. As a
increases, these parameters decrease. When a “cold”
mixture, the composition of which is determined from
reaction (I1), is added to a highly exothermic mixture, the
composition of which is determined from reaction (I),
part of the heat released as a result of a reaction (I) is
spent on its melting, which leads to a decrease in the
combustion rate and pressure increase in the reactor.
Figure 2, b shows the dependences of the reaction
completeness (n,), product yield (n,), and spread
of combustion products (n,) on a. The parameters n,
and n, increase in the range of a from 0 to 0.4, then
there is a gradual decrease. The values of 1, decrease
monotonically over the entire range of a.

The maximum product yield (n, = 67 %, n, = 93 %)
is observed at o= 0.4 (Fig. 2, b). Yield is affected by
two competing factors: reagent spread and combustion

2.2

2.0

1.8

1.6

U, cm/s

o

temperature. An increase in the amount of the “cold”
mixture, on the one hand, reduces the ejection of reagents
from the vessel and, accordingly, increases 7, and,
on the other hand, it reduces the combustion temperature,
which leads to a decrease in n, due to a reduction in
the time spent by the product in the liquid state, where
oxide and “metal” phases spatially separate. X-ray
phase analysis of the products (Figs. 3—5) obtained
by combustion of mixtures with different o showed that
as a result of synthesis, a multiphase material is formed,
which includes Mo,Al,C, Mo,C, Mo,Al, and Mo,Al.
The quantitative ratio of the phases depends on the
composition of the initial charge (see Table).

The combustion of mixtures of compositions /
and 2 is non-stationary with a non-linear front and
a considerable ejection of material from the crucible.
X-ray phase analysis of the obtained products (see Fig. 3)
revealed that as a result of synthesis, materials with
a high content of molybdenum aluminides (Mo,Al and
Mo, Al ), more than 65 %, are formed, while the total
content of carbide phases (Mo,Al,C and Mo, ) does not
exceed 35 %. The low content of the latter is apparently
associated with a deficit of carbon due to its ejection
from the crucible in the form of particles or gaseous
oxides. In the combustion wave, the mixture of initial
reagents undergoes a number of physical and chemical

100
A b
80 | '
) N2 o
< 60F /—:\,\‘
=9 o 4
NS

En N n
S T w /

20 ‘_\L

1 1 T ¥
0 0.2 0.4 0.6 0.8 1.0

Fig. 2. Influence of o on the combustion rate and pressure increase in the reactor () and on the synthesis parameters (b)

Puc. 2. Biiusinue nokasaresst o Ha CKOPOCTh TOPSHUSI U IPUPOCT JaBJICHHs B peakTope (@), a Takke Ha mapaMeTpsl cuaTe3a (b)

Phase composition of final products (wt. %)

Da30Bblil COCTAaB KOHEYHBIX NPOAYKTOB (Mac. %)

Composition |  The proportion Mo, AlLC Mo, Al Mo, Al Mo,C
No. of mixture II, wt. % ¢ (P4,32) (Pm3n) (C2/m) (Pbnc)
1 0 0 243 57.3 9.3 9.1
2 16.7 0.2 32.0 39.5 6.1 22.0
3 28.6 0.4 87.0 5.1 23 5.4
4 44.4 0.8 69.0 0.9 13.6 16.9
5 50.0 1.0 77.7 1.9 3.1 19.0
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transformations. In the heating zone, aluminum and
molybdenum oxide melt, forming a liquid-phase
medium with distributed carbon particles. In the zone
of chemical transformation, aluminum and carbon
interact with molybdenum oxide:

MoO, + 2A1 — Mo +ALO,, (11D)

MoO, +xC — MoC_+ CO(CO,)1. av)

As a result, part of the carbon escapes from the
reaction zone in the form of a gas, causing its deficiency
in the system. The higher the combustion temperature
of the mixture, the greater the likelihood of carbon

participation in the redox reaction (IV). The material
obtained as a result of the combustion of mixture /
contains phases of Mo,Al-Mo,Al; intermetallic
compounds forming an eutectoid, as well as Mo,Al,C
and Mo, C (see Fig. 3).

The introduction of a “cold” mixture into the charge
leads to an increase of the content of carbide phases
in the product while the proportion of molybdenum
aluminides decreases (see table). The maximum content
(87 %) of the ternary compound Mo, Al,C in the material
was obtained at o = 0.4 (see Fig. 4).

The phase composition of the combustion products
of mixture 3 is practically equilibrium and is in the
three-phase region Mo,Al,C-Mo,C-Mo,Al. An increase

a
LIV GOF =1.11
4000 -
— L. Rp =7.01
- lobs - Icalc Rw =9.75
I Bragg position
2000 -
o
£
—
0 =
| [ I T T I | [ e | Mo,ALC
| I I [ T R I IR TR I e w1 Mo,C
I T T T T O A TR Y (S N
| | | [ | I [ I | Mo,Al
e A | v A S ho
1 1 1 1 1 1 1 1 1 1 1
25 30 35 40 45 50 55 60 65 70 75 80

Fig. 3. Diffraction pattern (a) and microstructure (b) of the combustion product of mixture /

Puc. 3. Iudpakrorpamma (@) 1 MUKpOCTpYKTYpa (b) mpomykra ropeHus cmecu [
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of the “cold” mixture content in the charge over
the variation range o =0.8+1.0 leads to an increase
in the content of Mo,C in the product while reducing
the content of Mo,Al,C and molybdenum aluminides
(see Table and Fig. 5).

The studies show that when a “cold” mixture is
added to the charge, the combustion rate, pressure
increase, and mass loss (n,) decrease over the entire
range of a (from 0 to 1.0). At the same time, in the
range of o = 0+0.4, there is an increase in the target
product yield into an ingot, whereas at o> 0.4, there
is a decrease. The target product yield into the ingot
is affected by two competing factors: the content in
the charge of the mixture (II), consisting of the target
elements (Mo, Al, C) passing into the ingot as

compounds, and the combustion temperature. With an
increase in the amount of the “cold” mixture, on the one
hand, the proportion of elements of the target phase in
the charge increases and, accordingly, n, and n, increase,
and, on the other hand, the combustion temperature
decreases, which leads to a decrease in 1, and n, due
to a decrease in the residence time of the product
in a liquid state, when there is a spatial separation
of the oxide and “metal” phases. The influence of the
first factor prevails at a = 0+0.4, whereas at o > 0.4,
prevails the influence of the second factor.

A single-phase product containing only Mo,ALC in
accordance with reactions (I) and (II) was not obtained
due to several reasons. Obviously, the above scheme of
reactions, used for the calculation of the equilibrium

6000 - a
o [ GOF=1.17
— L. Rp =737
_[obs_lcalc Rw =10.73
I Bragg position
3000 -
o
E
~
0 J—..—i—LA——MJ
| [ | R T I e [ Mo,ALC
| I 1 [ T T O T T T owmewwwrn ww w1 Mo,C
PV RE T TR WO D w1 Mo, Al
I [ I [ [ [ I Mo,Al
4 | Y "~ A M
1 1 T 1 1 ] 1 1 1
26 30 35 40 45 50 55 60 65 70 75 80
20, deg

Mo,Al-Mo,Al,

Fig. 4. Diffraction pattern (a) and microstructure (b) of the combustion product of a mixture 3

Puc. 4. luppakrorpamma (a) ¥ MEKPOCTPYKTypa (b) mpoayKTa ropeHus cMecu 3
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—
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| [ [ N N e e e 1| Mo,ALC
| [ 1 [ T I O T T o wn e ww w1 Mo,C
FEHE T T WU O om0 s | Mo, Alg
| I I I 1 I [ I | Mo,Al
. N " "
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20, deg

Mo, Al-Mo,Alg

Fig. 5. Diffraction pattern (a) and microstructure (b) of the combustion product of mixture 5

Puc. 5. Tudpakrorpamma (a) u MEKpOCTpyKTypa (b) IPOIyKTa TOPEHHSI CMECH 5

composition of the target ternary phase Mo,AlC,
does not reflect all the interactions actually occurring
in the multiphase system during SHS. X-ray diffraction
phase analysis of the synthesized material showed that
its phase composition differs from the calculated one.
This indicates that the processes occurring in the liquid
phase formed in the combustion wave and during its rapid
crystallization lead to the formation of a nonequilibrium
composition of the product. In addition, the combustion
process is accompanied by the ejection of components
as a result of the reaction (IV). It is quite likely that
the resulting material is depleted in both carbon and
aluminium. This is indirectly confirmed by the phase
composition of mixture 5, which is practically in the
two-phase region Mo,Al,C-Mo,C.

The analysis of microstructural analysis data
suggests the following mechanism of phase formation
of the final product. The phase composition of the ingot
is formed as a result of a series of phase transformations.
First, refractory Mo,C carbide grains crystallize at a
temperature of about 2500 °C. As a result, a Mo—Al
melt is formed, which surrounds the Mo,C grains.
Then, during cooling in the temperature range of 2500—
1720 °C, Al from the melt and Mo,C interact, which
leads to the formation of a carbide grain of the Mo,Al,C
phase on their surface in a ring pattern (see Fig. 3).
The growth of the layer is caused by the diffusion of
Al from the Mo—Al melt through the Mo,Al,C layer
into the Mo,C grain. At temperatures below 1720 °C,
the intergranular melt crystallizes with the formation of
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Mo,Al and MoAl. Then, at a temperature of 1467 °C,
the MoAlI phase undergoes the eutectoid transformation
MoAl — Mo, Al + Mo, Al [1]. Thus, the formation of
a multiphase cast material is explained by the multistage
nature of its formation and the rapid cooling of the melt.

Conclusion

Cast materials containing the phases Mo, AlL,C, Mo,C,
Mo,Al, and Mo,Al, were obtained by the method of self-
propagating high-temperature synthesis, combining two
modes of the process — SHS from elemental powders
and SHS-metallurgy. A significant effect of the ratio
of reagents in the initial mixtures on the parameters
of the combustion process, microstructure, and phase
composition of the products was found. Introduction
into the high-exothermic mixture 3MoO,-8Al-C inert
“cold” mixture 3Mo-2AIl-C leads to an increase in the
content of carbide phases in the ingots. The maximum
content (~87 wt. %) of the ternary phase Mo,Al,C was
obtained at a = 0.4. The presence of carbide Mo,C and
molybdenum aluminides Mo,Al;, and Mo Al in the
final products is due to a change in the stoichiometric
composition of the initial charge caused by the ejection
of components during the combustion and insufficient
existence time of the melt, which leads to the formation
of a non-equilibrium composition of the product.
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