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Abstract—We studied the possibility of producing powder catalysts Al—Fe/SiO, and Al—Co/SiO, by mixing
precursor powders of Al, Fe, Co, and SiO, in a planetary mill in gross weight ratios corresponding to the
domain of existence of intermetallic compounds Al;Fe and Al;Co and annealing in vacuum at 900°C for 30 min.
Annealing in air at lower temperatures (580—600°C) leads to the formation of corundum Al,O5, mullite Al¢Si,O3,
and silicides CoSi,, CoSi, Co,Si, FeSi,, and Fe;Si in the composite structure. The synthesized composite
powders 13A1/4Co0/6.5Si0, and 13A1/4Fe/6.5Si0O, contain nonequilibrium phases. Powders without sintered
masses with good flow and a fractional composition of less than 100 um are obtained after synthesis in vac-
uum at 900°C for 30 min. The fractional composition of powder Fe—Al/SiO, is characterized by a distribu-
tion of less than 50 um (27.1%), 50—63 um (15.3%), and 63—100 um (57.4%); the fractional composition of
powder Co-Al/SiO, is 37.5%, 16.2%, and 46.3%, respectively. According to X-ray phase analysis, the pow-
ders synthesized at 900°C contain the phases of Fe;Al, Fe,, sAl 5, Fe 4Algg, Co,Als, and Coy;Al53; they do not
contain silicides and mullites of the type Al¢Si,O;. It is experimentally established that the mass fractions of
the precursors Al, Fe, and Co are (Al + Fe) : SiO, = 31 : 69 and (Al + Co) : SiO, = 58 : 42 as a result of clad-
ding of powder SiO,. It is concluded that the vacuum annealing mode of 900°C for 30 min does not provide
the formation of intermetallic structures of the type Al;Fe,/Al;Fe and Al{3Co,/Al;Co during the synthesis.
‘We suggest optimizing the synthesis mode by using precursors of finer fractions and increasing the time of
their grinding, mixing, and annealing.
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INTRODUCTION

The development of effective catalysts for the oil
refining and chemical industries is a relevant objective
from the point of view of economic and environmental
requirements, which is noted in the program of the
Presidium of the Russian Academy of Sciences “Car-
bon Energy: Chemical Aspects” in the direction of
“Methods and Catalysts for the Effective Conversion
of Technogenic Carbon-Containing Wastes into Raw
Materials for Petrochemical and Organic Synthesis”
(decisions of the Presidium of the Russian Academy of
Sciences no. 98 of May 23, 2017, and no. 132 of July 5,
2017).
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Polymetallic catalysts based on the elemental
group of Fe, Co, and Ni with the addition of Mn, V,
Zr, La, Mo, Al, Si, B, and their compounds are
actively studied in world practice. It is of interest to
synthesize and study catalysts based on intermetallic
compounds of metals such as iron aluminide and
cobalt aluminide [1—8] in combination with filler
Si0,. Previously, the possibility of obtaining such cat-
alysts by mechanothermal synthesis was estimated in
experimental and theoretical ways in [4, 5]. In these
studies, a mixture of powders Al—Fe/SiO, and Al—
Co/SiO, prepared by mechanical alloying [9] was
annealed at temperatures of 580—600°C in air for ~4 h.
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Fig. 1. The structure of alloyed Al-Fe powder after vacuum
annealing at 900°C for 30 min (optical microscopy). Gray
areas are Al;Fe; white areas are solid solution Al + Fe;
black areas are pores.

It was noted that intermetallic compounds Al;Co,
and Al;;Fe, break down to form corundum Al,O;,
mullite Al¢Si,O,;, and silicides CoSi,, CoSi, Co,Si,
FeSi,, and Fe;Si when SiO, is used as a substrate,
despite the corrosion resistance of intermetallic com-
pounds with respect to air oxygen up to 600°C [10].
Intermetallic compounds Al;;Co, actively interact
with the substrate, and the fraction of SiO, retained in
the composite 13A1/4Co/6.5Si0, in the form of cris-
tobalite significantly decreases during oxygen break-
through of methane (OBM). The interaction between
aluminide Al;Fe, and SiO, is not so effective, and not
only cristobalite but also quartz crystallizes in the
composite 13Al/4Fe/6.5Si0,; the fraction of quartz
increases during OBM. It was found that the silicides
CoSi,, CoSi, Co,Si, and FeSi, coexist with the non-
stoichiometric phase based on Fe;Si [11]. According to
the state diagrams of the systems Co—Si [12] and Fe—Si
[11], the resulting composites 13Al/4Co0/6.5Si0, and
13Al/4Fe/6.5Si0, are nonequilibrium phases.

In contrast to annealing at temperatures of 580—
600°C for 4 h in air, vacuum annealing at elevated
temperatures of 700—900°C makes it possible to
obtain intermetallic compounds Al;Fe and Al;Co with
little to no oxides in a shorter exposure time. Prelimi-
nary experiments using this technology (mechanical
alloying of powders Al and Fe followed by vacuum
annealing at 900°C for 30 min) [13] indicate the syn-
thesis of intermetallic compounds Al;Fe in a volume
of ~75 + 5% (Fig. 1).

The purpose of this work is to study the formation
of a powder intermetallic mixture Al—Fe/SiO, and
Al—Co/SiO, by a mechanothermal method including
sequential technological operations of mechanical
alloying of precursor powders Al, Fe, Co, and SiO,
and the synthesis of powder compositions Al—Fe/SiO,
and Al—Co/SiO, under vacuum annealing at tempera-
ture of 900°C for 30 min.
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EXPERIMENTAL

Powders with technical grade of Al (299%), Fe
(299.4%), Co (299.5%), and SiO, (=96%) were used
as initial materials. The fractional composition of the
powders was <160 um (Al), <50 um (Fe, Co), and
<100 um (SiO,).

The powders were mixed and mechanically alloyed
in a planetary mill of type PM 400 with steel balls 10 mm
in diameter with an average intensity of 300 rpm with-
out surface-active substances (dry grinding) for 20 min.
At the first stage of alloying experiment, two mixtures
Al—Fe and Al—-Co were obtained in the proportions of
the components of 40.2 wt % of Fe, Co and 59.8 wt %
of Al corresponding to the domain of existence of the
intermetallic compounds Al;Fe and Al;Co [5, 6, 13].
At the second stage of alloying, powders Al—Fe and
Al—Co were removed from the jars of the planetary
mill, and a powder of SiO, was added to these clad jars.
Further dry mixing was continued in the same mode
as before. The gross weight ratio of the part of compo-
sition Al-Fe and Al—Co that stuck to powder SiO,
(the cladding effect on the jar walls and the surface of
the balls [9]) was controlled by intermediate weighing
and was 1 : 2 (Al—Fe : SiO, and Al-Co : Si0,) in the
initial state.

Heat treatment was carried out in a shaft-type
resistance vacuum furnace SShVE-1.2.5/25 to reduce
the likelihood of formation of corundum (Al,O3).
Composite powders were annealed in vacuum at a
temperature of 900 = 5°C with a heating rate of 15°C
per min and a holding time of 30 = 1 min [13]. This
mode is more efficient than annealing at 580—600°C
for 4 h, since the thermal diffusion processes for the
synthesis of intermetallic compounds such as Al;Co
and Al;Fe proceed more intensely even with a shorter
holding time of the samples in the furnace.

After synthesis of the intermetallic structure, the
powders were divided using sieves into three fractions
(<50 um, 50—63 wm, and 63—100 wm). There were no
fractions with a size of more than 100 um. X-ray dif-
fraction (XRD) analysis of the samples was performed
on a DRON-3 diffractometer in Fe K, radiation.

RESULTS AND DISCUSSION

The results of experimental and technological
studies are presented in Fig. 1 and in Table 1.

An analysis of the results of grinding of powder mix-
tures Fe—Al/SiO, and Co-Al/SiO, (Table 1) indicates
that powders of medium fineness with more than 50 wt %
with the fraction of 63—100 um for Fe—Al/SiO, and
more than 40 wt % for Co—Al/SiO, are formed at a mix-
ing intensity of 300 rpm for 30 min. The mass fraction of
finer powders (<63 pm) is less than 50% for Fe—Al/SiO,
and less than 60% for Co—Al/SiO,. After annealing,
there were no signs of consolidation (sintering) in the
powder mixtures and sintered masses, as noted for
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Fe—Al and Co—Al compositions without SiO,. X-ray
diffraction of powders demonstrates that there are no
silicides and mullite of the Al¢Si,O,; type, the forma-
tion of which was observed upon annealing at 580—
600°C in air for 4 h [4]. However, the XRD method
allowed us to establish that powder Fe-Al/SiO, con-
tains a solid solution with the composition of Fe, sAl, 5
and Fe ,Alg in addition to the aluminide AlFe; and
unreacted iron particles (Fig. 2). The samples of Co—
Al/SiO, contain a significant amount of Co,,Al;,
Co,Als, and unreacted cobalt particles.

To experimentally evaluate of weight ratios of pre-
cursors, we carried out sequence etching of alloyed mix-
tures Al-Fe/SiO, and Al-Co/SiO, after the second stage
of mixing (before annealing) in alkaline (10% NaOH)
and acid (5% HCI) aqueous solutions with washing,
drying, and weighing. It was found that weight frac-
tions by cladding (sticking) with SiO, are (Al + Fe) :
SiO, =31:69 + 5% and (Al + Co) : SiO, =58 :42 + 5%.
As can be seen, powder SiO, is more intensely (~2 times)
clad with a mixture of (Al + Co) than (Al + Fe) under
the same conditions of dry grinding in a planetary
mill. In this case, after the first stage of mixing (before
introducing the SiO, powder), there were deviations in
the ratio of precursors Al : Fe and Al : Co that clad on
a working tool (jar, balls) from the initial ratio
Al : Fe(Co) = 40 : 60. If it was 35 : 65 £ 5% for Al : Fe,
which slightly differs from the initial value, then this
ratio for Al : Co (75 : 25 £+ 5%) is already significantly dif-
ferent from the initial gross value of ~40 : 60 (Al;Co,,
Al;Co). This circumstance allows us to at least partially
explain the observed phase transformations (Fig. 2).

The experimental results indicate that, firstly, one
should take into account the deviations of the gross
compositions of the precursors Al, Fe, and Co from
the grinding results at the stage of mechanical alloy-
ing, and, secondly, the temperature-time synthesis
conditions are insufficient for the formation of inter-
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Table 1. Fractional content of powder compositions, wt %

Powders <50 um 50—63 um | 63—100 um
Fe—Al/SiO, 27.1 15.5 57.4
Co—Al/SiO, 37.5 16.2 46.3

metallic structures Al;Fe,/Al;Fe and Al;;Co,/Al;Co.
Obviously, the presence of unreacted residues of Fe
and Co indicates the incompleteness of the process of
diffusion interaction of the precursors Al, Fe, and Co.
One should increase the holding time of powder mix-
tures Fe—Al/SiO, and Co—Al/SiO, at an annealing
temperature of 900°C.

The following way for technological optimization of
the mechanothermal synthesis can be proposed to obtain
a more homogeneous structure with a predominant con-
tent of aluminides Al ;Fe,/Al;Fe and CoAl;/Co,Al;;: it is
necessary to adjust the gross composition of precur-
sors Al, Fe, and Co and increase the duration of
annealing of the final mixtures Al—Fe/SiO, and Al—
Co/Si0O, at 900°C to 1—1.5 hours. Another way to
achieve the specified structural phase composition of
Alj;Fe,/AlsFe + Si0O, and Al ;Co,/Al;Co + SiO, is the
use of finer precursors or an increase in grinding time
in a planetary mill with the same intensity of 300 rpm.

CONCLUSIONS

1. The method of mechanothermal synthesis made
it possible to obtain powder samples of Fe—Al/SiO,
and Co-Al/SiO, of medium fineness with more than
50 wt % with the fraction of 63—100 um for Fe—
Al/SiO, and more than 40 wt % for Co-Al/SiO,; the
rest of the powders have a dispersion of <60 pwm.
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Fig. 2. The phase composition of the composite powders Fe—Al/SiO, (a) and Co—Al/SiO, (b) after annealing at 900°C for 30 min.
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2. It was experimentally established that mass frac-
tions of precursors Al, Fe, and Co are (Al + Fe) : SiO, =
31:69 + 5% and (Al + Co) : SiO, =58 :42 + 5% asa
result of cladding of powder SiO,.

3. It was found that annealing of powder samples in
vacuum at 900°C for 30 min is insufficient to complete
the thermosynthesis and obtain the required composi-
tion of composite powders Al;;Fe,/Al;Fe + SiO, and
Al;Co4/Al;Co + SiO,. It was also found that not all
precursors reacted in the required amount during such
annealing in the sample of Co—Al/SiO,. X-ray dif-
fraction of powders demonstrates that there are no sil-
icides and mullite of the AlgSi,O,; type under vacuum
annealing.

4. A set of possible measures for the technological
optimization of mechanothermal synthesis was pro-
posed. These are correction of the gross composition
of precursors Al, Fe, and Co with SiO,, the use of finer
precursors, an increase in grinding time in a planetary
mill, and an increase in the annealing time at 900°C.
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