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Production of dispersed metal-matrix multicomponent composites
Al/Cu—Mg—W-C in the arc discharge plasma
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The Al/Cu-Mg-W-C composite was synthesized in the plasma of an arc discharge generated by a coaxial
magnetoplasma accelerator with aluminum electrodes. The dispersed product contains nanoparticles of the unique
crystalline phase of cubic tungsten carbide WC;_y, hexagonal modification W,C, and copper and magnesium
spinels. The synthesized material is suitable for producing on its base bulk metal-matrix products reinforced with

superhard compounds.
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Aluminum and its alloys are among the materials most
commonly used in various constructional and functional
applications. Regardless of the benefits of using com-
ponent parts made from aluminum, manufacturers of a
variety of commercial products strive to develop next-
generation materials expected to compete in functionality
with conventional ones. The most promising way is,
first of all, to use various metal-matrix composites [1].
For instance, aluminum-matrix-based composite materials
combine excellent ductility, corrosion resistance, aluminum
recyclability and formability and, in addition, high rigidity,
strength, hardness and wear resistance of the ceramic
reinforcement component [2].

One of the trends in works devoted to metal-matrix
composites is reinforcement with nanodispersed particles,
as well as production of nanocomposites in general [3].
As such components for aluminum, there are commonly
used carbon structures (nanofibers, carbon nanotubes and
graphene nanoplates), as well as carbides (SiC, TiC,
B4C, etc.) [4-6]. One of the most promising reinforcing
materials seems to be nanodispersed tungsten carbide that,
being applied, improves the compositeswear resistance
and tribological characteristics, as well as high-temperature
mechanical and corrosion properties [7,8]. General problems
faced in nanocomposites fabrication and nanoreinforcement
are the difficulty of providing a uniform distribution of
the reinforcing component and its incompatibility with the
metal matrix, which restrict employing such materials in
various fields of engineering [9]. Another innovative strategy
for developing up-to-date metal-matrix composites is multi-
component (including high-entropy compounds) [10] and
hybrid [11] reinforcement, when adding various reinforcing
components to the metal matrix induces a number of
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synergistic effects promoting improvement of mechanical
and functional characteristics.

One of the ways to create the Al/W—C metal-matrix com-
posites with the possibility of implementing modern strate-
gies for their development is synthesis in a high-speed arc
discharge plasma jet generated by a coaxial magnetoplasma
accelerator. Previously there were conducted experiments
involving electrode systems made from aluminum and other
metals without introducing other substances into the channel
of plasma structure formation [12]. We have demonstrated
the possibility of synthesizing nonstoichiometric cubic tung-
sten carbide WC;_x for a graphite electrode system [13].
This crystalline phase is metastable and thermally sensitive
because of phase transitions taking place at temperatures
above 1000°C; this is why it can be preserved in the bulk
form being included in metal-matrix composites. In this
case, the preferable way to obtain the A/'WC;_y composite
is the in sifu approach implying that synthesis of WCj_y
proceeds if a dispersed material to be used as a charge
for subsequent fabrication of finished products (e.g. by
sintering) is formed simultaneously.

To obtain the dispersed composite, a coaxial magneto-
plasma accelerator with aluminum electrodes (alloy DI1)
was used. The material chemical composition is given in
Table 1. As the table shows, the most significant impurities
in the aluminum alloy are Cu and Mg Taking into
account that the metal matrix is created using this alloy, the
final composite may be represented as Al/Cu—Mg—WC;_y.
The last composite component (cubic tungsten carbide)
is formed by putting into the plasma structure formation
channel the tungsten/carbon mixture in the 0.171:0.031 g
ratio. As a power supply for the coaxial magnetoplasma
accelerator, a capacitive energy-storage device was used. At
the storage capacity of C = 14.4 mF and charging voltage of
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Figure 1. X-ray diffraction patterns of synthesized products from the main (/) and buffer (2) chambers.

Table 1. Elemental composition (in mass%) of the aluminum
alloy for the accelerator electrodes

Al Cu | Mg | Mn | Si Ti | Zn | Fe | Cr
947 | 35| 08 | 04 | 02 | 01 | 01 | 0.1 | 0.1

Table 2. Estimated contents of the crystalline phases contained in
the main-chamber and buffer-chamber synthesis products.

Content, mass%
Chamber
Al MgAlz O4+CuAlL,O4 | WC1x+W,C | AlkW
Main 89.9 20 3.0 5.1
Buffer | 534 26.0 17.2 34

U = 2kV, the released energy was 23.9kJ. The plasma jet
entered the main chamber connected to the low-pressure
buffer chamber for pumping out the highly dispersed
fraction of the suspended synthesized product.

As a result of plasmadynamic synthesis under the above-
mentioned conditions, dispersed materials were produced;
their phase compositions were studied by X-ray diffractom-
etry (Shimadzu XRD7000, CuK, radiation). Fig. 1 presents
X-ray diffraction patterns of the synthesized products from
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the main and buffer chambers. The main common feature
of the presented diffraction patterns is the predominant
content of the aluminum crystalline phase arising as a
result of electric erosion of the accelerator electrode system.
Results of the estimative (quantitative) X-ray phase analysis
(Table 2) performed by the Rietveld method using the
PDF2+ database and PowderCell 2.4 software package
showed that the aluminum content in the buffer-chamber
product (~ 53 mass%) is less than that in the main-chamber
(~ 90 mass%). In addition, the buffer-chamber product
is characterized by much broader diffraction reflections
and significantly smaller coherent-scattering region (11 and
72 nm for aluminum from the buffer and main chambers, re-
spectively), which confirms its high dispersion. Broadening
of the X-ray maxima is obvious not only for aluminum, but
also for other phases, i.e. all the buffer-chamber product is
nanodispersed.

Besides aluminum, other crystalline phases also exist in
the synthesized products. First, the material contains com-
pounds whose formation is explained by the composition
of aluminum alloy used to fabricate the electrode system.
These are spinels MgAl,O4 and CuAl,O4 whose formation
is caused, on the one hand, by the presence of copper and
magnesium in aluminum alloy D1, and, on the other hand,
by the presence of an oxide film consisting predominantly
of magnesium and copper oxides [14]. Just this film with
its constituent oxides of aluminum, magnesium and copper
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Figure 2. a,b — SEM images of the main-chamber synthesized product; ¢ — TEM image of the buffer-chamber product; the inset

presents the relevant electron-diffraction pattern.

is primarily exposed to the high-energy plasma jet which
induces its erosion and sublimation into the liquid-phase
state. After that, being under dynamic cooling conditions,
the film crystallizes in the nanoscale state with formation of
spinels contained first of all in the buffer-chamber product
in the amount of ~ 26 mass%. Thereat, the presence of
aluminum oxide phases was not revealed in the product.

Second, the product contains derivatives of tungsten
and carbon introduced in the plasma structure formation
channel, which are represented as WC;_x and W,C (pre-
dominantly, in the buffer-chamber product, ~ 17 mass%).
Synthesis of unique cubic phase WC;_x appears to be possi-
ble both in the system with metal electrodes and in the case
of graphite electrodes [13], however, in this case the product
contains also W,C, which is caused by a slight decrease in
the p—T parameters in metal plasma. Both phases (WC;_y
and W,C) are superhard (H > 20 GPa) and may be used
as reinforcing additives to the finished metal-matrix item. In
addition, under the plasma jet high-temperature conditions,
aluminum and tungsten interact with formation of relevant
tungsten aluminides of different stoichiometries (Al;2W,
AlsW and AlyW) with the total content of 3—35 mass%,; this
becomes possible when concentration of W atoms exceeds
its maximum solubility in liquid aluminum.

Fig. 2 presents the results of examining the products by
scanning electron microscopy (SEM) (Quanta 200 3D) and
transmission electron microscopy (TEM) (Philips CM12).
The main-chamber product contains large sphere-like ob-
jects I (Fig. 2,a) which are, in fact, sintered micron-sized
grains and clusters of highly dispersed particles 2 (Fig. 2, b)
which are also included in the buffer-chamber product. The
first type of objects may be unambiguously identified with

aluminum by analogy with other metallic systems [12]. As
the bright-field micrograph shows (Fig. 2,¢), the highly
dispersed fraction consists of nanoparticles 3 up to 20 nm
in size, which, according to the electron diffraction pattern,
belong predominantly to spinels (MgAl,O4 and CuAl,Oy4).
More contrasting nanoparticles 4 of the cluster may be
related to high-density tungsten carbides WC;_x, W,C and
a number of tungsten aluminides AlyW. This is confirmed by
the dark-field TEM image of the synthesized product, which
was obtained in the light of reflections 200 of crystalline
phase WC_y (designated in the electron diffraction pattern
as DF) and is presented jointly with the relevant bright-field
image (Fig. 3). The dark-field image (Fig. 3, ) demonstrates
glowing of reflecting planes of the considered particles
contrasting in the bright-field image (Fig. 3,a), which is
consistent with the initial assumption that they belong to
tungsten-containing high-density formations (cubic tungsten
carbide WC;_x among them).

Thus, the paper demonstrates the possibility of forming
in high-speed arc-discharge plasma the Al/Cu—Mg—W-C
composite containing nanoparticles of the metastable
WC,_x phase. The synthesized material is suitable for
producing on its base bulk metal-matrix products reinforced
with superhard compounds.
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Figure 3. TEM images of the buffer-chamber synthesized product. a —bright-field image, b — relevant dark-field image in the light of
200 WCy_x reflectors.
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