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Abstract: A novel approach to electric explosion of intertwined wires to obtain homogeneous powder
mixtures intended for preparing feedstock for extrusion 3D printing has been applied. The powder
were composed of spherical micron- and nano-sized W/Cu particles in-situ alloyed by Zn and Ni
during electric explosion of intertwined dissimilar metal wires is offered. The mean particle size
measured by micron-sized particles was not more than 20 pm. The average number size of these
particles was 3 um and it was dependent on the energy input. The powders contained phases such as
-W, B-W/W30 as well as FCC o-Cu(Zn) and «-Cu(Ni) solid solutions with the crystalline lattice
parameters 3.629 and 3.61 A, respectively.
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1. Introduction

The W-Cu pseudoalloys are widely used in different industries as functional materials
possessing high electric and heat conductances, and high resistance to erosion, wear
and radiation [1-3]. The use of casting for producing the W/Cu pseudoalloys is limited
due to great difference in their thermodynamic and physical parameters, and therefore
powder metallurgy is the most promising method that allows improving both the W/Cu
pseudoalloy’s physico-mechanical and functional characteristics [1].

The W/Cu pseudoalloys may be produced also using mechanical alloying [4] as well
as chemical [5,6] and physical [7,8] methods. An alternative method is used such as electric
explosion of wires that allows obtaining completely spherical particles [9] by passing a
current pulse with a current density as high as 10°~10° A/cm? through a metallic wire [10].
The instant heating changes the wire metal state from the solid to a two-phased state
defined as explosion products composed of micron- and nano-sized droplets + low ionized
plasma [11]. The next stage will be cooling and condensation of the expanding products
into spherical micron- and nanosized particles [12,13]. An advantage of this method would
be an opportunity for particle size adjustment by varying the energy input into a wire and
thus varying both the size and volume fraction of the micro- and nano-sized components
in the mixture [9,14].

It was shown [15,16] that the use of homogeneous powder blends prepared from both
micron- and nanosized particles allows obtaining feedstocks with improved characteristics
required for fabricating materials with high physico-mechanical properties using either
extrusion 3D printing or metal injection molding (MIM).

The use of simultaneous electric explosion of two and more dissimilar metal wires
allows obtaining particles composed of two or more elements [17,18]. Varying the wire
diameter and keeping its length constant makes it possible to vary the element content
in a particle as well as to modify its macrostructure for obtaining either Janus-like or
core-shell particles [19,20].
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The as-synthesized W/Cu particle metal may oxidize when exposed to air [21] and it
is especially crucial for the copper whose electric resistance greatly depends on the content
of oxygen. Therefore, particles should be subjected to hydrogen reduction before using any
consolidation method. Development of processes that permit either full or partial avoidance
of the copper particle oxidation is urgent for preparation of the copper-base feedstock for
both extrusion 3D printing and MIM. Depending on the chemical composition of a polymer
binder, all technological operations intended for homogenization of the feedstocks or
those performed in 3D extrusion printing are carried out at the temperatures in the range
100-250 °C, i.e., temperatures high enough for oxidizing the copper nanoparticles [22].

An alternative solution to this problem may be alloying the copper component by
such metals as Zn, Ni, Sn, Ag and thus reducing its oxidation degree, for example, in
fabricating the water-base copper-containing conductive ink for printing the integrated
electric circuits [23].

An analogous approach has been used in this work for producing micron- and nano-
sized W/Cu-Zn and W/Cu/Ni-Cr particles by electric explosion of wires in argon. The in
situ alloying of W/Cu particles with the above indicated elements would allow improving
mechanical and physico-mechanical characteristics of the feedstock and consolidated com-
ponents [1]. Alloying the particles with elements such as Zn, Ni and Cr would improve
wetting between W and Cu components, intensify sintering (Ni) and increase their hardness
due to precipitation of Cr in the copper matrix [24].

A part of the work must be devoted to analyzing the energy input effect on both
particle size distribution and formation of phases. Establishing these relationships is
necessary for producing the quality feedstock powders with different particle size dis-
tributions to be used for tailoring the characteristics of either consolidated or additively
manufactured composites.

2. Experimental Procedure
2.1. Electric Explosion Synthesis of Multimetallic Particles

The electric explosion of intertwined dissimilar metal W/Cu-37%Zn and W /Cu/79%Ni-21%Cr
wires was used to obtain the W/Cu-Zn and W/Cu/Ni/Cr powders composed of both micro- and
nano-sized particles in an electric explosion machine whose functioning utilized the RLC circuit
principle [25]. The explosion frequency was 0.5 Hz and the explosion parameters were determined
from the current dependencies I(t) measured using the Rogowski belt. The moment of time cor-
responding to the explosion of wire was determined by detecting a local minimum at the dl/dt
curve [26]. The amount of energy E input into the wire was calculated according to Equation (1) [27]

as follows:
¢ t 2 t
1 LI%(t) )
E(t) = Uy I(t)dt—[ I(t)dt] - — R [ P(t)dt 1)
A

0 0

where U is the capacitor bank charging voltage (kV), C is the total electric capacity of
the bank (iF), L is the inductance of the RLC-circuit (~0.75 uH), R is the ohmic resistance
of the RLC circuit (~0.086 Ohm) and XE; is the total sublimation energy of the wires
intertwined calculated from the reference data [28]. All the process parameters used for
producing both W/Cu/Zn and W/Cu/Ni/Cr powders are shown in Table 1. The wire
geometry parameters provided the relative contents of the constituent metals as follows
(mass %): W-17Cu-9.4Zn, W-23Cu-4.4Ni-1.1Cr. The energy input was varied by varying
the magnitude of the charging voltage Uj.
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Table 1. Electric explosion parameters used for producing W/Cu/Zn and W/Cu/Ni/Cr powders.

Composition

Wire Diameter, mm

Wire Length, mm C, uF Up, kV XE, ] P, MPa
Cu63Zn37 -

W/Cu/Zn

0.24

17

0.22 - 70 1.26 22 261 0.3
27

W/Cu/Ni/Cr

Cu Ni79 CI'21

0.24

0.20 0.1 70 1.26 18 310 0.3

2.2. Characterization of Powders

Two powder lots of 300 g each were produced and then passivated in air for 24 h to
exclude spontaneous oxidizing in further handling them. The basic diagram of electric ex-
plosion of wire process and machine used for producing the W/Cu/Zn and W/Cu/Ni/Cr
powders is shown in Figure la together with the macrograph of intertwined wires (Fig-
ure 1b). The intertwined wire pitch was 1 wind per 1 cm of length. It was found out that
this value allows neglecting the wire deformation effect on the energy release in passing
the current through it [29].

(b)

Figure 1. Schematic diagram (a) and view of intertwined dissimilar metal wires (b).

The powder production process is as follows. The intertwined wires are reeled up
and fixed inside the wire feeding device (Figure 1a, pos.1). The high-voltage electrode is
connected with the energy capacitor (Figure 1a, pos.8) via an air-gap discharge device and
then displaced to set the gap between the high-voltage and grounded electrodes inside the
explosion chamber (Figure 1a, pos.2). This gap defines the length of wire to be exploded.
On such an adjustment of the inter-electrode gap, the chamber is closed and evacuated
until reaching the residual air pressure of ~1 Pa. The next stage is filling the chamber with
argon up to its residual pressure of 0.3 MPa. On reaching this pressure level, the capacitor
system (Figure 1a, pos.8) starts charging as well as both argon circulation system (Figure 1a,
pos.7) and wire feed device (Figure 1a, pos.1) are activated

Adjusting the angular velocity of the wire feeder rollers allows specifying the required
value of the explosion frequency. The electric explosion of wire occurs when this wire
touches the high-voltage electrode. The explosion products are carried away by the argon
flow from the explosion chamber (Figure 1a, pos.2) to the separator (Figure 1a, pos.3) where
the non-exploded wire chunks as well as large >50 um in size drops are separated from
the powders which then carried away to the cyclone apparatus (Figure 1a, pos.5) and then
settle in the bin (Figure 1a, pos.6). On producing the desired amount of powder, the argon
pressure is decreased to the atmospheric level and powder is passivated in air.
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The particle micrographs were obtained using an SEM instrument, the Quanta 200 3D
(FEI Company, Hillsboro, OR, USA) attached with an EDS analyzer. The particle size
distribution was reconstructed from measuring the particle sizes in those SEM micrographs.
An X-ray diffractometer, the Shimadzu XRD 6000, CuKa (Shimadzu, Kyoto, Japan), was
used to obtain the powder diffractograms whose further identification was carried out using
the PDF2 database and XPowder 2004 software The coherent scattering area sizes (dcsr)
as well as crystalline lattice microdistortions were determined according to the Williams-
Hall method [30].

3. Results and Discussion

It is known [9] that the particle size distribution resulting from an electric explosion of
wire (EEW) is determined by the energy input with respect to total wire sublimation energy,
i.e., E/XZE; so that varying this ratio it becomes possible to produce either micron- or nano-
sized particles. If E/XE; value is within the 0.3-0.9 range then the major part of the powder
is represented with both micron- and submicron-sized particles. The nanosized particles
are the main fraction at E/XEs > 1.5. When E/%~E; values are within the 0.9-1.5 range the
powder is a homogeneous mixture composed of both micron- and nanosized particles.

Apart from the RLC-circuit parameters, the E/XE; ratio magnitude is also dependent
on the wire material, for instance, it is possible to provide an energy input much higher
than the total sublimation energy using wires made of metals possessing high electric
conductance and simultaneously low-melting points [11]. This kind of electric explosion
may be used for producing mainly nanosized particles of metals or alloys. According
to [31], the instant heating of a brass wire by passing through it a current pulse resulted
in its full sublimation and then condensation of the gaseous phase into the nanosized
particles. In comparison with the wire composition, the zinc-lean a-Cu solid solution
and zinc-rich CusZng phases are formed under conditions like that. The evaporation
of the brass wire creates conditions for enriching the nanoparticles with zinc because of
considerable differences in melting and boiling among the W, Cu and Zn metals. This
enriching leads to formation of ZnO on the particle surfaces, which is detrimental for the
W/Cu/Zn powder consolidation.

It should be noted, however, that the feasibility of full evaporation of a metal by
passing a current pulse through it is still in dispute [26,32].

Electric explosion of wires made of metals characterized by both a low electric conduc-
tance (79NiCr21 alloys) and high melting point can be carried out with an energy input
comparable to the total sublimation energy [11]; therefore, only micron-sized particles
would be obtained [33]. The above-discussed data allow suggesting that alloying the
copper particles with refractory elements in the electric explosion conditions can be limited
by not suitable particle size distribution of powders obtained from the intertwined W/Cu
and 79Ni21Cr wires.

Producing the W/Cu/Zn and W/Cu/Ni/Cr powders composed of both micro- and
nanosized particles and containing the desired a-W+ a-Cu(Zn, Ni) phases is feasible under
condition that there is a dependence between the energy input and phases formed

3.1. Electric Explosion Synthesis of W/Cu-Zn Powders

The time-dependent oscillograms of current (Figure 1a) and energy (Figure 1b) input
recorded during electric explosion of intertwined tungsten and brass wires showed that
increasing the charging voltage from 17 to 27 kV resulted in obtaining powders with the
energy input ratio E/XE varying within the range 0.5 to 1.25.

The current vs. time dependencies give evidence on existing different electric explosion
regimes depending upon the E/XE ratio. For instance, the explosion regime close to that
of short circuiting occurs at E/XZE; ~ 0.5. This regime is characterized by the low energy
release in the bulk of the metal [34]. There is a local minimum on the dI/dt curve at
t 7 2.15 ps that indicates on the sharp change in conductance caused by the explosion of
one of the wires. It is obvious that the brass wire would be first to explode in passing the
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current pulse because of its lower melting point and higher conductance in comparison to
the partner wire.

The intertwined wires are connected in parallel circuit so that their equivalent resis-
tance Ryjires is determined by the resistance Ry, of the tungsten one, which is increased
in passing the current in the time interval 2.15-4.0 ps and overpass the 2(LC) "% value
att ~ 4.0 us. An aperiodic discharge regime is established at t > 4.0 us when partial wire
metal is dispersed into melted drops whose diameter is close to that of the wire [35].

More discharge regime changes occur at E/XEs; ~ 0.8 and E/XE; ~ 1.25 when two
more local minimums appear at the dI/dt curves at t ~ 1.9 and t ~ 1.65 us (marked by
crosses in Figure 2b). These minimums can be related to the conductance changes caused
by the exploding brass wire. It is only a little of time when the discharge go into oscillation
regime which is characterized also as arcing. This transition to the oscillating arc discharge
means that Ryires < 2(LC) ™02 is true, i.e., there is sharp Ryyires fall that plausibly is due to
discharge occurring either by the brass wire explosion product or by the tungsten wire
surface. These discharges may also occur simultaneously as observed by the example
of exploding both copper and tungsten wires [36]. It is obvious that if occurred these
discharges would interfere with the efficiency of energy input.

I(t), [kA]

27 kV

22kV

17 kV

T . T i T : T B T

3 4 5 6 7 8

Pulse time, [us] Pulse time, [us]

Figure 2. Temporal oscillogram curves of current I(t) (a) and energy E/XE; (b) for electrical explosion
of W/Cu63Zn37(brass) wires. The cross marks denote transition to the arc discharge regime.

The BSE SEM micrographs and corresponding EDS maps of the W/Cu-Zn powders
showed they were composed of micron-sized tungsten particles and nano-sized copper
alloy ones (Figure 3). The mean particle size is decreased when increasing the E/XE;
ratio thus making more even the particle distribution histogram. It is noticed that more
tungsten particles form at higher E/XE (Figure 3¢ f,i). It is suggested that reducing the
W content when decreasing the E/XEs can be explained by preferential settling of the
large > 50pum -sized tungsten particles in the separator bin (Figure 1, pos.4), and vice versa
smaller tungsten particles are formed at higher E/X.E; values whose settling in the separator
is less probable.

Typical micrographs of the W/Cu-Zn particles produced with E/>XE; ~ 0.5, E/LE; ~ 0.8,
E/XE; ~ 1.25 are presented in Figure 4a—c together with the corresponding particle size
distributions, which show that the majority of the micron-sized particles were smaller than
10 pm. The increase in Uy from 17 to 27 kV was accompanied by the increase in the E/ZE;
ratio so that the micron-sized particles changed their mean size from 3.8 to 2.8 um. Note
that the increase in E/XE; from 0.8 to 1.25 kV has almost no effect on the mean size of the
micron-sized particles. Such a situation can be explained by formation a conductive channel
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(d)

(2)

at Uy > 22 kV (Figure 2a) that interfered with the energy input and, correspondingly, with the
particle size refining under conditions of the experiment.

Figure 5 shows the presence of phases such as «-W, 3-W/W30, and FCC «-Cu(Zn)
solid solution irrespective of the energy input level. A semi-quantitative analysis of the
corresponding XRD peak heights allows us to suggest that the amount of the 3-W/W30
phase increased with the energy input. Such a finding might have resulted from increasing
the cooling rate of the smaller liquid W drops produced by the explosion at higher energy
input, and better stabilization of the metastable 3-W. The increased amount of the W30
may be related to increasing the specific particle surface area, and, consequently more
intensive oxidizing.

The FCC o-Cu(Zn) phase with the crystalline lattice parameter a = 3.629 A corresponds
to a solid solution of Zn in Cu that also follows from the almost identical distributions of
Cu and Zn in the EDS maps (Figure 3).

Table 2 contains data on the size of coherent scattering areas dcsr and crystalline lattice
microdistortions Ad/d of phases identified in the sample using the XRD. The magnitudes
of both d¢sr and Ad/d decrease with increasing the E/ZE; that can be provided by reducing
the mean particles size of particles and forming more perfect crystalline lattice, respectively.
The latter can be achieved by due to transition to the arc discharge and corresponding
reducing the particle cooling rate.
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Figure 3. The BSE SEM image of the W/Cu/Zn particles (a) and EDS element distribution maps:
(a—c) E/SEs = 0.5, (d—f) E/SE = 0.8, (g-i) E/SE = 1.25.
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Figure 4. The BSE SEM images and corresponding particle size distributions of W/Cu/Zn powders.
(a) E/SE, =05, (b) E/SE, = 0.8, (c) E/SE = 1.25.
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Figure 5. The XRD patterns of the W/Cu/Zn as-exploded powder: Sample 1—E/XE; = 0.5,
Sample_2—E/XEs = 0.8, Sample_3—E/¥E; = 1.25.

I T
35 75

Table 2. Structural characteristics of W/Cu/Zn powders.

Sample_1 Sample_2 Sample_3
Phase
desr, nm Ad/d desr, nmM Ad/d desr, nmM Ad/d
x-Cu(Zn) 58 £14  0.129 +£0.018 27 £5 0.069 £ 0.024 34+5 0.026 £ 0.020
o-W 174 £53  0.083 £ 0.021 48 +2 0.012 £ 0.005 46 £2 0.012 £ 0.006

B-W/W30 56 + 8 0.199 + 0.102 48 + 4 0.030 & 0.008 35+6 0.042 + 0.036

3.2. Electric Explosion Synthesis of W/Cu/Ni-Cr Powders

The current and energy input diagrams were obtained during electric explosion
of intertwined W/Cu/79%Ni/21%Cr wires at the energy input levels 18, 22 and 27 ]
(Figure 6a,b). The corresponding E/Y.E; ratio increased from 0.5 to 1.1.

The time dependencies of the current allows us to suggest the existence of different
explosion regimes, for instance, the regime close to that of short circuiting occurs for
E/ZEs; ~ 0.5 and E/ZE; ~ 0.7. The dl/dt curves allow identifying local minimums at t ~ 2.4
and t ~ 2.0 us which can be related to explosion of the copper wire. The aperiodic regime
is established for E/XEs; ~ 0.5 and E/XEs; ~ 0.7 at t > 4.5 ps and ¢ > 3.5 ps, respectively.
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(a) 35

L(1), [kA]

30 14
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Figure 6. Temporal oscillogram curves of current I(t) (a) and energy E/XE; (b) for electrical explosion
of W/Cu/Ni79Cr21 wires. The cross marks denote transition to the arc discharge regime.

No explosion regime changes occur for E/XE; ~ 1.1, and dI/dt minimum at f = 1.7 ps
testify on the conductance changes appeared dute to explosion of the copper wire. The next
stage is the transition to the oscillating current regime denoted by cross marks in Figure 6a.

The SEM micrographs and EDS element distribution maps (Figure 7) were obtained
from the W/Cu/Ni-Cr powder and suggested it was composed of both micron- and
nano-sized particles. The micron-sized ones are represented by nickel-chromium and
tungsten ones. It was noted above that increasing the E/XE; ratio improves the particle
size distribution homogeneity due to reduction of the mean particle size. Also the content
of W in the W/Cu/Ni-Cr powder is increased analogously to that in the above-discussed
W/Cu/Zn powders (Figure 7c,f,i).

The W/Cu/Ni-Cr powder micrographs (Figure 8a—c) and corresponding particle size
distributions show that almost all the micron-sized particles were smaller than 10 um
irrespective of the energy input Uj. Their mean size decreased from 4.4 to 3.6 um in
accordance to corresponding increasing of the E/XE; ratio. Again, increasing the E/ZE;
from 0.7 to 1.1 had not any essential effect on the micron-sized particles because of formation
of the conductive channel at E/XE; > 0.7 (Figure 6a) with the corresponding detrimental
effect on the efficiency of energy input under existing experimental conditions.

The XRD patterns in Figure 9 demonstrate that all the samples contain the same phases
such as a-W, 3-W /W30, and an FCC phase irrespective of the energy input level. Again,
the higher energy input resulted in the increased content of the 3-W /W30 phases. The FCC
phase obtained after electric explosion at charging voltages above 22 kV had the crystalline
lattice parameter a = 3.61A and was identified as an a-Cu(Ni) solid solution earlier detected
when studying the Cu(Ni) nanoparticles produced via electric explosion [37].

Table 3 demonstrates the the data on measuring the coherent scattering area sizes dcsr
and crystalline lattice microdistortions Ad/d obtained from the XRD peak broadening of
phases detected in W/Cu/Ni-Cr powders. Analogously to the above-described data for
W /Cu/Zn (Table 2) both these characteristics reduce as the E/ZE; ratio is increased.

Table 3. Structural characteristics of W/Cu/Ni/Cr powders.

Sample_1 Sample_2 Sample_3
Phase
desr, N Ad/d desr, N Ad/d desy, NM Ad/d
a-Cu(Ni) 4721 0.089 £ 0.022 2249 0.084 £0.018 20+15  0.055+0.034
o-W 237 £22 0.048+0.023 123+31 0.037£0.012 69+12 0.032 £ 0.011

B-W/W30  35£12 0.137+0.072 26+£11 0.077£0.038 27+13  0.068 £ 0.041
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Figure 7. The SEM image of the W/Cu/Ni-Cr particles and EDS element distribution maps:
(a—c) E/SE; = 0.5, (d—f) E/SEs = 0.7, (g-i) E/SEs = 1.1.

The results obtained from the above-described experiments demonstrate that the
electric explosion method allows producing micron-and nano-sized powders directly from
dissimilar metal wires. It is worth noting that the energy input level had different effects
on the particle size of W/Cu/Zn and W/Cu/Ni/Cr powders. For W/Cu/Zn powders
the micron particle size distribution became more narrow when increasing the charging
voltage Uy (energy input) while coarse >10 um in size particles retained their presence
in W/Cu/Ni/Cr powders. This fact can be explained by specific heating conditions
existing on a high electrical-resistance nickel-chromium wire while passing a current pulse
through it. The current is limited by high electric resistance of the wire and, therefore, the
explosion products are represented by both micron- and nanosized droplets without the
gas phase [28]. The crossover to current oscillation regime at Uy > 22 kV interferes with the
energy input either into the wire or its explosion products so that the micron-sized Ni-Cr
particles are retained.

It can be concluded that alloying copper particles by nickel in W/Cu powders by
means of using nickel-chromium wires is almost useless because of obtaining inhomoge-
neous x-Cu(Ni) particle size distributions. The more promising approach here may be to
use W/Cu/Ni wires because of lower electric resistance of Ni or CuNi alloys as compared
to that of Ni-Cr.
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For the W/Cu-Zn powders, the increase in Uy results in reducing the micron-size
particle size distribution range. In our opinion, this is due to lower specific resistance of
copper as compared to that of tungsten and, therefore, achieving of a higher energy input
ratio E/XE,, which, however, does not result in full sublimation of copper as follows from
the absence of any Zn-base phases in the powders obtained [31].

The results obtained in the course of this work indicate on the necessity of further
investigations to be focused on optimization of elemental composition of the powders. It is
known [1] that the majority of W-Cu composites contain not less than 30 wt.% of copper.
Our results show that the content of tungsten in our powders is 65-60 wt.%, i.e., less that
of the intertwined wires (71-73 wt.%). Enriching the produced powder with tungsten
to >70 wt.% may be achieved by using the tungsten wires of large diameters as well as
adjusting the separation procedure.
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Figure 8. The BSE SEM image and particle size distribution of W/Cu/Ni-Cr. (a) E/XEs; = 0.5,
(b) E/SE; =0.7, () E/XEs = 1.1.
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Figure 9. XRD patterns of the W/Cu/Ni/Cr as-exploded powder. Sample_1—E/XE; = 0.5,
Sample_2—E/>Es; = 0.7, Sample_3—E/¥E; = 1.1.

4. Conclusions

Simultaneous electric explosion of the intertwined W/Cu-Zn and W/Cu/Ni-Cr wires
allowed producing W/Cu/Zn and W/Cu/Ni/Cr powders containing micron- and nano-
sized particles. As shown, the increase in the energy input into the W/Cu-Zn wire from
0.5E; to 1.25E; resulted in reducing the mean particle size from 3.6 to 2.8 um. The powder
was composed of phases as follows: «-W, 3-W /W30, and FCC «-Cu(Zn) with crystalline
lattice parameter a ~ 3.629 A.

Increasing the energy input into W/Cu/79Ni/21Cr wires from 0.5Es to 1.1E reduced
the mean particle size from 4.4 to 3.6 um. The phases detected in the powder were «-W,
B-W/W30 and FCC «-Cu(Ni) with crystalline lattice parameter a ~ 3.61 A. The particle
size analysis and EDS elemental distribution indicated the presence of micron-sized Ni-Cr
particles. Such a finding demonstrated the inefficiency of using nickel-chromium wires
for electric explosion production of copper-nickel-containing powders and necessity of
replacing them with nickel ones.

As shown by varying the wire diameter it is possible to obtain homogeneous mixtures
of micron- and nanosized particles with various element content ratio values, which allows
for synthesizing W-30 wt.%(Cu, Ni, Zn, etc.) powders possessing the desired functional
characteristics.

It was shown by the above-discussed results that electric explosion of intertwined dis-
similar metal wires is a promising method for synthesizing homogeneous powder mixtures
composed of dissimilar metal particles with different particle-size distributions that allow
tailoring the characteristics of the powder feedstocks intended for 3D extrusion printing.



Materials 2023, 16, 955 13 of 14

Author Contributions: Conceptualization, M.L. and S.T.; methodology, M.L.; software, K.S.; vali-
dation, M.L., S.T. and A.P,; formal analysis, A.P,; investigation, K.S.; resources, A.P.; data curation,
K.S.; writing—original draft preparation, M.L.; writing—review and editing, S.T.; visualization, A.P.;
supervision, M.L.; project administration, M.L.; funding acquisition, M.L. All authors have read and
agreed to the published version of the manuscript.

Funding: The study was supported by a grant Russian Science Foundation (project No. 21-79-30006).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wang, Y.; Zhuo, L.; Yi, E. Progress, challenges and potentials/trends of tungsten-copper (W-Cu) composites/pseudo-alloys:
Fabrication, regulation and application. Int. . Refract. Met. Hard Mater. 2021, 100, 105648. [CrossRef]

2. Hou, C,; Song, X.; Tang, F,; Li, Y.; Cao, L.; Wang, ].; Nie, Z. W—Cu composites with submicron- and nanostructures: Progress and
challenges. NPG Asia Mater. 2019, 11, 74. [CrossRef]

3.  Zhang, X.; Hattar, K.; Chen, Y.; Shao, L.; Li, J.; Sun, C.; Yu, K.; Li, N.; Taheri, M.L.; Wang, H.; et al. Radiation damage in
nanostructured materials. Prog. Mater. Sci. 2018, 96, 217-321. [CrossRef]

4. Aboud, T.; Weiss, B.-Z.; Chaim, R. Mechanical alloying of the immiscible system W-Cu. Nano Struct. Mater. 1995, 6, 405-408.
[CrossRef]

5. Guo, Y.; Guo, H,; Gao, B.; Wang, X.; Hu, Y.; Shi, Z. Rapid consolidation of ultrafine grained W-30 wt.% Cu composites by field
assisted sintering from the sol-gel prepared nanopowders. J. Alloys Compd. 2017, 724, 155-162. [CrossRef]

6. Wang, X.; Wei, S.; Xu, L.; Li, J.; Li, X.; Shan, K. Preparation of W-Cu nano-composite powders with high copper content using a
chemical co-deposition technique. Adv. Powder Technol. 2018, 29, 1323-1330. [CrossRef]

7. Li, X;;Hu, P; Wang, J.; Chen, S.; Zhou, W. In situ synthesis of core-shell W-Cu nanopowders for fabricating full-densified and
fine-grained alloys with dramatically improved performance. J. Alloy. Compd. 2021, 853, 156958. [CrossRef]

8. Oh, J.-W.; Na, H.; Cho, Y.S.; Choi, H. In Situ Synthesis of Bimetallic Tungsten-Copper Nanoparticles via Reactive RadioFrequency
(RF) Thermal Plasma. Nanoscale Res. Lett. 2018, 13, 220. [CrossRef]

9.  Kotov, Y.A. The electrical explosion of wire: A method for the synthesis of weakly aggregated nanopowders. Nanotechnologies
Russ. 2009, 4, 415-424. [CrossRef]

10. Romanova, V.; Ivanenkov, G.; Mingaleev, A.; Ter-Oganesyan, A.; Shelkovenko, T.; Pikuz, S. Electric explosion of fine wires: Three
groups of materials. Plasma Phys. Rep. 2015, 41, 617-636. [CrossRef]

11.  Sarkisov, G.S.; Sasorov, P.V.; Struve, K.W.; McDaniel, D.H. State of the metal core in nanosecond exploding wires and related
phenomena. J. Appl. Phys. 2004, 96, 1674. [CrossRef]

12. Ly, F; Liu, P; Qi, H,; Liu, J.; Sun, R.; Wang, W. The early stage of the thermal pulse explosions of aluminum nanowires under
different energy deposition levels. Comput. Mater. Sci. 2019, 170, 109142. [CrossRef]

13.  Shi, H.; Wu, J; Li, X.; Murphy, A.; Li, X,; Li, C; Li, P. Understanding the nanoparticle formation during electrical wire explosion
using a modified moment model. Plasma Sources Sci. Technol. 2019, 28, 085010. [CrossRef]

14. Pervikov; Toropkov, N.; Kazantsev, S.; Bakina, O.; Glazkova, E.; Lerner, M. Preparation of Nano/Micro Bimodal Aluminum
Powder by Electrical Explosion of Wires. Materials 2021, 14, 6602. [CrossRef] [PubMed]

15.  Krinitcyn, M.; Toropkov, N.; Pervikov, A.; Glazkova, E.; Lerner, M. Characterization of nano/micro bimodal 316L SS powder
obtained by electrical explosion of wire for feedstock application in powder injection molding. Powder Technol. 2021, 394, 225-233.
[CrossRef]

16. Oh,J.W,; Ryu, SK; Lee, W.S; Park, S.J. Analysis of compaction and sintering behavior of 316L stainless steel nano/micro bimodal
powder. Powder Technol. 2017, 322, 1-8. [CrossRef]

17.  Pervikov, A.; Pustovalov, A.; Afonnikova, S.; Bauman, Y.; Mishakov, I.; Vedyagin, A. Synthesis and structure of NiCu and NiAl
electroexplosive nanoparticles for production of carbon nanofibers. Powder Technol. 2023, 415, 118164. [CrossRef]

18. Pervikov, A.; Suliz, K.; Kazantsev, S.; Rodkevich, N.; Tarasov, S.; Lerner, M. Preparation of nano/micro-bimodal Ti/Al/(Mo, W,
Cu) powders by simultaneous electrical explosion of dissimilar metal wires. Powder Technol. 2022, 397, 117093. [CrossRef]

19. Khrustalev, A.; Pervikov, A.; Chumaevskii, A.; Suliz, K.; Vorozhtsov, A.; Lerner, M. Physical and mechanical properties of
Cu-20wt.%W composites synthesized by explosive compaction of bimetallic nanoparticles. Russ. Phys. J. 2020, 62, 1822-1830.
[CrossRef]

20. Pervikov, A.; Filippov, A.; Mironov, Y.; Kalashnikov, M.; Krinitcyn, M.; Eskin, D.; Lerner, M.; Tarasov, S. Microstructure and

properties of a nanostructured W-31 wt% Cu composite produced by magnetic pulse compaction of bimetallic nanoparticles. Int.
J. Refract. Met. Hard Mater. 2022, 103, 105735. [CrossRef]


http://doi.org/10.1016/j.ijrmhm.2021.105648
http://doi.org/10.1038/s41427-019-0179-x
http://doi.org/10.1016/j.pmatsci.2018.03.002
http://doi.org/10.1016/0965-9773(95)00082-8
http://doi.org/10.1016/j.jallcom.2017.07.023
http://doi.org/10.1016/j.apt.2018.02.027
http://doi.org/10.1016/j.jallcom.2020.156958
http://doi.org/10.1186/s11671-018-2623-1
http://doi.org/10.1134/S1995078009070039
http://doi.org/10.1134/S1063780X15080085
http://doi.org/10.1063/1.1767976
http://doi.org/10.1016/j.commatsci.2019.109142
http://doi.org/10.1088/1361-6595/ab216f
http://doi.org/10.3390/ma14216602
http://www.ncbi.nlm.nih.gov/pubmed/34772129
http://doi.org/10.1016/j.powtec.2021.08.061
http://doi.org/10.1016/j.powtec.2017.08.055
http://doi.org/10.1016/j.powtec.2022.118164
http://doi.org/10.1016/j.powtec.2021.117093
http://doi.org/10.1007/s11182-020-01912-z
http://doi.org/10.1016/j.ijrmhm.2021.105735

Materials 2023, 16, 955 14 of 14

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

Krinitcyn, M.; Svarovskaya, N.; Lerner, M. The effect of low-temperature auto-ignition of W-Cu,O nanopowders with core-shell
structure. Vacuum 2022, 197, 110837. [CrossRef]

Yabuki, A.; Tanaka, S. Oxidation behavior of copper nanoparticles at low temperature. Mater. Res. Bull. 2011, 46, 2323-2327.
[CrossRef]

Kawamura, G.; Alvarez, S.; Stewart, I.; Catenacci, M.; Chen, Z.; Ha, Y.-C. Production of oxidation-resistant Cu-based nanoparticles
by wire explosion. Sci. Rep. 2015, 5, 18333. [CrossRef] [PubMed]

Cao, L.; Hou, C,; Tang, F,; Han, T.; Huang, X; Li, Y.; Wu, G,; Liu, C.; Liang, S.; Luan, ].; et al. Wear-resistance enhancement of
nanostructured W-Cu-Cr composites. Int. |. Refract. Met. Hard Mater. 2021, 101, 105673. [CrossRef]

Lozhkomoev, A.S.; Pervikov, A.V.; Kazantsev, S.0.; Sharipova, A.F,; Rodkevich, N.G.; Toropkov, N.E.; Suliz, K.V.; Svarovskaya,
N.V.,; Kondranova, A.M.; Lerner, M.I. Synthesis of Fe/Fe30, core-shell nanoparticles by electrical explosion of the iron wire in an
oxygen-containing atmosphere. J. Nanopart. Res. 2021, 23, 73. [CrossRef]

Romanova, V,; Ivanenkov, G.; Mingaleev, A.; Ter-Oganesyan, A.; Tilikin, I.; Shelkovenko, T.; Pikuz, S.A. On the phase state of thin
silver wire cores during a fast electric explosion. Phys. Plasmas 2018, 25, 112704. [CrossRef]

Kvartskhava, I.; Bondarenko, V.; Pliutto, A.; Chernov, A. Oscillographic determination of energy of electric explosion of wires.
J. Exp. Theor. Phys. 1956, 31, 745-775. Available online: http://jetp.ras.ru/cgi-bin/dn/e_004_05_0623.pdf (accessed on 13
January 2023).

Haynes, W.M. CRC Handbook of Chemistry and Physics, 97th ed.; CRC Press: Boca Raton, FL, USA, 2017; p. 2643.

Ishihara, S.; Koishi, T.; Orikawa, T.; Suematsu, H.; Nakayama, T.; Suzuki, T.; Niihara, K. Synthesis of intermetallic NiAl compound
nanoparticles by pulsed wire discharge of twisted Ni and Al wires. Intermetallics 2012, 23, 134-142. [CrossRef]

Dinnebier, R.; Billinge, S. Powder Diffraction Theory and Practice; RSC Publishing: Oxfordshire, UK, 2008; p. 582.

Wang, Q.; Yang, H.; Shi, J.; Zou, G. Preparation and characterization of nanocrystalline powders of Cu-Zn alloy by wire electrical
explosion method. Mater. Sci. Eng. A 2001, 307, 190-194. [CrossRef]

Sarkisov, G.S. Anomalous transparency at 1064 nm of a freely expanding gas cylinder in vacuum during fast electric explosion of
thin metal wires. J. Appl. Phys. 2022, 131, 105904. [CrossRef]

Pikuz, S.; Shelkovenko, T.; Sinars, D.; Greenly, J.; Dimant, Y.; Hammer, D. Multiphase Foamlike Structure of Exploding Wire
Cores. Phys. Rev. Lett. 1999, 83, 4313. [CrossRef]

Han, R.; Wu, J.; Zhou, H.; Ding, W.; Qiu, A.; Clayson, T.; Wang, Y.; Ren, H. Characteristics of exploding metal wires in water with
three discharge types. J. Appl. Phys. 2017, 122, 033302. [CrossRef]

Apollonov, V.V,; Pletnev, N.V. Formation of Extended Directional Breakdown Channels Produced by a Copper Wire Exploding in
the Atmosphere. Tech.Phys. 2013, 58, 1770-1782. [CrossRef]

Han, R.; Zhu, W,; Wy, J.; Li, C.; Zhang, C.; Cui, R.; He, F,; Ouyang, J.; Wang, Y.; Ding, W. Spatial-temporal evolution of plasma
radiation in electrical wire explosion: A morphological observation. J. Phys. D Appl. Phys. 2020, 53, 345201. [CrossRef]

Lee, G.-].; Lee, J.-H,; Lee, D.; Park, K.-I; Jeong, C.K,; Park, ].-].; Lee, M.-K. Synthesis and characterization of carbon-coated Cu-Ni
alloy nanoparticles and their application in conductive films. Appl. Surf. Sci. 2021, 566, 150672. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.vacuum.2021.110837
http://doi.org/10.1016/j.materresbull.2011.08.043
http://doi.org/10.1038/srep18333
http://www.ncbi.nlm.nih.gov/pubmed/26669447
http://doi.org/10.1016/j.ijrmhm.2021.105673
http://doi.org/10.1007/s11051-021-05180-x
http://doi.org/10.1063/1.5052549
http://jetp.ras.ru/cgi-bin/dn/e_004_05_0623.pdf
http://doi.org/10.1016/j.intermet.2011.12.026
http://doi.org/10.1016/S0921-5093(00)01966-3
http://doi.org/10.1063/5.0082990
http://doi.org/10.1103/PhysRevLett.83.4313
http://doi.org/10.1063/1.4994009
http://doi.org/10.1134/S1063784213120049
http://doi.org/10.1088/1361-6463/ab8b07
http://doi.org/10.1016/j.apsusc.2021.150672

	Introduction 
	Experimental Procedure 
	Electric Explosion Synthesis of Multimetallic Particles 
	Characterization of Powders 

	Results and Discussion 
	Electric Explosion Synthesis of W/Cu-Zn Powders 
	Electric Explosion Synthesis of W/Cu/Ni-Cr Powders 

	Conclusions 
	References

