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Novel mixtures of micro- and nanoparticles have been obtained by simultaneous electrical explosion of three
intertwisted wires (EEW). The possibility of obtaining of titanium‑aluminum micro- and nanoparticles alloyed
with molybdenum, tungsten and copper by the electrical explosion of Ti/Al/(Mo, W, Cu – up to 6 at. %) wires
has been shown. Spherical particle with sizes from 20 nm to 7 μm are formed under condition of introducing
the electric energy at the level of 0.57–0.77 of the total sublimation energy. The mass content of particles with
sizes less than 100 nm does not exceed 10%. The phase composition of powders includes double and triple inter-
metallic phases, titaniumoxide (TiO) aswell as phases of the initial metals. The study of the phase composition of
bulk materials obtained by sintering powders Ti-Al-Mo, Ti-Al-W and Ti-Al-Cu for 2 h at 1000 °C showed the in-
crease in the content of intermetallic phases, providing enhanced physical and mechanical properties of the
titanium‑aluminum alloys. The results of the studies show that the obtained powders alloys can be used to pro-
duce feedstocks of TiAl alloys.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Development of processes intended for fabrication of figurine-
shaped components from heavily filled 40–60 vol% polymers (granu-
lated or filament feedstocks) is a relevant objective inmodernmaterials
science and industry [1]. The above-mentioned processes include feed-
stock extrusion [2,3] and injection [4,5] of powder fillers such as copper
[6], stainless steel 316 L [7], magnesium alloy AZ91 [8], oxides [9], and
cemented carbides [10,11]. Titanium-based feedstocks are to become
of great demand now for fabricating, for example, intermetallic com-
pound (IMC) TiAl that is widely used in automobile and aircraft indus-
tries as well as in medicine [12–14].

Fluidity is a key characteristic of the feedstock performance and it is
determined by characteristics such as the chemical nature of the binder
used [15] and particle size distribution [16]. It was shown [17] that flu-
idity improved when the feedstock was prepared by blending together
micron- and nanosized particles. Such an approach allowed also to
reduce the sintering temperature and thus improve the physic-
mechanical characteristics of the articles sintered [18]. These results
can be evidence in favor of further efforts to be undertaken for obtaining
high-fluidity homogeneous feedstocks by intermixingmicro- and nano-
sized metallic particles.
ate University, Tomsk, Russia.
A promising process for fabrication of suchmicro/nano particle mix-
tures can be electric explosion of wires (EEW), which is a single stage
one that allows producing spherical particles with the desired particle
size distribution in the range of 10−8 to 10−5 m [19]. Other advantages
of this process include low power consumption at the level of
25–50 kW/h × kg and controlled buffer gas composition which allows
adjusting both dispersion and phase composition of the particles pro-
duced [20,21].

The first use of EEW for fabricating homogeneous micro/nano parti-
cle mixtures by the example of Ti/Al particles was reported [22] when
intertwisted Ti and Al wires were exploded and allowed obtaining
spherical particles of various phase compositions and size distributions
for the benefit of improving both feedstock fluidity and sintered sample
characteristics [23–25].

The results of investigations obtained in this field allow observing
that higher functional characteristics of the TiAl IMCs can be achieved
by extra alloying them with other metals [26,27], for instance, adding
3 at.% of Fe and Co improved both mechanical strength and plasticity
characteristics of the TiAl [28]. Alloying the TiAl with 3 to 15wt%Mo re-
sulted in improved strength and corrosion resistance [29], while adding
W and Mo resulted in higher heat resistance and high-temperature
strength [30].

The above-discussed results enabled us to make it the objective of
this work to:
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- EEWproduce TiAlmicro/nanoparticles alloyedwithMo,W, and Cu
from three intertwisted wires, characterize then for particle size distri-
bution and phases.

- Form green samples and sinter them to obtain bulk samples with
phases to provide the desired level of functional characteristics.

Using bothW andMo for alloying the TiAl can be justified by the ne-
cessity of attaining higher heat resistance and high-temperature
strength to the figurine-shaped articles produced by extrusion of pow-
der feedstock with the following removal of polymer binder and
sintering the micro/nano particles.

Copper is a good alloying element to improve the plasticity of Al3Ti-
based TiAl alloy, which usually provide high heat resistance but low
plasticity [31]. The results of this workmay be then used for developing
TiAl micro/nano feedstocks.

2. Experimental

2.1. Preparation of powders

Ti/Al/(Mo, W, Cu) micro- and nanoparticles were prepared using an
EEWmachine as previously reported elsewhere [21]. The energy (E(t))
and temporal characteristics of the simultaneous EEW on three
intertwisted wires of dissimilar metals as shown in Table 1 were deter-
mined from corresponding time dependences of current (I(t)) and volt-
age (U(t)) recorded using an ohmic voltage divider, a current shunt and
a digital oscilloscope [23]. The EEW parameters are given in Table 1,
where dw is the wire diameter of the, lw is wire length, N is the mass
fraction of metal in the products of the simultaneous EEW, C is the elec-
tric capacity of the capacitor bank, U0 is the charging voltage of the
capacitor bank, Es is the sublimation energy of the metal, P is the
pressure of the buffer gas (argon, 0.3 MPa). To calculate the E/Es
parameter, the magnitude of E was determined from experimental
data plotted in Fig. 2, Fig. 5 and Fig. 8. The magnitude of Es was
calculated as algebraic sum of sublimation energies of corresponding
wire metals (∑Es) from Table 1. The frequency of wire explosions
was 0.3 Hz, and the mass of the powder samples prepared was 200 g.
Upon the preparation, the powder samples were passivated with
atmospheric oxygen for 48 h to prevent spontaneous ignition when
working.

2.2. Characterization of powders

Particle size distribution was determined by sedimentation analysis
using a disc centrifuge CPS DC24000 as follows. A powder load of
0.020 ± 0.002 g was placed into 10 mL of distilled water and sonicated
there for 1 min. A 0.1 mL aliquot was then sampled and examined for
particle size distribution using particle population not less than
5.0–6.0 109 particles.

The particle micrographs and EDS element distribution maps were
obtained using a scanning electron microscope (SEM) «LEO EVO 50»
(Zeiss, Germany) and transmission electron microscope JEOL JEM-
2100 (Tokyo Boeki Ltd., Japan).
Table 1
Parameters of the Ti/Al/Me (Mo, W, Cu) simultaneous EEW.

Sample Metal dw, mm lw, mm N, wt% C, μF U0, kV Es, J P, MPа

Ti-Al-Mo Ti 0.30 80 60 1.6 22 252 0.3
Al 0.25 25 130
Mo 0.10 15 44

Ti-Al-W Ti 0.30 80 44 2.4 21 252
Al 0.35 35 255
W 0.10 21 34

Ti-Al-Cu Ti 0.30 80 42 3.2 20 252
Al 0.42 49 366
Cu 0.10 9 30
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The phase compositions of the powder and sintered sampled were
determined using an XRD-6000 diffractometer (Shimadzu, Kyoto,
Japan), CuKα radiation. The data obtained were processed using
XPowder CELL 2.4 ver.2004 software package.

2.3. Preparation of bulk samples

The temperature/time diagram in Figure shows a regime applied for
sintering all three powder compositions Ti/Al/Me (Mo, W, Cu).

The pre-pressed green samples were held for in a chamber with re-
sidual pressure of 1 Pa at 200 °C for 2 h in order to remove the gas
adsorbed on the surface of the particles. Then, the samples were
sintered at 1000 °C for 2 h. All samples had the following geometric di-
mensions after pressing: diameter 20.0 ± 0.25 mm, height 4.0 ±
0.15 mm. The masses of the sintered TiAlMo and TiAlW samples were
4 g, TiAlCu - 3 g.

3. Results

3.1. Ti-Al-Mo powder

Fig. 2a shows the I(t), U(t) and E(t) curves typical for the simulta-
neous triple Ti/Al/Mo wire EEW. Time dependence of I(t) shows that
the mode of simultaneous Ti/Al/Mo EEW is close to that of low rate en-
ergy release and low efficiency [32]. The ratio of the energy input into
the wires E to the total sublimation energy Es of titanium, aluminum,
and molybdenum wires was assumed as 0.66. It should be noted that
due to the lower electrical resistivity of aluminum in comparison with
titanium and molybdenum, the E/∑Es value for the aluminum would
be greater than the total value of 0.66. It was earlier established by the
example of dual Ti/Al wire explosion at E/∑Es ≈ 0.85, 1.25, and 1.48
that values of E/Es for Ti and Al wires had approximate magnitudes
0.70, 1.0, 1.16 and 1.0, 1.52, 1.84, respectively [22]. These data show
that in combined explosion of three wires such as Ti/Al/Mo, the E/Es
magnitudes would be less 0.66, i.e. the mean value. At E/∑Es ≈ 0.66,
the most of the expanding Ti/Al/Mo EEW products will be a mixture of
micron and submicron droplets of liquid metals such as Ti, Mo, and Al.
The existence of the above-described phase state of the Ti/Al/Mo EEW
products is determined by previously established relationships between
the E/∑Es value and the phase state of the expanding EEW products
[33,34].

Particle size distribution and corresponding mass/size distribution
are shown in Fig. 2b, c, respectively. According to Fig. 2c the number av-
erage size of Ti-Al-Mo particles is in the range 30–40 nm. The mass
Fig. 1. Processing scheme for the sintering of pressed Ti/Al/Me (Mo, W, Cu) samples.



Fig. 2. Time dependencies of I(t), U(t) and E(t) for the simultaneous Ti/Al/Mo EEW (a), particle size distribution (b) and cumulative mass/size distribution (с).

Fig. 3. SEM image of the Ti/Al/Mo particles (a) and EDS element distribution maps of titanium (b), aluminum (с) and molybdenum (d).
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Fig. 4. TEM image of the Ti/Al/Mo particles (a) and elemental distribution maps of titanium (b), aluminum (с) and molybdenum (d).
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distribution curve in Fig. 2c allows observing that the mass fraction of
particles with sizes below 100 nm is not higher 5wt%. Themass fraction
of micron-sized particles is about 20 wt%.
Fig. 5. XRD patterns of the Ti-Al-Mo as-explode
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Fig. 3a shows an SEM BSE image of the particles and EDS element
distribution maps (3b-3d). The EDS data allow observing the homoge-
neous distribution of elements over the probe area. At the same time,
d powder (a) and as-sintered sample (b).



Fig. 6. Time dependencies of I(t), U(t) and E(t) for the simultaneous Ti/Al/W EEW (a). Particle size distribution (b) and cumulative mass/size distribution (с).
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micron-sized particles of initial metals are also present in the sample.
The presented data show that the SEM results relating to particle size
and element composition of the Ti-Al-Mo powder are really those that
determined by the energy parameters of the EEW process of Ti-Al-Mo
wires.

Despite low E/Es values inherent in both Mo and Ti wires the EDS
data show the presence of both Mo and Ti in the nano-sized Ti-Al-Mo
particles (Fig. 4).

Fig. 5 shows the XRD patterns of both as-exploded Ti-Al-Mo powder
and as-sintered bulk sample. The XRD analysis revealed a multiphase
composition of the Ti-Al-Mo powder, which included intermetallic
compounds (IMC), free metals and oxides. Sintering of the pre-
pressed samples having a relative density of about 75% resulted in the
formation of Al22Mo5 phase and the absence of TiO phase (Fig. 5a).
The absence of TiO is probably due to the fragmentation of the surface
oxide layer to X-ray amorphous state during sintering. The sintering of
the powder lead to increasing the content of the AlMoTi2 IMC, which
provided improving heat resistance and high temperature strength of
titanium‑aluminum alloys [35,36].

3.2. Ti-Al-W powder

Fig. 6a shows the I(t), U(t) and E(t) curves thatwere in-situ obtained
during EEW on Ti/Al/W intertwisted wires. The shape of the I(t) curve
demonstrates that simultaneous EEW of Ti/Al/W wires occurred with
low energy release rate and low efficiency. The ratio of the energy
input into the wires (E) to the total sublimation energy of titanium, alu-
minum and tungsten can be assumed as 0.57 from the considerations as
follows. Tungsten, as well as molybdenum, possesses high specific
5

electric resistance and high melting point that are limiting factors for
energy input by passing a current pulse through a wire. In connection
with this, the E/Es values used for EEW on tungsten and titanium
wires must be less than the mean value 0.57. This value shows that
the most part of expanding products obtained by EEW on Ti/Al/W
would be a mixture of micron- and submicron-sized droplets of liquid
Ti, W and Al metals.

Both particle size andmass/size distributions obtained from EEW on
triple Ti-Al-W wire system are shown in Fig. 6b and Fig. 6с, respectively.
The number average particles size is within the range 40–50 nm. The
mass fraction of particles with the sizes below 100 nm is about 25 wt%
(Fig. 6c).

Fig. 7 shows the SEMBSE image of the particles and EDS element dis-
tribution maps (7b-7d). The EDS maps demonstrate almost homoge-
neous distribution of elements over the probe area. Micron-sized
particles of the initial metals are also present in the sample. The pre-
sented data show that the dispersion and EDS element composition of
the Ti/Al/Wpowder are consistentwith those determined by energy pa-
rameters of the Ti/Al/W EEW.

EDS data show the presence of both W and Ti in the nano-sized
Ti-Al-W particles (Fig. 8b, d). It should be noted that the contents of
both elements in the nano-sized particles would be always less than
those in the explosion products by quantities of those contained in the
micron-sized particles. Increasing the E/∑Es would allow reducing
the mass content of both micron-and submicron-sized Mo, W and Ti
droplets in the expanding explosion products and thus homogenizing
both phase and element compositions of EEW particles.

XRD patterns of the Ti/Al/W powder and the bulk sample
obtained by vacuum sintering of the powder (Fig. 9) in accordance



Fig. 7. SEM BSE image of the Ti/Al/W particles (a) and EDS maps of titanium (b), aluminum (с) and tungsten (d).
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with the processing scheme presented in Fig. 1. The XRD on Ti/Al/W
powder shows a multiphase composition including IMCs, metal and
oxide phases. The sintering of pre-pressed to the relative den-
sity ~ 70% samples resulted in the formation of Al2Ti IMC without
any TiO (Fig. 9b).

3.3. Ti-Al-cu powder

The I(t), U(t) and E(t) curves were in-situ obtained during EEW on
Ti/Al/Cu intertwisted wires (Fig. 10a) to characterize the EEW. The
shape of the I(t) curve testified that EEW of triple Ti/Al/Cu system oc-
curred with low energy release rate and low efficiency. The ratio of
the energy input into the wires (E) to the total sublimation energy of ti-
tanium, aluminum and copper was 0.77. During the EEW both copper
and aluminum wires had their electrical resistivity values lower than
that of titanium so that the energy input into the two wires was higher
than the mean value of 0.77. Particle size and mass distributions in
Fig. 10b, c allow observing that the number average size and mass frac-
tion of Ti-Al-Cu particles smaller than 100 nm were 48–50 nm and
10 wt%, respectively. The micron-sized particles composed the mass
fraction about 18 wt%.

SEM BSE image (Fig. 11a) of the particles and EDS (Figs. 11b-11d)
allow observing micron-sized particles of titanium and aluminum and
close to homogeneous distribution of elements over the area of interest.
The absence of micron-sized copper particles is due to the low specific
electrical resistance of the copper, which provides the energy input suf-
ficient for evaporation of copper thus giving a minimum content of
micron-sized droplets of liquid metal [33]. The presented data show
6

that both particle size and element composition of Ti/Al/Cu powder
are consistent with the energy parameters of Ti/Al/Cu EEW.

XRD patterns of the Ti/Al/Cu powder (Fig. 12a) and the bulk sintered
sample (Fig. 12b) show that Ti/Al/Cu powder is of a multiphase compo-
sition, including IMCs, metal and oxide phases (Fig. 12a)while sintering
of pre-pressed to relative density of about 72% samples resulted in dis-
appearance of TiO and Cu3Ti phases. After sintering the predominant
phase is Al0.67Cu0.08Ti0.25, which provides titanium‑aluminum alloys
with improved mechanical properties [31].

4. Discussion

The results of the studies show that electrical explosion of Ti/Al/Me
(Mo, W, Cu) triple wire system at E/Es < 1 allowed obtaining a
powdermixture consisting of micro- and nanoparticles with sizes vary-
ing from 20 nm to 7 μm. The phases detected in the particles allow con-
cluding that the mechanism of the particle phase formation at E/Es < 1
differs significantly from that of at E/Es > 1.0 [24,25].

At E/Es > 1 electric explosion of a wire is accompanied by overheat
instabilities [37] so that the explosion products can be identified as a
mixture of nanosized liquid metal clusters and weakly-ionized plasma.
Full gas-plasma state of the products was not achieved even at E/Es =
2–3 [38,39] and only extra heating of the products during the arc
discharge stage might result in full evaporation of the clusters and
transition to the gas-plasma state [40–42].

It was mentioned above that magneto-hydrodynamic instabilities
develop during EEW at E/Es < 1 [43] that results in forming a mixture
of micron - and submicron-sized liquid droplets with weakly ionized



Fig. 8. TEM image of the Ti/Al/Mo particles (a) and elemental distribution maps of titanium (b), aluminum (с) and tungsten (d).

Fig. 9. XRD patterns of the Ti/Al/W powder (a) and sintered sample (b).
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Fig. 10. Temporal dependencies of I(t), U(t) and E(t) for the simultaneous Ti/Al/Cu EEW (a) particle size distribution (b) and cumulative mass vs.size distribution (с).
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plasma. Using even lower threshold E/Es ≈ 0.2–0.3 ratio may give the
droplets of their sizes larger the wire diameter [44].

In case of EEW on triple intertwisted dissimilar metal wires at
E/∑Es ≈ 0.2–1.0, both particle size and mass distributions depend on
the specific electric resistances of the wire metals. When intertwisted,
all the wires form a parallel circuit so that the current amplitudes are
in reverse proportion to the specific resistances of the corresponding
metals [23] and in accordance to the Joule-Lenz law the most intense
heating occurs in a wire with the maximum current (Ew ≈ I2). Under
such a condition, the Ew/Es ratio for Cu or Al would be always higher
than that of for Ti, Mo, or W. The same would be true for average
E/∑Es ratio.

Both mass fraction and size of micron-sized droplets decrease when
increasing the Ew/Es, therefore, the maximum mass fraction of micro-
sized droplets (with respect to the wire mass) in Ti/Al/Me (Mo, W,
Cu) explosion products would be for Mo and W.

The results obtained in this work allow concluding that using
E/∑Es > 0.6. for EEW of two and more dissimilar metals with negative
enthalpies of mixing (ΔHmix < 0) is the most favorable approach
because of reducing amount of micron-sized particles. The presence of
these particles is detrimental from the viewpoint of future structural
and mechanical characteristics of compacted components.

Compaction and sintering of powders of metals with high negative
ΔHmix (Ti–Al, Ni–Al, Co–Al et al) values can be accompanied by
evaporation and formation of gas pores during self-propagating high-
temperature synthesis (SHS) [45]. In connection with this, micron-
sized particles of thesemetals distributed in powderswould hardly con-
tact each other during sintering. Therefore, minimum E/∑Es values
may be varied in some ranges in EEW of two or more wires of metals
8

with ΔHmix > 0 to provide the desired balance of micro- and nano-
sized particles and thus tailor the compacted material characteristics.

Using themaximum E/∑Es values for EEWofmetalswithΔHmix< 0
andΔHmix > 0will cause obtaining themaximumcontent of nano-sized
particles, which almost will have no effect on the feedstock fluidity and
physico-mechanical characteristics of the sintered samples. These max-
imum E/∑Es values will be individually determined for each specific
dissimilar metal wire system.

The E/Es values may be varied in the range 0.3 to 1.0 to adjust the
contents of EEW micro- and nano-sized particles and thus obtain feed-
stocks with desired characterisitcs [46].

The presence of intermetallic andmetal phases in thepowders is due
to the heterophase state of the expanding EEWproducts. The expansion
of the EEW products is an adiabatic process. As a result of this expan-
sion, the micron sized droplets of liquid metal and vapor/plasma cool
inhomogeneously. The micron-sized metal droplets, which have a
larger mass, take more time to solidify. When cooling, electrons are
emitted from the surface of hot liquidmetal droplets, so that themicron
particles acquire positive electric charge. Formation of nanoscale nega-
tively charged particles occurs as a result of the deposition from the
vapor phase.

The Coulomb interaction between positively and negatively charged
particles provides formation of a homogeneous mixture of micro- and
nanoparticles [47] so that nano-sized Al-rich particles deposit on the
surfaces of hot micron-and submicron-sized ones. Because of such an
interaction in binary systems with negative value of the enthalpy of
mixing, metal diffusion occurs with the formation of an alloy. Table 2
summarizes the values of the mixing enthalpy of metals in accordance
with the Miedema model [48]. Analysis of the presented data shows



Fig. 11. SEM image of the Ti/Al/Cu particles (a) and elemental distribution maps of titanium (b), aluminum (с) and copper (d).
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that for the selected ternary systems, the formation of Ti–Al alloys is
predominant.

Ti–Al alloy is formed because of the deposition of aluminum nano-
particles on the surface of the titanium ones and subsequentmutual dif-
fusion. The enrichment of the surface of titanium particles with
aluminum prevents oxidation of titanium [49]. However, the TiO
phase was present in all powder samples. The presence of this phase,
in our opinion, is due to the fact that there is no continuous IMC TixAly
protective layer on the surface of titanium microparticles.
Fig. 12. XRD patterns of the Ti/Al/Cu po
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The problem of metal oxide formation in powders obtained by EEW
can be solved by placing the powder in a passivating liquid to prevent
their contactingwith air. This approachwas demonstrated by the exam-
ple of copper nanoparticles placed in an AgNO3 solution [50]. Various
organic solvents can be used as a passivation medium when preparing
the EEW powder feedstocks [15]. Another approach was to reduce the
content of TiO phase in the powder by increasing the energy E input
into the wires. Increasing E contributes to reduction of both mass con-
tent and size of the micron-sized droplets. With the decrease in the
wder (a) and sintered sample (b).



Table 2
Molar enthalpies of mixing of binary systems (kJ/mol).

Metals Ti Al Mo W Cu

Ti – −40.5 −3.5 −5.6 −8.8
Al – – −16.6 −13.8 −10.5
Mo – – – −0.2 18.4
W – – – – 22.4
Cu – – – – –
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size of titanium droplets the conditions for the formation of a protective
TixAly IMC layer are established.

The presence of a third alloying element in the explosion products
provides conditions for the formation of ternary IMCs as such as
AlMoTi2 and Al0.67Cu0.08Ti0.25 IMCs. However, Ti/Al/W system did not
contain any ternary IMCs. Both theoretical and experimental studies
show that substitution of tungsten atoms by titanium or aluminum
ones allows increasing the strength of titanium‑aluminum alloys and
their resistance to oxidation [51,52]. The XRD study of the bulk samples
show that sintering provides formation of the ternary phases thus pro-
viding the necessary functional properties of titanium‑aluminum alloys.
It should be noted that the formation of the necessary structural-phase
state in sintered samples Ti/Al/(Mo, W, Cu) from the EEW powders re-
quires additional research to establish the regularities between the dis-
persion, phase composition of powders, sintering temperature and
dwelling time and density, structure of the obtained alloys.

5. Conclusion

For the first time titanium‑aluminum powder alloyed with a third
metal has been prepared by EEW method. The investigation in particle
size distribution and phase composition of powders prepared showed
that the energy input into the wires in the range (0.57–0.77) Es,
provides formation of the particles with sizes varying from 20 nm to
7 μm. Mass content of particles with sizes less than 100 nm does
not exceed 10%. The phase composition of powders includes
IMCs which may attribute enhanced functional properties to the
titanium‑aluminum alloys.

Phase content analysis in the sintered Ti-Al-Mo and Ti-Al-Cu sam-
ples showed that sintering resulted in increased contents of IMCs such
as AlMoTi2 and Al0.67Cu0.08Ti0.25, which could provide improved heat
resistance and high temperature strength. Sintering the Ti-Al-W pow-
ders allowed obtaining phases such as γ-TiAl, Al2Ti, and W.

The above-disclosed results show potential of the EEW for produc-
ing micro/nano alloy particle mixtures from intertwisted wires of at
least three dissimilar metal wires. It is worth noting, however, that fur-
ther research is needed for establishing relashionships between:

- E/∑Es parameter and particle size distribution as well as phase
formation;

- Particle size distribution, phase composition, sintering temperature,
time and microstructures, as well as physico-mechanical character-
istics of the samples sintered.

Obtaining these data is necessary for fabrication of feedstocks from
micro/nano powders Ti-Al-M alloy powders.
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