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Abstract

In this study, electrospark alloying (ESA) method was employed to coat a titanium alloy
with hard material (tungsten carbide). The role of titanium oxide film on the ESA process
was investigated. Due to presence of the oxide film, the formation of unusual erosion and
mass transfer mechanism in electrodes different from conventional ESA process were observed
during the process. It was deduced that these cause some failure of deposited coating layer
such as “washing away” and cavities formation in and/or under coating layer. To achieve a
good quality coating, this study primarily focused on the electrical parameters of alloying
process and then limiting time intervals of process were defined where there were failures of
the coatings. Using electrical pulses with energy of 0.34 J (current amplitude of 200 A, pulse
duration of 120 µs), it was possible to obtain a uniform coating layer with an average thickness
of 52 µm.
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1. Introduction

The combination of high strength-weight ratio,
good resistance to corrosion under normal conditions,
excellent mechanical properties, relatively high melt-
ing point and biocompatibility makes titanium and its
alloys to use as attractive materials. Their applications
are found increasingly in aerospace, marine, chemical,
petrochemical, sports and biomedicine industries be-
cause of their outstanding properties [1–3]. However,
some poor tribological properties such as high and un-
stable friction coefficients, strong tendency to stick,
low fretting wear resistance, etc., and poor corrosion
resistance in some aggressive corrosive media such as
hot chloride solutions limit to their extensive applica-
tions as engineering components [4–6]. But these prop-
erties could be improved by using some surface engin-
eering methods such as ion implantation, thermal ox-
idation, chemical or physical vapor deposition (CVD,
PVD) or duplex surface treatments [7–11]. However,
most of these methods are very expensive for hard sur-
face engineering. On the other hand, the electrospark
alloying (ESA) process offers some unique advantages
relative to other surface modification techniques [12].
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This process could be a promising surface engineering
technique to solve the problems mentioned above [12–
14]. Hard material coating of titanium alloy by ESA
method had been investigated from the point of view
of deposition properties [15].
In this study, the ESA method was used to carry

out a hard layer (WK-8) on the titanium alloy (BT31)
substrates and to find out the important features of
process ESA of the titanium alloys in connection with
the presence of oxide film on its surface.

2. Experimental procedure

A special ESA machine was employed in the exper-
iments. The ESA coating system was described in pre-
vious work [16]. Its power consumption was 180W and
the output of stabilized voltage was kept constant at
40 V. In the present investigation, the ESA process was
conducted in air with a series of square pulses of cer-
tain duration of 100–1550µs and with amplitudes of
current 100–300A. The pulse energies that correspond
to these pulse parameters (pulse amplitudes-pulse dur-
ations) are given in Table 1.
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Ta b l e 1. Pulse parameters used in the experiments

Amplitudes of current (A)
Energy of

100 200 300 pulse (J)

Pulse
200 120 100 0.34

durations
400 220 180 0.72

(µs)
800 410 270 1.32
1550 780 510 2.63

The system included a special oscilloscope (Tek-
tronix TDS 220) to determine the energies of pulses.
The main control parameter of the ESD process is the
working current that corresponds to the average cur-
rent of the pulse generator. The average pulse energy
is determined by using current-voltage diagrams (at
the oscilloscope monitor). The results of numerical in-
tegration of the oscillograms of current-voltage could
satisfy the pulse energy. The details of ESA pulse en-
ergy measurement were given elsewhere [17, 18]. The
amount of processing electricity was kept constant as 3
Coloumbs to compare experimental results with each
other.
In the present study, substrates (cathode elec-

trode) with the dimension of 10× 10× 5mm3 were
prepared from a special titanium alloy (BT31) having
the composition of Al (5.5–7.0 %), Mo (2.0–3.0 %), Si
(0.15–0.40 %), Cr (0.8–2.0 %) including the impurities
of Fe (0.2–0.7 %), Zr (0.5 %), O (0.18 %), N (0.05 %)
and H (0.015 %). The treating electrode (anode) had
a cross section of 2× 4 mm2 from tungsten carbide
and cobalt (WK-8), WC (92 %) and Co (8 %).
Contact of electrodes is ensured by using an elec-

trode holder with a frequency of 100 Hz during the for-
ward and backward continuous sliding motion of the
treating electrode on the surface of substrate. Thus,
electrical discharges (as a result of contacting the mi-
cro roughness) and explosions of contacted points take
place in a plasma channel in any instant of time, when
the pulse current is applied. In result of the electro-
spark, a small part of melted electrode (anode) ma-
terial is removed from the electrode and deposited to
the substrate [12, 16, 18].
The mass change of electrodes, the mass loss of

treating electrode and the mass gain of substrate were
measured in time intervals of 30 s during 5 min of
total processing time (one pass over the scanned area
of 1 cm2 required approximately 30 s). For present-
ing the mass change of electrodes in each time in-
terval (relative mass change), it was preferred to plot
the experimentally measured mass differences between
subsequent measurements rather than conventional
presentation of mass change (cumulative mass change
of electrodes as a function of processing time). Since
this type of plot provides more information on dynam-

Fig. 1. Mass gain of the substrates and mass loss of the
treating electrodes (solid dot) during processing by pulse
current amplitude of 100 A with different pulse durations.

ics of the mass transfer [16, 18, 19], the change in mass
of the treating electrodes and substrates was measured
by using a balance (Mettler Toledo 200) with the pre-
cision of 0.1 mg. Scanning electron microscope (Philips
XL 30 SFEG) was employed for morphological and
cross sectional analysis of coatings.

3. Results and discussion

3.1. Electrospark alloying by pulse amplitude
of 100A

Figure 1 shows the relative mass change of elec-
trodes as a function of processing time. Both the mass
loss of treating electrode and the mass gain of sub-
strate decrease with processing time. As far as mass
transfer from electrode to substrate concerns, this is
the usual behavior of ESA in the most cases [16, 19].
Decreases in relative mass change of electrodes were
due to a decrease in the amount of heat received by
them as the coating process continued. As described
below, this could only be possible when the temperat-
ure of plasma channel between electrodes decreased.
At the beginning of an ESA, processing parameters,
electrical pulse parameters, coating environment, and
chemical composition of electrodes were fixed. After
the first layer of ESA deposition, although other pro-
cessing parameters stay as they are, the chemistry of
substrate surface changes due to alloying by treating
electrode. That is, for the chosen couple of electrodes,
the amount of substrate material in erosive plasma
will gradually decrease during processing. Therefore,
the temperature of plasma, in turn, the amount of heat
received by both electrodes, decreases. Consequently,
decreasing erosion of treating electrode reduces the
mass gained by the substrate.
When a spark discharge takes place, the plasma
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Fig. 2. The mass loss during mass transfer due to the ejec-
tion of relatively larger amount of liquid phase from the

center of liquid splash towards its edges.

channel forms between a spot on the treating electrode
and a corresponding spot on the substrate. At both
ends of the plasma channel, i. e., just on the spots,
the electrodes melt due to heat flow and so, a molten
volume at the tip of treating electrode and a melt-
ing pool on substrate come into existence. The molten
volume of treating electrode erodes away, but not all
of it is transferred to the substrate. Unfortunately, the
nature of ESA processing does not allow all the ma-
terials ejected from the treating electrode to solidify
on the substrate [15, 16]. Therefore, the coefficient of
mass transfer is always less than 1. Part of the eroded
molten volume impinges on melting pool and mixes
with the molten substrate material. The mixture solid-
ifies on substrate within microseconds and has splash-
-like appearance. The mass loss during transfer is due
to the ejection of relatively larger amount of liquid
phase from center of liquid splash towards to its edges
because of relatively high gas pressure squeezing li-
quid splash against the substrate ahead of solidifica-
tion (Fig. 2). Ejected liquid phase was in the form of
the tiny liquid particles, some of which after ejection
fall on its own liquid splash and the rest fall on the
outside range of splash boundary. Those of them fall
on the outside range of splash boundary can not be
welded to the cool solid substrate, and therefore solid-
ify as free tiny particles. The liquid material splashed
far away due to high gas pressure of plasma chan-
nel was named as washing away [19]. That is, during
the first layer of deposition, substrate concurrently re-
ceives mass from treating electrode and looses mass
due to washing away of molten pool of substrate spot
caused by the intensive gas dynamics phenomena in
plasma channel at the beginning of a spark discharge.
The amount of mass washed away during deposition of
the first layer is not easy to measure. Moreover, since
its size is directly proportional to the size of molten
spots on substrate and the strength of gas dynamics
phenomena in plasma channel, for the upper layers of
deposition it apparently may be negligible.
Depending on microscopic examination of interface

between coating and substrate, it is concluded that
washing away of liquid substrate material forms a non-

-flat substrate-coating interface. Especially, at the loc-
ation of a spot, the concave pool was filled with anode
material after washing away molten substrate.
After three to four minutes of alloying, the weight

measurement showed that the substrates began to lose
some mass for all of the pulse durations. Microscopic
examinations of surface layer and its cross-section re-
vealed that this could be related to occurrence of cavit-
ies (unusual mass loss) due to the evaporated material
of substrate near the surface superheated as a result
of spark discharges as shown in Fig. 3a,b. The mass
lost by substrate during processing is a sign of the be-
ginning of coating failure. Therefore, it is necessary to
limit the alloying time by the beginning of evaporation
in order to save the already deposited coating.
As it was experimentally shown in [19], the begin-

ning of coating failure could be recognized by some
distinctive characteristic of ESA parameters, such as
stabilization of mass loss of the treating electrode; if
the amount of mass gain of the substrate is zero or
even negative. However, most precisely, the beginning
of coating failure could be defined by a significant de-
crease in the value of the mass transfer coefficient after
a maximum value. The mass transfer coefficient is the
ratio of the mass gained by substrate to the mass lost
by the treating electrode.
It should especially be noticed that, for 5 min of

alloying with pulse duration of 1550µs, an increase in
weight of the treating electrode (that is, inverse polar-
ity of mass transfer) was detected. Pulse parameters
could not be the reason of this phenomenon, because
it was not observed at the initial stage of alloying but
revealed itself in the later stage of processing. The
reason of this might be the cathodic flame. Part of
the molten substrate material, due to overheated local
volume, ejected and impinged with treating electrode.
Despite the fact that, while the pulse energy was

increased approximately 8 times, only small differ-
ences in the amount of mass gained by substrate were
observed, similar observation was also valid for mass
loss of the treating electrode. Small mass transfer dif-
ferences among various conditions of alloying caused
some variations in the coating thickness and as a result
an average coating thickness of 37µm was obtained.
It means that increasing pulse duration (pulse energy)
did not change the average coating thickness.
Microscopic examination revealed that during pro-

cessing three types of coating failure (or defects)
formed: during the first layer of deposition, due to
“washing away” (loss of molten substrate material due
to gas dynamics phenomenon in plasma channel of a
spark discharge, Fig. 3a,b), due to the evaporation
by heat, accumulated in the overheated mass trans-
ferred from treating electrode, Fig. 3c,d, and due to
the evaporation from substrate, Fig. 3e,f.
Now it is understood, that the cavities formation is

one of major obstacles during ESA of Ti alloys. This
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Fig. 3. The surface morphology and cross-section of tungsten carbide coatings showing a cavity formed by evaporation of
part deposited layer and substrate because of: overheating by a spark discharge through a thin high temperature surface
layer of the already deposited coating (a, b), overheating by the heat accumulated in the mass transferred from the treating

electrode (c, d), overheating by a spark discharge through the tiny hole in oxide film (e, f).

phenomenon is related to the surface properties of ti-
tanium, a thin titanium oxide film forms on the outer
surface in air, especially, during the deposition (local
high surface temperature). To perform proper ESA
coating, this oxide film should be removed. Since it is
impossible, the ESA should be ended, otherwise con-
tinuation of deposition destroys the deposited layer by
forming cavities.

3.2. Electrospark alloying by pulse amplitude
of 200A

The mass transfer behavior given in Fig. 4 shows
the absence of weight increment of the substrate and
even loss of its weight for pulse duration of 120µs,
at the very beginning of alloying (first-third depos-
ition layer). All the mass transfer curves have pos-

Fig. 4. Mass gain of the substrates and mass loss of the
treating electrodes (solid dot) during processing by pulse
current amplitude of 200 A with different pulse durations.
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Fig. 5. The cross-sectional images showing the nonuniformity of layers after processing by pulse current amplitude of 200 A
and duration 120 µs (a) and 780 µs (b) which have the same average thickness.

itive slopes, which are not common in ESA [16,
19].
However, as it was found out from the cross sec-

tional metallographic analysis of specimens, the mass
transferred from the treating electrode clearly ensured
the formation of a tungsten carbide deposition layer.
Therefore, it should be concluded that increasing of
pulse current amplitude causes intensive evaporation
of the substrates due to presence of thin oxide film and
“washing away” of molten substrate material. In other
words, for some cases, the mass loss of the substrate
was more than the mass received from the treating
electrode.
Further alloying, about 1.5 min, was still accom-

panied by the mass loss of the substrate. However, its
intensity was lower than that in the initial stage of
alloying. The mass gain of the substrates increased,
despite of decreasing erosion behavior of the treating
electrode (except pulse duration of 120µs). After 2
min of processing, both the mass loss of the treating
electrodes and mass gain of the substrates decreased.
Comparing the case of alloying by pulse amplitude
of 100 A, for this set of experiments significant differ-
ences in the amount of mass transferred to the sub-
strate by the employment of various pulse duration
were not present (except the pulse duration of 120 µs).
After 3 min of alloying, for pulse durations of 220µs,
410 µs and 780 µs, in spite of incoming mass from the
treating electrode, substrate mass loss was observed.
The mass loss behavior of the treating electrode

and the weight gain behavior of the substrates for
pulse duration of 120µs were essentially different than
those of others. So, the mass loss of the treating elec-
trode increased in time of coating and reached a max-
imum 4mg at the end of 2 min of alloying. Increasing
of mass loss of treating electrode during ESA is un-
usual for conventional processing. Unusual increment
of the erosion of the treating electrode was probably
related to the significant increase in heat flow dens-
ity at the treating electrode-plasma channel interface.
Probably, the main reason of additional heating of
treating electrode and destruction of its surface is the

cathodic plasma flame, formed as a result of intense
substrate evaporation.
It is natural, that the amount of mass received by

substrate correlates with the coating thickness. For the
case of ESA with pulse amplitude of 200 A (except the
case 120 µs), the mass gained by substrate had small
variation in quantity from one pulse duration to an-
other, so the average thickness was about 52 microns.
The amount of variation in thickness with respect to
average value increased if pulse duration increased.
The level of variation is defined by not only the sur-
face profile of coating but also by the profile of coating-
-substrate interface, because the interface looses its
initial flatness due to the “washing away” molten sub-
strate, during deposition of first layer (Fig. 5).
Increasing of pulse duration up to 220µs and above

formed many cavities due to substrate evaporation.
The substrate material was ejected through the de-
position and solidified on it like randomly distributed
particles of different forms. The rate of deposition of
the first layer of coating and amount of mass trans-
fer decreased despite of increasing pulse energy. It was
probably related with increasing the thickness of ox-
ide film, which could form easily by increasing heat,
in turn, increasing pulse energy.

3.3. Electrospark alloying by pulses amplitude
of 300A

In Figure 6, the processing time dependence of
the mass change of electrodes is given for alloying by
pulses of different durations. After 30 s of processing,
the mass loss of the substrate was more intensive than
that of ESA with pulse current amplitude of 200 A.
However, the deposition of a tungsten carbide layer
was achieved. For this time, the diameters of cavities
were larger than those of cavities formed by ESA with
pulse amplitude of 100 A and 200A.
For each pulse duration, the mass loss of the treat-

ing electrode and mass gain of the substrate start to
increase from the beginning of coating and reach a
maximum between 1.5 and 2.5 min of processing. High
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Fig. 6. Mass gain of the substrates and mass loss of the
treating electrodes (solid dots) during processing by pulse
current amplitude of 300 A with different pulse durations.

Fig. 7. A general cross-sectional view of coating obtained
by the application of pulse energy of 0.34 J.

mass loss of the treating electrode could be due to the
extreme effect of cathodic plasma flame.
Despite the major differences in the amount of

mass transfer for different alloying modes, e.g., vari-
ous pulse duration, the average thickness of coating
was 50 µm (Fig. 7). It is necessary to note that the
ESA of titanium alloy usually arises low mass transfer
coefficient. For example, for the alloying by pulse dur-
ation of 100µs, which was the case of maximum mass
transfer, it was 0.49.

4. Conclusions

In the present study, tungsten carbide (WK-8)
electrode material was deposited on titanium alloy
(BT3) substrate by using the electrospark alloying
(ESA) method. During the process, the ESA beha-
vior of titanium alloy and the role of oxide film in
development spark discharge were investigated.
The results of experiments have indicated that the

presence of oxide film influences essential features on
the surface modification of titanium alloys with ESA
process. The mass transfer mechanism, the erosion be-
havior of electrodes, and the formation of deposit lay-
ers were considerably different than the conventional
ESA process using different couple of electrodes.
Presence of oxide film effected the development

of spark discharges and led to longer development of
them than usual. Thus, it caused higher density of
thermal stream and heat accumulation on the sub-
strate material. Increasing heat and pressure resulted
in “washing away” failure on the molten substrate ma-
terial. Therefore, unusual mass changes were observed
at the substrate and the treating electrode. As a res-
ult, the curves of mass change in electrodes (substrate
and treating electrode) had positive slopes at the be-
ginning of ESA. In addition to this, high temperature
skin layer on its surface was another reason of fail-
ure of ESA coating during the process. It does not
melt under discharge, however, the transferred heat
to the volume underneath evaporated and destroyed
the coating due to overheating. Finally, some cavities
in the coating took place.
Presence of rare cavities in the coating is attrib-

uted to the ESA processing of titanium alloys in at-
mosphere. In order to reduce their number and in-
crease some technological parameters of ESA, it is ne-
cessary to concentrate on the electrical parameters of
alloying process. Thus, it is possible to judge that the
ESA coating of titanium alloy from the very beginning
of the process is accompanied by evaporation of sub-
strate and cavity formation on the substrate surface
in the presence of oxide film that is attributed to the
ESA technology of titanium alloys in air.
In this study, to achieve an excellent quality coat-

ing, pulse currents with amplitudes and duration
times ranging from 100 to 300A and from 100 to
1550 µs, respectively, were employed. Using electrical
pulses with energy of 0.34 J (current amplitude of
200 A, pulse duration of 120µs), a uniform coating
layer with average thickness about 52 µs was obtained
without any cavities.
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