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ABSTRACT 

In the electrospark deposition (ESD) of WC-Co materials on low carbon steel, tungsten carbide (WC) decarburization is 
observed. The use of an inert atmosphere (argon) does not eliminate the problem of tungsten carbide decarburization 
during electrospark processing. The effect of the carbon concentration of electrode materials on the phase composition 
and mechanical properties of WC (10 wt% of Co) ESD coatings has been investigated in this work. The introduction of 
additional carbon (graphite) in the electrode material on the basis of the WC-10%Co leads to an increased amount of 
WC in the obtained coatings and thus improves their wear resistance. 
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1. Introduction 

WC-Co alloys are widely used as electrode materials to 
deposit hardening coatings on metals by electrospark al- 
loying [1-4]. However, it is known that the tungsten car- 
bide (WC) decomposes to W2C and tungsten under the 
discharge action, and therefore the composition of the 
coating is different from the initial composition of the 
treating electrode, that is, the anode [5-7]. The decar- 
burization of tungsten carbide reduces the wear resistance 
of coatings. With increasing power evolving at discharges, 
the W2C carbide content of the deposited coating increases 
[5]. We previously established that the use of a high dis- 
charge frequency (1 kHz) and small pulse duration (less 
than 20 μs) did not have a significant effect [8]. If argon 
is applied as a protective environment for the electro- 
spark processing, the degradation of the tungsten carbide 
WC decreases but only by a negligible amount. 

The most investigated electrode material is the 90% 
WC-10%Co alloy, whose use allows a coating with ad- 
vanced wear resistance to be created. In our work, elec- 
trode materials based on tungsten carbide and cobalt with 
different additions of carbon were sintered and the prop- 
erties of the corresponding electrospark coatings were 
studied. One of the major aims of these examinations 
was to determine the effect of the carbon concentration 
of the electrode material on the decomposition of tung- 
sten carbide during the electrospark process. 

2. Material and Methods 

2.1. Electrode Materials 

The standard technology for hard alloys was used to cre- 
ate electrodes [9]. First, all powder mixtures of W, Co, 
and C were prepared so that the cobalt content was con- 
stant (10 wt%) and the carbon concentration was varied 
(1.5, 2.5, 3.5, 4.5, 5.5, 8 and 10 wt%) (Table 1). 

Then, the powder mixtures were mixed by a PM400 
planetary ball mill (Germany) at a rotational velocity of 
250 rpm during 30 min with the addition of 5 ml of iso- 
propyl alcohol. The obtained powders were mixed with a 
solution of rubber in gasoline and then pressed using a 
Test Press-250 M (Russia) with a load of 30 kN. The 
masses of samples made for the sintering were identical 
and equalled 13 g. The pressed mixtures were sintered in 
a Carbolite STF vacuum tube oven (England) at 1400˚C 
during 8 h. The hard alloy sticks used as electrodes had 
sizes of 40  5  5 mm3. The mass losses of sintered 

 
Table 1. Designations of electrodes. 

Designation 
Source anode composition (wt%) 

Anode Cathode

W-10%Co-1.5%C 1.5A 1.5C 

W-10%Co-2.5%C 2.5A 2.5C 

W-10%Co-3.5%C 3.5A 3.5C 

W-10%Co-4.5%C 4.5A 4.5C 

W-10%Co-5.5%C 5.5A 5.5C 

W-10%Co-8%C 8A 8C 

W-10%Co-10%C 10A 10C *Corresponding author. 
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samples (which were induced by the plasticizer evapora- 
tion and burning out of carbon, tungsten, and cobalt, due 
to the presence of residual oxygen and crystallization 
water in the initial powders) were 4% on average, and 
therefore the electrodes created and the processes associ- 
ated with them were denoted according to the percentage 
carbon content before sintering. 

The lateral bending strength of sintered electrodes was 
investigated by a Test Press-250 M. The Rockwell hard- 
ness of samples was tested with the aid of a TK2M meter 
(Russia). It was established that the influence of the car- 
bon percentage on the mechanical properties of the sin- 
tered materials (Table 2) was described by the known 
dependence for WC-Co alloys [10]. The higher tungsten 
content in electrode no. 1 explains its reduced strength 
and hardness in comparison to other samples. The low 
density of the sintered electrodes, with the exception of 
electrode no. 5, is caused by the high porosity which 
arose due to the different densities and thermal expansion 
coefficients of the initial components (WC, W, Co, and C). 

2.2. Coating Deposition 

The substrates employed were 10  10  5 mm3 plates of 
medium-carbon steel 1035, while 40  3  3 mm3 rods of 
sintered W-Co-C were used as the alloying electrodes, 
that is, the anodes. For electrospark alloying, we used a 
current pulse generator with a transistor key scheme with 
a square current pulses shape. Initially, the anode was 
fixed in the hand vibro-excitor to which current pulses 
were supplied from the generator. During electrospark 
processing, the anode oscillated in the “up and down” 
direction, perpendicular to the cathode surface, and also 
simultaneously moved along this surface in a zigzag 
fashion. Discharges arose when electrodes were in con- 
tact. The electrospark coatings were formed due to the 
multiple overlaps of single-discharge spots. 

The interelectrode voltage during the pulses was main- 
tained at 40 V. The discharge current amplitude was 100 
A, while the frequencies of pulses were 100 and 1000 Hz. 
The pulse-on duration was 100 μs, the frequency of the 
anode vibro-excitor was 100 Hz. The total deposition time 
for each sample was 5 min in air. After every 60 s the 
deposition process was interrupted and the cathode and 

 
Table 2. Properties of sintered WC-Co-C electrodes. 

Anode Density (g/cm3) Strength (GPa) Hardness (HRA)

1.5A 6.98 0.192 77.9 

2.5A 8.57 0.301 86.9 

3.5A 10.01 0.555 85.8 

4.5A 11.51 0.666 86.5 

5.5A 14.00 1.477 84.2 

8A 10.41 0.342 74.8 

10A 8.93 0.156 <50.0 

anode were weighed separately on an electronic balance 
Vibra HTR-220CE with accuracy up to 10−4 g. The mi- 
crostructure of samples was analysed with the aid of an 
optical microscope. The microstructure and chemical 
composition of the coatings were analysed using an op- 
tical microscope and an EVO 40HV scanning electron 
microscope (SEM) (Carl Zeiss, Germany) with an INCA 
Energy 350 energy-dispersion spectrometer (Oxford In-
struments, UK). The phase composition of the produced 
coatings was examined by a DRON-7 X-ray diffracto- 
meter (Burevestnik, Russia) equipped with a Cu-K ra- 
diation source in Bragg-Brentano geometry. The micro- 
hardness was measured by the Vickers method with a 
PMT-3M tester (Russia) under a load of 50 N. The abra- 
sive wear resistance of the electrospark coatings was 
measured by a Calotest friction machine (CSM Instru- 
ments, Switzerland) using the “ball-plate” scheme [11]. 
A ball with a diameter of 30 mm was rotated at a linear 
velocity of 0.27 m/s. Aluminium oxide powder in solar 
oil was employed as an abrasive material. 

3. Results and Discussion 

3.1. Properties of Electrodes 

The composition of samples was examined by an X-ray 
diffractometer DRON-7 (Russia) with Cu-K radiation in 
Bragg-Brentano geometry. XRD analysis of the prepared 
electrodes showed that their phase composition was highly 
dependent on the carbon content (Figure 1). Peaks of 
tungsten carbide (WC) and tungsten semicarbide (W2C) 
were observed in the spectra of the 1.5A, 2.5A, and 3.5A 
electrodes, in which carbon was deficient. The composi- 
tion of the 5.5A electrode was close to the standard hard 
alloy WC-10%Co. For 4.5A and 8A samples, only the 
WC carbide was discovered. In the spectra of the 8А and 
10A, electrodes that contained more carbon, a carbon 
peak appeared besides reflections of tungsten carbide. 
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Figure 1. XRD patterns of synthesized electrode materials. 
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3.2. Mass Transfer 

It is typical of electrospark alloying that the masses of 
both electrodes vary as a consequence of the erosion and 
the preemptive transfer of metal from the anode onto the 
cathode. The amount of anode material transferred to the 
substrate is an important characteristic because it deter-
mines the thickness of the deposited coating [1,12]. Our 
investigations showed that the kinetic curves of the 
change in electrode mass depended strongly on the car-
bon concentration of the electrode materials (Figure 2). 
The maximum cathode gain was 28.6 mg for the 1.5C 
sample. The weight gain of the cathode processed with 
electrode no. 10A was the least and equalled 9.2 mg. In 
addition, it was established that the anode erosion rate 
was correlated with the strength of the electrode material 
(Figure 3). With an increase in the anode strength from  
 

 

Figure 2. Mass changes of cathodes and anodes with differ- 
ent carbon concentrations. 
 

 

Figure 3. Anode erosion rate as a function of its strength. 

0.06 to 1.5 GPa, the erosion rate reduced more than 5- 
fold, from 15.9 to 2.8 mg/min. This is because electrodes 
with low strength are less resistant to thermo-mechanical 
loads during the discharge process. The greatest strength 
of 1.477 GPa and the lowest erosion rate of 2.8 mg/min 
were attained by the electrode corresponding to the stan-
dard WC-10%Co with a carbon concentration of 5.5 
wt%. 

3.3. Structure and Composition of Coatings 

The electrospark treatment of steel 1035 by applying the 
WC-Co-C electrodes was carried out during 5 min in air 
with a pulse length of 100 μs. The investigations showed 
that the compositions of the obtained coatings were dif- 
ferent (Figure 4). When anodes with lower carbon con- 
tents (1.5A, 2.5A, 3.5A) and a pulse frequency of 100 Hz 
were employed, the WC carbide was not detected in the 
deposited layers, but semicarbide W2C was observed, 
which is indicative of the occurrence of decarburization 
upon interaction of WC with the iron substrate, which 
was also observed for electrospark coatings deposition [5] 
and HVOF spraying [13,14]. On the other hand, when 
the electrodes with excess carbon (8А, 10A) were used, 
the tungsten carbide WC dominated in the electrospark 
coatings. Thus, the addition of carbon into the electrode 
WC-10%Co materials allowed the amount of WC phase 
in deposited layers to increase. The decarburization of 
hard alloy was intensive at a higher discharge frequency 
of 1 kHz (Figure 5). The 5.5C coating created at this 
frequency consisted almost completely of W2C together 
with small amounts of WC and iron in contrast to the 
same coating deposited at 100 Hz. When the 10A anode 
with higher carbon content was used, the WC carbide 
dominated over semicarbide W2C and iron in the coating 
composition but less so than at the frequency of 100 Hz. 
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Figure 4. XRD patterns of coatings obtained by the electro-
spark treatment using electrodes with various carbon con-
centrations at a frequency of 100 Hz. 
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Figure 5. XRD patterns of the coatings obtained by the 
electrospark treatment with electrodes 5.5A and 10A at a 
frequency of 1 kHz. 

 
Figure 6 shows cross-sectional images of surface lay- 

ers of steel 1035 after electrospark alloying with different 
anode materials. The thickness of the obtained coatings 
was 33 - 45 µm (Table 3). The 1.5C, 2.5C, and 3.5C 
coatings were considerably fragmented due to the pres- 
ence of brittle W2C phase that failed under thermo-me- 
chanical loads during discharges. The structure of surface 
layers deposited by the application of anodes with higher 
carbon contents was more uniform although there were 
some micropores. In regions of steel 35 adjoining the 
interface between the coating and the substrate, a pearlite 
structure formed because of the short duration of quench- 
ing. 

SEM images of the surface and cross-sections of the 
obtained layers show the presence of grains whose ele- 
mental composition corresponds to tungsten carbide (WC). 
Moreover, the amount of these grains is much larger in 
the 10C coating than in the 5.5С one (Figure 7). 

EDS data analysis showed that 20 - 37 at.% of iron is 
present in the obtained coating (Figures 7(c)-(d), Table 
3). Its concentration remains practically constant over the 
cross-section of the layer. The concentration of carbon 
also does not change along the cross-section of the layer. 
However, it was established that with increasing carbon 
content in the electrode, its concentration in the coating 
increased, since the carbon concentration of the coating 
of the 10C sample ranged from 30 to 40 at.%, while that 
obtained using the standard electrode (5.5C) was 26 - 31 
at.%. It is remarkable that on the substrate areas adjacent 
to the interface (Figures 7(c)-(d), Table 3; points 5,6), 
the carbon concentration was higher than in the volume 
of the steel substrates. This may be explained by the dif- 
fusion of carbon from the coating to the top layers of the 
substrate. Thus, the addition of carbon into the electrode 
materials can increase its content in the coating and pre- 
vent decarburization of tungsten carbide due to saturation 
of the iron present in the coating by additional carbon. 

3.4. Mechanical Properties of Coatings 

One of the advantages of hard alloy coatings is their high 
wear resistance [15-17] and therefore this characteristic 
was determined for the obtained electrospark coatings 
deposited during 5 min at a frequency of 100 Hz. The 
wear testing showed that the wear resistance of all cath- 
ode surfaces modified by the electrospark treatment with 
the use WC-Co-C electrodes increased by a factor of four 
or more in comparison with the steel substrate. Figure 8 
shows that 8C and 10C coatings have the highest wear 
resistance. The wear resistance of the 10C coating ob- 
tained at a higher discharge frequency of 1 kHz was 
seven times higher than that of a conventional 5.5C sam- 
ple. 

 

 

Figure 6. Cross-sectional views of electrospark coatings: (a) 
1.5C; (b) 5.5C; (c) 8C. 
 
Table 3. Elemental composition (at.%) according to EDXS 
data. 

Area
Coating deposited with standard 

WC-10%Co (5.5% carbon)  
electrode (Figure 7(c)) 

Coating deposited with 
WC-10%Co (10% carbon) 

electrode (Figure 7(d)) 

 C W Co Fe C W Co Fe 

1 31 31 6 32 37 35 7 22 

2 31 32 6 31 35 33 8 25 

3 26 32 8 35 40 34 6 20 

4 31 31 6 32 30 32 5 33 

5 28 31 4 37 30 0 0 70 

6 31 0 0 69 32 0 0 68 

7 24 0 0 76 20 0 0 80 

8 57 37 1 5 46 43 6 5 
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Figure 7. SEM images of the surface (a), (b) and cross-sec-
tion (c), (d) of the coatings deposited with electrodes con-
taining 5.5% (a), (c) and 10% (b), (d) carbon. 

 
Table 4 shows that the average thickness of the coat- 

ings varied between 34 to 44 microns. Despite the fact that 
the gain in weight of the cathodes with 1.5C - 4.5C was 
higher than the 5.5C - 10C to almost the same thickness. 
This can be explained by the higher erosion of the sub- 
strate for samples with 5.5C - 10C. The average microhard- 
ness of the created coatings is presented in Table 4. It 
can be seen that modified surface layers have higher mi- 
crohardness than steel 1035 (2.18 GPa) [18,19]. With 
increasing carbon content in the anode materials, the mi- 
crohardness of electrospark coatings deposited with their 
application decreases. This is explained by the fact that 
the W2C is a harder phase as compared to WC but is brit- 
tle [20]. 

 

Figure 8. Wear rate of coatings in comparison with steel 35. 
 

Table 4. Average thickness and microhardness of electro-
spark coatings. 

Cathode 
Property 

1.5C 2.5C 3.5C 4.5C 5.5C 8C 10C

Average 
thickness (µm)

34 44 45 40 35 40 37 

Average 
microhardness 

(GPa) 
18 ± 4 17 ± 1 14 ± 2 15 ± 1 16 ± 2 14 ± 1 14 ± 2

4. Conclusions 

1) Electrode materials with different carbon concentra- 
tions were prepared on the basis of WC-10%Co. Elec- 
trospark coatings deposited with electrodes on the basis 
of the WC-10%Co with different carbon concentrations 
onto medium-carbon steel 1035 were found to exhibit a 
higher WC concentration compared to those deposited 
with conventional WC-Co electrodes. An increase in 
carbon concentration in WC-Co-C electrode materials 
can reduce the decarburization of WC in electrospark 
coatings.  

2) An increase in carbon concentration in WC-Co-C 
electrode materials can increased the wear resistance of 
WC-Co electrospark coatings. The best wear resistance 
of coatings is obtained with a carbon concentration of 8 - 
10 wt% in the electrodes. 
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