
���������������������������������������������������
�����

���	����������������������������������
�

����������������������������������
��������
	��������������������	��

���������������������•������������������������������������•�

•��������������������•�����••••����������•���

•������������������•�������

��������� �� � ��•���� ��� ����������������������•  ����•��������


������������ ��� ������ �� �� �� ������

•���������� �� �� ��� ����� �

���������������������

€�•������

���#�����0�#����,�2�#�!�&���.�#�,�A
�2�&�#���5�-�0�*�"�a�1���*�#���"�'�,�%���.�3� �*�'�1�&�#�0���-�$

���.�#�,�����!�!�#�1�1��� �-�-�)�1
���3�'�*�2��� �7���1�!�'�#�,�2�'�1�2�1�A���$�-�0���1�!�'�#�,�2�'�1�2�1

12.2%

127,000 145M

TOP 1%154

5,100



21 

Electrospark Deposition: Mass Transfer 

Orhan Sahin and Alexandre V. Ribalko  
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1. Introduction  

Electrospark alloying (ESA) is one of the surface modification methods to change physical 
and chemical properties of metal surfaces. It was developed by the Soviet scientists, B.R. 
Lazarenko and N.I. Lazarenko. The core of this method is the phenomenon of material 
erosion of both electrodes as a result of the electric discharge between them in a gaseous 
environment and subsequent mass transfer from one of them to  the other, basically from 
anode to the cathode (Lazarenko, 1951; Lazarenko, 1976).  
The anode (treating electrode) usually is a rod with several mm square cross sectional area. 
Comparing with treating electrod e, the cathode (substrate) has significantly larger size and 
surface area. Both of them are electrically conductive. After the application of a current 
pulse, a spark discharge takes place between treating electrode and substrate. Following 
spark discharge, part of the tip of treating electrode and a corresponding spot on substrate 
melt. Molten spot on the substrate forms a swallow molten pool. Some of the molten tip of 
treating electrode material transfers to the substrate in the form of molten droplets, mixes 
with its molten pool and usually solidifies as  in the form of splash. By scanning substrate 
surface, so many splashes could be deposited on it. As a Consequence of single or multiple 
scanning of substrate surface, a deposit having chemical composition same as treating 
electrode forms on the substrate. 
According to Lazarenko (1951), the size and sign of electrical erosion at the electrodes, 
consequently, the mass transfer from the treating electrode to the substrate depends on 
chemical composition of electrode materials, environment between electrodes and 
parameters of the electrical pulse. It is obvious that for ESA in air, size of erosion depends 
basically on chemical composition of electrodes and pulse energy, in turn pulse parameters, 
pulse amplitude and pulse duration . Therefore, for a given pair of electrodes, mass transfer 
depends only on electrical parameters of pulses. It was experimentally shown that, the mass 
gain of substrate is limited, i.e. it is impo ssible to obtain thick electrospark coating. 
According to the author (Lazar enko, 1976), the limitation of mass gain of substrate depends 
on several factors. Lazarenko named them as: change in chemical properties of molten 
droplet during its transfer to the substrate; change in chemical properties of substrate 
surface due to mixing with molten droplet ejec ted from treating electrode and oxidation in 
air; radical changes arising in alloyed substrate surface - occurrence and accumulation of 
defects in crystal lattice preventing diffusion; occurrence of residual stress etc. She has also 
reported that even under the non-oxidizin g gas environment–such as argon, helium, 
hydrogen, there was still limitation on coating thic kness. In this case, the processing time till 
limitation was slightly longer than that of the processing in air. 
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Many years past since then; however, published scientific studies on ESA shows that, 
breakthrough in technology to form thick coating has not been achieved yet. This problem 
could partially be solved by using pulses providing maximum erosion (mass loss) of the  
treating electrode and maximum mass gain by the substrate. The process of mass transfer 
must be completed before any one of the factors described above could have sufficient time 
to be fully effective (Lazarenko, 1976). 
Thus, in order to determine the condition of maximum mass transfer fr om treating electrode 
to substrate, it is necessary to study mass transfer characteristics of electrodes as a function 
of pulse durations. The literature review on this question shows that, the range of pulse 
durations is from 10 -5 sec (short durations), to 10-3 – 10-2 sec (long durations). The pulse 
duration was limited by possibility of generating current pulses with amplitude of 100 �î  
and voltage of 100 V at lower side of pulse duration range and change in polarity of mass 
transfer and increase in heat content of the substrate at upper side of pulse duration range. 
Thus, the possible interval of pulse durations for ESA is from 10 µs to 10000 µs. 
Lazarenko (1957) investigated mass transfer characteristics of ESA process only in the range 
of 50 µs to 300 µs. For alloying, she used sinusoidal pulses generated by the discharge of 
capacitor on spark loading. According to th e Lazarenko (1957), the optimal pulse duration 
for ESA is between 50 µs to 300 µs. The following years and practically at present, same 
pulse durations have been used for ESA, because above pulse range was considered as a 
base to fabricate ESA installations. 
Zolotih (1957) investigated the dependence of erosion of treating electrode to pulse duration 
with reference to the electrospark dimensional machining (EDM) of metals. The range of 
sinusoidal pulse duration was 100 µs -1100 µs. It is interesting to notice that in EDM case the 
mass loss of treating electrode versus processing time curve has a maximum. The emergence 
of the maximum depends on pulse duration and physico-chemical properties of electrodes. 
Dependence of erosion of treating electrode to the pulse shape (Rybalko et al., 2003a) 
revealed that, ESA with application of square pulses was more productive. Therefore, to 
form square pulses, an ESA installation has been developed (Rybalko et al., 2003b, 2003c) 
(see, Fig 1a and 1b). The current pulse shaper was executed on the basis of single-cycle 
electric generator with a transistor switchboard.  It is capable to form a pulse with desired 
parameters by a method of pulse-duration mo dulation. Such approach allows producing a 
current pulse with various amplitude, duration  and shape without changing the parameters 
of pulse forming circuit, U, C,  L and R. The master generator of the pulse shaper regulate 
the duration of its pulses and pauses in steps of 200 nanoseconds. The pulse amplitude 
could be increased in the order of 3 �î . For the case of forming more complicated pulse 
shape, the approach of pulse-duration modulation was used.  
 

Substrate 

Layer+

 

 Pulse generator 
 

Treating
electrode Discharge 

 
Fig. 1a. The diagram of the ESA installation 
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Fig. 1b. Generating of a pulse by pulse-width modulation. The electrical discharge circuit (Tr 
is the transistor, U is the voltage of power suppl y, C, L and R are the capacitance, inductance 
and resistance (including the load) of the discharge circuit, respectively) (b1). A representative 
current pulse oscillogram (b2) could be formed by  on-off switching of the transistor (b3). t and 
i are the time and current, respectively. The on-off switching of transistor was operated by 
programmed voltage pulses from pulse oscillator. A real current pulse oscillogram, pulse 
amplitude is 300 A and pulse duration is 200 �Ís (b4) 

The present installation is capable of forming pulse groups with various parameters. Power 
consumption of the installation is 1000 W. The stabilized output voltage of the converter is 
40 V. Range of energy and duration of pulse is 0,25x10-3-15 J and 2-8000 µs respectively. 
Range of pulse frequency is 2-120000 Hz. The upper boundary of frequencies is used for 
minimum pulse amplitude of 15 �î . 
For a chosen voltage, taking into account the full resistance of discharge circuit, the average 
rate of increase of pulse first front (first slope of  pulse) is 14,4 A/µs till to the amplitude of 
1000 A. Continuous sliding of the processing electrode on the substrate surface back and 
forth, provided the possibility of discharge initiation with explosion of contacting micro 
roughness and formation of plasma channel at any moment of time (Rybalko et al., 2000). 
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The total electricity through the inter-electrod e gap was kept constant at 3 Coulomb as a 
base for comparison of experimental results.  

2. Experimental results of electrospark alloying  

The following sets of experiments were carried out in order to have a broad idea about the 
mass transfer behavior from the treating electrode to the substrate. Pulse amplitudes ranging 
from 100 A to 1000 A and pulse duration ranging from 25 µs to 4000 µs were used (Rybalko 
et al., 2003d, 2004a, 2004b). The aim is to maximize mass gain of substrate at the initial stage of 
ESA, i.e. first layer of deposition, by increasing pulse energy. Because, as explained by 
Lazarenko (1976), when chemical composition of substrate surface becomes same as treating 
electrode after a single or multiple layer of deposition, mass transfer ceases down. Therefore, 
erosion of treating electrode should be as high as possible for the first layer of deposition. 
Experimental results revealed that one of the reasons limiting the thickness of deposit is the 
destruction of the layer already deposited during process ing (Rybalko et al., 2003e). This was 
due to local evaporation of material underneath the outer surface of deposit. Evaporatio n was 
caused by the heat provided locally by spark discharges during second layer of deposition. 
Upon further processing evaporation intensifies and even cavities form. The point is to find 
out a common criterion for coating destruction during processing. 
The mass loss of the treating electrode, the mass gain of the substrate, the calculation of 
mass transfer coefficient, the measurement of thickness and roughness (parameter Ra) of 
deposited layers, and some characteristics of the ESA process were studied for every 30 
seconds for a total 3 minutes of processing. The amount of mass loss of the treating electrode 
and the amount of mass gain of the substrate at each time interval of 30 seconds for various 
pulse parameters (amplitude and duration) as a function of processing time were given in 
Figs 2-7. Usually in this type of ESA studies, not the mass difference between two successive 
measurements, but the cumulative mass change of the treating electrode and substrate 
versus processing time has been used to describe the change in the mass of the electrodes. 
The treating electrode and substrate were WC92-Co8 with cross section of 8 mm2 and steel 
35 with an area of 1 cm2, respectively.  
Mass loss curves of treating electrode and mass gain curves of substrate were not linear from 
the very beginning of alloying, for all investig ated range of pulse parameters. Nonlinearity 
of the mass loss curves of treating electrode at the initial stage of the electrospark alloying 
was attributed to the nature of ESA method  itself. After approximately 2 minutes of 
processing, mass loss of treating electrode leveled off and became stationary for the deposition 
with pulse amplitudes of 100 A, 200 A and 400 A. In case of deposition with pulse amplitude 
of 600 A, 800 A and 1000 A, this happened after approximately 1 minute of processing. Any 
increase in pulse duration caused: an increase in erosion of treating electrode at the initial 
stage of alloying, i.e. the first layer of deposition, an increase in the amount of stationary 
mass loss of the treating electrode, stationary level to emerge in shorter processing time. 
Substrate mass gain curves were not linear either. After gradually decreasing they 
eventually became asymptotic to the horizont al axis. When substrate mass gain curves 
became asymptotic, mass loss of treating electrode became stationary. Upon further alloying 
the mass increment of substrate became negative. That is, instead of gaining mass, substrate 
started to lose mass. This is a sign for the beginning of destruction of deposit already 
formed. Moreover, for pulse amplitudes of 600 A, 800 A and 1000 A, mass gain of substrate 
sharply decreased down from the very beginning of processing, (Fig. 5-7), and almost for all 
experimental conditions, they were negative. These curves were indicated by dotted lines. 
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Fig. 2. Mass loss of treating electrode and mass gain of substrate (solid dots) as a function  
of pulse energy for a period of 3 minutes of  processing. Pulse amplitude was 100 A. Pulse 
duration was variable 
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Fig. 3. Mass loss of treating electrode and mass gain of substrate (solid dots) as a function  
of pulse energy for a period of 3 minutes of  processing. Pulse amplitude was 200 A. Pulse 
duration was variable 
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Fig. 4. Mass loss of treating electrode and mass gain of substrate (solid dots) as a function  
of pulse energy for a period of 3 minutes of  processing. Pulse amplitude was 400 A. Pulse 
duration was variable 
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Fig. 5. Mass loss of treating electrode and mass gain of substrate (solid dots) as a function  
of pulse energy for a period of 3 minutes of  processing. Pulse amplitude was 600 A. Pulse 
duration was variable 
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Fig. 6. Mass loss of treating electrode and mass gain of substrate (solid dots) as a function  
of pulse energy for a period of 3 minutes of  processing. Pulse amplitude was 800 A. Pulse 
duration was variable 
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Fig. 7. Mass loss of treating electrode and mass gain of substrate (solid dots) as a function  
of pulse energy for a period of 3 minutes of processing. Pulse amplitude was 1000 A.  Pulse 
duration was variable 
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Longer pulse durations caused higher mass gain of substrate at the first layer of deposition 
and shorter processing time till to the beginning of mass loss by these substrates. Higher 
pulse amplitude also was accompanied by an increase in substrate mass gain at the initial 
stage of alloying. The only exceptional data is that, in case of ESA with pulse amplitude of 
1000 �î , comparing to the case of 800 �î , any significant increase in mass gain of substrate 
was not obtained. 
Since, environment and initial condition of elec trode materials were same for all experiments, 
the difference in experimental results was due to the difference in pulse parameters (pulse 
energy) for only the processing time of 30 seconds (first layer of deposition). This is not true 
for second and third layers of deposition. Th e mass gain of substrates, in turn surface 
properties of substrates, after first layer of deposition was all different from each other. 
Therefore, only the experimental results of first layer of deposition including some 
characteristic of processing were used to form a base, Tables 1-6, in order to find out the 
effect of pulse energy on mass transfer. Mass transfer coefficients were calculated from the 
data of mass transfer during the first 30 seconds of alloying. 

 
Pulse  

duration ( �Ís) 
25 50 100 150 200 300 400 600 800 1000 2000 4000 

Pulse  
energy (J) 

0,032 0,08 0,17 0,233 0,297 0,5290,72 1,08 1,44 1,7 3,4 6,79 

Frequency 
(Hz) 

1613 645 309 219 178 99 71 47 36 30 15 8 

Processing 
electricity (C) 

3,00 3,03 2,99 3,00 3,11 3,08 3,01 2,99 3,05 3 3 3,2 

Time t1 to scan 
1cm2 (sec) 

50 50 50 45 45 45 55 50 55 55 70 60 

Mass loss of 
anode (mg) 

1,25 1,67 2,25 2,92 3,75 4,5 6,05 7 7,52 10,3 12,1 17,99 

Mass gain of 
cathode (mg) 

0,75 1,00 1,66 2,1 2,55 2,854,35 5,17 5,68 7,66 8,4 9,46 

Mass transfer 
coefficient 

0,6 0,6 0,74 0,68 0,68 0,630,72 0,74 0,75 0,74 0,69 0,76 

Surface 
roughness (�Ím)

2,65 2,77 3,0 3,25 3,35 3,714,35 4,9 5,36 7,2 8,97 12,03 

Recommended 
number of 

layers 
3 3 3 2-3 2-3 2-3 2 2 1-2 1 1 1 

Coating 
thickness till to 

failure ( �Ím) 
10�r4 13�r7 13�r5 16�r6 17�r5 20�r6 22�r6 23�r6 35�r10 35�r20 45�r35 60�r50 

Table 1. Some parameters of processing. Pulse amplitude is 100 A 
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Pulse  
duration ( �Ís) 

50 100 150 200 300 400 600 800 1000 2000 

Pulse  
energy (J) 

0,097 0,257 0,427 0,602 0,9271,28 1,9 2,72 3,31 6,74 

Frequency 
(Hz) 

528 198 119 92 55 39 26 19 16 8 

Processing  
electricity (C) 

2,99 2,997 2,99 3,25 3 2,95 2,91 3,04 3,12 3,17 

Time t1 to  
scan 1cm2 (sec) 

50 40 40 40 40 50 60 65 65 60 

Mass loss of  
anode (mg) 

2,33 3,47 4,27 5,03 5,59 8,6 11,2 13,0 16,1 16,9 

Mass gain of  
cathode (mg) 

1,33 2,13 2,66 3,6 4,02 5,5 7,46 8,11 10,1 10 

Mass transfer 
coefficient 

0,57 0,61 0,62 0,72 0,72 0,64 0,67 0,62 0,63 059 

Surface  
roughness (�Ím) 

3,07 3,12 4,1 4,61 5,01 6,8 7,42 8,83 9,98 11,67 

Recommended 
number of layers 

3 3 3-2 2 2 2-1 1 1 1 1 

Coating thickness till 
to failure ( �Ím) 

12±7 17±5 32±5 37±10 41±10 50±20 55±20 55±20 55±25 60±25 

Table 2. Some parameters of processing. Pulse amplitude is 200 A 

 

Pulse  
duration ( �Ís) 

100 150 200 300 400 600 800 1000 2000 

Pulse  
energy (J) 

0,342 0,639 1,02 1,68 2,39 3,77 5,12 6,48 13,3 

Frequency 
(Hz) 

158 80 50 31 23 13 10 8 4 

Processing  
electricity (C) 

3,002 3,008 3,009 3,066 3,23 3,108 3,01 3,048 3,13 

Time t1 to  
scan 1cm2 (sec) 

35 50 50 50 50 50 40 40 28 

Mass loss of  
anode (mg) 

2,96 4,2 5,17 10 11,5 13,15 10,92 11,56 17,01 

Mass gain of  
cathode (mg) 

0,35 2,27 1,67 5,17 5,52 6,47 5,38 6,8 10,9 

Mass transfer  
coefficient 

0,12 0,54 0,32 0,52 0,48 0,49 0,59 0,59 0,64 

Surface  
roughness (�Ím) 

3,79 4,42 6,32 10,1 11,7 12,48 13,62 15,45 14,69 

Recommended  
number of layers 

3 2 2-1 2-1 1 1 1 1 1 

Coating thickness 
till to failure ( �Ím) 

16±5 35±5 50±20 60±30 65±30 65±30 75±40 65±40 100±80 

Table 3. Some parameters of processing. Pulse amplitude is 400 A 
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Pulse  
duration ( �Ís) 

200 300 400 600 800 1000 

Pulse  
energy (J) 

1,13 2,19 3,35 5,34 7,31 9,39 

Frequency 
(Hz) 

45 23 15 10 7 5 

Processing 
electricity (C) 

2,997 2,967 2,955 3,14 3,01 2,763 

Time t1 to  
scan 1cm2 (sec) 

35 35 35 35 30 25 

Mass loss of 
anode (mg) 

4,9 5,95 7,43 11,12 11,1 11 

Mass gain of 
cathode (mg) 

1,67 2,53 3,77 4 4,1 4,39 

Mass transfer 
coefficient 

0,34 0,43 0,51 0,36 0,37 0,4 

Surface roughness 
(�Ím) 

5,14 7,05 10,14 14,20 15,82 17,72 

Recommended 
number of layers 

3 2 1 1 1 1 

Coating thickness 
till to failure ( �Ím) 35�r15 55�r30 65�r40 40�r15 70�r50 75�r50 

Table 4. Some parameters of processing. Pulse amplitude is 600 A 

 

Pulse  
duration ( �Ís) 

200 300 400 600 800 1000 

Pulse  
energy (J) 

1,47 2,78 3,96 6,82 9,47 12,45 

Frequency 
(Hz) 

35 18 13 8 5 4 

Processing 
electricity (C) 

3,02 2,95 3,03 3,21 2,78 2,93 

Time t1 to  
scan 1cm2 (sec) 

35 35 35 25 25 25 

Mass loss of anode 
(mg) 

5,25 5,77 8,67 9,32 14,7 16,33 

Mass gain of 
cathode (mg) 

0,23 0,91 1,95 5,21 6,83 8,63 

Mass transfer 
coefficient 

0,04 0,16 0,22 0,56 0,48 0,53 

Surface roughness 
(�Ím) 

4,63 9,59 10,31 13,59 17,7 17,75 

Recommended 
number of layers 

3 2 2-1 1 1 1 

Coating thickness 
till to failure ( �Ím) 50�r20 50�r40 60�r40 65�r45 100�r80 110�r105 

Table 5. Some parameters of processing. Pulse amplitude is 800 A 
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Pulse  
duration ( �Ís) 

300 400 600 800 1000 

Pulse  
energy (J) 

3,02 4,54 7,87 11,33 14,52 

Frequency 
(Hz) 

17 11 6 4 3 

Processing 
electricity (C) 

3,009 2,937 2,772 2,668 2,562 

Time t1 to  
scan 1cm2 (sec) 

25 20 20 20 20 

Mass loss of anode 
(mg) 

5,06 5,33 8,65 11,87 19,41 

Mass gain of 
cathode (mg) 

0,88 0,73 2,8 4,6 7,2 

Mass transfer 
coefficient 

0,17 0,14 0,32 0,39 0,37 

Surface roughness 
(�Ím) 

5,49 8,28 14,84 16,38 17,62 

Recommended 
number of layers 

3 2-1 1 1 1 

Coating thickness 
till to failure ( �Ím) 

55�r45 60�r45 65�r50 100�r85 100�r100 

Table 6. Some parameters of processing. Pulse amplitude is 1000 A 

The experimental results obtained under the condition of constant pulse amplitude and 
increasing pulse duration were  given in Tables 1-6. As mentioned previously, processing 
electricity was kept constant at 3 Coulomb for all experiments. Since pulse amplitude was 
constant, pulse energy was increased by increasing pulse duration. Main objective of this 
investigation was to increase both mass loss of treating electrode and mass gain of the 
substrate, in turn coating thickn ess, especially for the first layer of deposition. Higher pulse 
energy causes higher mass gain of substrate and shorter processing time till to the beginning of 
mass loss (destruction of deposit already formed). Despite the mass gained from treating 
electrode, a decrease in weight of the substrate was observed for pulse duration of 4000 µs in 
case of 100 A pulse amplitude after 1.5 minutes of processing (Fig. 2), for pulse duration of 
2000 �Ís in case of 200 A pulse amplitude after 1.5 minute processing (Fig. 3) and for pulse 
duration of 400 �Ís in case of 400 A pulse amplitude after 2.0 minute processing (Fig. 4). Further 
increase of pulse duration caused substrate to start to lose mass in shorter processing time.  
Upon further alloying, the mass loss, in other wo rds, the destruction of layer already formed 
intensifies and the destruction could reach substrate by removing already formed layer 
totally. In Fig. 8, cross-sectional micrograph of a coating was given as an example in order to 
show the beginning of destruction. Part of the specimen was not purposely alloyed (see the 
upper part of micrograph) in order to be able to compare the level of coating thickness and 
depth of destruction with the original level of the surface. 
In case of 100 A pulse amplitude, during allo ying with pulse duration longer than 200 µs, 
erosion of molten pool on substrate was observed from the very beginning of alloying due 
to the presence intensive gas dynamics phenomena in plasma channel. This type of erosion 
was named “washing away” which is the mass lost by substrate (Rybalko et al., 2008). 
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Fig. 8. Cross-sectional micrograph of a coating showing the locations of failure 

Therefore, the change in weight of the substrate is the difference between the liquid mass 
received from treating electrode and the liquid mass loss due to washing away of its molten 
pool at the beginning of a spark discharge. Intensive washing away was observed with 
pulse durations of 400 µs in case of 100 A pulse amplitude, 200 µs in case 200 A pulse 
amplitude, and 200 µs in case of 400 A pulse amplitude. The micrograph (Fig. 9) shows that, 
the liquid material ejected from treating electr ode filled up the substrate pool after washing 
away was completed. 
 

 
Fig. 9. Cross-sectional micrograph of a coating showing the location of pool on substrate 

For the pulse duration of 1000 µs in case 100 A pulse amplitude, the morphology of coating 
changed essentially. There were pores at the upper part of the layer that were formed by 
superficial boiling of the transferred material. Pulse durations more than 1000 µs caused the 
formation of large pores not only at the surface, but also inside the deposited layer. Boiling 
was caused by significant amount of heat transferred to the substrate from overheated 
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