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Abstract. Mathematical models of the surface hardening of VT20 and 
OT4 titanium alloys by electrospark alloying have been developed. These 
models can be used in the design of technological processes for the 
manufacture of titanium blades for steam turbines.  

1 Introduction 
The development of power engineering, both in the Russian Federation and abroad, 
presupposes the ever wider use of turbine units of increased power, the steam pressure in 
which reaches 25 MPa, the steam flow rate is 500 m/s, and its temperature is 540° C.  

Power loads cause a complex stress state in the material of the blades (bending and 
twisting), in addition, tensile stresses arise in them from the centrifugal force due to the 
high speed of rotation of the rotor. Promising materials for large-sized blades in such 
turbines can be pseudo-α-titanium alloys, in which the content of the unstable β-phase is 
much lower than in two-phase (α+β)-titanium alloys, which ensures their higher heat 
resistance. It is known that electrospark coatings applied on pseudo-α-titanium alloys have 
high wear resistance at temperatures up to 500° C and high corrosion resistance and can be 
used to increase the durability of turbine blades operating in a stream of superheated steam 
at high temperatures under conditions of drop impact erosional impact [1-19]. 

Taking into account the advantages and disadvantages of the electrospark alloying 
method, many enterprises are developing technological processes for strengthening (as well 
as restoration) of the leading and trailing edges of the working blades of the last stages of 
steam turbines using electrospark alloying [4-7]. There is very little information in the 
literature on the use of electrospark alloying for hardening turbine blades made of titanium 
alloys. Micrometallurgical processes occurring in the electric spark discharge zone can be 
changed, targeted synthesis of high-strength and heat-resistant compounds can be carried 
out, and complex composite coatings can be formed by varying the parameters and 
conditions of electrospark alloying. 

An important task in the study of electrospark alloying of titanium alloys is to establish 
the regularities of the electrical erosion of electrode materials, especially the titanium 
cathode, as well as the regularities of the formation of coatings on the cathode, taking into 
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account the energy factors, the characteristics of the electrode materials and the 
interelectrode medium. 

To establish the dependences of the influence of factors and conditions of the 
technological process of electrospark treatment on the quality of coatings on titanium 
blades of steam turbines, it is advisable to use methods of mathematical modeling [9-14]. 

2 Materials and research methods 

Electrospark coatings were applied to titanium alloys VT20 and OT4 on an Elitron-22 
setting with a PG-12N-03 electrode. The coating was carried out in air. Samples were cut 
from sheets of titanium alloys VT20 and OT4 2 mm thick in the form of squares 10×10 mm 
in size. Before starting the coating, the samples were cleaned with emery paper and 
degreased with acetone. 

The regularities of the formation of the structure and properties of electrospark coatings 
on titanium alloys VT20 and OT4, obtained with the PG-12N-03 electrode, have been 
found. It was found that the highest specific gravity and the lowest porosity of the coating 
at a current strength of 8A, a discharge capacity of 0.6μF are achieved. Non-porous nickel-
based coatings reinforced with borides, having high hardness, wear resistance and corrosion 
resistance are formed at these parameters [9-19].  

Second-order rotatable planning, which allows you to represent the process under study 
with a sufficiently high reliability, was used to build the model. The following were chosen 
as independent variable factors that to the greatest extent determine the course of the 
electrospark alloying process: 

х1 is specific time of coating application, min/cm2; 
x2 is the current in the electrical impulse, A; 
х3 is capacity of the electric spark discharge μF. 
Two characteristics of electrospark coatings, which are of the greatest value for the 

design of the technological process of hardening of steam turbine blades, were chosen as 
the output parameters of the model (optimization criteria). The first parameter is the 
thickness of the electrospark coating, which characterizes the productivity of the 
electrospark alloying process. The second parameter is the wear resistance of the 
electrospark coating, which characterizes the durability of the coating, i.e. service life of 
electrospark coated turbine blades. 

Thus, we can write: 
уI is coating thickness, mcm; 
уII is relative wear resistance of the coating (standard titanium alloy VT20 without 

coating), conv. units. 
For the developed model, the following restrictions were adopted. The maximum 

specific time of electrospark coating deposition (x1) was taken equal to 1.8 min/cm2 for 
reasons of rational productivity of the process. The turbine blade is coated in the area of the 
outer edge where the wear is most intense. The zone, hardened by the electrospark coating, 
has dimensions of 20×5 cm, an area of 100 cm2. The processing time of one blade with a 
specific coating time of 1.8 min/cm2 will be 180 minutes (3 hours). Obviously, the duration 
of hardening of a titanium blade exceeds rational technological standards when the specific 
time of coating is exceeded. The limitation of the maximum value of the electric spark 
discharge current (x2) to the value of 8A is taken from considerations of the permissible 
porosity of the electric spark coating (≈25%). Exceeding the specified current strength 
leads, as shown above, to a significant increase in the porosity of the coating and to an 
unacceptable decrease in its mechanical properties. The values of the discharge capacity 
(x3), adopted in the developed model, are limited by the capabilities of the "Elitron-22" 
installation. 
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Samples in the form of rollers made of VT20 alloy (for the SMTs-2 friction machine) 
were used in the experiment, on the forming surfaces of which electrospark coatings were 
applied with a PG-12N-03 alloying electrode in various modes. In this case, the diameter of 
the roller was measured before and after the application of the coating and, thus, the 
thickness of this coating was determined. Then the samples with electrospark coatings were 
tested for wear by friction on the surface of a hard-alloy roller (counterbody) with a saline 
solution with a finely dispersed quartz abrasive supplied to the friction zone. 

3 Results and discussion 
According to the results of the experiment, the coefficients in the regression equations (a 
mathematical model of the process under study) were calculated and their adequacy was 
checked according to the Fisher criterion. Adequate regression equations are: 

For the thickness of the electrospark coating: 

уI=63,05+10,13x1+6,81x2-1,62x1x2-5,48x1
2-1,22x2

2 

for the relative wear resistance of the coating: 

уII =2,46+2,44x1+1,15x2+0,19x1x2+1,32x1
2-0,16x2

2 

These equations represent polynomial regression models of the process of electrospark 
coating PG-12N-03 deposition on titanium alloy VT20, which allow predicting the 
characteristics of this coating when changing the deposition modes. 

As can be seen from the obtained regression equations (mathematical model), the 
specific time of coating deposition (the speed of movement of the alloying electrode over 
the surface to be hardened) has the greatest effect on both the thickness of the electrospark 
coatings and their wear resistance. 

The strength of the pulsed current, which determines the mass of the electrode material 
applied to the substrate in one spark discharge, also has a rather noticeable effect on the 
output parameters of the resulting model (on the thickness and wear resistance of the 
coatings). As can be judged from the coefficients in the regression equations, this effect is 
about half that of the effect of the specific coating time. The capacity of an electric 
discharge within the investigated limits practically does not affect either the thickness of the 
electrospark coating or its wear resistance. Calculations showed that all the coefficients in 
front of the variable x3 (discharge capacity) turned out to be insignificant. The calculated 
dependences of the optimization criteria (output parameters of the model) on the 
independent factors adopted in the model are shown in figures 1 and 2. 

The obtained dependences show, with a 95% probability, the features of the course of 
the process of electrospark alloying of a titanium alloy with a change in external conditions 
- a change in the specific time of coating deposition and a change in the current of the spark 
pulse. It can be seen that the thickness of the electrospark coating from the nickel alloy PG-
12N-03 on the titanium alloy VT20 monotonically increases with an increase in the specific 
alloying time and with an increase in the electric spark discharge current, at first very 
intensively, and then more and more slowly. The obtained dependencies can be used when 
assigning modes of electric spark hardening of titanium blades of steam turbines. 

As for the relative wear resistance of electrospark coatings, as calculations show, 
according to the adopted model, the effect of the specific coating time and the effect of the 
current in the spark discharge on this characteristic are not the same. With an increase in the 
application time, the wear resistance of the coatings increases sharply; with an increase in 
the current strength, the wear resistance does not increase so much and almost linearly. 
Thus, the wear resistance of titanium turbine blades can be increased by a factor of 10 or 
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more by increasing the specific coating time to 1.8-2.0 min/cm2 at a spark discharge current 
of 8-9A.  

 

 
a 

 
b 

Fig. 1. Influence of the specific time of applying an electric spark coating (a) and the current of a 
spark pulse (b) on the thickness of the PG-12N-03 coating on titanium alloy VT20. 

The legitimacy of using mathematical models for practical purposes depends on their 
adequacy. In our case, the adequacy of the model of the electrospark process is 95%. This 
indicates that the calculated values obtained from the above equations (1) and (2) are in 
good agreement with the experimental data. Thus, a good agreement between the 
experimental and simulated data makes it possible to set the parameters of technological 
processes from the simulation data. 

Visualization of graphs of functions in three-dimensional space is of interest. Such plots 
represent surfaces in a three-dimensional coordinate system. It is convenient to construct a 
three-dimensional image of the function (response surface) of the model under study using 
experiments carried out according to the algorithm for mathematical planning of the 
experiment, in our case, according to the second-order rotatable plan. Complex nonlinear 
relationships between variables can be discovered through such experiments. 
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a 

 
b 

Fig. 2. Influence of the specific time of electrospark coating deposition (a) and the spark pulse current 
(b) on the wear resistance of the PG-12N-03 coating on the VT20 titanium alloy. 

Visualization of functions of two variables has aesthetic (visual) and practical 
significance, since such functions act as mathematical models of various processes, for 
example, the process of electrospark alloying of a titanium alloy with a nickel electrode. 
After the model of this process becomes visible, it is much easier to analyze, since all the 
patterns of the phenomenon under study become visible and obvious. 

In figures 3 and 4, three-dimensional images of mathematical models, the effect of the 
specific application time and the electric spark discharge current on the thickness of the 
PG-12N-03 electrospark coatings on the VT20 titanium alloy and their wear resistance are 
presented. These images were constructed using the SciLab computer program. 
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Fig. 3. Dependence of the thickness of the PG-12N-03 electric spark coating on the VT20 alloy on the 
specific application time and on the current strength in the electric spark discharge (calculation 
model) 

 
Fig. 4. Dependence of the relative wear resistance of the PG-12N-03 coating on the VT20 alloy on 
the specific application time and on the current strength in the electric spark discharge (calculation 
model). 

4 Сonclusions 
1. For the design of technological processes for surface hardening of titanium blades of 

steam turbines, a mathematical model of electrospark alloying was developed. 
Second-order rotatable experimental design was used to build this model. It allows 
you to represent the process under study with a fairly high reliability (≈90%). 

2. The greatest effect on the productivity of the process (mass transfer of the electrode 
material) is exerted by the specific time of coating deposition, and the least effect is by 
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the electric spark discharge current. The capacity of an electrospark discharge has 
practically no effect on both the thickness of the electrospark coatings and their wear 
resistance. 

3. Visualization of the resulting model, carried out using the MatLab computer program, 
gives a visual representation of the process under study. Good agreement between the 
experimental and calculated (simulated) data makes it possible to set the parameters of 
technological processes for strengthening turbine blades according to the simulation 
data. 
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