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Abstract—The article presents studies of dynamic 

processes that occur during an electrohydropulse discharge. 

A method and design of a device for hardening parts by an 

electrohydropulse high-voltage discharge in a liquid has 

been developed. The proposed method allows to obtain a 

depth of the hardened layer up to 30 mm with compressive 

stresses throughout its depth and a uniform microscopic 

relief of the working surface. 

Keywords—high-voltage discharge, pulse current 

generator, electromechanical hardening, electric discharge 

chamber. 

I. INTRODUCTION 

Currently, in the repair industry, the technology is most 
widely used, in which the restoration of the dimensions of 
the part occurs through distribution. However, the parts 
restored using this technology have a number of significant 
drawbacks, the main of which is the large residual stresses in 
the material of the sleeve, which, in the end, leads to the 
destruction of the part. 

One of the promising ways to develop a technology for 
restoring worn-out parts such as a sleeve is using an electro-
hydraulic effect for this purpose. 

However, during the passage of an electro-hydraulic 
explosion of a metal wire, there is some uneven 
development of the explosion, and, accordingly, the 
deformation of the sleeve occurs non-uniformly. As a result, 
the sleeve after recovery has a large barrel-shapedness, 
taper, a large curvature of the axis, which leads to uneven or 
insufficient allowance for finishing machining. Therefore, 
this technology has not found wide practical application. 

A method and technology for distributing bushings with 
mechanical shock pulses is proposed. Using a collet device, 
a shock pulse, which is generated by an electric-discharge 
generator of elastic vibrations, is transmitted to the 
renewable part. The large amplitude of the shock pulse, 
which performs the work of distributing the sleeve, is 
preceded by a high-speed ZAG elastic high-frequency 
oscillations. These vibrations excite the diffusion activity of 
the atoms of the deformed metal. Due to this, the friction 
forces between the collet and the wrought metal are reduced 
and its ductility increases. The uniformity of the deformation 
of the sleeve is ensured by the uniform distribution of 
pressure created by the collet on the surface of the sleeve. 
The increase in the distribution of the sleeve is provided by 
increasing the diffusion mobility of the atoms of the 
deformed metal. 

II. ANALYSIS OF BASIC ACHIEVEMENTS 

Domestic experts paid attention to the methods of 
electromechanical hardening of steel parts of rotation with 
carbide rollers by passing electric current through a contact spot 
for a long time - back in the 60s of the twentieth century. Studies 
have shown that with a current strength of I = 300–2000 A and a 
voltage of U = 2,5–6,0 V, the depth of the hardened (white) layer 
is 0,05–1,5 mm. Under this layer, residual tensile stresses most 
often occur, which reduce the fatigue strength of hardened parts, 
therefore, combined technologies are used to eliminate the 
negative effect of these stresses. In this case, the 
electromechanical treatment is carried out either before surface 
plastic deformation due to rolling by the rollers, or after. As a 
result of this, residual tensile stresses are converted to 
compressive ones. However, this greatly complicates the 
hardening technology [1-3]. 

It was shown in [4] that electrohydropulse treatment with a 
high-speed liquid jet directed normal to the machined surface of 
welded samples of aluminum-magnesium alloys allows not only 
to reduce tensile stresses in the weld, but also to make them 
compressive, equal in absolute value to the initial stresses. In this 
case, there is an increase in the hardness of the metal along the 
axis of the weld by 23%. 

We have proposed a method and developed a design of an 
electromechanical hardening device for parts using a high-
voltage pulse discharge in a liquid. This allows you to get the 
depth of the hardened layer up to 30 mm, to create residual 
compressive stresses in the surface layer and a regular 
microscopic relief of the treated surface [5]. 

III. PURPOSE OF THE STUDY 

To study dynamic processes in an electrohydropulse 

discharge based on which to develop method and design of 

a device for hardening parts by electrohydropulse high-

voltage discharge in a liquid. 

IV. RESULTS OF RESEARCH 

During electromechanical hardening of steel parts by 

rotation with carbide rollers when electric current is passed 

through the contact patch (current strength, I = 300-2000 A, 

voltage U = 2,5-6,0 V), the depth of the hardened (white) layer 

is 0,05-1,5 mm [5]. Residual tensile stresses most often occur 

under the white layer, which reduce the fatigue strength of 

hardened parts, therefore, combined technologies are used to 

eliminate the negative influence of residual tensile stresses. 

Electromechanical processing is preceded by surface plastic 

deformation (SPD) by rolling by rollers, or rolling by rollers is 

carried out after electromechanical processing [6, 7]. As a 

result of this, residual tensile stresses are converted to 



compressive ones. However, this greatly complicates the 

hardening technology. 

We have proposed a method and developed a device design 

and technology for electromechanical hardening of parts using 

a high-voltage pulse discharge in a liquid, which makes it 

possible to obtain a hardened layer depth of up to 30 mm, to 

create residual compressive stresses in the surface layer and a 

regular microscopic relief of the treated surface [5]. 

A device for electromechanical processing of rotation parts 

is shown in Fig. 1. 

 
Fig. 1. Device for electromechanical hardening of rotation parts 

The device consists of an electric discharge chamber 1, with 

a positive electrode 2 installed in it, connected to a pulse current 

generator 3 (PCG). The working end of the chamber 1 is made 

in the form of a punch 4 with a profile radius. The housing of 

the chamber 1 is connected to the frame 5, at the opposite end 

of which the chamber-hydraulic cylinder 6 is fixed, the end of 

which is the punch 7. O-rings 8 and 9 are installed in the bores 

of the punches 4 and 7. Axes 10 and 11 are attached to the 

punches 4 and 7, on which the springs 12 and 13 are installed. 

The electric discharge chamber 1 and the hydraulic cylinder 

chamber 6 are interconnected by a hydrochannel 14. The frame 

5 is mounted on a support of the lathe, in the centers of which 

the workpiece 15 is installed. The punch 7 is electrically 

connected to the negative pole of the gas turbine 3. Electric 

discharge camera 1 and the camera-hydraulic cylinder 6 are 

filled with the working fluid (water and electric resistance of 

not less than 15 Om · m). 

After installing the part 15 in the centers of the lathe, when 

the pump is turned on, water is pumped under pressure through 

the electric discharge chamber 1 and the chamber-hydraulic 

cylinder 6, which ensures the pressing of punches 4 and 7 to the 

workpiece. In this case, the springs 12 and 13 are compressed. 

Turns on the rotation of the part 15 at a speed and the feed of 

the machine support along the axis of the part 15. When the 

PCG 3 is turned on, high voltage is applied to the electrode 2, a 

length of water is broken, an impulse current flows between the 

electrode 2 and the end of the punch 4 and a discharge channel 

is formed, which is a low-temperature plasma, and gas-vapor 

cavity. The pulsed current flows through the contact surface of 

the punches 4 and 7 with part 15 and the electrical connection 

with the negative pole of PCG 3. In this case, the pulsed current 

heats the surface layer of the part to ≈ 9000С and the surface 

layer is quenched by heat removal to the mass. When 

expanding the vapor-gas cavity, a quasistatic pressure is 

created, transmitted through the punches 4, 7 and the workpiece 

15. Plastic deformation of the surface layer of the part to depth 

is carried out. High-voltage pulses follow with a frequency, the 

part rotates for each pulse by an amount. At the end of 

processing, PCG 3 and the pump for supplying water to the 

discharge chamber are turned off, the rotation of part 15 and 

the feed of the machine support are stopped. Using the springs 

12 and 13, the punches 4 and 7 are retracted from the part 15. 

First, a thermal pulse is created on the surface of the 

hardened part due to the passage through the surface of contact 

with the part of the pulse current that occurs during high-

voltage breakdown in the discharge chamber. Due to the abrupt 

heat removal to the mass of the part, a thermally hardened layer 

with depth is created on its surface. Then, due to the expansion 

of the vapor-gas cavity in the discharge chamber, a shock pulse 

is generated and transmitted to the end of the punch by 

pressure, which provides plastic deformation of the surface 

layer of the component to a depth, the material of the 

component undergoes cold hardening, residual compressive 

stresses occur in the surface layer, and the surface of the 

component is circular and axial The feed creates a regular 

surface microrelief. 

The depth of thermal hardening Т  is calculated by the 

formula 
6/13/12/13/2410)0,38,1( −−−= LRCU KOТ , m,         (1) 

where OU  - PCG charging voltage, V; C  - the capacity of the 

capacitors PCG, F; L  - inductance of the discharge circuit, G; 

KR  - electrical resistance of the contact surface of the punch 

with a hardened part, Om. 

When the radius of the sphere is 0,03 m of the punch 7 and 

the force of pressing the punch to the part 1Р  = 500 N, the 

electrical resistance of the contact of the punch with the part is 

determined from the ratio 

I

U
RK = . 

With voltage U = 2,5 V, current I = 470 A 

3105
470

5,2 −=KR  Om. 

The depth of mechanical hardening and occurrence of 

residual compressive stresses is determined by the dependence 
2/14/18/16/124/1210 −−−= ТnOM dLUC  , m,       (2) 

where   - electro-acoustic efficiency of the high-voltage 

discharge, = 0,01 – 0,05; nd  - diameter of the punch, m; Т  - 

yield strength of hardened metal, Pa. 

The amount of heat released on the contact surface of the 

punch with the part when passing through the contact of the 

pulse current for the pulse duration t according to the Joule – 

Lenz law 

tRIQ Kavg

224,0= , cal,                           (3) 

where avgI  - the average value of the current in the pulse. 

Taking the curve of the current in the form of a sinusoid, 

we have 

 ==




0

2
sin тахтах

avg

I
tdt

I
I . 

Substituting the value avgI in (3) we obtain 

tRIQ Km
2097,0= .                             (4) 

Taking into account the values of the coefficients 6,0=  

and 234,0=К , taking into account the part of the heat 

generated in the contact zone, which is removed to the part, 



and the part of the heat released in the part, which is absorbed 

by the ultra-high temperature volume, we obtain the expression 

for the heat going to heat a thin layer of the part 

tRItRIQ ктахктах

22

1 0136,0097,0234,06,0 == .          (5) 

The amount of heat released in the contact zone of the 

punch with the part due to their mutual friction during rotation 

of the part is neglected, since under pulsed loading the friction 

coefficient is small. 

Given L, C, 0U  and the length of the interelectrode gap l  

= (80 - 90) mm, we take 

L

C
UIтах 04,0= ,                              (6) 

and 

LCt 2= .                                 (7) 

Substituting (6) and (7) into (5), we obtain 
2/12/32

0
2/12/32

01 0137,0200218,0 −− == LIRULCRUQ Kk . (8) 

Taking the minimum temperature of phase transformation 

for this steel equal to 9000С and heat capacity at a temperature 

of 4000С, we obtain 

25,116,08,7 ==С  cal/cm3 ∙ grad, 

where C, γ - are the specific heat and density of the metal, 

respectively. 

Taking the volume of the heated metal layer in the form of a 

hemisphere of radius T , we determine the amount of heat 

required to heat this volume to 9000С, 

33
2 14,3

3

2
90025,1

3

2
900 TTCQ  == ; 

3
2 2355 TQ = .   (9) 

Given 21 QQ = , we obtain in accordance with (8) 

3/16/12/13/2
0

2108,1 KT RLCU −−= , cm = 

= 3/16/12/13/2
0

4108,1 КRLCU −− , m. 

For given values 0U  = 50 kV, C = 1 mkF, L = 1 mkG, KR  

= 5 ∙ 10-3 Om, we obtain 

== −−−−− 3/136/162/163/234 )105()10()10()1050(108,1T

4103,4 −= m = 43,0  mm. 

The feed per axial pulse per revolution крS  of the part in 

the axial осS  directions is taken equal to 85,02 =Т  mm. This 

ensures that at a pulse repetition rate of 50=Иf  Hz, the 

peripheral speed of rotation of the part is obtained 

5,2260 == ТИОК fV   m/min. 

We calculate the depth of mechanical simplification 

(hardening) and the propagation of compressive residual 

stresses in the surface layer М . The pressure in the electric 

discharge chamber can be calculated by the formula [3] 

pт tW
R

P /
48,314

1

= , Pa,                      (10) 

where 1R  - radius of the development of the gas-vapor cavity, 

m; pt  - discharge time, s; W - stored energy in the capacitors 

PCG, J;   - electro-acoustic efficiency of the electric discharge 

chamber, R 1
*
 = 0,032 mm at W1 = 312,5 J. 

Accepting the condition that for such high-voltage 

discharges in chambers of a closed volume, the specific volume 

energy is constant, we obtain 

5,312

032,0 3

1

*
13

1

3

==
W

WR
R , 3/13

1 107,4 WR −= , m.    (11) 

From (10) and (11) we have 

2/12/16/132/12/12/13/1

3
1067

107,4

48,314
 −−−

−
=


= PPт tWtWWP . 

(12) 

Punch Force 

4
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n

т

d
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= . 

In view of (12), we obtain 

22/12/16/1
3

4

1067
nP dtWP  −

= .                   (13) 

The depth of hardening and the depth of compressive 

residual stresses when exposed to a spherical punch on a steel 

part will be calculated according to [4] 

Т
М

Р




2
= , m, 

where Т  - yield strength of the metal, Pa; P - force, N. 

In view of (13), we obtain 
2/14/14/12/1162 −−= TnpМ dtW  ,                  (14) 

where LCtP 2= ; 

2

2
0CU

W = . 

After substituting these expressions in (14), we obtain 
2/14/18/16/1

0
2/1210 −−−= ТnM dLUC  .         (15) 

With values C, L, 0U , and the length of the interelectrode 

Pl  = (80 - 90) mm;   = 0,05. 

At nd  = 0,16 mm; 8104 =T Pa get 

== −−−−− 2/184/18/166/1324/162 )104(16,0)05,0()10()1050()10(10M

0225,0= m 5,22= mm. 

Select [ М ] ≥ 0,05 дD . In this case, [ М ] = 20 mm. 

For the experimental determination of the impact force of 

the vibrator plate on the hardened part, we use the elastic-

contact method based on the measurement of elastic local 

deformations upon impact of hardened bodies against spherical 

and flat ends (Fig. 2) [5]. 

 
Fig. 2. Scheme of a device for measuring impact force by the elastic contact 

method: 1 - ball; 2 - a punch; 3 - sleeve; 4 - case; 5 - emphasis; 6 - plate 

Therefore, the values of the hardening depth and the depth 

of residual compressive stresses obtained during processing 

according to the proposed method guarantee an effective 



increase in the fatigue strength of a part with a diameter of 500 

mm, and the thickness of the white layer Т  = 0,43 mm will 

provide a long service life of the part from the point of view of 

its wear resistance. 

The radius of the spherical tip was calculated according to 

the recommendations of [6] to exclude plastic deformation in 

the contact zone according to the formula 

P = ,
)1( 2

3

ш

kу

D

dЕ

−
                        (16) 

where Еу - modulus of elasticity, for steel Еу = 2 ∙ 105 N/mm2; 

  - Poisson's ratio, for steel   = 0,3. 

The appearance of the device for measuring the impact 

force by the elastic contact method is shown in Fig. 3. 

 
Fig. 3. Appearance of a device for measuring impact force by the elastic contact 

method: 1 - plate; 2, 5, 6 - punches; 3 - ball; 4 - case 

The registration of readings comes down to measuring 

under the microscope the diameter of the circle, which is the 

boundary of the surface of the elastic touch of the bodies upon 

impact. So that this boundary is visible, one of the surfaces that 

come into contact is covered with a layer of a substance (for 

example, a three percent solution of paraffin on gasoline), 

which exhibits an elastic contact zone. The solution was applied 

with a brush to a flat plate, with the evaporation of benzene a 

thin layer of paraffin was formed on the plate. 

Static calibration of the device was carried out on a Brinell 

press with 10 measurements at a force of 2,5; 5,0; 10; 15 kN. 

The confidence interval for the value of the imprint diameter is 

calculated with a confidence probability of 0,95. The dispersion 

did not exceed the value of S ≤ 0,05. The accuracy of measuring 

force increases with its growth. For a force of 2,5 kN - 

= 16%, for a force of 10 kN - = 8%. The accuracy of 

measuring the force of impact can be increased to = 3% [5], 

if calibration is done on a more accurate press. 

A calibration curve for determining the impact force by the 

diameter of a print of a ball with a diameter of 44,47 mm is 

shown in Fig. 4. 

 
Fig. 4. Dependence of impact force on imprint diameter: 1- theoretical curve 

calculated by the formula (16); 2- calibration curve 

In order to exclude plastic deformation in the contact of the 

ball with the plane, the force should be limited to [P] ≤ 

490Dш
2
, where Dш - in cm according to [6]. 

For a ball with a diameter of 44,47 mm, the allowable 

force, [P] = 10 kN. In order to measure large forces, larger 

diameter balls or punches with increased radii of curvature 

were used. 

V. CONCLUSION 

A numerical analysis of the dynamic processes occurring in 

the plate-rod system confirmed the order of the mean pressure 

values measured by the Hopkinson method. 

As a result of the calculations, the maximum value of the 

efficiency of converting electric energy into mechanical energy 

was obtained due to the following parameters of the discharge 

circuit: 

- inductance of the discharge circuit L = 10 mkH; 

- capacitance of the capacitor bank C = 0,3; 0,5 mkF; 

- voltage in the discharge circuit U = 50 kV; 

- interelectrode gap lp = 30 mm. 

An analysis of the data obtained on the breakdown losses 

showed that in some cases they can reach more than 50% of 

the stored energy. From this it follows that the selection of the 

optimal parameters of the circuit and the geometry of the 

electrode system must be carried out necessarily taking into 

account the breakdown losses. Thus, it becomes necessary to 

conduct a comprehensive study of all stages of a discharge 

under conditions of a limited volume of electric discharge 

chambers and increased hydrostatic pressure. Only on the basis 

of the results of such a study, it is possible to develop practical 

recommendations for choosing the parameters of the electric 

circuit and the geometry of the electrode system to ensure 

optimal operating conditions of the device for 

electromechanical hardening of rotation parts. 
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