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The search for optimization of structure and properties of the deposited metal of parts is an urgent task, the solution of 
which allows increasing their service properties and extending the service life. The data of investigations in this direc-
tion using the electric resistance surfacing are very limited. It was found in the work that the tendency of the deposited 
surface layer of a part (deposited metal and HAZ) to microplastic deformation is an important factor in determination 
of metal sensitivity to stress concentration. A structure of the deposited metal was obtained, which is characterized by 
a low sensitivity to stress concentration. It was shown that increase in the content of cementite in the structure of de-
posited layer leads to growth in tendency of accumulating dislocations during microdeformations, and the presence of 
a large volume of free ferrite allows decreasing the intensity of accumulating dislocations, reducing sensitivity of the 
deposited metal to stress concentration. 11 Ref., 2 Tables, 5 Figures.
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The process of electric resistance surfacing applying 
compact materials (wires, strips) is realized by joint 
deformation of the material welded-on and the sur-
face layer of a part heated in the deformation zone by 
short current pulses [1–3]. The overlapping of weld-
ing spots between each other is achieved by rotating 
a part at the speed proportional to the frequency of 
current pulses [4]. Therefore, the electric resistance 
surfacing should be understood as a totality of opera-
tions of heating, deformation and cooling by water (if 
necessary), as a result of which the deposited layer is 
characterized by heterogeneity of structure and me-
chanical properties, as well as different sensitivity to 
stress concentration [5].

The presence of heterogeneous structure in the de-
posited layer, which is predetermined by the specifics 
of the surfacing process, leads to decrease in the ser-
vice life of parts operating under the cyclic loads [6]. 
Taking into account that the tendency of the deposited 
layer metal to microplastic deformation is an import-
ant factor of sensitivity to stress concentration [7], the 
determination of the optimal structure from the point 
of view of physical state of the surface layers (de-
posited layer and HAZ) will allow a correct selection 
of technology for restoration of worn-out parts. The 
regulation of the complex of values of physical and 
mechanical character (mechanical properties of the 
surface layers metal, microstructure, residual stresses 
with the creation of their favorable distribution in the 
surface layer) is a significant reserve for providing re-
liability of the restored parts.

The aim of the work is the carrying out of investiga-
tions, directed to revealing the microstructure, character-
ized by a low resistance of microplastic deformation and 
a low sensitivity to stress concentration applied to the 
selected group of restoring and surfacing materials.

The investigation of the microplasticity of the de-
posited metal was carried out on the specimens under 
tensile deformation. The object of the investigation 
was the specimens of steels of 25, 40 and 40X grades, 
on which the electric resistance surfacing was per-
formed applying the strip of 0.5 mm thick at the fol-
lowing conditions: Is = 6.0–6.5 kA, P = 1.25–1.5 kN, 
tp = 0.04–0.06 s. The material of strips was selected 
being identical to the steel grades of the specimens: 25 
(GOST 3560–73), 40 (GOST 3560–73), 40X (GOST 
21996–76). The deposited specimens were subjected 
to heat treatment at different conditions to change the 
structure of the surface layer (Table 1), as a result of 
which the five groups of deposited specimens were 
produced to investigate the microplasticity and its ho-
mogeneity deep into the deposited metal and HAZ.

To investigate the influence of structure on micro-
plasticity of the surface layers along the longitudinal 
axis of the specimen, a number of reference points 
were made by pyramid under the load of 20 g using 
the microdurometer PMT-3 [6]. The prints were ap-
plied every 0.04–0.05 mm, i.e. through the distanc-
es, commensurate with the grain size of the deposited 
metal of the specimens investigated. The distance be-
tween the prints served as the basis for calculating the 
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relative deformations under the action of the applied 
loads.

The analysis of the microstructure was carried out 
using the metallographic microscope MIM 8 with a 
digital photographic attachment, which provided de-
termination of minimum loads and, correspondingly, 
the stresses causing a visible plastic deformation. Af-
ter each next loading, the measurements of 150–160 
basic distances were carried out (distances between 
the prints of the reference points). According to the 
data of measurements of the distances between the 
prints, the change in this distance was determined at 
stress increase as a result of the applied current load.

The experimental results of the investigation of the 
microplastic deformation of deposited specimens in a 
different structural state are shown in Figure 1.

The large microplastic deformation of group A de-
posited specimens as compared to the deposited spec-
imens, which passed heat treatment according to the 
modes II, III and normalization (Figure 1), indicates a 
structural condition which causes an increase in frac-
ture toughness. The low stress values indicate a higher 
motion of dislocations. In spite of the fact that during 
investigation of microplastic deformation the residu-
al microdeformations occurred already at the lowest 

stresses, under the microscope the sliding lines were 
detected at sufficiently high stresses (Figure 2).

It is characteristic that this stress grows with in-
crease in the volume content of pearlite and together 
with decrease in the tempering temperature during 
heat treatment according to the mode III. In deposited 
specimens of the group A, the forming sliding lines 
are parallel. With appearance of a large amount of 
pearlite, the shape of sliding lines also changes, they 
aquire a curved nature. This phenomenon is the more 
distinct, the higher the volume content of perlite.

The sliding lines in sorbite-like structures (de-
posited specimens of the group II) are curved, they 
appear gradually in a wide range of stresses. At high 
stresses, the number of volumes with a high densi-
ty of lines also increases. Thus, the shape of sliding 
lines depends on the obstacles for free propagation of 
plastic shears (near-boundary volumes, intergranular 
structural violations). If a deposited specimen con-
tains a relatively large volume of grains of excessive 
ferrite, then there are fewer obstacles for shears, and 
the sliding lines are rectilinear. In sorbite structures 
with a developed intergranular surface, there are far 
more obstacles for sliding, which namely predeter-
mines the curvature of lines.

The plastic deformation is associated with the mo-
tion of dislocations. The experimentally established 
values of stresses, causing the first acts of microplastic 

Table 1. Modes of heat treatment of deposited specimens for in-
vestigation of microplasticity (holding time 1 h)

Grade of 
substrate 

steel
Group

Initial heat treatment 
mode

Tempering mode*

T, °C
Cooling 
medium

T, °C
Holding 
time, h

25 A 880–900 Air 620 2.5
40 B 860–880 In furnace 620 1.5

40Х I 850–870 Same 640–660 1.5
40Х II 850–870 Oil 640–660 1.5
40Х III 850–870 Same 540–560 1.5

*Furnace cooling.

Figure 1. Experimental data on the changes in the value of micro-
plastic deformation e in the deposited specimens after heat treat-
ment (see Table 1) at the increase of tensile stress s

Figure 2. Microstructure (×500) of the surface of deposited specimens of steel 40X after annealing (group I) at the maximum stress of 
602 MPa (a) and after heat treatment according to the mode II (group II) at the minimum stress of 59.804 MPa (b)
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deformation, determine the average necessary value 
of stresses for the start of dislocations, causing micro-
plastic deformation. In the deposited specimens with 
a low sensitivity to stress concentration, the required 
average value of stresses for the start of dislocations 
turns to be small. Consequently, the lower is the value 
of stresses, necessary for start of dislocation motion, 
the less sensitive is the specimen to stress concentra-
tion. The highest tendency to microplastic deforma-
tion is peculiar to deposited specimens of the group A, 
the basic structural component of which is ferrite. This 
is predetermined by the highest tendency to motion of 
dislocations under the influence of applied stresses. 
In the specimens mentioned above, the deformation 
occurs most easily, the relatively low stresses are re-
quired both for start as well as for motion of disloca-
tions in the microvolumes. With increase in content 
of cementite component (pearlite), the resistance of 
specimens to microplastic deformation grows.

For specimens deposited of steel 25, for appear-
ance of microplastic deformation the least stresses 
are required — 30.5 MPa (see Figure 1). In deposit-
ed specimens with a high content of cementite in the 
structure, these stresses are higher. Especially they 
are high for specimens, which were subjected to heat 
treatment after surfacing with obtaining of sorbite and 
troostite of tempering. For example, for deposited 
specimens of steel 40X with tempering sorbite (group 
II), the minimum stresses for appearance of micro-
plastic deformation are 59.804 MPa (see Figure 2, b), 
and for the same specimens with tempering troostite 
(group III) they are 201.16 MPa (see Figure 1).

The morphology of the deposited layer surface, 
depending on the applied load, is conveniently ob-
served using the method of layer-by-layer microsco-
py, which allows obtaining the topographic relieves of 
volumetric objects. The 3D-surface profile (Figure 3) 
shows that already at the minimum stresses, a signif-
icant uneven distribution of microdeformations over 

the surface of the investigated deposited specimen, 
subjected to heat treatment, is noticeable, which in-
dicates an increased tendency to stress concentration.

The difficulty in the motion of dislocations in the 
surface layer of the deposited metal leads to formation 
of single peaks of different value, chaotically distrib-
uted along the surface, i.e. to the formation of stress 
concentrators throughout the entire surface (Figure 3). 
At the maximum stresses, the morphology of the sur-
face indicates an increase in the dimensions of the sur-
face irregularities with a significant increase in separate 
peaks and the frequency of irregularities (see Figure 3, 
a). The growth of height of irregularities can be the re-
sult of a high resistance to dislocations motion.

There is a relation between the behavior of dislo-
cations (their motion, accumulation of obstacles) and 
the modulus of plasticity. In particular, the higher the 
modulus of plasticity, the faster is accumulation of 
dislocations and the higher is the sensitivity of materi-
al to stress concentration [8, 9]. The modulus of plas-
ticity (hardening coefficient) was determined using 

Figure 3. 3D-profiles of the deposited specimens surface of steel 
40X after annealing (group I) at the maximum stress of 602 MPa 
(a) and after heat treatment according to the mode II (group II) at 
the minimum stress of 59.804 MPa (b)

Table 2. Equations, approximating the dependence of experimental data of the hardening coefficient on the degree of relative deformation

Metal of surfacing 
on steels

Heat treatment Group Structure Form of equation

25 Normalization А Ferrite + pearlite
0.00684.6226 27.1629 i

i
D = − e +

e

40 Same B Pearlite + ferrite
0.01214.7773 42.8378 i

i
D = − e +

e

40X Annealing I Same
0.00686.643 45.5734 i

i
D = − e +

e

40X Heat treatment by the mode II II Sorbite
0,00236,7291 48,2929 i

i
D = − e +

e

40X Heat treatment by the mode III III Troostite
0.00745.2241 6.10107 i

i
D = − e +

e



22 ISSN 0957-798X THE PATON WELDING JOURNAL, No. 7, 2017

SCIENTIFIC AND TECHNICAL

                                                                                                            

                                                                                                                                                                                                    

the modeling methods in the software environment of 
StatSoftStatisticaV6.0 (Table 2, Figure 4, 5).

Therefore, the values of hardening coefficient at 
microplastic deformation are not the same for different 
structural states and the degree of deformation, which 
correlates with the data of the works [10, 11]. Among 
the investigated specimens, the specimens of the group 
A are characterized by the lowest hardening coefficient 
(see Figure 4), and the highest hardening coefficient is 
peculiar to the specimens deposited in the state after 
heat treatment according to the mode III (see Figure 5). 
With increase in the degree of deformation, the harden-
ing coefficient decreases in all the investigated struc-
tural states, which indicates the dependence of plastic 
flow process on the degree of microdeformation.

The carried out investigations of tendency of de-
posited metal in different structural states to micro-
plastic deformation allowed revealing the structure 
of the deposited metal, which is the least sensitive 
to stress concentration. Thus, with the increase in 
the structure of cementite component, the sensitivi-
ty of the metal to stress concentration increases, and 
the presence of deposited layer of free ferrite in the 
structure reduces the intensity of accumulation of 
dislocations during microdeformations and, as a con-
sequence, the sensitivity of deposited metal to stress 
concentration decreases. The results of investigations 
in this work were used during selection of the rational 
technology for restoration of parts.

Conclusions
1. The effect of the structure on the microplasticity 
of specimens, deposited by electric resistance surfac-
ing, was investigated. It was shown that the deposited 
metal, in which in the process of microdeformation 
the conditions preventing the motion of dislocations 
are not so intensively accumulated, is less prone to 
stress concentration.

2. The effect of hardening coefficient on sensitivity 
to stress concentration as-applied to specimens depos-

ited by strips of structural carbon steels with the sub-
sequent heat treatment was experimentally confirmed. 
It was established that the highest resistance to mi-
croplastic deformation is observed in the deposited 
specimens after their heat treatment with obtaining of 
sorbite and troostite, which is associated with a more 
developed uneven distribution of microdeformations 
over the specimen surface and increase in the number 
of obstacles for motion of dislocations.
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Figure 5. Changes in the coefficient of hardening D, depending 
on the average total microplastic deformation ε of deposited spec-
imens of steel 40X after heat treatment according to the mode III 
(group III)

Figure 4. Changes in the coefficient of hardening D, depending 
on average total microplastic deformation e of the deposited spec-
imens of steel 25 in the normalized state (group A)


