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INFLUENCE OF THE CHEMICAL COMPOSITION OF STEEL ON THE HEAT RESISTANCE 
OF A SURFACE LAYER SUBJECTED TO COMBINED HARDENING TREATMENT WITH 
ELECTROMECHANICAL TREATMENT + SURFACE PLASTIC DEFORMATION 

N. G. Dudkina,  I. N. Zakharov,  and  V. V. Barinov  UDC 669.539.261 

This work presents the results of studies regarding the thermal stability of the surface layer of steel spec-
imens subjected to combined hardening by electromechanical treatment (EMT) with subsequent surface 
plastic deformation (SPD), herein referred as (EMT + SPD).  We also present the experimental data and 
characteristic aspects of the distribution of the microhardness of the white layer of steel samples 40H, 
55, and 60S2A during sequential heating from 100°C to 400°C with an interval of   = 100°C.  The re-
sults revealed that the thermal stability of surface-hardened EMT + SPD steel samples depends on 
the content of carbon and alloying elements of the original metal.  Furthermore, the heat resistance  
of the white layer after EMT + SPD increased by 30–35% compared with the white layer obtained by 
traditional electromechanical processing and furnace martensite. 
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As a result of studies on the effects of electromechanical treatment (EMT) on the properties of metals under 
static and dynamic high-speed thermal deformation effects on the surface layer of metals [1–3], large amounts of 
experimental and theoretical materials were obtained regarding the use of a hardened surface layer (white layer) 
as a sort of “buffer” to protect the main metal.  However, the experimental data on the thermal stability of white 
layers obtained in past works [1, 4–6] differ significantly.  At present, aspects of the influence of high tempera-
tures on the changes in mechanical properties of surface layers, especially those subjected to combined harden-
ing by EMT and surface plastic deformation (SPD), now referred as EMT + SPD, are under-investigated.  Such 
data are especially important for hardening parts designed to operate at elevated temperatures and pressures. 

Therefore, the current work aimed to study the effects of elevated temperatures (tempering) on the strength 
properties of the surface layers of medium-carbon steels (of various chemical compositions) subjected to com-
bined hardening by EMT with finishing SPD (EMT + SPD).  The study objects were medium-carbon steel sam-
ples (grades 40H, 55, and 60S2A) in the normalized state after hardening with EMT + SPD.  The compositions 
of the steel samples are presented in the Table 1. 

During the studies, cylindrical steel samples with a diameter of 10 mm were subjected to surface hardening 
by EMT and subsequent SPD.  Here, EMT represents high-temperature impact on a rotating sample by electric 
current (alternating sinusoidal current of industrial frequency 50 Hz; duration of one pulse 0.01 s; current den-
sity  = 400 A/ ; voltage  = 4–5 V).  The electric current was supplied to the sample surface through 
a hard-alloy roller with simultaneous force action   = 300 N,  in which the value of the longitudinal feed of  
the hardening tool    was 2 mm/rev.  As a result, regular helical tracks of hardened metal were formed on the 
surface of the cylindrical sample, which was a white layer (width   = 0.8 mm,  maximum hardness   = 
10.5–11.0 GPa)  featuring “interlayers” of unhardened base metal (hardness   = 2.8–3.3 GPa).  The feed 
mode was chosen by considering the exclusion of the mutual influence of the tracks. 
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Table 1 

Chemical  
element 

Content of elements in steel, % 

Steel 40H Steel 55 Steel 60S2A 

С 0.41 0.55 0.62 

Mn 0.60 0.82 0.69 

Si 0.22 0.28 1.9 

S 0.015 0.023 0.0082 

P 0.031 0.029 0.023 

Cr 0.980 0.157 0.138 

Ni 0.148 0.104 0.117 

Cu 0.167 0.168 0.171 

Mo 0.014 – – 

Ti 0.0017 – – 

V 0.001 – – 

W 0.007 – – 

The SPD of the samples after EMT was performed in a two-roller device with force    of 1.2 kN on the 
roller, feeding    of 0.25 mm/rev, spindle speed of 100 , and   = 1  number of passes. 

To study the thermal stability of the white surface layer, the samples were thermally treated (in a SNOL 
7.2/1100 furnace) at temperatures    of 100°C, 200°C, 300°C, and 400°C with exposure for 1 h and subsequent 
cooling in air.  In addition, we controlled the heat resistance of the surface layer after combined EMT + SPD 
hardening by changing the metal microhardness.  Finally, we measured the microhardness by local volumes of 
the surface layer on a PMT-3 device using an indenter load of 1 N with a 30 µm distance between the inden-
tations. 

Figure 1 presents the results of a study of the distribution of microhardness along the axis of surface-
hardened specimens of normalized steel grades 40H, 55, and 60S2A depending on the heat treatment (temper-
ing) temperature.  As can be seen, the structure of the white layers of steels of all grades in the initial state after 
EMT + SPD treatment was structureless martensite (alpha phase supersaturated with carbon) without an acicular 
structure.  The microhardness of the hardened tracks on the steel samples of all grades was much higher than the 
base metal microhardness.  Thus, compared to the initial microhardness values, the maximum microhardness of 
the hardened metal increased by 3.3, 3.7, and 3.0 times for the 40H, 55, and 60S2A steel samples, respectively. 

The nature of the distribution of microhardness in the surface layer of the samples after heat treatment (tem-
pering) indicated a significant effect of the heating temperature on the white layer microhardness.  Upon analyz-
ing the strength properties of the sample surfaces after heat treatment  (  = 100°C),  the results revealed the suf-
ficient resistance of the white surface layer for steels of all grades (Figs. 1a–1c, curve 2).  With an increase in 
temperature  (  = 200°C),  a slight decrease in hardness was revealed for steel grade 55 (Fig. 1b, curve 3), while 
the microhardness of steel grades 40H and 60S2A decreased by almost 30% (Figs. 1a and 1c, curve 3).  A further  
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(a) 

 
(b) 

 
(c) 

Fig. 1. Graphs of the distribution of microhardness    along the axis of specimens from normalized steels hardened with electrome-
chanical treatment + surface plastic deformation;  (a) steel 40H; (b) steel 55; (c) steel 60S2A; 1 – the initial state; 2 –  = 
100°C; 3 –  = 200°C; 4 –  = 300°С; 5 –  = 400°С. 

increase in temperature  (  = 400°C)  led to a sharp decrease in the white layer microhardness; however, 
for steel grades 40H and 55, a decrease was noted to a lesser extent than for steel grade 60S2A, which remained 
at a rather high level  (  = 6.0, 6.5,  and 3.0–4.5 GPa for steel samples 40H, 55, and 60S2A, respectively. 
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(a) 

 
(b) 

Fig. 2. Dependences of the maximum microhardness (a) and average microhardness (b) in the tracks of the white layer of steels hard-
ened by electromechanical treatment + surface plastic deformation treatment on the heating temperature (with a treatment dura-
tion of 1 hour): 1 – steel 40H; 2 – steel 55; 3 – steel 60S2A. 

When analyzing the distribution of microhardness on the surface of steel samples after heat treatment  (  = 
400°C),  the results showed the significantly reduced inhomogeneity of microhardness in the tracks of the white 
layer of steels of all grades.  Some exceptions were changes in the tracks of 60S2A steel, where local areas with 
the maximum value of microhardness in the tracks  (  = 4.5 GPa)  were revealed only at the interfaces be-
tween the hardened and nonhardened layers, while a significant decrease in hardness was noted in the tracks 
themselves  (  = 3.5 GPa). 

The aspects of the changes in the maximum and average values of the white layer microhardness depending 
on the tempering temperature during a 1 h exposure are presented in Fig. 2.  When analyzing the curves (Fig. 2), 
the results revealed that the intensity of the white layer softening process was determined by the heating temper-
ature of the samples.  Furthermore, three stages of the white layer softening process were revealed.  The de-
creases in maximum microhardness and average microhardness were insignificant at Stage 1 with a tempering of 
up to    of 100°C (Figs. 2a and 2b).  A certain degree of decrease in the strength properties of the white layer 
was noted; however, the level of maximum hardness in the tracks was rather high with    of 8–10 GPa 
(Fig. 2a, curves 1–3). 
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Fig. 3. Histogram of the change in the maximum surface microhardness Hμmax in the tracks of the white layer of steels of various 
grades, hardened through combined electromechanical treatment + surface plastic deformation treatment in the elevated temper-
ature range of 200–320°C: 1 – steel 40H; 2 – steel 55; 3 – steel 60S2A. 

The most intensive decreases in maximum microhardness and average microhardness occurred in the tem-
perature range of 100–300°C (Stage 2: softening).  If at   = 200°C  for steel grade 55, the maximum micro-
hardness Hμmax decreased by 1 GPa for 1 h (Fig. 2a, curve 2) than when the temperature increased to 300°C for 
the same period of time and decreased by 2.5 GPa.  Therefore, the intensity of softening increased by 2.5 times. 

The same nature of the course of softening was also noted for steel grades 40H and 60S2A.  At temperatures 
above 300°C, the softening rate decreased, and the maximum microhardness remained at the    level of 
6 GPa.  In connection with the results obtained, the kinetics of the white layer softening process in the tempera-
ture range of 200–300°C was studied in more detail. 

Figure 3 shows the changes in the maximum values of microhardness in the tracks of the white layer of 
steel samples hardened by electromechanical treatment + surface plastic deformation  and at Stage 2 within the 
temperature range of 200–300°C.  We analyzed the degree and intensity of the decreases in the maximum mi-
crohardness in the tracks of the white layer of samples with different values of carbon content and alloying ele-
ments.  As shown in the figure, all the studied steels were characterized by the general regularities of a decrease 
in the maximum hardness as the heating temperature increased.  However, the degree and intensity of the pro-
cesses of reducing the microhardness depended on the steel composition.  Thus, with an increased carbon  
content (in steel grades 55 and 60S2A), both the initial microhardness and heat resistance of the white layer  
increased by up to 300°C compared with steel grade 40H.  At the same time, despite the rather high values of the 
maximum microhardness of 60S2A steel, areas with the maximum microhardness value in the tracks  (  = 
7.8–8.2 GPa)  were detected only at the boundaries of the white layer tracks with the nonhardened layers. 

Furthermore, steel alloying with silicon in the amount of 1.6–2.0% led to the inhomogeneity of micro-
hardness in the white layer tracks.  In turn, this led to a significant decrease in the average microhardness  
of the white layer (about 50% for 60S2A steel, Fig. 2b, curve 3), which is 2.5 times higher than the intensity of 
the reduction in the hardness of steel samples of other grades.  Thus, the following conclusions can be made: 

 – The heat resistance of specimens made of carbon and alloy structural steels, which are surface-
hardened by combined EMT + SPD treatment, depends on the carbon content in the steel (in the range 
of 0.4%–0.6%). 
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 – Alloying steel with 0.8–1.1% chromium only has a minimal effect on the heat resistance of the white 
layer. 

 – When steel is alloyed with 1.6–2.0% silicon, the thermal resistance of the white layer decreases, de-
spite local areas with maximum microhardness values at the interfaces between the hardened track and 
the nonhardened layer. 

Thus, the softening intensity of the surface white layer of medium-carbon steel samples 40H, 55, and 
60S2A, subjected to EMT + SPD treatment, depends on the heating temperature and the chemical composition 
of the steels at the initial state. 

The work was supported by the Russian Science Foundation (Project No. 22-29-01078). 
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