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Аннотация. В работе рассмотрено влияние комбинированной электромеханической обработки по трем различным режимам на структуру 

и твердость поверхностных слоев стали марки 40Х в нормализованном состоянии (исходная структура). Режимы отличаются друг от 
друга разной приложенной нагрузкой и количеством импульсов. Приложенная нагрузка по режимам 1 и 2 (сила тока 39 кА, время им-
пульса 0,02 с, количество импульсов 1) составляет 100 и 250 МПа. Отличительной особенностью режима 3 по сравнению с режимом 2 
является большее количество импульсов (два). Металлографически установлено, что во всех трех случаях формируется упрочненный 
поверхностный слой разной толщины (от 300 до 1200 мкм) с твердостью 593 – 598 HV, состоящий из двух зон (поверхностной зоны 
со структурой мелкоигольчатого мартенсита; переходной зоны, плавно переходящей в исходную феррито-перлитную структуру). Пе-
реходная зона (обработка по режиму 1) в своей структуре содержит мартенсит и феррит. Переходная зона (обработка по режиму 2) 
состоит из видманштеттовой структуры. Более существенная по толщине поверхностная зона разогрева по этому режиму (700 мкм) 
по сравнению с обработкой по режиму 1 (300 мкм) в сочетании и интенсивным отводом тепла поспособствовали формированию 
видманштеттовой структуры, которая является дефектной и недопустимой для эксплуатации. Переходная зона при обработке по режи-
му 3 имеет структуру мартенсит и феррит. Формирования дефектной видманштеттовой структуры в переходной зоне не происходит, 
поскольку при обработке применяется в два раза больше импульсов, чем по режиму 2. Это способствует прогреву поверхностного 
слоя на большую глубину (1200 мкм), и, следовательно, структурообразование в переходной зоне происходит из межкритического 
интервала Аr3 – Аr1 . 
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Abstract. The paper considers the effect of combined electromechanical processing in three different modes on the structure and hardness of the surface 

layers of 40Kh steel, which was in a normalized state (the original structure). The modes differ from each other by the different applied load and 
the number of pulses. The applied load in modes 1 and 2 (current strength 39 kA, pulse time 0.02 s, number of pulses 1) is 100 and 250 MPa, 
respectively. A distinctive feature of mode 3 compared to mode 2 is a greater number of pulses (two). Metallographically it was established that in all 
three cases a hardened surface layer of different thickness (from 300 to 1200 μm) with a hardness of 593 – 598 HV is formed, consisting of two zones 
(a surface zone with a structure of fine-needle martensite; a transition zone smoothly transitioning into the initial ferrite structure). The transition zone 
(treatment according to mode 1) in its structure contains martensite and ferrite. The transition zone (mode 2 processing) consists of a Widemannstett 
structure. A more substantial surface heating zone according to this mode (700 μm) in comparison with the processing according to mode 1 (300 μm) 
in combination with intensive heat removal contributed to the formation of a Widmanstett structure, which is defective and unacceptable for operation. 
The transition zone with the processing according to mode 3 has the structure of martensite and ferrite. The formation of a defective Widmanstett 
structure in the transition zone does not occur, since 2 times more pulses are used during processing than in mode 2. This contributes to the heating of 
the surface layer to a greater depth (1200 μm), and, consequently, the structure formation in the transition zone occurs from the intercritical interval 
Ag3 – Ag1 . 
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 Introduction

The advancement of mechanical engineering in Russia 
is inconceivable without the integration of medium-carbon 
improved steels. These considered steels predominantly 
function under tribotechnical conditions, thus the establish-
ment of hardened surface layers holds immense potential 
for substantially enhancing the dependability and longevity 
of machine components [1 – 3], alongside bolstering sur-
face hardness [4; 5]. Such enhancements invariably result 
in an augmentation of the overall wear resistance exhibited 
by the utilized steel. To illustrate, the primary challenge 
faced by the metalworking industry lies in augmenting 
the wear resistance of cutting tools [6 – 8]. 

Currently, achieving high levels of surface hardness 
predominantly relies on employing diverse methodologies 
to harden component surfaces, aimed at generating layers 
and coatings with specific properties [9; 10]. An analy-
sis of published data reveals the existence of numerous 
techniques for surface hardening of steels, encompassing 
approaches such as combined electro-mechanical and ultra-
sonic treatment, as well as electromechanical treatment 
involving dynamic force application [11 – 13].

In the context of [14; 15], the utilization of com-
bined electromechanical processing (CEMP) emerges as 
an effective technique for enhancing the surface integrity 
of machine parts. This approach results in surface harden-
ing through a combination of electromechanical process-
ing (EMP) and the induction of plastic deformation within 
the surface layer.

 Experimental

In this study, samples measuring 10×10×20 mm were 
employed following normalization of 40Kh steel, with 
a chemical composition that adheres to the specifications 
outlined in State Standard GOST 4543 – 2016. The process 
of surface hardening for these samples was executed using 

the CEMP technique on a MR 2517 relief welding machine, 
utilizing the parameters outlined in Table and visually 
depicted in Fig. 1. 

The MR 2517 AC machine features a solitary weld-
ing transformer with a rated welding current of 25 kA 
and is equipped with a pneumatic drive 1 for compressing 
the workpieces. The machine’s welding structure is con-
figured as a rigid bracket. Сurrent modulation within the 
machine is facilitated by thyristor contactors, and this cur-
rent traverses specialized electrodes 2 featuring a dimin-
ished cross-sectional area. This design facilitates the attain-
ment of elevated electric current density on the treated 
surface of the sample 3. For management of the CEMP 
cycle is executed through contactless hardware, allowing 
for precise control of current, modulation, and multi-pulse 
switching.

The CEMP technique encompasses the applica-
tion of a substantial electric current and subsequent sur-
face plastic deformation. This amalgamation leads to the 
elevation of the steel surface temperature to the range 
of 1000 – 1300 °С [16 – 18]. In the process of rapid sur-
face cooling, facilitated by the dissipation of heat into 
both the material’s interior and the surrounding environ-
ment, significant phase transformations take place, leading 
to the occurrence of superfast hardening. This phenomenon 
results in the formation of martensitic structures.

Treatment modes of 40Kh steel  
by combined electromechanical processing

Режимы обработок стали марки 40Х  
способом комбинированной ЭМО

Mode Current, 
kA

Pulse 
duration, s

Number of 
pulses

Applied load, 
MPa

1 39 0.02 1 100
2 39 0.02 1 250
3 39 0.02 2 250

Fig. 1. Scheme of the installation for combined  
electromechanical processing

Рис. 1. Схема установки для комбинированной  
электромеханической обработки
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In order to examine the hardened layers, metallographic 
analyses were conducted utilizing an OLIMPUS – GX 50 
microscope and the HVS-1000 instrument, adhering to the 
protocols stipulated by State Standard GOST 2999 – 75 
“Metals and Alloys. Vickers Hardness Test by Diamond 
Pyramid”. The determination of grain size was executed 
following the guidelines of State Standard GOST 5639 – 82 
“Steels and Alloys. Methods for Detection and Determina-
tion of Grain Size”.

 Results and discussion

The application of CEMP under mode 1 conditions 
(current: 39 kA, pulse duration 0.02 s, number of pulses 1, 
applied load 100 MPa) on the samples yielded insights 
through optical metallography. This analysis disclosed 
the development of a layer on the steel surface, encom-
passing two distinct zones with an aggregate thickness 
of 300 µm. Notably, this layer exhibited a modified micro-
structure when compared to the original state (Fig. 2). 
The initial zone, situated at the surface and extending 
150 µm deep (Fig. 2, a, b), was found to comprise finely 
acicular martensite, characterized by a hardness value 
of 598 HV and a grain count of 8. In contrast, the subse-
quent transition zone, also 150 µm thick (Fig. 2, a, c), was 
identified as a composite of martensite and ferrite, exhibi-
ting a hardness of 275 HV along with a grain count of 7. 
The underlying structure featured an initial composition 
of ferrite and pearlite, denoting a hardness level of 188 HV 
and a grain count of 6 [19; 20].

Samples subjected to CEMP under mode 2 condi-
tions (current 39 kA, pulse duration 0.02 s, applied load 
250 MPa, number of pulses 1) exhibit the development 
of a hardened layer with a substantial thickness of 700 µm 
(Fig. 3, a). This layer is characterized by a dual-zone com-
position: the initial (surface) zone, measuring 500 µm in 
depth, and possessing grain counts of 7 and 8, comprises 
finely acicular martensite (Fig. 3, a, b) characterized 
by a hardness value of 593 HV. Below lies a transition zone 
(Fig. 3, a, c), 200 µm in thickness, exhibiting a structure 
composed of pearlite and ferrite showcasing a Widmanstät-
ten orientation. The hardness within this zone is measured 
at 233 HV, with grain counts of 4 and 5. The transition zone 
extends deeper, penetrating the initial ferrite-pearlite struc-
ture. It is important to highlight that the greater thickness 
of the surface heating zone observed in mode 2 (700 μm), 
in comparison to mode 1 (300 μm), in combination with 
the pronounced heat dissipation from this area, has cont-
ributed to the emergence of the Widmanstätten structure. 
However, this structure exhibits defects and proves unsui-
table for operational use. 

Processing under mode 3 was executed using the sub-
sequent parameters: current 39 kA, pulse duration 0.02 s, 
applied load 250 MPa, and a pulse count of 2. The micro-
structural changes that emerged in the steel as a conse-
quence of hardening through the CEMP method under 
mode 3 conditions are visibly presented in Fig. 4.

Upon conducting a metallographic analysis, a discer-
nible augmentation in the thickness of the hardened layer up 
to 1200 μm was ascertained (Fig. 4, a). Analogous to pre-
ceding instances, this layer is comprised of two discer nible 
zones. The initial zone, extending to a depth of 1000 μm 
from the surface and characterized by a grain count of 7, 
showcases a microstructure of finely acicular martensite 

Fig. 2. Microstructure of 40Kh steel after combined electromechanical 
processing according to mode 1:

a – appearance of the hardened layer; 
б – external hardened zone; в – transition zone

Рис. 2. Микроструктура стали марки 40Х после комбинированной 
электромеханической обработки по режиму 1:

а – внешний вид упрочненного слоя; 
б – внешняя упрочненная зона; в – переходная зона
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Fig. 4. Microstructure of 40Kh steel after combined electromechanical 
processing according to mode 3:

a – appearance of the hardened layer; 
б – external hardened zone; в – transition zone

Рис. 4. Микроструктура стали марки 40Х после комбинированной 
электромеханической обработки по режиму 3: 

а – внешний вид упрочненного слоя; 
б – внешняя упрочненная зона; в – переходная зона

Fig. 3. Microstructure of 40Kh steel after combined electromechanical 
processing according to mode 2:

a – appearance of the hardened layer; 
б – external hardened zone; в – transition zone

Рис. 3. Микроструктура стали марки 40Х после комбинированной 
электромеханической обработки по режиму 2: 

а – внешний вид упрочненного слоя; 
б – внешняя упрочненная зона; в – переходная зона
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(Fig. 4, b), accentuated by a hardness rating of 598 HV. 
Beneath this surface zone, a transition zone spans 200 µm, 
displaying a composite structure of martensite and fer-
rite (with a hardness of 275 HV) and a grain count of 6 
(Fig. 4, c). Subsequently, the hardened layer transitions 
seamlessly into the native ferrite and pearlite structure, 
marked by a grain count of 6 and a hardness of 190 HV.

A flawed Widmanstätten structure within the transition 
zone does not manifest as a discernible feature in metal-
lographic analyses. This absence of identification arises 
from the fact that the application of treatment mode 3 on 
40Kh steel leads to a more profound surface-layer heating, 
consequently inducing structure formation within the transi-
tion zone from the intercritical interval Ar3 – Ar1 (Fig. 4, c). 

 Conclusions 

Surface layers characterized by thicknesses ranging 
from 300 to 1200 μm and featuring a finely acicular mar-
tensite structure exhibiting a hardness of 598 HV were 
successfully achieved on the 40Kh steel surface. This was 
accomplished through the application of combined electro-
mechanical processing, particularly on steel structures 
initially present in a normalized state characterized by fer-
rite and pearlite. Detailed investigations underscored that 
the most effective treatment modes for the desired structure 
formation and subsequent enhancement in surface hardness 
are modes 1 and 3. The surface layers obtained under these 
conditions consist predominantly of finely acicular mar-
tensite. Beneath this surface layer lies a transitional zone 
characterized by the coexistence of martensite and ferrite 
structures, which seamlessly transitions into the original 
ferrite-pearlite structure.
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