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INFLUENCE OF COMBINED ELECTROMECHANICAL PROCESSING MODES
OF 40KH STEEL ON ITS STRUCTURE AND HARDNESS
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I Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)
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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 7/ 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 wm) 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 /) 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 um) in comparison with the processing according to mode / (300 pm)
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 pm), and, consequently, the structure formation in the transition zone occurs from the intercritical interval
Ag,—Ag,.
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UCCNEAOBAHUE BANAHUA PEXXMMOB KOMBUHUPOBAHHOM
3NEKTPOMEXAHUYECKOW OBPABOTKU CTANIM MAPKU 40X
HA EE CTPYKTYPY U TBEPAOCTb
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AHHOomayus. B pabote paccMOTpEHO BIUSHAE KOMOMHUPOBAHHON AIIEKTPOMEXaHUIECKOH 00pabOTKH 110 TPEM pa3InuHbIM PEKUMaM Ha CTPYKTYPY
U TBEPAOCTb MOBEPXHOCTHBIX €JI0€B cTayi Mapku 40X B HOPMaJIM30BaHHOM COCTOSHHUM (MCXO/HAs CTPYKTYpa). PeXKUMBI OTIMYAIOTCS APYT OT
Jpyra pa3HOi MPUIIOKEHHOM HArPY3KOi U KOIMYECTBOM UMITYJIbCOB. [IpuioxeHHas Harpy3ka mo pexumam / u 2 (cuia Toka 39 KA, BpeMs UM-
nyibea 0,02 ¢, koaudectBo umiyinbeos 1) coctasiser 100 u 250 MITa. OTaunuuTesbHOH 0COOSHHOCTBIO pesKUMa 3 TI0 CPABHEHHIO C PEXKUMOM 2
SBJISETCS OOJIbIIEe KOIMYESCTBO UMITYIILCOB (J1Ba). MeTamiorpaduuecky yCTaHOBICHO, YTO BO BCEX TPEX ClydasX (OPMHUPYETCsl YIPOUHEHHBIH
MOBEPXHOCTHBIN cJoi pazHoi TonmuHbl (0T 300 1o 1200 MxM) ¢ TBepaocThio 593 — 598 HV, cocrosmuii u3 nByX 30H (IIOBEPXHOCTHOM 30HBI
CO CTPYKTYpPO MEIKOMIOJIBYATOr0 MAPTEHCHUTA; TIEPEXOAHON 30HBI, IITABHO MEPEXOSIICH B HCXOAHYIO (hepPUTO-NIEPIUTHYIO CTPYKTYpY). [Te-
pexonHasi 30Ha (00paboTKa Mo peXxuMy /) B CBOCH CTPYKTYpe COACPKUT MapTeHCUT U depput. [lepexonnas 30Ha (06paboTka 1o pexumy 2)
COCTOHT U3 BUAMAHIITETTOBOW CTPYKTYphI. bojee cyiiecTBeHHas MO TONIIMHE MOBEPXHOCTHAS 30HA pa3orpesa mno atomy pexumy (700 mMm)
10 cpaBHEHHUIO ¢ 00paboTkoit o pesxxumy / (300 MKM) B COYETAaHMM M MHTEHCHBHBIM OTBOJIOM TeIlJIa MOCIIOCOOCTBOBAIN (OPMUPOBAHHIO
BHIMAHIITETTOBON CTPYKTYPbI, KOTOpPas sIBIIsieTCs Ne(eKTHOM 1 HeIoMmy CTUMOH sl KcIutyatanuu. [lepexoanas 30Ha npu 00paboTKe 10 Pexu-
My 3 UMeeT CTPYKTypy MapTeHcuT u (epput. PopmupoBanus Ae(PEKTHON BUIMAHIITETTOBOI CTPYKTYPBhI B IIEPEXOAHON 30HE HE MPOUCXOJHT,
MMOCKOJIbKY HPH 00paboTKe MPUMEHSIETCs B /iBa pa3a 0oJblIe HMITYJIbCOB, Y€M MO PEKUMY 2. DTO CIIOCOOCTBYET MPOTPEBY MOBEPXHOCTHOTO
ciost Ha Oonbiryto ryouny (1200 MxM), U, ciIe0BaTeIbHO, CTPYKTYPOOOpa30BaHNE B IEPEXOIHON 30HE MPOMCXOJUT U3 MEXKKPUTHYECKOTO
uHTEpBana Ar, — Ar,.
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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 10x10%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

Treatment modes of 40Kh steel
by combined electromechanical processing

Pexxnmbl 06padoTok craau mapku 40X
cnocodoM koMOunupoBanuoii IMO

Mode Current, Pu!se Number of | Applied load,
kA duration, s pulses MPa
39 0.02 1 100
39 0.02 1 250
39 0.02 2 250
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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 / for compressing
the workpieces. The machine’s welding structure is con-
figured as a rigid bracket. Current 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 °C [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.

8

~380V

2
)

7,
%5

&

Control unit

L
=

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

Puc. 1. Cxema ycTaHOBKH Ui KOMOMHUPOBAHHOM
JNEKTPOMEXaHNIECKOI 00padoTKN
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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”.

Fig. 2. Microstructure of 40Kh steel after combined electromechanical
processing according to mode /:
a — appearance of the hardened layer;
6 — external hardened zone; 6 — transition zone

Puc. 2. Muxkpocrtpykrypa ctainu Mmapku 40X mocie KoOMOMHUPOBAaHHOM
3IEKTPOMEXaHIIECKOIl 00pabOTKH MO PeKUMYy /:
@ — BHEIIHUH BUJ YIIPOYHEHHOTO CJIOST;
0 — BHEILHSS YIIPOYHEHHAs 30Ha; ¢ — IEPEXOIHAs 30Ha

[ RESULTS AND DISCUSSION

The application of CEMP under mode / 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 um. 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 um 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 um thick (Fig. 2, a, ¢), 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 um
(Fig. 3, a). This layer is characterized by a dual-zone com-
position: the initial (surface) zone, measuring 500 pm 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, ¢), 200 um in thickness, exhibiting a structure
composed of pearlite and ferrite showcasing a Widmanstt-
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 um),
in comparison to mode / (300 pm), in combination with
the pronounced heat dissipation from this area, has cont-
ributed to the emergence of the Widmanstétten 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 pum was ascertained (Fig. 4, @). Analogous to pre-
ceding instances, this layer is comprised of two discernible
zones. The initial zone, extending to a depth of 1000 pm
from the surface and characterized by a grain count of 7,
showcases a microstructure of finely acicular martensite
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Fig. 3. Microstructure of 40Kh steel after combined electromechanical
processing according to mode 2:
a — appearance of the hardened layer;
6 — external hardened zone; 6 — transition zone

Puc. 3. Mukpoctpykrypa cranu Mapku 40X rocie KOMOMHUPOBAHHOI
3IEKTPOMEXaHIMIECKOI 00pabOTKHU MO PEKUMY 2:
a — BHELIHHIT BUJ YIPOYHEHHOT'O CIIOS;
0 — BHEIIHAA yIPOYHCHHAS 30HA; 6 — IIEPEXOJHAS 30HA

424

Fig. 4. Microstructure of 40Kh steel after combined electromechanical
processing according to mode 3:
a — appearance of the hardened layer;
6 — external hardened zone; 6 — transition zone

Puc. 4. Mukpoctpykrypa ctanu Mmapku 40X rocie KOMOMHUPOBaHHOM
3IEKTPOMEXaHIIECKOIl 00pabOTKH MO PeKUMY 3:
@ — BHEIIHUH BUJ YIIPOYHEHHOTO CJIOST;
0 — BHEIIHAA YIPOYHCHHAS 30HA; 6 — IePEXOJHAs 30Ha
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(Fig. 4, b), accentuated by a hardness rating of 598 HV.
Beneath this surface zone, a transition zone spans 200 pm,
displaying a composite structure of martensite and fer-
rite (with a hardness of 275 HV) and a grain count of 6
(Fig. 4, ¢). 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 Widmanstitten 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 Ar, — Ar, (Fig. 4, ¢).

[ ConcLusions

Surface layers characterized by thicknesses ranging
from 300 to 1200 um 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 / 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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