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ABSTRACT

This study investigates the effects of asymmetric rolling and ion nitriding on the hardness and structure
of HSS M2 tool steel. Asymmetric rolling was used to induce a gradient microstructure along the
thickness direction of the steel [1, 2], while ion nitriding was used to improve the surface hardness
[3]. During asymmetric rolling, the heating temperature, the number of passes, the speed mismatch
coefficient of the work rolls and the total compression were varied. During nitriding, the temperature
and duration of the treatment were varied. The results showed that asymmetric rolling significantly
improved the hardness and wear resistance of the steel, while ion nitriding further enhanced its surface
hardness. Overall, this study provides insights into the potential of combining asymmetric rolling and
ion nitriding as a method for improving the performance of HSS M2 tool steel.
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AHHOTAIINA

B nanHoM ucciienoBaHUM U3Y4YaeTCs BIUSHUE aCHMMETPUYHON MPOKATKU U MOHHOTO a30TUPOBAHMS
Ha TBEPAOCTh M CTPYKTYpy HHCTpyMeHTanbHOM ctanmu HSS M2. AcummerpuuHas mpokaTka
WCIIONb30BaNach JJsi CO3[AaHMSI TPAJMEHTHOW MHUKPOCTPYKTYPBI BIOJIb HAIPABICHHS TOJILIMHBI
cramu [1, 2], a MOHHOE a30TUPOBAHME — [UJIsl MOBBILIEHUS MOBEPXHOCTHOM TBepaocTu [3].
[Ipu acuMMeTpuUYHON MpOKAaTKE BapbUPOBAIM TEMIIEpATYpy HarpeBa, KOJIMYECTBO IPOXOIOB,
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K03 PUIMEHT HECOOTBETCTBUS CKOPOCTEH pabounx BanmkoB U obiiee ookarue. [Ipu azoTupoBannm
BapbUPOBAIKMCH TEMIIEpaTypa W TPOMOJDKHUTEILHOCTh 00pa0OTKH. Pe3ynbraThl MoKaszalid, YTO
aCMMMETpPHYHAsI POKaTKa 3HAYMTEIHHO TIOBBICHIIA TBEPIOCTh U M3HOCOCTOMKOCTD CTAJIH, @ HOHHOE
a30THPOBAHHUE €11le OOJIBINE YBEIMUMIIO IOBEPXHOCTHYIO TBEPAOCTh. B 11e510M, TaHHOE UCCIIeIOBaHNE
JIaeT MPEJICTABICHUE O TTOTCHITMAJIC COYSTaHMS ACHMMETPUYHOM IMMPOKATKA ¥ HOHHOTO a30THPOBAHHUS

KaK METOJIa YJIy4IlIEHUS! XapaKTepUCTUK HHCTpyMeHTalIbHOM ctamu HSS M2.

KJIFOYEBBIE CJIOBA

AcummeTpuyHas IpPOKATKa;

UHCTpyMeHTalbHas craap HSS M2;

HOHHOC a30TUPOBAHUC,

MMOBEPXHOCTHAS TBEP/IOCTh; MEXaHUYECKHE CBOMCTBA; TU(PQy3usl.

Introduction

Currently, there is a broad interest in
developing new treatments for steel to improve
its mechanical properties and corrosion
resistance. In this context, ion nitriding
represents a promising field that allows
improving the functional properties of the
material significantly. [onic nitriding is a process
by which nitrogen atoms are introduced into
the surface layer of steel, resulting in improved
hardness, wear resistance and corrosion
resistance [4—6].

As it is known, the diffusion of atoms
in metals is greatly influenced by various
structural defects — deviations of the lattice
structure from the ideal one. With the increase
of structural defects, the diffusion rate in the
metal also increases. However, along with
structural defects, diffusion is also affected by
the grain size of the metal: the finer the grain,
the higher the diffusion rate. Therefore, to
increase the diffusion rate in metals, surface
plastic deformation (SPD) methods have
recently become increasingly common. One
of such methods is severe plastic deformation
by asymmetric rolling. Asymmetric rolling is a
process in which the rolled material has unequal
structure or properties in different directions.
However, the effect of asymmetric rolling on the
quality of ion nitriding remains insufficiently
investigated [7—11].

The purpose of this scientific article is to
study the effect of ion nitriding of HSS M2
steel with preliminary intensive plastic
deformation by asymmetric rolling on structural
and functional properties. The results of this
study may be useful for the development of

new technologies of steel processing using
ion nitriding and improving its quality and
productivity.

1. Methodology of experimental studies

HSS M2 tool steel was selected as the object
of' study. To investigate the effect of severe plastic
deformation of steel on the characteristics of the
hardened layer after ion nitriding, samples were
prepared in the form of plates with dimensions
of 3.15x25x100 mm, which were subjected
to hot asymmetric rolling on the reversing mill
DUO 400 sheet rolling with individual drive
of working rolls (Fig. 1) of the laboratory
“Mechanics of gradient nanomaterials named
after A. P. Zhilyaev” of the G. 1. Nosov Moscow
State Technical University. The scheme of
the asymmetric rolling process is presented
in Fig. 2.

Fig. 1. General view of reversing mill DUO 400 sheet
rolling mill with individual drive of working rolls

Puc. 1. O6uwmii Bux pesepcruBHoro crana /IO 400
JIMCTOBOM IPOKATKU C MHUBHYaIbHBIM IPHUBOIOM
pabouyux BaJIKOB
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Fig. 2. Scheme of asymmetric rolling (K, — asymmetry
coefficient or speed mismatch coefficient of the working
rolls; V|, — speed of the lower roll; V, — speed
of the upper roll)

Puc. 2. Cxema acHMMETPUIHON MTPOKATKH
(K, — kooppuumenT acuMMeTpHH HITH KO3(QPUITTEHT
paccornacoBaHusl CKOPOCTEH pabOUINX BAJIKOB;
V|, — CKOpOCTb HUIKHETO BaJIKa; V, — CKOPOCTh
BEPXHETO BaJIKa)

In all rolling variations, the lower roll had a
higher rotational speed, while the upper roll had
a lower rotational speed. The ranges of variable
process parameters included billet-heating
temperature in the range from 400 to 1100 °C,
total compression in the range from 47.6% to
68.3%, number of passes from 1 to 5, and the
asymmetry coefficient or speed mismatch
coefficient of the working rolls in the range from
1.25 to 3.33. Rolling was carried out without
lubrication on dry rolls [12—15].

Asymmetric rolling was performed either in
one pass or in several passes. In case of multi-
pass rolling, the billet was heated repeatedly
(interstrain) to the appropriate temperature T
with a holding time of 20 minutes. After the
end of rolling, the billet was cooled in air. The
general technological scheme of processing is
shown in Fig. 3.

Asymmetric rolling of HSS M2 steel sheets
at different temperatures (room temperature,
400 °C, 500 °C, 600 °C, 700 °C, 800 °C,
1100 °C) led to the destruction of experimental
samples in all variations of parameters (total
compression 47.6—68.3%, number of passes
1-5, speed mismatch coefficient of working
rolls 1.25-3.33) (Table 1).

3,15x25x100 mm HSS M2 workpiece

Heating the workpiece (2h) to temperature T = 400, 500, 600, 700, 800, 1100°C

Asymmetrical rolling in 1 or more passes

Repeated (interstrain) heating to temperature T with a holding time of 20 min.

Cooling in air to room temperature

Fig. 3. General technological scheme of the experiments

Puc. 3. O0mas TeXxHOTOTHYECKask CXeMa IPOBEICHHS YKCIICPIMEHTOB
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Table 1. Total compression of the samples, depending on conditions of asymmetric rolling

Tadauua 1. [TomHOE cxxaTHe 00pa3OB B 3aBHCHMOCTH OT aCHMMETPHYHON TPOKATKU
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Konuuectso Koa¢pduuuent )
Ne O6pasma/ | Temmeparypa, °C / npoxonoB/ | Cymmapnoe obxarue, % / paCCOFJ;gZ?{IIS;H]I;I:H(I:(I;(;p/oCTeu
Sample No. Temperature, °C Number Total compression, % pabe )
of passes Speed mismatch coefficient
b of working rolls
! 2 24 1
2 2 11.3 1
3 400 ! 47.6 33
4 1 46.7 P
> > 16 1.3
6 1 23.2 13
7 2 27.8 1.3
8 2 212 1.3
500
? 4 17.7 1.4
10 2 21.2 13
1 4 17.7 1.43
12 4 20.7 1.43
13 1 61.9 3
14 600 1 66.7 3
15 4 207 >
16 1 61.9 3
17 1 66.7 3
18 1 49.2 5
19 700 1 25.4 1
20 4 17.9 1.4
21 4 17.9 1.4
- 2 20 1.4
> 4 17.9 1.25
24 800 1 47.6 1
25 1 65.1 1
26 | p= ;
27 5 68.3 1.25
28 3 68.3 P
29 1 65.1 25
1100
0 ! 67 2.5
31 1 68.3 25
32 1 68.3 75
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The process of ion nitriding was carried out
in a modernized ELU-5M vacuum unit designed
for thermal and chemical-thermal treatments

(Fig. 4).

i To the pump

Fig. 4. Scheme of ion nitriding on the ELU-5M unit

Puc. 4. Cxema HOHHOTO a30THPOBAHUS
Ha yctaHoBke DJIY-5M

Prior to the ion nitriding process, ion
cleaning was performed in a vacuum chamber
for 15 minutes at pressure P = 10 Pa and
temperature in the presence of argon (Ar). The
ion nitriding process itself was carried out in a
gas mixture consisting of 35% nitrogen (N2),
15% hydrogen (H2) and 50% argon (Ar).
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The pressure in the working chamber was
P = 200 Pa, the temperature was set to
T=400+10 °C and 500+10 °C, and the treatment
duration was 2 and 6 hours.

In this study, we measured the microhardness
and determined the depth of the hardened
layer on samples after the glow discharge ion
nitriding process. For this purpose, an automatic
micro-macro hardness tester with EMCO-Test
DuraScan 50 image analysis system was used.
This device provides the possibility of accurate
measurement of material microhardness. The
microhardness of the surface layer of the nitrided
samples was investigated by the Vickers method
on inclined slides (angle of 6°).

2. Experimental results

To investigate the effect of severe plastic
deformation of steel on the surface hardness and
depth of the hardened layer of HSS M2 tool steel
after ion nitriding, several batches of samples
asymmetrically rolled under different regimes
were prepared (Table 1).

In the course of the study, hardness values
were obtained for the samples treated at different
temperatures (Fig. 5).

1100%¢  1100°C
1100

1100°C

11005

M1 M2y L ra ] [ i M3 Na3d Nadl Hai2

Sample

Fig. 5. Results of HV microhardness measurements of test specimens, machined by asymmetric rolling at different temperatures

Puc. 5. Pe3ynsrarTsl H3MepeHus MUKpOTBepRocTH HV ombITHBIX 00pa3nos, 00paboTaHHBIX
ACUMMETPUYHOM MPOKATKOM MPH pa3HbIX TeMIIEpaTypax
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Fig. 5 shows that treatment at temperatures
of 400-800 °C does not affect the hardness of
HSS M2 tool steel. However, after asymmetric
rolling at 1100 °C, a more than 2-fold increase in
the hardness of the samples is noticeable. Based
on the results obtained, the depth hardness
profile of the sample after asymmetric rolling
at 1100 °C was investigated. The results are
summarized in Fig. 6. As it can be seen from
the graph, the increased hardness is observed
only in the central region of the sample, where

900
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400
300
200

Hardness, HV

100
I N

MATED

the main deformation processes occurred during
asymmetric rolling.

To evaluate the effect of different
asymmetric rolling modes on the properties of
the hardened layer after ion nitriding, batches
of samples No. 9 and No. 30 treated at 500 °C
and 1100 °C, respectively, were taken. The
samples were nitrided at 400 °C and 500 °C
for 3 and 6 hours. Fig. 7 shows the results of the
hardness profiles of the treated samples.

0 200 400

600 800

Sample depth, um

Fig. 6. Depth hardness profile of the sample No. 30 asymmetrically rolled at 1100 °C

Puc. 6. ITpoduns TBeprocty no niryoune obpasua Ne30, mporreamniero accuMeTpuyHbIi npokar npu 1100 °C
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Fig. 7. Hardness distribution of the samples No. 9 and No. 30 after nitriding:
a—=6h,400°C; b—3h, 500 °C; c—6 h, 500°C

Puc. 7. Pactipenencuue TBeprocTa st 00pasoB Ne9 u Ne30 mociie a30THpOBaHUS:
a— 6y, 400 °C; b — 3u, 500 °C; ¢ — 64, 500 °C

As it can be seen from Fig. 7, a, the treatment
at 400 °C does not result in any change in the
hardness profile. The sample 30 shows an
increase in hardness after 150 micrometers,
which was also observed in the samples before
nitriding.

When treated at 500 °C for 3 hours
(Fig. 7, b), an increase in surface hardness

132 2023.T.5, No 4(14)

of 3.4 times for the sample 30 and 3 times for
the sample 9 is observed. The higher hardness
of sample 30 is due to the presence of ultrafine
grain structure on the surface, which accelerates
the nitriding process. At the same time, for
sample 30, there is a decrease in hardness to
the initial value of 400 HV and a subsequent
increase to 800 HV after 150 microns, as in the



previous samples. However, the depth of the
hardened layer for both samples is the same
100 micrometers.

When treated at 500 °C for 6 hours
(Fig. 7, ¢), no significant increase in surface
hardness was observed compared to the samples
treated for 3 hours. However, the depth of the
hardened layer increased 2.8 times for sample
9 (220 micrometers) and 1.5 times for sample
30 (150 micrometers). The greater depth of the
hardened layer of the sample 9 can be explained
by low hardness of the initial material (380 HV,
which is 2.1 times less than the hardness of the
core of the sample 30).

The highest value of microhardness HV
was achieved in the experimental samples after
asymmetric rolling at 1100 °C (at multi-pass
rolling with total compression in the range of
68.3%, for 3—5 passes and with the mismatch
coefficient of working rolls speed in the range
of 1.25-2.00). The value of microhardness HV
in the central layers increased by 3.4 times
in comparison with the initial (undeformed)
state.

These results can be explained by the
formation of a highly refined ultrafine-
grained (UFG) structure on the surface of the
samples after the application of severe plastic
deformation by asymmetric rolling. This
structure leads to an increase in the surface free
energy, which contributes to an increase in the
adsorption of the saturating element and the
formation of nitrides in the treated material on
the surface layer. This, in turn, is accompanied
by an increase in surface hardness. Along with
this, an increase in the dislocation density and
the formation of microdefects, as well as grain
refinement, lead to an increase in the rate of
diffusion of the saturating element deep into the
material and, as a consequence, an increase in
the thickness of the hardened layer [16-20].

Conclusions

In the course of processing the obtained
data, the following conclusions were made:

1. Preliminary intensive plastic
deformation by asymmetric rolling has a

MATED

significant effect on the thickness of the
hardened layer after 6-hour nitriding in the
glow discharge compared to 3-hour nitriding; it
was increased by 2.8 times for sample 9 and by
1.5 times for sample 30.

2. lon nitriding in the glow discharge has
a significant effect on the microhardness of
samples:

— microhardness of the sample 9 increased
from 370 HV to 1220 HV (by 3.3 times) in the
case of 3 hours of treatment and from 370 HV
to 1150 HV (by 3.1 times) after 6 hours.

— microhardness of the sample 30 increased
from 810 HV to 1356 HV (by 1.67 times) in the
case of 3 hours of treatment and from 8§10 HV
to 1360 HV (also by 1.67 times) after 6 hours.

These results have practical significance for
the development of new methods of hardening
of materials. The use of asymmetric rolling as an
intensive plastic deformation can be an effective
way to increase the thickness of the hardened
layer of the material and increase the surface
microhardness of high-speed steel HSS M2.
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