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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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АННОТАЦИЯ
В данном исследовании изучается влияние асимметричной прокатки и ионного азотирования 
на твердость и структуру инструментальной стали HSS M2. Асимметричная прокатка 
использовалась для создания градиентной микроструктуры вдоль направления толщины 
стали [1, 2], а ионное азотирование – для повышения поверхностной твердости [3].  
При асимметричной прокатке варьировали температуру нагрева, количество проходов, 
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 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. Ionic 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 3.15×25×100 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. I. 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

Рис. 1. Общий вид реверсивного стана ДУО 400 
листовой прокатки с индивидуальным приводом 

рабочих валков

коэффициент несоответствия скоростей рабочих валков и общее обжатие. При азотировании 
варьировались температура и продолжительность обработки. Результаты показали, что 
асимметричная прокатка значительно повысила твердость и износостойкость стали, а ионное 
азотирование еще больше увеличило поверхностную твердость. В целом, данное исследование 
дает представление о потенциале сочетания асимметричной прокатки и ионного азотирования 
как метода улучшения характеристик инструментальной стали HSS M2.

КЛЮЧЕВЫЕ СЛОВА 
Асимметричная прокатка; инструментальная сталь HSS M2; ионное азотирование; 
поверхностная твердость; механические свойства; диффузия.
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Fig. 2. Scheme of asymmetric rolling (Ka – asymmetry 
coefficient or speed mismatch coefficient of the working 

rolls; Vl – speed of the lower roll; Vu – speed  
of the upper roll)

Рис. 2. Схема асимметричной прокатки  
(Ka – коэффициент асимметрии или коэффициент 

рассогласования скоростей рабочих валков;  
Vl – скорость нижнего валка; Vu – скорость  

верхнего валка)

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).

Fig. 3. General technological scheme of the experiments

Рис. 3. Общая технологическая схема проведения экспериментов
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Table 1. Total compression of the samples, depending on conditions of asymmetric rolling

Таблица 1. Полное сжатие образцов в зависимости от асимметричной прокатки

№ Образца / 
Sample No.

Температура, °С /
Temperature, °C

Количество 
проходов /

Number  
of passes

Суммарное обжатие, % /
Total compression, %

Коэффициент 
рассогласования скоростей 

рабочих валков /
Speed mismatch coefficient  

of working rolls

1

400

2 24 1

2 2 11.3 1

3 1 47.6 3.3

4 1 46.7 2

5 5 16 1.3

6

500

1 23.2 1.3

7 2 27.8 1.3

8 2 21.2 1.3

9 4 17.7 1.4

10 2 21.2 1.3

11 4 17.7 1.43

12

600

4 20.7 1.43

13 1 61.9 3

14 1 66.7 3

15 4 20.7 2

16 1 61.9 3

17

700

1 66.7 3

18 1 49.2 2

19 1 25.4 1

20 4 17.9 1.4

21 4 17.9 1.4

22

800

2 20 1.4

23 4 17.9 1.25

24 1 47.6 1

25 1 65.1 1

26 1 67 2

27

1100

5 68.3 1.25

28 3 68.3 2

29 1 65.1 2.5

30 1 67 2.5

31 1 68.3 2.5

32 1 68.3 2.5
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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).

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

Рис. 4. Схема ионного азотирования  
на установке ЭЛУ-5М

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).  

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).

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

Рис. 5. Результаты измерения микротвердости HV опытных образцов, обработанных  
асимметричной прокаткой при разных температурах
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Fig. 5 shows that treatment at temperatures 
of 400–800 ℃ does not affect the hardness of 
HSS M2 tool steel. However, after asymmetric 
rolling at 1100 ℃, 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 ℃ 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 

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 ℃  
and 1100 ℃, respectively, were taken. The 
samples were nitrided at 400 ℃ and 500 ℃  
for 3 and 6 hours. Fig. 7 shows the results of the 
hardness profiles of the treated samples.

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

Рис. 6. Профиль твердости по глубине образца №30, прошедшего ассиметричный прокат при 1100 ℃

a
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Fig. 7. Hardness distribution of the samples No. 9 and No. 30 after nitriding:  
a – 6 h, 400 ℃; b – 3 h, 500 ℃; c – 6 h, 500℃

Рис. 7. Распределение твердости для образцов №9 и №30 после азотирования:  
a – 6ч, 400 ℃; b – 3ч, 500 ℃; c – 6ч, 500 ℃

b

c

As it can be seen from Fig. 7, a, the treatment 
at 400 ℃ 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 ℃ for 3 hours  
(Fig. 7, b), an increase in surface hardness  

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 



MaTeD

1332023. Vol. 5, No. 4(14)

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

When treated at 500 ℃ for 6 hours  
(Fig. 7, c), 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 

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. Ion 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 810 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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