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Abstract. Dynamic recrystallization of high-speed steel (HSS) M2 occurs through a discontinuous 
mechanism, involving nucleation and growth of strain-free grains. The initiation and completion 
of discontinuous dynamic recrystallization (dDRX) must be carried out in a single rolling pass. 
The time for 99% dDRX depends on the critical strain, strain rate and equivalent strain, that 
generated in the workpiece material in a single rolling pass. The level of equivalent strain plays a 
key role in terms of the possibility to complete dDRX. High equivalent strain in conventional hot 
rolling for a single pass is limited by too high rolling forces. High equivalent strain at low rolling 
forces can be achieved by asymmetric hot rolling. Asymmetric rolling is a process based on 
purposefully created differences in the circumferential speeds of the work rolls. For such a process, 
a degree of asymmetry is defined by a speed ratio of the work rolls. The speed ratio is one of the 
most important parameters of the process, affecting the level of equivalent strain and the rolling 
force. In this work the single-pass asymmetric hot rolling process of HSS M2 at different 
temperatures in the range 850-1150 °C was simulated by FEM and JMAK model. The effects of 
speed ratio and thickness reduction on equivalent strain and rolling force were investigated. The 
effects of equivalent strain, strain rate and temperature on the recrystallized volume fraction and 
the average size of a dynamically recrystallized grains of HSS M2 are presented. Symmetric and 
asymmetric hot rolling processes are compared. 
Introduction 
The metal forming industry can use different methods for grain refinement in metals and alloys. 
One of these methods is based on grain refinement directly in the process of hot working due to 
the dynamic recrystallization (DRX). The DRX phenomena can occurring in different thermo-
mechanical processing conditions for various metals and alloys. Several types of DRX are exist: 
discontinuous dynamic recrystallization (dDRX), continuous dynamic recrystallization (cDRX) 
and geometric dynamic recrystallization (gDRX). Different types of DRX are associated with 
different types of mechanisms of the formation of a new grain structure. Detailed characterization 
of these three types of DRX processes is given in the literature [1-3]. 

The dDRX is the most extensively studied recrystallization process. The dDRX occurs through 
a discontinuous mechanism, involving nucleation and growth of strain-free grains. dDRX operates 
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in low to medium stacking fault energy materials at high temperatures (𝑇𝑇 > 𝑇𝑇𝑚𝑚) [1-3]. It is 
generally accepted that dDRX mainly initiates by strain induced bulging of original grain 
boundaries and a necklace structure which is composed of fine equiaxed recrystallized grains is 
formed. With regard to grain refinement, the important point is that dynamic recrystallization not 
only produces more refinement than the metadynamic recrystallization but also leads to 
considerably finer microstructures than conventional static recrystallization [1]. The dDRX has 
attracted more and more interests since it is the closest method to industrial practices. 

The dDRX process initiates at the critical strain 𝜀𝜀𝑐𝑐. The volume fraction 𝑋𝑋 of dynamic 
recrystallization, can be calculated by JMAK model: 𝑋𝑋 = 1 − exp(−𝛽𝛽𝑡𝑡𝑘𝑘), where 𝛽𝛽 and 𝑘𝑘 are 
coefficients and 𝑡𝑡 is the time for dDRX to occur [4]. The time for 99% dDRX (when 𝑋𝑋 = 0.99) 
strongly depends on strain 𝜀𝜀 and strain rate 𝜀𝜀̇. Large strain (e.g. 𝜀𝜀 ≥ 1) are required for uniform 
grain refinement. The application of insufficient strain can lead to the presence of mixed grain 
sizes. Thus, strain is a key parameter that determines not only the initiating of dDRX, but also the 
possibility of its full completion. Significant grain refinement can be achieved at 99% dDRX due 
to large strain single-pass hot working at the lower temperature range.  

The dDRX in hot working has been repeatedly studied for austenitic [5], microalloyed [6]. low-
carbon [7] and high-speed tool steels (HSSs) [4,8]. HSSs represent an important class of materials 
for the manufacture of cutting tools. HSSs are used for most of the common types of cutting tools 
including lathe tools, drills, reamers, taps, milling cutters, end mills, hobs, saws, broaches, etc. The 
improvement of HSSs is carried out in the direction of finding the ways to improve microstructure 
and mechanical properties during hot working. Hot rolling is the main process for obtaining long 
semi-finished products (round bars, plates, sheets, strips, etc.) from HSSs. The conventional 
technologies include radial-shear hot rolling and plate/strip hot rolling. HSSs are difficult to 
deform, so conventional hot rolling is carried out with a large number of passes in order not to 
exceed the maximum allowable rolling forces. HSSs are usually hot rolled at high temperatures, 
e.g., 1100 °C to 1150 °C for the M2 grade, with the final rolling pass carried out at temperatures 
not less than 850 °C. In this range, their flow stress may reach 350…450 MPa, the same as the 
ultimate strength of ordinary steels at room temperature. Therefore, the ability to provide 99% 
dDRX in HSSs during single-pass hot rolling, especially at the lower temperature range is limited 
by too high rolling forces. Rolling force can be reduced due to the asymmetry of the hot rolling 
process by purposefully created difference in the circumferential speeds of the work rolls [9,10]. 
For such a process, a degree of asymmetry is defined by a speed ratio (SR) of the work rolls. The 
SR is one of the most important parameters of the process. Rolling with different circumferential 
speeds of the work rolls when both rolls are independently driven by two motors, is the most 
suitable way to implement asymmetric hot rolling in industry. However, studies of the effect of 
asymmetric hot rolling on the kinetics of dDRX of HSSs are yet unknown. 

In this work the large strain single-pass asymmetric hot rolling process of HSS M2 at different 
temperatures in the range 850-1150 °C was simulated by FEM and JMAK model. The effects of 
speed ratio and thickness reduction on equivalent strain and rolling force were investigated. The 
effects of strain, strain rate and temperature on the recrystallized volume fraction and the average 
size of a dynamically recrystallized grains of HSS M2 are presented. Symmetric and asymmetric 
hot rolling processes are compared. The results of investigation can be used for design of effective 
technology of manufacturing HSS M2 with improved microstructure and mechanical properties. 
Research Method 
A coupled deformation and heat transfer simulation of the hot rolling was carried out using the 
commercial FEM code QForm 2D. Symmetric and asymmetric hot rolling processes were 
simulated and compared. Asymmetry was purposefully created by difference in the circumferential 
speeds of the work rolls, while the roll diameters were the same. The diameters of the work rolls 
were D = 340 mm, and the rolls were assumed as rigid. The angular speed of the upper (fast) work 
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roll was 10 rpm in all simulation variants. Asymmetry was created by decreasing the angular speed 
of the lower (slow) work roll from 1.1 to 3.0 times with a step of 0.1. The initial thickness of the 
strip was 3.15 mm in all simulation variants. Single-pass rolling to the final thickness of 1.0 mm 
was performed. Thickness reduction corresponded to 68.25%. The modeling of the processes was 
performed at different initial temperatures: 1150, 1100, 1000, 900 °C with taking into account the 
increment of the metal’s temperature due to the thermal effects of deformation and friction. Hot 
rolling was carried out without front and back tensions. High-speed tool steel AISI M2 was chosen 
as a material for the strip. AISI D2 from QForm 2D material library was chosen as a material for 
work rolls. The thermal constants of materials used in FEM simulations are shown in Table 1. 
Levanov’s friction model (1) was used between rolls and strip. During hot rolling of steels friction 
factor 𝑚𝑚 varies in the range of 0.7-1.0. In the present research the friction factor was assumed as 
constant in all simulation variants: 𝑚𝑚 = 0.85. 

𝜏𝜏 = 𝑚𝑚𝑘𝑘 �1 − 𝑒𝑒−1.25𝜎𝜎𝑛𝑛𝜎𝜎 �.         (1) 

where 𝜏𝜏 is the frictional stress; 𝑚𝑚 is the friction factor; 𝑘𝑘 is the shear yield stress; 𝜎𝜎𝑛𝑛 is the normal 
contact pressure; 𝜎𝜎 is the flow stress. 

Table 1. Properties of materials used in FEM simulation. 

Material 
Thermal 

conductivity, 
W/(m×K) 

Heat 
capacity, 
J/(kg×K) 

Heat transfer 
coefficient 

between work 
rolls and strip, 

W/(m2×K) 

Heat transfer 
coefficient 

between work 
rolls/strip and air, 

W/(m2×K) 

Environment 
temperature, 

ºC 

AISI M2 28.0 674 10000 30 20 
AISI D2 21.5 460 10000 30 20 

In order to accurately describe the flow behavior of HSS M2 in hot deformation, dDRX should 
be considered. Schematic representation of the stress-strain curve during dDRX is shown in Fig. 1. 
First, there is work hardening from 𝜎𝜎0 up to peak stress 𝜎𝜎𝑝𝑝 at peak strain 𝜀𝜀𝑝𝑝 then working softening 
up to steady stress 𝜎𝜎𝑠𝑠𝑠𝑠 at steady strain 𝜀𝜀𝑠𝑠𝑠𝑠 if no failure occurs.  

  

Fig. 1. Diagram of the stress-strain curve during 
dDRX. 

Fig. 2. Stress-strain curves of HSS M2 used in 
FEM. 

Based on experimental values of 𝜎𝜎0, 𝜎𝜎𝑐𝑐, 𝜎𝜎𝑝𝑝, 𝜎𝜎𝑠𝑠𝑠𝑠 and 𝜀𝜀𝑐𝑐, 𝜀𝜀𝑝𝑝, 𝜀𝜀𝑠𝑠𝑠𝑠 from [4,8,11-13] the stress-strain 
curves for HSS M2 were approximated and used in FEM simulations. Equations (2)-(7) were also 
used (see below). Obtained stress-strain curves corresponded to the following ranges: 
𝜀𝜀 = 0…3, 𝜀𝜀̇ = 0.1…50 s-1, 𝑇𝑇 = 850…1150 °C. As an example, stress-strain curves for different 
temperatures are shown in Fig. 2. A critical strain 𝜀𝜀𝑐𝑐 is necessary in order to initiate dynamic 
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recrystallization. This occurs somewhat before the peak stress 𝜎𝜎𝑝𝑝 and peak strain 𝜀𝜀𝑝𝑝 of the stress-
strain curve. Based on the experimental data from [11-13], the peak strain 𝜀𝜀𝑝𝑝 as a function of the 
Zener-Hollomon parameter 𝑍𝑍 was approximated: 

𝜀𝜀𝑝𝑝 = 0.0554 ∙ 𝑍𝑍0.0515.         (2) 

𝑍𝑍 = 𝜀𝜀̇𝑒𝑒𝑒𝑒𝑒𝑒 �𝑄𝑄𝐻𝐻𝐻𝐻
𝑅𝑅𝑅𝑅

�.          (3) 

where 𝑄𝑄𝐻𝐻𝐻𝐻 = 455 kJ/mol is the hot working activation energy [4], 𝑅𝑅 = 8.314 J/mol/K is the 
universal gas constant, 𝑇𝑇 is absolute temperature. 

The relationship between critical strain 𝜀𝜀𝑐𝑐 and peak strain 𝜀𝜀𝑝𝑝 for HSS M2 was assumed as 
follows [4]: 𝜀𝜀𝑐𝑐 = 0,65 ∙ 𝜀𝜀𝑝𝑝. The relationship between critical stress 𝜎𝜎𝑐𝑐 and peak stress 𝜎𝜎𝑝𝑝 was 
assumed as follows: 𝜎𝜎𝑐𝑐 = 0,95 ∙ 𝜎𝜎𝑝𝑝. 

The volume fraction 𝑋𝑋 of dynamic recrystallized grain: 

𝑋𝑋 = 1 − exp �−𝛽𝛽 �𝜀𝜀−𝜀𝜀𝑐𝑐
�̇�𝜀
�
𝑘𝑘
�.        (4) 

Experimental coefficients 𝛽𝛽 and 𝑘𝑘, depending on temperature 𝑇𝑇 and strain rate 𝜀𝜀̇, for HSS M2 
were taken and calculated from [4]. 

Taking into account the changing of volume fraction 𝑋𝑋 of dynamic recrystallized grain the 
softening from the peak stress 𝜎𝜎𝑝𝑝 to the steady stress 𝜎𝜎𝑠𝑠𝑠𝑠 was expressed: 

𝜎𝜎𝑝𝑝_𝑠𝑠𝑠𝑠 = 𝜎𝜎𝑝𝑝 − �𝜎𝜎𝑝𝑝 − 𝜎𝜎𝑠𝑠𝑠𝑠�
�𝑋𝑋−𝑋𝑋𝑝𝑝�
�𝑋𝑋𝑠𝑠𝑠𝑠−𝑋𝑋𝑝𝑝�

.        (5) 

where 𝑋𝑋𝑝𝑝 and 𝑋𝑋𝑠𝑠𝑠𝑠 = 0.99 are volume fractions of dynamic recrystallized grain at peak strain 𝜀𝜀𝑝𝑝 
and 𝜀𝜀𝑠𝑠𝑠𝑠 respectively. 

The time 𝑡𝑡𝑠𝑠𝑠𝑠 for 99% dDRX, depends on the steady state stress 𝜎𝜎𝑠𝑠𝑠𝑠 in the following relationship 
[4]: 

𝑡𝑡𝑠𝑠𝑠𝑠 = 𝐴𝐴(sinh𝛼𝛼𝜎𝜎𝑠𝑠𝑠𝑠)𝑛𝑛exp �𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷
𝑅𝑅𝑅𝑅

�.        (6) 

where 𝐴𝐴 is a material constant (Table 2), 𝑛𝑛 = −4.6 is the stress exponent, 𝑄𝑄𝐷𝐷𝑅𝑅𝑋𝑋 = 361 kJ/mol is 
the steady state stress activation energy, 𝑅𝑅 = 8.314 J/mol/K is the universal gas constant, 𝑇𝑇 is 
absolute temperature, and 𝛼𝛼 = 0.012 MPa [4]. 

Table 2. Material constant 𝐴𝐴 depending on temperature. 

Temperature, 
ºC 1150 1100 1000 900 850  

log𝐴𝐴 -12.65 -12.49 -12.47 -12.22 -12.15 

The time 𝑡𝑡𝑠𝑠𝑠𝑠 for 99% dDRX can also be calculated by the following: 

𝑡𝑡𝑠𝑠𝑠𝑠 = 𝜀𝜀𝑠𝑠𝑠𝑠−𝜀𝜀𝑐𝑐
�̇�𝜀

.           (7) 

The steady state stress 𝜎𝜎𝑠𝑠𝑠𝑠 was expressed from (6) with taking into account (7): 
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𝜎𝜎𝑠𝑠𝑠𝑠 = 1
𝛼𝛼

sinh−1 ��1
𝐴𝐴
�𝜀𝜀𝑠𝑠𝑠𝑠−𝜀𝜀𝑐𝑐

�̇�𝜀
� exp �−𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷

𝑅𝑅𝑅𝑅
��

1
𝑛𝑛
�.      (8) 

The steady state strain 𝜀𝜀𝑠𝑠𝑠𝑠 was expressed from (4) at 𝑋𝑋 = 𝑋𝑋𝑠𝑠𝑠𝑠 = 0.99: 

𝜀𝜀𝑠𝑠𝑠𝑠 = 𝜀𝜀𝑐𝑐 + 𝜀𝜀̇ �− 1
𝛽𝛽

ln(1 − 𝑋𝑋𝑠𝑠𝑠𝑠)�
1
𝑘𝑘.        (9) 

The initial grain size 𝐷𝐷0 was taken equal to 90 μm. The dynamic recrystallization grain size 
𝐷𝐷𝑑𝑑𝐷𝐷𝑅𝑅𝑋𝑋 depends on the Zener-Hollomon parameter Z according to the following equation [4]: 

𝐷𝐷𝑑𝑑𝐷𝐷𝑅𝑅𝑋𝑋 = 2930 ∙ 𝑍𝑍−0.15.         (10) 

Only dDRX was simulated. Static/metadynamic recrystallization and grain growth at high 
temperature were not simulated. The average grain size 𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 was calculated according to the 
“mixture” rule: 

𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑋𝑋 ∙ 𝐷𝐷𝑑𝑑𝐷𝐷𝑅𝑅𝑋𝑋 + (1 − 𝑋𝑋) ∙ 𝐷𝐷0.       (11) 

Simulation Results and Discussion 
The dynamic recrystallization grain size 𝐷𝐷𝑑𝑑𝐷𝐷𝑅𝑅𝑋𝑋 decreases with decreasing temperature and 
increasing strain rate. Grain size up to ≈2 μm, ≈1.5 μm and ≈1.0 μm can be obtained, respectively, 
at temperatures of 1000 °C, 900 °C, 850 °C and a strain rate of 50 s-1 (Fig. 3). However, this grain 
refinement can be achieved in case when 99% dDRX has occurred due to a single-pass large strain 
𝜀𝜀, which is equal to or greater than the steady state strain 𝜀𝜀𝑠𝑠𝑠𝑠. Interrelation between steady state 
strain, strain rate and temperature for HSS M2 is shown in Fig. 4. For example, strain value 𝜀𝜀 must 
be at least 2.06 in order to provide 99% dDRX at 1000 °C and  
20 s-1. If strain rate increases up to 50 s-1, then strain value 𝜀𝜀 must be at least 2.25 at the same 
temperature. At lower temperatures, strain should be even higher. At 900 °C strain value 𝜀𝜀 must 
be at least 2.82 in order to provide 99% dDRX at 50 s-1 (Fig. 4). The conventional hot rolling 
process cannot provide such large strain values in one pass, especially over the entire section of 
the strip. 

 

 

Fig. 3. Influence of strain rate and 
temperature on dynamic recrystallization 

grain size 

Fig. 4. Interrelation between steady state 
strain, strain rate and temperature for HSS 

M2. 
Large strain can be achieved by single-pass asymmetric rolling. Work rolls speed ratio was 

varied from 1.0 (symmetric rolling) up to 1.1…3.0 with step 0.1 (asymmetric rolling). The initial 
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temperature of the strip was also varied at the following values: 1150, 1100, 1000, 900 °C. A 
comparative analysis of many simulation variants showed that the finest average grain size in 
combination with a fairly uniform grain distribution over the strip thickness was achieved by 
asymmetric rolling with a work roll speed ratio of 1.5 at T = 1000 °C. Speed ratio of 1.5 means 
that the speed of upper work is 1.5 times faster than lower work roll. The average grain size of 2.9 
μm in the center layer of the strip was achieved by asymmetric rolling (Fig. 5) in comparison with 
grain size of 14.2 μm obtained by symmetric rolling (Fig. 6). A decrease in the grain size in the 
central layer of the strip was achieved by almost 5 times. 

 
Fig. 5. Evolution of the average grain size during asymmetric rolling (SR = 1.5). 

 
Fig. 6. Evolution of the average grain size during symmetric rolling. 

At the same time, due to asymmetric rolling, a fairly uniform distribution of fine grain over the 
strip thickness was also achieved (Fig. 7). This is due to a more uniform distribution of strain over 
the thickness (Fig. 8). 

  

Fig. 7. Distribution of the average grain size  
over the strip thickness. 

Fig. 8. Strain distribution over the strip 
thickness. 

Temperature field during asymmetric rolling is shown in Fig. 9. The temperature in the 
deformation zone decreases from the initial 1000 °С to 860 °С at the contact with the slow work 
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roll. The temperature difference at the contact with the upper and lower roll leads to an additional 
asymmetry factor. The lower contact temperature with the slow roll is due to the longer contact 
time. With symmetrical rolling, the temperature at the contact with the work rolls is also 
significantly reduced from 1000 °С to 890 °С (Fig. 10). Lower temperature and higher strain in 
the surface layers lead to grain refinement in both symmetric and asymmetric rolling. However, 
only asymmetric rolling makes it possible to refine the grain over the entire thickness of the strip 
due to the occurring of 100% dynamic recrystallization (Fig. 11). At the same time, the force 
during asymmetric rolling is significantly lower in comparison with symmetric rolling (Fig. 12). 

 
Fig. 9. Temperature field during asymmetric rolling. 

 
Fig. 10. Temperature field during symmetric rolling. 

 
 

Fig. 11. Distribution of the volume fraction 
of dynamic recrystallized grain over the strip 

thickness. 

Fig. 12. Comparison of rolling forces during 
symmetric and asymmetric rolling. 
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Conclusion 
Asymmetric hot rolling is a process which can provide the occurring of 99% dDRX in the difficult-
to-deform high-speed steel M2 due to single-pass large strain at the lower temperature range. Large 
strain can be achieved by less rolling force in comparison with symmetric rolling.  

In the present study the finest average grain size in combination with a fairly uniform grain 
distribution over the strip thickness was achieved by asymmetric rolling with a work roll speed 
ratio of 1.5 at T = 1000 °C. The average grain size of 2.9 μm in the center layer of the strip was 
achieved by asymmetric rolling in comparison with grain size of 14.2 μm obtained by symmetric 
rolling. A decrease in the grain size in the central layer of the strip was achieved by almost 5 times. 
However, experimental studies are required to confirm the results of FEM simulations. 

The results of investigation can be used for design of effective technology of manufacturing 
HSS M2 with improved microstructure and mechanical properties. The main difficulty in the 
development of asymmetric hot rolling technology is to determine the optimal speed ratio of the 
work rolls. 
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