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Abstract
The grain refinement technology is important in improving the metallic material properties without the requirement of 
additional alloy elements. Previously, we developed an efficient method for producing ultrafine-grained steel strips using a 
combination of cutting and heat treatment. However, the effect of cutting on recrystallization was not apparent. The objec-
tive of this study is to investigate the effects of metal cutting on static recrystallization and outline its advantages in grain 
refinement using numerical simulations based on the crystal plasticity theory. Simulation results show that shear deforma-
tion in metal cutting activates more slip systems than plane strain compression via rolling, even when considering the same 
equivalent plastic strain. The geometrically necessary dislocations are assumed to accumulate in the crystal because many 
slip systems are activated in shear deformation and improve grain refinement via static recrystallization in the subsequent 
heat treatment. This result indicates that the deformation type plays an important role in the recrystallization process. Thus, 
cutting is more efficient than rolling for the production of ultrafine-grained steel.
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Introduction

The miniaturization of various industrial products has accel-
erated because of its many advantages, including the integra-
tion of functions as well as its space saving nature, improved 
portability, and resource and energy savings. Typical exam-
ples of such products include biomedical applications such 
as medical surgery devices (e.g., endoscopes), which enable 
minimally invasive treatment [1, 2]. Many researchers have 
developed micromachining and microfabrication technolo-
gies to miniaturize such mechanical devices [3, 4]. The grain 
size of the component material exhibits considerable influ-
ence in the micromachining of the miniature components 
because the component size and volume of machining are 
almost the same as the grain size. The crystal grain size 
of structural steel sheets is greater than 10 μm, and this 
size is too large for microfabrication. Therefore, in re-cent 

years, ultrafine-grained steel comprising crystal grains of 
approximately 1 μm in diameter has been attracting increas-
ing research attention. Fine and accurately finished surfaces 
could be obtained using ultrafine-grained steel as work mate-
rial for micromachining [5–7]. In addition, ultrafine-grained 
materials exhibit various advantages such as high yield stress 
[8], superplasticity [9], and resistance against stress corro-
sion cracking in stainless steel [10]. Because the properties 
of these materials can be improved without adding alloy-
ing elements, they exhibit excellent performance in terms 
of environmental measures such as material recyclability.

Ultrafine-grained steel is commercially produced via the 
thermomechanical control process (TMCP) [11, 12]. Defor-
mation energy is applied and microstructural changes are 
induced via rolling in this process. Although high productiv-
ity can be achieved via rolling, the plastic strain is limited 
by the thickness of the products. Further, a large strain must 
be applied to the work material to produce ultrafine grains. 
In addition, the metallographic phenomena associated with 
TMCP, for example, dynamic transformation and recrystal-
lization, are dependent on the chemical components. Thus, 
the optimal process conditions for each steel must be experi-
mentally determined.
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Severe plastic deformation (SPD) methods have also 
been receiving increasing attention [13]. Several SPD 
methods, including equal-channel angular processing [14, 
15], high-pressure torsion [16, 17], and accumulative roll-
bonding [18], have been proposed. These SPD methods 
can result in the accumulation of large plastic strains in the 
work material. This can be attributed to the fact that the 
initial shapes of the work materials are maintained even 
after repeated application of the SPD methods. Ultrafine 
grains of nanometer size can be produced using SPD meth-
ods. However, their productivity was low because they 
were batch processes.

An efficient process employing a metal cutting method 
was proposed for producing ultrafine-grained steel [19]. 
Because the chip generated via metal cutting is subjected 
to severe shear plastic deformation, a sufficient amount of 
plastic deformation energy is ac-cumulated in it. This energy 
allows the production of uniform ultrafine recrystallized 
grains when the chip is subjected to heat treatment. Une-
venly sized grains tend to be generated when plastic defor-
mation energy is applied to a material in a plate rolling pro-
cess [20]. In addition, the average grain size obtained using 
the metal cutting process was smaller than that obtained via 
the rolling process, although a larger total equivalent plastic 
strain was applied in rolling. This is an interesting result 
because it reveals that grain refinement via recrystalliza-
tion is dependent not only on the plastic work applied to the 
material [21–23] but also on the forming method.

In a previous paper [20], the disparity of recrystallized 
microstructure was attributed to the difference in the sub-
grain structure of deformed grains in case of the chip pro-
duced via metal cutting and the plate produced via rolling. 
Plastic deformation occurs in a shear plane with a thick-
ness lower than the diameter of the grain in the metal cut-
ting process, and all the grains are deformed equivalently 
by severe shear plastic strain. Thus, uniform subgrains are 
generated in all the grains of the chip specimen, causing 
uniform recrystallization during the subsequent heat treat-
ment. Further, during the rolling process, plastic deforma-
tion occurs between two rollers, where the deformation zone 
volume is considerably larger than the grain volume. Uneven 
plastic strain can be observed with respect to the grains in 
the deformation zone because the plastic deformation of 
grains is dependent on the initial crystal orientation. Thus, 
uneven subgrains are generated, and uneven recrystalliza-
tion occurs. However, the effect of the forming process on 
the development of the subgrain structure and subsequent 
recrystallization was not apparent previously. The difference 
in the development of the subgrain structure was assumed 
to be dependent not only on the difference in the size of the 
plastic deformation zone but also on the difference in defor-
mation type, i.e., shear deformation in cutting and plane 
strain compression in rolling.

Thus, herein, the effect of the deformation type on the 
crystal plastic deformation of grains is studied numerically 
based on the crystal plasticity theory. More slip systems are 
activated via shear deformation in the metal cutting pro-
cess when compared with those obtained via plane strain 
compression by rolling even though their equivalent plastic 
strains are identical. The difference between the activated 
slip systems influences the sub-grain structure and subse-
quent recrystallization. In addition, the advantages of the 
metal cutting method with respect to the production of 
ultrafine-grained steel are discussed.

Experimental research

Material and methods

A commercial polycrystalline pure iron rod was used as the 
test material for the orthogonal cutting and cold plate roll-
ing experiments. Details of the experimental method have 
been reported elsewhere [20]. In orthogonal cutting, a chip 
is obtained via severe shear deformation on the shear plane, 
as shown in Fig. 1a. The metal-cutting process is idealized 
by assuming only a single shear strain component associ-
ated with the chip. This shear strain can be calculated as 
follows [24]:

where α is the rake angle of the cutting tool and ϕ is the 
shear angle.

where t0 is the depth of the cut and tc is the chip thickness. 
The equivalent plastic strain can be calculated by integrating 
the following equation.

where εxx, εyy, and εzz are the normal strain elements and εxy, 
εyz, and εzx are the shear strain elements of the strain tensor. 
The total plastic strain applied via orthogonal cutting can be 
obtained by assuming simple shear deformation.

The cutting conditions and shear strain applied in case of 
the chip are presented in Table 1.
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For the plate rolling experiment, rectangular samples 
were cut from the same iron rod used for the cutting experi-
ment via wire electric discharge machining. The samples 
were compressed by 91% via single-pass rolling, as shown 
in Fig. 1b. The equivalent plastic strain applied by plate roll-
ing can be obtained by assuming plane strain compression.

where H1 and H2 are the plate thicknesses before and after 
rolling, respectively. The rolling conditions and equivalent 
strain applied in the rolling process are presented in Table 2.

After cutting or rolling, the samples were subjected to 
heat treatment under an argon gas atmosphere to induce 
static recrystallization. The temperature was set as 500 °C 
and 600 °C, and the samples were heated for 30 s, 1 min, 
and 5 min. Then, the samples were quickly cooled by 
blowing argon gas. The crystal orientation distributions 
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of the deformed and recrystallized microstructures were 
analyzed using the electron backscatter diffraction (EBSD) 

method. The reference direction (RD)–normal direction 
(ND)–transverse direction (TD) coordinate system used 
for EBSD analysis is presented in Fig. 1. RD corresponded 
to the chip flow direction, ND corresponded to the thick-
ness direction of the chip, and TD corresponded to the chip 
width direction in case of the chip samples (Fig. 1a). RD 
corresponded to the rolling direction, ND corresponded 
to the normal direction of the rolled surface, and TD cor-
responded to the width direction in case of the rolled sam-
ples (Fig. 1b).

Fig. 1   Schematic of (a) orthogonal cutting and (b) plate rolling

Table 1   Cutting conditions and 
chip geometry [20]

Parameter Condition

Tool material Carbide
Rake angle α 10°
Cutting speed V 25 m/min
Depth of cut t0 0.04 mm
Lubrication Dry
Chip thickness tc 0.15 mm
Shear angle ϕ 15.8°
Shear stain γ 3.6
Equivalent strain �

c
2.1

Table 2   Rolling conditions and geometry of the rolled plate [20]

Parameter Condition

Roll diameter R 40 mm
Rolling speed VR 10 rpm

Thickness reduction rate H1−H2

H1

0.91

Number of rolling passes 1
Lubrication Dry
Thickness before rolling H1 2.96 mm
Thickness after rolling H2 0.27 mm

Logarithm strain 
ln

(
H1

H2

)
2.39

Equivalent strain �
r

2.76
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Experimental results

Figures 2 and 3 present the microstructures of the chip and 
rolled plate, respectively. Figures 2a and 3a show the inverse 
pole figure (IPF) maps of the deformed samples. Figures 2b 
and 3b present the kernel average misorientation (KAM) 
maps of the deformed samples. Finally, Figs. 2c and 3c pro-
vide the IPF maps of the recrystallized samples. A uniform 
ultrafine-grained microstructure with a diameter of 0.2 μm 
was observed to be generated in the chip (Fig. 2a). However, 
the grain size in case of the rolled plate (Fig. 3a) was not 
uniform.

Based on the KAM map of the chip samples (Fig. 2b), 
the misorientation of the crystal lattice was observed to be 
concentrated and formed grain boundaries. These bound-
aries are indicated by black lines, and the misorientation 
angle was greater than 5°. Thus, the misorientation inside 

the grains remained low, and majority of the area in Fig. 2b 
was blue. In contrast, a low misorientation region could be 
observed inside the grains in case of the KAM map of the 
rolled samples (Fig. 3b). For misorientation angles smaller 
than 5°, the grains were represented by green or yellow 
colors. However, they were not concentrated and did not 
form grain boundaries. Therefore, many subgrain boundaries 
were generated, and the grains were uniformly subdivided 
into ultrafine grains in the chip samples. Further, coarse 
and heterogeneous subgrain structures were observed in the 
rolled plate.

Based on the IPF map of the chip samples obtained 
after heat treatment (Fig. 2c), fine recrystallized grains 
were observed to be generated. The size of the recrystal-
lized grains was almost uniform. Grains of various sizes 
were observed based on the IPF map of the rolled samples 
after heat treatment (Fig. 3c), and uneven microstructures 

Fig. 2   Microstructure of the chip. a Inverse pole figure (IPF) map for transverse direction (TD), b kernel average misorientation (KAM) map of 
the deformed microstructure, and c IPF map for TD of the recrystallized microstructure after heat treatment at 500 °C for 5 min

Fig. 3   Microstructure of the rolled plate. a IPF map for TD, b KAM map of the deformed microstructure, and c IPF map for TD of the recrystal-
lized microstructure after heat treatment at 500 °C for 5 min
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were obtained. The differences in the recrystallized micro-
structures can be attributed to the variations in the subgrain 
structures.

The subgrains of the chip specimen in Fig.  2a were 
smaller and more uniform than the subgrains of the rolled 
specimen in Fig. 3a although the equivalent plastic strain 
of the chip specimen ( �c = 2.1) was smaller than the rolled 
specimen ( �c = 2.76). This indicates that the cutting process 
is more efficient at storing plastic strain to generate sub-
grains than the rolling process. Therefore, the chip speci-
mens generate more nucleation sites for recrystallization.

Effects of deformation type on generated subgrain 
structure

In many studies discussing microstructure control technolo-
gies [22, 25], the effect of plastic deformation on the recrys-
tallization process has been evaluated using the equivalent 
plastic strain. For example, the recrystallization rate was 
expressed using a model formula based on the equivalent 
plastic strain in the case of the microstructure simulation 
system developed by Dupin et al. [26]. However, the rela-
tionship between the orientation of the crystal grains and 
the plastic strain component has a significant influence on 

the subgrain generation because the deformation of grains 
depends on the anisotropy of the crystal. Thus, the generated 
subgrain structure is influenced not only by the equivalent 
strain but also by the type of deformation process. The dif-
ferences in subgrain structures between the chip and rolled 
specimens are caused by three mechanisms; (1) differences 
in deformation zone size, (2) effects of material property 
changes in the processes, and (3) completely different 
applied deformation.

Regarding (1), it was considered that the deformation 
boundary conditions of crystal grains in the work material 
was very different as shown in Fig. 4 owing to difference 
in size of plastic deformation zone between cutting and 
rolling [20]. Grains were deformed in a thin shear plane 
in case of cutting. The thickness of the shear deformation 
zone can be evaluated as follows. Because the thickness of 
the shear plane could be assumed to be approximately 1/6 
of the length of the shear plane [27], we obtain

The thickness of the shear plane was smaller than the 
grain size as shown in Fig. 4a because the average grain 

(6)
t0

�sin�
= 6

� ≈ 24 μm

Fig. 4   Plastic deformation zone of a cutting and b rolling
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diameter of the work material was 83 μm. The upper and 
lower boundaries of the shear plane served as the restricting 
boundaries of the plastic deformation zone because the exte-
rior parts of the shear plane were elastic. Therefore, when 
the grains passed through the shear plane, they all deformed 
evenly. In the deformation zone, there were few grain bound-
aries, and strain relaxation on the grain boundary rarely 
occurred. All plastic deformation energy was consumed in 
the grains crystal and accumulated in the dislocations, and 
uniform ultrafine subgrains were generated in the grains.

Conversely, as shown in Fig. 4b, the deformation zone in 
the rolling process was between the rollers that were in con-
tact with the work material. The contact length L between 
a roller and the material is calculated as follows using the 
data in Table 2.

The height of the plastic deformation zone comprised the 
plate thickness between the rolls, and it was ranged from 
0.27 to 2.96 mm as shown in Table 2. Because the average 
crystal grain size of the work material was approximately 
83 μm, the plastic deformation zone was considerably larger 
than the crystal grains in the material (Fig. 4b). Therefore, 
the crystal grains in the material were deformed by the stress 
exerted by the adjacent crystal grains. The grains inside the 
deformation zone exhibited different crystal orientations, 
and their hardness differed with respect to the compressive 
stress in the thickness direction. The grains with “soft” crys-
tal orientation deformed first, whereas those with “hard” 
crystal orientation deformed later. As a result, dislocations 
accumulated on the grain boundaries, strain mismatch and 
sliding occurred owing to plastic deformation [28]. Due to 
the mismatch and sliding, the grains were rotated individu-
ally to a certain crystal orientation at which they were easily 
deformed, resulting in a rolled texture [29]. Therefore, the 
subgrain structure in the rolled samples became uneven.

Engler et al. [30] developed a crystal-plastic finite ele-
ment method based on the Grain Interaction (GIA) model, 
which incorporates deformation inconsistencies at grain 
boundaries, simulating the texture development of Al alloys 
through plate rolling. In the GIA model, the total crystal 
deformation energy is evaluated in the following equation, 
and the deformation is calculated to minimize the deforma-
tion energy.

where the first term on the right side is the deformation 
energy of the slip systems in a crystal lattice and the second 
term on the right side is the energy to generate geometrically 

(7)L =

√
(
H1 − H2

)
R −

(
H1 − H2

)2

4
= 7.21 mm

(8)Etot =

8∑

n=1

∑

Sn

(
�n
||�

s
n
||
)
+

∑

GBs,IFs

(
EGNDB

ij
+ EGNDB

ii

)

necessary dislocations (GND) that compensates for the 
deformation mismatch on the grain boundaries. The tensor 
index ij represents the shear component, and ii represents the 
elongation component. The following equation expresses the 
energy of GND.

where G is the shear elastic modulus and b is the Burg-
ers vector. �B

ij
 is the density of GND and is expressed by 

the following equation.

where dk is the grain size and Δd�B
ij
 is the shear strain 

difference along the grain boundaries. According to Engler 
et al., this simulation can describe the formation of the Al 
alloy’s texture.

In the GIA model, part of the deformation energy is 
consumed for generating GND at the grain boundaries, 
which reduced the deformation energy in the crystal lattice 
and suppressed the dislocation accumulation. The same 
mechanism in the rolling experiment conducted herein 
reduced the slip deformation in the crystal and suppressed 
the generation of subgrains. Similar analysis can be used 
to compare the activity of dislocations in crystal grains 
during pure iron rolling, but the quantitative comparison 
is unsuitable because some parameters should be assumed 
in this simulation. However, slip on the grain boundaries 
reduces the plastic strain in the crystal, which also reduces 
the dislocation density. This mechanism resulted in an 
uneven and coarse subgrain structure.

Regarding (2) effects of material property changes in 
the processes, critical shear stresses of slip systems in 
the grains differed because of the difference in strain rate 
and temperature between cutting and rolling, and this dif-
ference caused complicated influences on the subgrain 
structure.

The shear strain rate on the shear plane was calculated 
using the two-dimensional cutting theory as follows:

Under the cutting conditions in Table  1, it was 
expressed as

This was converted to the equivalent plastic strain rate 
as follows:
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However, in plate rolling, the strain rate was calculated 
as follows:

Under the rolling conditions in Table 2, it was expressed 
as

The strain rate of rolling was approximately 1/1000 of 
cutting. As the mobility of dislocations in a crystal depends 
on the strain rate, the critical shear stress τc of each slip 
system in the crystal increases as the strain rate increases. 
Thus, the strain rate of each slip system differed, as did the 
dislocation structures generated by cutting and rolling.

Meanwhile, the cutting and the rolling experiments were 
conducted under room temperature conditions, and the spec-
imen temperature was not controlled. Strong shear strain 
occurred in the cutting experiment on a thin shear plane, 
where the strain rate is approximately 1000 times that of 
rolling. Thus, heat was concentrated on the shear plane, and 
the temperature quickly increased. Figure 5 shows a thermo-
graphic image of the chips used in the cutting experiment; 
the chip temperature was shown to rise to approximately 
190 °C. In steel cutting, many studies reported much higher 
chip temperatures [31, 32]. It is difficult to estimate the accu-
rate chip temperature of the cutting experiment because the 
cutting temperature depends on the cutting conditions and 
the work material. However, temperature distribution in the 
thickness direction can be neglected because it becomes 

(13)𝜀c =
𝛾̇s√
3

≅ 9800 sec−1

(14)𝜀̇r =
𝜀r

dt
= 𝜀r

Vr

L

(15)𝜀̇r = 2.76 ×
20.9

7.21
= 8.03 s−1

uniform immediately (see appendix 1). Thus, crystal grains 
in the chip specimen were subjected to almost uniform ther-
mal effect.

Conversely, in rolling, the contact area of a specimen to 
the rollers were relatively large and the deformation speed 
was comparably low. The heat generated by plastic deforma-
tion did not concentrate in the deformation zone, and easily 
dissipated to the rollers. Temperature rise in rolling was esti-
mated as below when thermal dissipation and temperature 
distribution were neglected,

where the density of iron � = 7800

[
kg
/
m3

]
 , the specific 

heat Cv = 461

[
J
/
kg◦C

]
 and flow stress � = 200 [MPa] is. 

were obtained from literatures. However, the actual tempera-
ture rise in the rolling experiment is less than 153 ° C 
because the thermal dissipation is neglected in this 
calculation.

Temperature rise causes thermal softening of the mate-
rial. This is because dislocation mobility increases as ther-
mal energy increases, and the critical shear stress of each 
slip system decreases. Temperature rise also causes recov-
ery of the strain hardening. Temperature change and strain 
rate influenced the accumulation of dislocation in the crys-
tal grains and caused a difference in subgrain structures 
between the chip and rolled specimens. However, it is dif-
ficult to discuss their quantitative effect. Further study is 
necessary to reveal their mechanisms.

Numerical simulation for demonstrating 
the effect of deformation type on subgrain 
formation

Regarding (3) completely different applied deformation, it 
is considered that the disparity of microstructure was also 
dependent on the deformation type, including compressive 
and shear deformations, and caused the activation of dif-
ferent slip systems. It is difficult to investigate the effect of 
deformation type on the crystal orientation and dislocation 
multiplication based on the experimental results. Therefore, 
the effect of the deformation type on slip system activation 
in each grain was studied numerically based on the crystal 
plasticity theory. A single cubic element was used to avoid 
the effect of sliding on grain boundaries and investigate the 
effect of the deformation type. Slip system activation was 
simulated by applying plane strain compressive deformation 
and simple shear deformation.

The constitutive model used in this study follows the 
continuum mechanical framework of elastoplasticity 

(16)ΔT =
W

� Cv

=
� �r

� Cv

=
200 × 2.76 × 10

6

7800 × 461
= 153◦C

Fig. 5   Thermography image of a chip and work material in cutting 
experiment with a lathe
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established by Asaro [33] and Peirce et al. [34]. Detail of 
the framework is explained in the appendix 2.

where 𝛾̇𝛼 and τα are the shear rate and resolved shear stress 
on the α-th slip system, respectively, 𝛾̇0 is the reference shear 
rate, τc is the critical resolved shear stress, and m is the strain 
rate sensitivity index. The isotropic hardening system pro-
posed by Kocks and Mecking [35] was employed in this 
model. All the slip systems were assumed to harden equiva-
lently with the hardening law that governs the evolution of 
the critical resolved shear stress [36].

where h0 is the initial hardening rate, τs is the saturation 
critical resolved shear stress, and τ0 is the initial critical 
resolved shear stress.

(17)𝛾̇𝛼 = 𝛾̇0

(
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) 1

m

sgn (𝜏𝛼)

(18)𝜏̇c = h0

(
𝜏s − 𝜏c

𝜏s − 𝜏0

)∑

𝛼

|𝛾̇𝛼|

The material is pure iron, which exhibits a body-centered 
cubic lattice crystal structure. Twenty-four slip systems of 
{110}

⟨
111

⟩
 and {112}

⟨
111

⟩
 were used in the simulation. 

All the parameters used are presented in Table 3. The param-
eters associated with each system were experimentally deter-
mined [37], and the elastic stiffness coefficients were 
obtained from literature [38].

Figure  6 presents the numerical single-crystal cubic 
model. Figure 6a presents the plane strain compression of 
rolling, and Fig. 6b presents the simple shear deformation 
of cutting. The simulation was conducted on 3000 random 
crystal orientations. The deformation rate was determined 
based on the strain rate in the experiments.

Figure 7 compares the pole figures obtained numerically 
and experimentally to evaluate the validity of the crystal rota-
tion model. The simulation of shear deformation represents 
variations in the crystal lattice orientation via cutting and that 
of plane strain compression represents variations in the crystal 
lattice orientation via rolling. The total strains of the simu-
lation were set to correspond with those obtained based on 
experimental data; shear strain γ = 3.6 for shear deformation 
and thickness reduction = 91% for plane strain compression. 
The simulated pole figures of the deformed microstructures 
were similar to those obtained experimentally. Fig. 7a and b 
show the concentration of the {110} planes. Moreover, they 
show similar concentration in a band area including {111} 
planes. Fig. 7c and d show the concentration of the {122} 
planes, and {102} planes. Some differences in distribution are 
observed in Fig. 7c and d; however, they might be attributed 
to the slip deformation on the grain boundaries discussed in 
the section 2.3. Because this simulation used a simple model 
of a unit cubic cell and it did not involve effects of indeter-
mined factors, such as slide on the grain boundary and fric-
tion with a tool, the results indicate fundamental characteris-
tics of plastic deformation of the crystal lattices. Thus, these 
simulation results can be used to evaluate the activity of the 
slip systems of the crystal lattice during cutting and rolling, 
when the effect of slide deformation on the grain boundaries 
is neglected. Although, this simulation does not correspond 
quantitatively with the practical deformation of a grain, it can 

Table 3   Material parameters in the crystal plasticity model

*1: Reported by Lord and Beshers [36], *2: Reported by Luo et  al. 
[35]

Type Parameter Value

Elastic stiffness*1 c11, c12, c44 228 GPa, 
132 GPa, 
116.5 GPa

{110} slip systems*2 m 0.05
𝛾̇0 0.01
h0 150.5 MPa
τ0 40.0 MPa
τs 250.875 MPa

{112} slip systems*2 m 0.05
𝛾̇0 0.01
h0 67.5 MPa
τ0 58.0 MPa
τs 250.0 MPa

Fig. 6   Single-crystal cubic 
element for crystal plastic-
ity simulation: a plane strain 
compressive deformation and b 
simple shear deformation
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be used to qualitatively evaluate the effect of plastic defor-
mation on subgrain formation based on the simulation of the 
dislocation activity in the crystal.

A slip system whose resolved shear stress exceeds 98% of 
the critical shear stress is referred to as the active slip system. 
Its shear stress is governed by the following relation.

Thus, slip systems that satisfy eq. (20) are considered to be 
active slip systems throughout the deformation process. ttotal 
indicates the total deformation time.

For numerical simulation, we considered 24 active slip 
systems satisfying eq. (20). The deformation parameters 
used in the simulation are presented in Table 4.

(19)||𝛾̇active|| ≥ 𝛾̇0

(
0.98𝜏c

𝜏c

) 1

m

= 6.68 × 10
−3

(20)
||𝛾active|| = ||𝛾̇active||ttotal≥ 6.68 × 10

−3ttotal

Figure 8 indicates the fraction of crystal orientations 
versus the number of activated slip systems in each crystal 
lattice. Numerical results were obtained for shear deforma-
tion and plane strain compression when considering 3000 
random initial orientations. The number of activated slip 
systems obtained via plane strain compressive deformations 
was less than nine for majority of the crystal orientations. 
However, more than ten activated slip systems could be 
obtained via shear deformations for majority of the crys-
tal orientations. This result indicates that the probability of 

Fig. 7   Comparison of the (001) pole figures for simulation and experiment: a simulated pole figure of shear deformation, b pole figure of the 
chip samples, c simulated pole figure of plane strain deformation, and d pole figure of the rolled samples

Table 4   Simulation conditions used for obtaining activated slip sys-
tems

Parameter Shear deformation Plane strain deformation

Equivalent strain 2.8 0.01
Deformation γ = 4.8 H2/H1 = 0.09
Deformation rate 2.84 × 104 2.58
Deformation time ttotal 1.69 × 10−4 0.352
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slip system activation is higher for shear deformation when 
considering identical total equivalent plastic strains. Mis-
orientations inside the grains are supposed to be generated 
more because of the multiple activations of slip systems in 
shear deformation when compared with that in plane strain 
compression. These misorientations transform into geomet-
rically necessary dislocations and form geometrically nec-
essary boundaries (GNBs). Thus, many ultrafine subgrains 
are generated in the crystal. These subgrains are considered 
as the nuclei of recrystallization. Therefore, when apply-
ing the same equivalent plastic strain to the material, more 
subgrains are generated via shear deformation than via plane 
strain compression.

Shear strain deformation occurs during the practical cut-
ting process, and the plane strain compressive deformation 
occurs during the practical rolling process. Thus, disloca-
tions are accumulated more in the cutting process than in the 
rolling process owing to the difference in deformation type. 
By the addition of the effect of the mechanism of (1), smaller 
subgrains are uniformly generated in the chip specimen than 
in the rolled specimen. They provide many nucleation sites 
and generate fine recrystallized grains when the specimen is 
applied to following heat treatment. Difference in the defor-
mation type has an apparent influence on the development 
of subgrains and recrystallized grain structures. Cutting is 
advantageous for generation of uniform fine recrystallized 
grains.

Conclusion

1.	 Herein, the effect of the deformation type on grain 
refinement was studied. The chip specimen generated 
smaller and considerably uniform recrystallized grains 
than the rolled specimen after subsequent heat treatment. 
This was attributed to the difference in the subgrain 

structure between cutting and rolling. The chip speci-
men’s subgrains were smaller and more uniform than the 
subgrains of the rolled specimen, although the equiva-
lent plastic strain of the chip specimen was smaller than 
the rolled specimen’s subgrains. The causes of the vari-
ation in subgrain structure between the chip and rolled 
specimens were studied using three mechanisms.

2.	 Deformation boundary conditions of crystal grains in the 
work material were different because of the difference 
in the size of the plastic deformation zone between the 
cutting and rolling. In the case of cutting, grains were 
deformed in a thin shear plane that was thinner than the 
average grain diameter. When the grains passed through 
the shear plane, they deformed evenly, and they are sub-
divided into uniform ultrafine grains by cutting. How-
ever, the deformation zone in rolling was larger than the 
average grain diameter. The grains in the rolled material 
were rotated individually to a certain crystal orienta-
tion that enabled them to be easily deformed, and GNDs 
were accumulated on the grain boundaries. Therefore, 
the plastic strain in the grains was relaxed, and the sub-
grain generation was suppressed.

3.	 The subgrain generation was influenced by a high strain 
rate and cutting temperature.

4.	 The variation in shear and plane strain deformation 
influenced the development of the subgrain structure. 
The numerical simulation based on the crystal plasticity 
theory was used to study the effects of deformation type 
on subgrain refinement. More than 10 systems in each 
slip system family were activated during shear defor-
mation, whereas less than nine systems were activated 
by plane strain compression. More slip systems were 
activated in cutting than that in the rolling process, and 
multislip systems moved regardless of the initial ori-
entation. Misorientations occurred inside a grain, and 
GNBs were constructed. Thus, grains were subdivided 
into ultrafine grains with large misorientation bounda-
ries. Because nucleation and grain growth occurred from 
these subgrains and shear deformation was effective for 
generation of uniform ultrafine recrystallized grains. 
Therefore, cutting was more efficient than rolling in 
producing ultrafine-grained steel.

Appendix 1

It is known that temperature of a chip in cutting reaches 
some hundred degrees in Celsius, and significant tempera-
ture difference occurs between the both surfaces of a chip. 
Appendix Fig. 9 shows an analytical model for calculation 
of temperature distribution change in a chip. Thickness 
of the strip is L, and the strip is continuous to vertical 
direction in the figure. At the beginning, temperature on 

Fig. 8   The number of active slip systems in simulation
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the right surface ( x = L

2
 ) is high, and temperature on the 

left surface ( x = −
L

2
 ) is low (T2 > T1). It is assumed that 

both surfaces are adiabatic, and temperature distribution is 
uniform to the vertical direction. The temperature change 
of this model is calculated using the one-dimensional heat 
conduction equation in the x direction.

where α is the temperature conductivity, which is obtained 
by the following equation

κ is the thermal conductivity, c is the specific heat, and 
ρ is the density.

Solving this equation based on the adiabatic conditions 
and the initial temperatures T1 and T2 at the left and right 
surfaces (x = ±L/2), the following function is obtained.

Here, An is determined from the initial temperature dis-
tribution. The term e−�pn2t in this equation represents the 
reduction of temperature distribution with the increase of 
time t. It is found from this equation that the temperature 
distribution in a chip decreases to 1/100 within 0.0019 s 
as show by the following calculation.

(A1.1)�T

�t
= �

�2T

�x2

(A1.2)� =
�

c �

(A1.3)

T(x, t) =

∞∑

−∞

Ane
−�pn

2t sin

{
2�

L

(
1

4
+ n

)
x
}
+

T2 − T1

2

where n = 0 was assumed, and the material properties of pure 
iron and chip thickness (t2 = L = 0.15 mm) were used.

Appendix 2

Based on the theory of crystal plasticity, the strain rate ε ̇ and 
spin tensor W of a square lattice single crystal are expressed 
using the following equations. Here, the unit cell of a crystal 
is considered as the coordinate system. In the following equa-
tions, a normal font represents a scalar, and a bold font repre-
sents a tensor or a vector.

where k is the slip system number, 𝛾̇k is the amount of slip 
deformation of each slip system and pk and ωk are tensors 
determined by the crystal’s slip system as expressed by the 
following equation.

(A1.4)
t =

ln 100

�

{
2�

L

(
1

4
+ n

)}2
= 0.0019 sec

(A2.1)�̇ =
∑

k
pk𝛾̇k,

(A2.2)W =
∑

k
�k𝛾̇k,

(A2.3)pk =
1

2

(
nk ⊗ bk + bk ⊗ nk

)

(A2.4)�k =
1

2

(
nk ⊗ bk − bk ⊗ nk

)

Fig. 9   Analytical model for 
calculation of temperature dis-
tribution change in a chip
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nk is the normal vector of the slip plane, and bk is the 
Burgers vector of the slip system. ⊗ represents the tensor 
product.

When the stress σ acts on the crystal, the resolved shear 
stress τk acting on the slip system k is expressed by the fol-
lowing equation.

Furthermore, to approximate the Schmidt law, which 
determines the active slip systems, the Asaro’s constitutive 
equation is used, in which the shear strain rate 𝛾̇k on a slip 
system depends on the resolved shear stress τk.

where τ0 is the reference shear stress, 𝛾̇0 is the reference 
shear strain rate and m is the shear rate dependence index. 
Furthermore, work hardening is assumed to occur due to 
deformation, and τ0 gradually increases.

The crystal plastic constitutive equation that expresses the 
stress-strain relationship is expressed as

where 
̌
� represents the Jaumann velocity of the stress σ. C 

is an elastic modulus tensor.
The above equations are defined on the crystal lattice 

coordinate system. The stress rate and strain rate on the 
specimen coordinate system is calculated using

By substituting them into eqs. (A2.7) and (A2.8), the 
constitutive equation on the specimen coordinate system is 
obtained. R is a coordinate transformation tensor.

R	� gradually changes with the crystal rotation. The rate 
of change is expressed by the following equation using 
spin tensor

W	� which represents the change in crystal orientation.

The coordinate transformation tensor R is updated using

Internal stress and strain are uniforms in a cubic speci-
men made of a single crystal. Here, a pure iron bcc lattice 

(A2.5)�k = pk ∙ �

(A2.6)𝛾̇k = 𝛾̇0sgn
(
𝜏k
)||||
𝜏k

𝜏0

||||

1

m

(A2.7)
̌
� = C ∶ �̇ −

∑

k

Sk𝛾̇k

(A2.8)Sk =
(
�k ∙ � − � ∙ �k

)
+ C ∶ pk

(A2.9)� = R � RT

(A2.10)�̇ = R Ė RT

(A2.11)Ṙ = W R

(A2.12)Rt+dt = Rt + Ṙdt = Rt +W Rt dt

is adopted and a slip system of {110}
⟨
111

⟩
 and 

{112}
⟨
111

⟩
 is used as the active slip system. The initial 

crystal orientation is randomly selected to ensure that the 
existence probabilities are even in all orientations. Plane 
compressive strain or simple shear strain was used for the 
outside of the cubic specimen. The stress and strain rate 
on the crystal coordinate system are obtained from (A2.10) 
and (A2.9). Eq. (A2.3) is used to calculate pk, eq. (A2.4) 
is used to calculate ωk, and eq. (A2.5) and (A2.6) are used 
to determine the slip deformation rate (shear strain rate) 𝛾̇k 
of each slip system. The stress rate is calculated using eq. 
(A2.8) and (A2.7). The stress and strain after a time incre-
ment dt is obtained and converted into the stress and strain 
on the specimen coordinate system. The spin tensor is 
determined, and the crystal orientation after a time incre-
ment dt is determined. The above calculation procedure is 
repeated until a predetermined strain is achieved, and the 
final crystal orientation is obtained.
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