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Abstract

White layer formed in hard cutting process has great influence on surface quality of the workpiece, simulation of the white layer has
great significance. Dynamic recrystallization critical temperature model is derived to calculate the critical temperature of the dynamic
recrystallization in the white layer. A finite element model was developed to simulate the hard cutting process based on the Johnson-
Cook constitutive equation. The dynamic recrystallization critical temperature was derived based on the true stress-strain curves obtained
by the split Hopkinson pressure bar experiments. The cellular automaton model which aims to simulate the white layer grains formed by
the dynamic recrystallization process in hard cutting is established. The temperature and strain data extracted from the finite element
model are used in the cellular automaton model. The contrast between the simulation and experimental results demonstrates that the cel-
lular automaton model can simulate the dynamic recrystallization process in the white layer accurately. The dynamic recrystallization
processes in the white layer under different cutting speed and flank wear are simulated based on the finite element - cellular automaton
model. The results show that the dynamic recrystallization grain size of the white layer decreases with the increase in cutting speed and

tool wear.
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1. Introduction

Dry hard cutting is widely used in machining of hardened
steel owing to its low cost, high machining efficiency and
green environmental protection. The cutting mechanism of the
dry hard cutting is different from that of traditional cutting
because of multi field coupling effect in the dry hard cutting
process. Therefore, the formation mechanism and evolution
law of the microstructure of cutting deformation zone have
become one of the key problems in dry hard cutting [1]. Nu-
merous studies have shown that the white layer can be ob-
served in the machined surface of dry hard cutting. The white
layer determines the distribution of the stress, strain and the
physical as well as mechanical properties of the machined
surface, which has great influence on workpiece performance
[2,3].

Some scholars have studied the formation mechanism of the
white layer, the dynamic recrystallization mechanism and
phase transformation mechanism are considered as two main
formation mechanisms of the white layer. The scholars who
support the dynamic recrystallization mechanism believe that
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plastic deformation plays a role in the formation of the white
layer, plastic deformation in the machined surface leads to
sharp increase in dislocation density and temperature in the
machined surface, the dynamic recrystallization is easier to
occur under high temperature and high dislocation density.
Moreover, the strain energy produced by plastic deformation
can provide driving force for dynamic recrystallization nuclea-
tion. The rapid nucleation and growth processes of the dy-
namic recrystallization grains lead to the formation of the
white layer [4-6]. The scholars who propose the phase trans-
formation mechanism consider that the high temperature pro-
duced by the cutting process can cause austenitizing in the
machined surface, and martensite phase transformation occurs
as the result of rapid cooling rate when the tool leaves the
machined surface, the white layer is formed during the rapid
phase transformation process [7, 8]. However, Bosheh and
Mativenga [9] found that the white layer can also be observed
when the temperature in the machined surface is lower than
austenite transformation temperature. Some researchers con-
sider that the white layer is formed by plastic deformation -
phase transformation mechanism. Hosseini et al. [10] made
research on the white layer through cutting AISI52100 steel
under high cutting speed, they concluded that the white layer
is formed by the plastic deformation mechanism when the
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cutting temperature is lower than phase transformation tem-
perature, while the white layer is formed by the phase trans-
formation mechanism when the cutting temperature is higher
than phase transformation temperature.

The formation of the white layer under different cutting pa-
rameters was studied as well. Akcan and Shahs [11] reported
that the white layer thickness increases with cutting speed in a
certain range through studying the high speed cutting of
AISI52100 hardened steel. Attanasio and Umbrello [12] ob-
served the white layer produced in hard cutting of AISI 52100
steel, the results indicated that the flank wear VB has influ-
ence on the white layer formation, the white layer thickness
increases with flank wear.

Some researchers have also attempted to establish the simu-
lation model of the white layer. Chou and Song [13] estab-
lished the temperature field in the machined surface based on
Jaeger moving heat source model and estimated the white
layer thickness according to the critical temperature of mart-
ensite phase transformation. Ambrogio et al. [14] proposed a
prediction model for white layer thickness through response
surface methodology. Umbrello et al. [15, 16] established a
finite element (FE) model based on the constitutive equation
which contains hardness variable, the white layer thickness of

AISI52100 steel was simulated using this model. Ramesh et al.

[17, 18] used the modified critical austenite transformation
temperature as the critical criterion of the white layer forma-
tion and established the FE model of the white layer thickness.

Most of the previous models focus on the simulation and
prediction of the white layer thickness, but the study on the
dynamic evolution process of the microstructure in the white
layer formation process has not been reported. The grain size
in the white layer directly determines the micro strain and
hardness of the machined surface, which has great influence
on the surface quality and workpiece performance. The FE
model is good at simulating material’s macroscopic thermo-
dynamic behavior, such as the temperature field, the stress and
strain fields. However, the FE method is not good at simulat-
ing the microscopic behavior of the material. Several ap-
proaches such as cellular automaton (CA) method, Monte
Carlo (MC) method and phase field method have been taken
to predict the microstructure evolution in some machining
processes. Li et al. [19] simulated the dynamic recrystalliza-
tion process in solder interconnections by using MC method.
The MC model is based on the energy minimization principle,
however, the nucleation and growth of the dynamic recrystal-
lization grains are not well considered. Takaki et al. [20] simu-
lated the dynamic recrystallization process during the hot-
working through multi-phase-field model, but the phase field
method requires a large amount of computing resources,
which restricts its application. The CA method has advantages
in simulating the microscopic behavior of material. The CA
method is a mathematical algorithm that is based on the prin-
ciple of biological cell self-replication, it can be used to de-
scribe the evolution of complex system based on simple trans-
formation rules, the transformation rules can be determined
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according to the physical mechanism of specific objects [21].
Meanwhile, the CA method has high efficiency and low cost,
so that it has wide application. Many scholars have used the
CA method to simulate the grains’ nucleation and growth
processes. Chen et al. [22] predicted the microstructural evolu-
tion process of magnesium alloy during hot deformation using
CA method. Kiihbach et al. [23] used 3D CA microstructure
model to simulate the grain distribution of primary recrystalli-
zation. In recent years, the CA model is combined with FE
method to simulate the evolution process of microstructures.
Zhang et al. [24] used finite element - cellular automaton (FE-
CA) model to predict the thermal history and grain morphol-
ogy of Ti-6Al-4V. Wu et al. [25] simulated the discontinuous
dynamic recrystallization of IMI834 alloy during isothermal
hot compression process through FE-CA method. In this study,
the temperature, stress and strain fields obtained from the FE
model are used to calculate the nucleation rate, dislocation
density etc. of the dynamic recrystallization in CA simulation
processes, so that the CA model can simulate the dynamic
recrystallization process based on the formation mechanism of
the white layer. It can be seen from previous studies that the
dynamic recrystallization has great influence on the white
layer formation. Therefore, the emphasis of this study is to
investigate the change laws of the grain size in the white layer
under the influence of the dynamic recrystallization mecha-
nism. The experiments were carried out by orthogonal cutting
AISI 52100 hardened steel using PCBN inserts. The machined
surfaces were analyzed under scanning electron microscopy
(SEM) and X-Ray diffraction (XRD) to investigate the micro-
structure and grain size in the white layer. The SHPB experi-
ments and quasi-static compression tests were conducted to
obtain the true stress-true strain curves of the hardened AISI
52100 steel. A FE-CA model was developed to simulate the
dynamic recrystallization process in the white layer under
different cutting parameters. The effects of cutting speed and
flank wear on the grain size in the white layer were discussed
as well.

2. Experiments

2.1 Dry hard cutting experiments

Tubular specimens made of AISI5S2100 steel were cut on a
MULTUS B400-W machining center. The outside diameter of
the specimen is @88 and the wall thickness is 2 mm. the
AISI52100 steel was chosen in the experiments because of its
hardenability and wide application. The heat treatment process
of AISIS2100 is heating to 850 °C and holding for 2 hours,
quenching in oil, then tempering at 280 °C for 4 hours. The
average hardness of the workpieces after heat treatment is
S55SHRC, the microstructure of the workpieces is composed of
martensite, carbide and retained austenite. The orthogonal
cutting experiments were carried out using PCBN inserts. The
schematic diagram of the experimental process is shown in
Fig. 1. In order to improve the strength of the tool and prevent
the breakdown of the cutting edge, the negative rake angle is
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chosen in the cutting experiments and the parameters of the
inserts are: Negative rake angle (y,) -10°, relief angle (o) 7°.
Owing to the poor impact resistance of PCBN inserts, the
negative chamfer was ground to improve the tool life and the
parameter is b,;xyy; = 0.05 mmx*(-20°). Three sets of cutting
speed 200 m/min, 250 m/min, 350 m/min and flank wear
0Omm, 0.1 mm, 0.2 mm were chosen and the feed rate is
0.1 mm/rev. The specimens after cutting experiments were cut
into small pieces for microscopic observation. The prepared
samples were observed in optical microscopy and SEM to
obtain the microstructure and thickness of the white layers.
The grain size in the white layers under different flank wear
was explored by XRD.

2.2 Dynamic compression experiments

Dry hard cutting is a process of high temperature, high
strain, high strain rate. The split Hopkinson pressure bar
(SHPB) experiment is widely used to obtain the mechanical
properties of materials at high strain rate, so that the dynamic
mechanical properties of the hardened AISI5S2100 steel under
high temperature, high strain rate were measured by SHPB.
The quasi-static mechanical property test of the hardened
AISI52100 steel was carried out on the electronic universal
testing machine.

Fig. 2 shows the schematic diagram of the SHPB experi-
ments. The impact bar is impacted by air gun and impacts on
the incident bar, which can generate the incident wave in the
incident bar. When the incident wave propagates to the inter-
face between the incident bar and the specimen, a part of the
incident wave is reflected to the incident bar forming reflec-
tion wave, the other part passes through the specimen and
propagates to the transmission bar to form the transmission
wave. Fig. 3 is the wave transmission principle diagram, &;, &z
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Fig. 1. The schematic diagram of the experimental process.
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and &7 are the strain amplitude of the incident wave, reflection
wave and the transmission wave, respectively.

According to the one-dimensional stress wave theory, the
strain rate, the strain and the stress can be calculated by the
following Egs.:

2,

£(t)=- ; &, (1) (1)
(1) =~ 22 [ oy o) @
o= EAiS'gT(z) 3)

where ¢ is the strain rate, ¢ is the strain, o is the stress, C,
is the elastic wave velocity, / is the length of the specimen,
E 1is the Young’s modulus, 4, is the cross-sectional area of
the pressure bar, A4, is the cross-sectional area of the speci-
men.

The hardness of the AISI52100 steel in the compression ex-
periments is 55 HRC. The size of the samples used in the
SHPB experiments is @2x2. Four sets of temperature 20 °C,
300 °C, 500 °C, 800 °C and three sets of strain rate 3000 s™,
6000 s, 8000 s were carried out in the SHPB experiments.
The size of the samples used in the quasi-static test is @4x4
and the strain rate is 1.6x10-3 s”. As soon as the SHPB ex-
periment was over, the specimens were cooled rapidly in order
to reserve the microstructure in the specimens obtained by the
compression experiments. Then the specimens were etched by
4 % picric acid and observed under the optical microscopy to
obtain the dynamic recrystallization grains in the specimens.

Fig. 4 shows the true stress-strain curve of the hardened
AISI52100 steel under quasi-static state. Fig. 5 shows the true
stress-strain curves of the hardened AISI52100 steel at differ-
ent strain rate and temperature.

3. Simulation modeling

3.1 Dynamic recrystallization critical temperature

Dynamic recrystallization critical temperature can be de-
rived from dynamic recrystallization critical strain. However,
the dynamic recrystallization critical strain is difficult to be
determined from the true stress-strain curves directly. The
strain hardening rate 6 is a parameter that can characterize the
change rate of stress with strain, which is described as follows:

Transmission bar

I =

H 0 I

Waveform memoryi—l Ultra dynamic strain gaugel

Fig. 2. Schematic diagram of SHPB experiments.
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where o is the true stress, ¢ is the true strain.

Poliak and Jonas proposed that the critical condition of the
dynamic recrystallization is related to the inflection point of
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Fig. 4. True stress-strain curves under quasi-static state.
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the 0—-o curve [26], the o corresponding to the inflection
point of the &—o curve is the critical stress of dynamic
recrystallization. As shown in Eq. (4) that 8 can be obtained
through calculating the slope of the true stress - strain curve.
The inflection point of the -0 curve can be calculated as
follows:

do do
——~=-d(—)/do. 5
1o~ 4 )/do ®)

The —-d6@/do—o curve is shown in Fig. 6, the stress cor-
responding to the lowest point of the curve is the critical stress
o, of the dynamic recrystallization, and the corresponding
strain value of the critical stress is the critical strain ¢, .

&, is the peak strain which can be read directly from the
true stress-strain curve, the relationship between &, and ¢, is
that:

& =ke 6)

¢ P

where k, is constant.
&, can be described as follows [27]:

&, =a ™ exp(Q/RT) @)

Ing, =lna +m,Iné+Q/RT ®)
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Fig. 5. True stress-strain curves of hardened AISI 52100 steel: (a) 7= 20 °C; (b) 7= 300 °C; (c) T'= 500 °C; (d) 7= 800 °C at different strain rates.
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Table 1. Parameters of the dynamic recrystallization critical tempera-
ture function.

O (J/mol) m k, a,

-17315 0.69984 0.4135 0.00573
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Fig. 6. —d6/do —o curve.

where O is the thermal deformation activation energy, R is
the gas constant, « and m, are constants.

Finally, the dynamic recrystallization critical temperature
under high temperature and high strain rate can be expressed
as follows:

Torx = Q : ©)
R(lng, —myIng —Ink, —Ina,)

The parameters in the Eq. (9) can be fitted by regression
analysis method and are shown in Table 1.

3.2 FE modeling

The Johnson-Cook (J-C) model can describe the relation-
ship between temperature, stress, strain and strain rate of ma-
terial, and can reflect the strain hardening, strain rate harden-
ing and temperature softening of material under high strain
rate. Therefore, the J-C model is suitable to describe the hard
cutting process. The flow stress expressed by the J-C model is
described as follows:

U:[A+Bg“}{l+Cln(§j:l 1—(5‘_?] (10)

where o is flow stress, ¢ is plastic stain, ¢ is plastic strain
rate, £, is reference strain rate, A is initial yield stress, B is
strain hardening coefficient, C is strain rate hardening coeffi-
cient, n is strain hardening exponent, 7 is reference tem-
perature, 7, is melting temperature of material, m is ther-

Table 2. J-C model parameters of AISI52100 steel (SSHRC).

Parameter A B C n m
(MPa) (MPa)
Value 1670 283 0.01638 0.40795 | 0.87987
Tool
Workpiece

Fig. 7. FE model of the orthogonal cutting.

mal softening coefficient. The compression rate of the quasi-
static compression test is 0.5 mm/min, so that the reference
strain rate £, is 1.6x10”s". 4 can be obtained from the true
stress-strain curve that is measured by the quasi-static test
under normal temperature. B,C,n ,m can be calculated by
regression analysis method based on the true stress- true strain
curves of the AISI5S2100 steel as shown in Fig. 5. Table 2
shows the calculated J-C model parameters of the AISI52100
steel with the hardness of 5SHRC.

Dry hard cutting is a process of large strain, high strain rate
and ABAQUS software has unique advantages in multi field
coupling and nonlinear analysis, so that the ABAQUS soft-
ware was chosen to simulate the dry hard cutting process.

The constitutive equation used in the simulation process is
J-C model. Arbitrary Lagrange Euler (ALE) adaptive mesh
generation method was adopted because ALE can solve the
problem of mesh distortion. Modified Coulomb friction model
was used to describe the state of interface friction during the
cutting simulation and the expression is shown as follows:

t,=uoc, when uc, <z,

(11

=7, when uo,27,

where 7, is frictional stress in contact surface, u is the friction
coefficient in sliding region, g, is normal stress in contact
surface, 1, is the critical shear yield stress of material.

An FE model of two-dimensional orthogonal cutting is es-
tablished based on ABAQUS/Explicit™ as shown in Fig. 7.
Four-node bilinear displacement and temperature quadrilateral
(CPE4RT) element was applied on both the workpiece and the
tool. The number of nodes of the workpiece and the tools are
5496 and 620, respectively. The workpiece material, tool ma-
terial, tool parameters and cutting parameters in the simulation
are all same as those in the cutting experiments. The physical
properties of the AISI52100 steel are shown in Table 3.
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Table 3. Physical properties of the AISI52100 steel [18].

C. Duan et al. / Journal of Mechanical Science and Technology 32 (9) (2018) 4299~4312

Temperature (°C) Young’s modulus (GPa) Poisson’s ratio Expansion (x10°/°C) Conductivity (W /(m°C))
22 201.0 0.277 115 52.5
200 179.0 0.269 12.6 47.5
400 163.0 0.255 13.7 41.5
600 103.0 0.342 14.9 325
800 86.9 0.396 153 26.0
1000 67.0 0.490 153 29.0
1500 - - 14.9 30.0
Temperature (°C) Specific heat (J (kg/°C)) Density (kg /m”)
25 458
200 640 2807
430 745
540 798

Data extraction pOSltIOﬂ Machined surface

@

Fig. 8. Data extraction method of temperature and strain in FE modeling: (a) For tools without flank wear; (b) for tools with flank wear.

As the dynamic recrystallization process is significantly in-
fluenced by temperature and strain, the temperature and strain
field of the white layer are extracted from the FE simulation
results and would be applied to the simulation of the dynamic
recrystallization process in the white layer based on the CA
model. The dynamic recrystallization critical temperature was
calculated by importing the simulated stress and strain data
into the Eq. (9) and the calculated result shows that the critical
temperature is less than 500 °C. The temperature of the work-
piece at the depth of 5 pm from the machined surface is over
500 °C, so that the dynamic recrystallization occurs at the
depth of 5 um from the machined surface. The temperature
and strain distribution of the machined surface and subsurface
are different at different cutting parameters. To provide accu-
rate data for the CA model, the temperature and strain data
were extracted from three positions where the depth to the
machined surface is 1 pm, 3 pm and 5 pm. The extraction
modes of the temperature and strain data are divided into two
cases: one is extracted from the bottom of the tool tip when
the tool has no flank wear as shown in Fig. 8(a). The highest
temperature and strain in the machined surface exist at the
bottom of the tool tip. The other is extracted from the end of

Machined surface

Data extraction position

(b)

the flank wear when the tool has flank wear as shown in Fig.
8(b). The highest temperature and strain in the machined sur-
faces is at the end of the flank wear as the result of severe
extrusion and friction between the tool and the machined sur-
face, so that the data were extracted from the end of the flank
wear.

3.3 CA modeling

The dynamic recrystallization process in the white layer
consists of grain nucleation process and grain growth process,
the grain nucleation and grain growth process are closely re-
lated to the dislocation density of the material. Therefore, the
dynamic recrystallization model in the white layer consists of
four parts: Substrate formation model, dislocation density
model, dynamic recrystallization grain nucleation model, dy-
namic recrystallization grain growth model. Two assumptions
are made to simplify the CA model:

(1) The initial dislocation density in the substrate is uniform
and the nucleation of the dynamic recrystallization grains does
not occur until the dislocation density reaches the critical
value. The dislocation density in the new dynamic recrystalli-
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zation grains is zero and increases with the increase in strain.
The dislocation density of the dynamic recrystallization grains
increases with the strain.

(2) The nucleation sites of the dynamic recrystallization
grains are in the grain boundaries of the substrate and the dy-
namic recrystallization area, no dynamic recrystallization nu-
cleation occurs inside the substrate.

To simplify the model, it is assumed that the grain shape of
the substrate is round, the Eq. (12) can be used to calculate the
grain size of the substrate:

ML, =Nzr<%)2 (12)

where N is the number of the cells, L, is the side length of
the cellular; N is the nucleation rate, D, is the grain size of
the substrate. Therefore, the grain size of the substrate can be
expressed as follows:

D, =2L\N/(Nz) . 13)

The grain size of the substrate should be consistent to that of
AISI52100 by changing the nucleation rate N . The grain size
of AISI52100 can be observed by the optical microscopy.

The nucleation rate of the dynamic recrystallization can be
expressed as follows [28]:

G em _&
N(&,T)=Cé™ exp( o7 (14)

where N is the nucleation rate, Cis constant, Q, is the de-
formation activation energy, R is the ideal gas constant, 7T is
the deformation temperature. The temperature data extracted
from the FE simulation results would be read into Eq. (14) and
are used to calculate the nucleation rate under different cutting
parameters. In this model, when the dislocation density in the
substrate reaches to the critical dislocation density, the nuclea-
tion process begins to occur at grain boundaries.

The critical dislocation density of the dynamic recrystalliza-
tion is given as follows [28]:

(205 j ) (15)

P °7(3bLM12

where p, is the critical dislocation density, y is the grain
boundary energy, b is the burgers vector; L is the average
dislocation free energy, M is the grain boundary mobility,
7 is the line dislocation that can be expressed as follows:

r=c,ub’ (16)
where c, is constant, x, is shear modulus of material.

The average dislocation free energy L can be calculated by
the following equation:

_ oL

K==
ub

17

where K is constant and the value is 10 when the material is
AISI52100 steel.

The average dislocation density during the dynamic recrys-
tallization process can be described as follows [29]:

dp 1
-+ _k -k,p+— 18
=hp —hpr (18)

where p is dislocation density, d is the average grain size of
the material; k&, ,k, are constants, k, represents effect of
processing hardening on dislocation density and k, repre-
sents effect of dynamic softening on dislocation density.

The dynamic recrystallization grains growth rate is ex-
pressed as follows [30]:

V=MF | (471%) (19)

where 7 is the grain growth rate, F is the driving force for
grain growth, M is the grain boundary mobility rate. The
grain boundary mobility rate M can be calculated by follow-
ing equation [26]:

5D,b 0)
M= ob (-=b) 20
kT xp RT 20)

where k is the Boltzmann constant, b is the burgers vector,
0O, is self-diffusion activation energy of grain boundary, R is
ideal gas constant, 7 is deformation temperature, § is the
grain boundary thickness of material, D, is grain boundary
self-diffusion coefficient at absolute zero. The temperature
data extracted from FE model would be read into Eq. (20) to
calculate the value of M . The driving force for the grain
growth can be described as follows [31]:

F =4xzr*t(p, — p)—8xry @n

where p, is the dislocation density of base metal, y is grain
boundary energy. Table 4 shows material parameters of the
AISI52100 steel which are needed for simulation.

The programming software MATLAB was used to calcu-
late the CA model as the result of its strong computing capa-
bility. The CA model consists of four parts: Cellular, cellular
space, neighbor and transformation rules. The two dimen-
sional space CA model was used in the study. The square cells
were chosen in the model, the length of every cell is 1 um and
the simulation area is 400 umx400 um. The neighbor type of
the CA model is Moore neighbor, which is shown in Fig. 9.
The periodic boundary condition was used in the CA model.
Each cell were given three state variables, including: Crystal
orientation variable, dislocation density variable and grain
boundary variable. The state variable of the crystal orientation
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Table 4. Material parameters of AISI52100 steel.

Burgers vector Shear modulus Deformation activation Boundary self-diffusion Grain boundary
(b /m) (4 /Pa) energy O, (KJ/mol) coefficient D, (mYs) energy y (J/m®)
2.58e-10 8.2e+10 43.54 0.135 0.625
Cl C2| |C3

}
C4H+ C5 [ Co

C7] |C8] |Co

Fig. 9. Type of Moore neighbor.

ranges from 0 to 180. All cells have the same initial value of
dislocation density. The dislocation density of every cell is
calculated by Eq. (18). The grain boundary variable is used to
represent the location information of the cells in grain bounda-
ries. The transformation rules of the dynamic recrystallization
process are based on the nucleation, dislocation density and
growth models. It can be seen from Fig. 9 that the state of
center cell C5 at time #+1 is determined by states of (C1, C2,
C3, C4, Co, C7,C8, C9) at time £

(22)

C),¢.(C),E(C)),E(C)),
égm(ci):f,{(:’( ')5( )5( )5( )}

6 (C),6,(C3),6,(Cy)

In order to explain the simulation process in detail, a flow-
chart of the CA simulation process combined with FE model
is given in Fig. 10. First, the substrate is formed using the CA
model. Then, the strain and cutting temperature of the hard
cutting process are extracted from the FE model and are read
into the CA model. The extracted strain and cutting tempera-
ture are the critical strain ¢, and the deformation tempera-
ture 7 of the dynamic recrystallization. Next, the dislocation
density p of each cell is calculated based on Eq. (18), if
p > p. , the nucleation rate is calculated according to Eq. (14).
Based on the models of the nucleation rate and growth rate,
the dynamic recrystallization grains nucleate and grow at grain
boundaries until the strain increment &> ¢, . In this study,
the temperature and strain of the subsurface with the same
depth from the machined surface are the same under certain
cutting parameter. Therefore, the temperature and strain data
of all the cells are the same in each CA simulation process.
The dynamic recrystallization process in the white layer under
different cutting parameters are simulated through the CA
model.

4. Results and discussion

In order to validate the accuracy of the dynamic recrystalli-
zation CA model, the microstructure of the specimens ob-
tained from the SHPB experiment is compared with the result

Fstablish FE model of
orthogonal cutting and
simulate cutting processes|
at different cutting condi- Calculate dislocation

lions density o of each cell

Read strain and
@ N

Lixtract temperature and | temperature from
lation results Y

Form the substrale

strain data from I'E simu-|  the FE model

Dudge nucleation location|
and caleulale nucleation
Tale

Grains growth

N

g+As

Fig. 10. Flowchart of the CA model combined with the FE model.

simulated by the CA model under the same cutting parameter.
Fig. 11 shows the comparison of the dynamic recrystallization
grains between the simulation and experimental results, the
temperature is 300 °C and the strain rate is 4000 s". The aver-
age grain size of the experiments and the simulation results are
approximately 14.1 pm and 15.2 pum, respectively, the error
between the simulation and the experiment is 7.8 %. There-
fore, the developed CA model is accurate to simulate the
process of dynamic recrystallization.

Fig. 12 shows an optical microscopy image of the machined
surface after hard cutting. It can be seen from Fig. 12 that the
machined surface is composed of the white layer, the transi-
tion layer and the substrate, the microstructure of the white
layer has been significantly refined during cutting process and
the grain size in the white layer is smaller than that in the tran-
sition layer and the substrate. The strong plastic deformation
and high cutting temperature can be produced during the cut-
ting process, which leads to the occurrence of dynamic recrys-
tallization. The microstructure and grains in the white layer
are refined by the dynamic recrystallization process. Fig. 13
shows the SEM images of the white layer at different cutting
parameters. It can be seen from Fig. 13 that the white layer
thickness is approximately 4 um ~ 6 um and increases with
the cutting speed and the flank wear. The grain size in the
white layer can be calculated by XRD patterns and the grain
size of the white layer under different flank wear when v =
350 m/min, = 0.1 mm/rev is shown in Table 5. It can be seen
from Table 5. that the grain size of the white layer decreases
with the increase in flank wear.
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Fig. 11. Comparison of dynamic recrystallization grains between (a)
experimental result; (b) simulation result of AISIS2100 steel.

Fig. 14 shows the FE simulation results of the stress field

with different flank wear when the cutting speed is 250 m/min.

Figs. 15 and 16 show the temperature and strain data in the
machined surface and the subsurface at different cutting con-
ditions. It can be seen that the temperature and strain in the
machined surface increase with the cutting speed and flank
wear and the temperature and strain gradually decreases when
the extraction position is away from the machined surface.
These temperature and strain data were used in the CA simu-
lation.

The dynamic recrystallization processes under different cut-
ting speed and flank wear were simulated through the FE-CA
model, and the average grain sizes of the dynamic recrystalli-
zation in the white layers under different cutting parameters
were obtained from the simulation results. Fig. 17 shows the
comparison of the grain size between experimental and simu-
lation results under different flank wear when cutting speed is
350 m/min, the simulation results are the grains at the distance
of 1 um below the machined surface. It is noted that the grain
size of the simulations are respectively 47 nm, 45 nm and
25 nm when VB is 0 mm, 0.1 mm, 0.2 mm, while the experi-
mental results are 52.2 nm, 49.1 nm and 21.9 nm under the
same cutting parameters, the errors between the simulations
and the experiments are 10 %, 8.4 %, 12.4 % when VB is 0
mm, 0.1 mm, 0.2 mm. It can be seen from the comparison

Table 5. Grain size in the white layer under different flank wear.

Cutting parameters Sub-grain size
(v =350 m/min, f= 0.1 mm/rev) (nm)
VB=0 522
VB=0.1 mm 49.1
VB =0.2 mm 219

Fig. 12. Optical microscopy image of the machined surface after hard
cutting.

results that the FE-CA model can simulate the dynamic re-
crystallization occurred in the white layer formation process
accurately.

Fig. 18 shows the grain simulation results of the dynamic
recrystallization where the depth from the surface is 1 pum,
3 um and 5 pum when flank wear is 0 mm. The dynamic re-
crystallization grains nucleate and grow at the grain bounda-
ries, moreover, the nucleation sites of the dynamic recrystalli-
zation grains are random, this is consistent with the actual
nucleation process of the dynamic recrystallization. The re-
sults demonstrate that the dynamic recrystallization process
simulated by the CA model conforms to the formation mecha-
nism of the dynamic recrystallization in the white layer.
Meanwhile, it can be seen that the cutting conditions have
effects on the grain size of the dynamic recrystallization grains
in the white layer, the specific influence rules are shown in Fig.
19. Fig. 19 shows the grain size in the white layer at different
cutting conditions. It can be seen that the cutting speed has
great influence on the grain size, the grain size decreases with
cutting speed. The cutting temperature increases with the in-
crease in cutting speed during cutting process and the disloca-
tion motion is sensitive to temperature extremely. The move-
ment and annihilation of dislocations are easier to process
under high temperature, which accelerates the nucleation and
growth of the dynamic recrystallization grain. So that the grain
refinement is more obvious with the increase in cutting speed.
In addition, it can be seen from Fig. 19 that the grain size in
the white layer decreases with the flank wear. The friction and
extrusion between the tool and the workpiece increase with
flank wear, which leads to severe plastic deformation in the
machined surface. The stress, strain and dislocation density in
the machined surface increase with plastic deformation, which
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Fig. 13. SEM images of the white layer: (a) v =250 m/min, VB = 0.1 mm; (b) v =250 m/min, VB = 0.2 mm; (c) v = 350 m/min, VB = 0.1 mm.
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Fig. 14. FE simulation results of stress fields under different flank wear (v = 250 m/min).
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Fig. 16. Strain data in the machined surface at different cutting condition: (a) VB =0 mm; (b) VB = 0.1 mm; (¢) VB = 0.2 mm.

can aggravate the nucleation and growth process of dynamic
recrystallization as well. The rapid nucleation and growth
process lead to the decrease in the grain size in the white layer.

5. Conclusion

The FE-CA model is developed in the study to simulate the
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Fig. 17. Comparison of grain size in the white layer between experimental and simulation results under different flank wear (v = 350 m/min).
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Fig. 18. Grains simulation of dynamic recrystallization in white layer.

dynamic recrystallization process in the white layer in hard ~ The dynamic recrystallization critical temperature model un-
cutting, the main content and conclusions are as follows: der high temperature and high strain rate is established based

The FE model is set up based on the J-C constitutive model ~ on the true stress-strain curves of the AISIS2100 steel ob-
to obtain the temperature and strain in hard cutting process.  tained by the SHPB experiments to confirm the dynamic re-
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Fig. 19. Grain size in the white layer at different cutting conditions: (a)
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crystallization critical temperature in hard cutting process. The
CA model is developed to simulate the dynamic recrystalliza-
tion process in the white layer, so that the dislocation density
model, dynamic recrystallization grain nucleation model and
the dynamic recrystallization grain growth model are estab-
lished in the study.

The dynamic recrystallization process is simulated by the
CA model combining with the temperature and the strain data
extracted from the FE simulation results. The grain size of the
dynamic recrystallization obtained through the CA simulation
is compared with the experimental result, and the contrast
result demonstrates that the error between the simulation and
experiment is less than 13 %, the FE-CA model can simulate
the dynamic recrystallization process in the white layer accu-
rately.

The dynamic recrystallization processes under different cut-
ting speed and flank wear are simulated by the FE-CA model,
results show that the grain size in the white layer decreases
with the increase in cutting speed and flank wear.
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Nomenclature

: Initial yield stress

: Cross-sectional area of the pressure bar

: Cross-sectional area of the specimen

: Burgers vector

: The length of negative chamfer

: Strain hardening coefficient

: Strain rate hardening coefficient

: Elastic wave velocity

: The average grain size of the material

: The grain size of the substrate

: Grain boundary self-diffusion coefficient at absolute
Zero

o

DOAENQO®T T b a

o
=3

: Young’s modulus

: Feed rate

: Driving force

: Boltzmann constant

: The length of the specimen

: Average dislocation free energy

: The side length of the cellular

: Thermal softening coefficient

: Grain boundary mobility rate

: Strain hardening exponent

: Number of the cells

: Nucleation rate

: Thermal deformation activation energy

: Deformation activation energy

: Diffusion activation energy of grain boundary
: Ideal gas constant

: Deformation temperature

: Dynamic recrystallization critical temperature
: Melting temperature of material

Q=23 T IS~ A Ny

SN RO

s

: Reference temperature
: Cutting speed

: Grain growth rate

VB : Flank wear

a : Relief angle

NN

~ <

Yo : Rake angle

Yol : Angle of negative chamfer

£ : Strain

£ : Critical strain

£ : Strain amplitude of incident wave
£p : Peak strain
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o
=

: Strain amplitude of reflection wave

o
S

: Strain amplitude of transmission wave
: Strain rate

: Reference strain rate

: Stress

: Critical stress

SECRGES

: Normal stress in contact surface

Q

=

: Line dislocation

: Frictional stress in contact surface

: Critical shear yield stress of material
: Dislocation density

: Critical dislocation density

: Dislocation density of base metal

: Grain boundary energy

: Friction coefficient in sliding region

R
~

SRR

: Shear modulus of material
: Strain hardening rate

S

: Grain boundary thickness of material
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