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Abstract

In this work, a Cellular Automaton (CA) model is for the first time developed to predict material microstructure evolution during cutting
processes. Prior to the CA simulation, the dynamic thermomechanical loadings of work material, Aluminum Alloy 1100, induced by various
orthogonal cutting conditions are simulated by finite element-based cutting models. Evolution of dislocation density is modeled using the CA
model in MATLAB for the work material subjected to these loading conditions. Multiple mechanisms of microstructure evolution are coupled in
the CA model including severe plastic deformation, dynamic recovery, dynamic recrystallization, and thermally-driven grain growth.
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1. Introduction

Recently, metal material microstructure change through the
cutting process has generated a great interest among
manufacturing research community [1-4]. During the cutting
process, complex dynamic thermomechanical loading
condition accompanied with severe plastic deformation (SPD)
occurs inside the work material and often induces changes in
work material microstructure. For some critical cutting
conditions, high cutting process temperatures can reach 80-90%
of the melting point (7},) for the work material, accompanying
with a high plastic strain and a high strain rate on the order of
10+ s'. Under these elevated temperatures, dynamic
recrystallization (DRX) subjected to SPD is considered as a
main mechanism for the microstructure evolution [1,3,5].

Modeling and simulations of microstructure evolution is
critical to predict the mechanical properties of metal materials
after machining. DRX kinetics and thermally-driven grain
growth have been developed for various metal materials [6—10].
Finite Element (FE)-based process  models are often
implemented to model DRX and grain growth of homogenized

work material during hot working processes [11,12]. Cellular
Automaton (CA) method has also been applied to simulate the
microstructure evolution governed by DRX during the hot
forming processes of various metals [13—17].

However, it is still a great challenge to model the
microstructure evolution governed by DRX during machining
processes due to the highly dynamic thermomechanical
loadings. Previous CA models mainly focused on quasi-static
loading conditions or conditions with low strain rates. In recent
years, phenomenological relationships using Zener—Hollomon
and Hall-Petch equations have been applied in FE-based cutting
simulations to predict the final grain size distribution [18-23].
However, these methods are unable to capture the intricate
dynamic process of recrystallization or grain refinement
process.

The dislocation density-based numerical framework
developed by the authors has been the first known attempt to
model microstructure evolution subjected to SPD during
various cutting processes, typically for temperatures well below
the initiation temperature of DRX [24-26]. In this framework,
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the internal state variables were used to evaluate the dislocation
generation due to plastic deformation, dislocation annihilation
by dynamic recovery, and interaction between the dislocation
cell interiors and cell walls. Recently, dislocation density-based
approach have been adapted by more researchers to predict the
microstructure evolution in machining [27-31].

In this paper, a two-dimensional (2D) CA model is for the
first time developed to model microstructure evolution during
orthogonal cutting. Prior to the CA simulation, the dynamic
thermomechanical loadings of work material, Aluminum Alloy
1100 (AA 1100), induced by various orthogonal cutting
conditions are firstly simulated by a FE-based cutting models.
Then, a new model of dislocation density evolution is
developed using MATLAB for the work material subjected to
these loading conditions. Multiple mechanisms of
microstructure evolution are coupled through dislocation
density dynamics in the CA model including SPD, dynamic
recovery, DRX, and thermally-driven grain growth.

2. Orthogonal Cutting Process Modeling
2.1 Experiments

The orthogonal cutting experiments of AA 1100 investigated
in this study were performed by Ni et al. [1] using ceramic
cutting tool inserts with a rake angle of -5° at a cutting speed of
0.6 m/s, and a feed of 0.3 mm/rev. Both dry and wet cutting
conditions were applied. These orthogonal cutting tests were
stopped, and the work material ahead of the tool tip was
obtained to evaluate any microstructure change. As shown in
Fig. 1, the microstructures at two selected locations were
simulated in this study: location 4 in the primary deformation
zone, and location B in the secondary deformation zone.
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Fig. 1 Optical micrograph of AA 1100 (adapted from [1]).

2.2 FE process model

A 2D FE model was developed using AdvantEdge™ to
evaluate the dynamic thermomechanical loadings at steady
state during the cutting process. A 12 mm length of cut was
simulated to achieve the steady state status. The Johnson-Cook
model of AA 1100 [32] and the silicon nitride-based ceramic
tool material was applied in the AdvantEdge™ model. The
coolant heat transfer coefficient was determined as 1500 W/m?-
K by a cutting simulation with immersed coolant enabled. The
coefficient of friction was determined as 0.5 and 0.3 for the dry
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cutting and wet cutting, respectively. Fig. 2 shows the simulated
steady-state distributions of temperature and strain rate from the
AdvantEdge™ simulation for the cutting stage. The steady-
state cutting temperature distribution simulated by
AdvantEdge™ was then imported into ABAQUS as the initial
condition for the cooling stage simulation. An implicit
ABAQUS heat transfer analysis was conducted to simulate the
cooling temperature history under a natural convection.

Sirn Rite (s}

Fig. 2 Steady-state dry cutting simulation using AdvantEdge™: (a)
temperature; (b) strain rate.

3. Dislocation Density-Based Modeling of DRX and Grain
Growth

A new dislocation density-based DRX model is developed
in this study considering the dynamic thermomechanical
loadings, DRX and grain growth kinetics during the cutting
process. The dislocation density evolution is modeled through
the approach adapted from the authors’ previous work [24-26]
for the work material subjected to the dynamic
thermomechanical loadings during machining. The initiation of
DRX at elevated temperatures is modeled using a criterion of
critical dislocation density [13—17]. The dislocation density
evolution model is integrated with DRX and grain growth
kinetics model adapted from [15].

3.1 Evolution of Dislocation Density

Under severe plastic deformation, the formation of
dislocation cell structure is evaluated by the dislocation
generation due to plastic deformation, dislocation annihilation
by dynamic recovery, and interaction between the dislocation
cell interiors and cell walls. The dislocation density evolution
rate on the dislocation cell walls and cell interior are given by:
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P ﬁbﬁ T b bd(1-£)" 7

~1/n (1)
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where p, and p, are the dislocation density evolution rate in
cell interior and cell walls, respectively. Dislocation evolution
rate control parameters are denoted as a*, f*and k. b is the
magnitude of Burgers vector, d is the dislocation cell size. 7,
and 7 ; are the resolved shear strain rates for the cell walls and
interiors, respectively. It is assumed that these resolved shear
strain rates are equal across the cell walls and cell interiors, i.e.,
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Table 1. Model parameters for microstructure evolution model of AA 1100.

a B ko Yo fo feo Mr y Puwo (m?) Peo (m?) c ¢ 2}
0.061 0.011 6.3-7.8 6000 0.25 0.06 3.06 32 lel2 lell 0.02 0.5[33] 1e28
Table 2. Material physical properties of AA 1100 [34,35].
EGPa) G(GPa) v bmm) pkgm’) TuCC) a(09°C) k(Wm°C) c,(I/kg°C) Quer(kI/mol) Qs (kJ/mol) D, (m'/s)
68.9 26 0.33 0.286 2710 660 23.6 222 896 142 [36] 82 [36] Se-14 [36]

}’: = 7/: = }7 . The resolved shear strain rate 7" can be calculated
by the von Mises strain rate ¢ using " = M, &, where Mris the
Taylor factor. y, is the reference resolved shear strain rate. The
volume fraction of the dislocation cell wall are denoted as f,
which is given by
f=ro+(f, =1 )exp(=r"[7) 3)

where f, and f- are the initial and saturation volume fractions of
cell walls, respectively. 7" is a parameter describing the rate of
variation of f'with resolved shear strain 7" and adopted to be 3.2
[37]. The total dislocation density.~p., is calculated from a
mixture rule:

Prot :fpw_'_(l_f)pg (4)
and then the dislocation cell size is given as:
d = Kd / ptat (5)

where K; is a material constant and adopted to be 30 in this
study for AA 1100 [24].

3.2 DRX nucleation and grain growth kinetics

DRX is able to occur at elevated temperatures as the total
dislocation density passes a threshold. Roberts and Ahlblom
[38] modeled the critical dislocation density and assumed the
subgrain size as the dislocation mean-free path. In prior CA
models for DRX during low-strain or quasi-static hot working
processes, the subgrain size was estimated based on the steady-
state creep stress [39]. Considering the dynamic
thermomechanical loadings during machining, the dislocation
mean free path was estimated using the dislocation cell size d
in this model. The critical dislocation density pci is given by:

ol &

1/3
P =| 3t 7 ©)
[ 3bdM & J

where [, is the grain boundary energy, M, is grain boundary
mobility, ¢ is the dislocation line energy. These are given by:

r, __Gbo, )
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where G is shear modulus, 6,, is misorientation for a high angle
boundary (assumed as 15°), v is Poisson's ratio, K is
Boltzmann constant, 7' is temperature in Kelvin, J is the grain
boundary thickness of the material, D, is the grain boundary
self-diffusion coefficient at 0 K; Op is activation energy of grain
boundary self-diffusion; R is ideal gas constant. ¢;, and ¢, are
model parameters.

As dislocation density po: exceeds peq, the nucleus of

dynamic recrystallized grains can be formed on a pre-existing
grain boundaries subjected to a probabilistic transformation
rule. This transformation rule is determined by the DRX
nucleation rate, which is a function of the activation energy for
deformation (Que) [15]:

(g, T) = c;éexp(—Q,, /RT) (10)
where c3 is a model parameter. Once this transformation rule is
satisfied, the dislocation densities (pc, pw, and p.) will be reset
to a strain-free level at the nucleation sites.

Grain growth at the nucleation sites is usually driven by
reduction of the total grain boundary energy. A key gradient of
dislocation energy presents due to the heterogeneity of
dislocation density near the recrystallized grain. The grain
boundary tends to move from the recrystallized grain with a
low dislocation density to the adjacent matrix grain with a high
dislocation density. For a certain recrystallized grain, the grain
growth rate (V) is given by:

V=M,F (11)

where F is the growth driving force per unit area of this
recrystallized grain, which is given by:
F = g(p/o/,m _plol,DRX)- zr/r (12)

where prorpry and piom are the total dislocation density of this
recrystallized grain and its adjacent matrix grains, respectively.
r is the radius of this recrystallized grains. /" is the grain
boundary energy between this recrystallized and its adjacent
matrix grains, which is given by:
o o
r —[1-In(— or 0<60
| Tag =G s , a3
I for 0<86,

where 0 is the orientation difference between this recrystallized
grain and its adjacent matrix grains. All the model parameters
are given in Table 1. The material physical properties are given
in Table 2.

4. CA Model and Simulations
4.1 CA model

The CA model was developed in MATLAB to predict the
microstructure evolution during the machining process. The
simulation domain was discretised into an array of equally
spaced cells which evolve based on the states of neighbouring
cells according to a set of transformation rules. Every lattice
cell had six state variables, namely grain orientation, total
dislocation density, label of grain boundary, index of
recrystallization, label of recrystallized grains, and index of
colour. 2D von Neumann’s nearest neighbouring rule was used
in this model. The initial workpiece material microstructure
was firstly generated using a grain growth algorithm. The
orientation variable was set using a random integer. The
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nucleus were set randomly in the domain and grow until the
driving force reached zero.

As the simulation of DRX starts, the total dislocation
density (i.e., pw:) is constantly updated throughout the whole
computation domain at each time step, subjected to the
temperature and strain rate histories obtained from the FE
simulations. As dislocation density exceeds pcir, a probabilistic
transformation rule is applied to ensure a random distribution
of DRX nucleus. A random number P (0<P<1) is assigned on
the grain boundary cells, and compared with the nucleation
probability, Puc. For P less than Py, the cell becomes a DRX
nucleus, and all the state variables are updated accordingly.
Otherwise, the cell maintains in the original grain without any
change of state variables. P, is given by:

P =nxAtxS.,

nuc (14)
where At is the time increment and Sc4 is the area of a lattice
cell. For square cells in this study, Scs = Lc4?, where Ley is a
single cell length.

The newly generated DRX nucleus continues to grow, and
the grain boundary migrates continuously. Base on the grain
growth kinetics described by Egs. 11-13, the grain boundary
migration distance, L, is determined by:

L,=VA\t (15)
and the radius of this recrystallized grains r is given as [40]:

r= NDR}('SCA/” (16)
where Npgry is the total number of the CA cells held by this
recrystallized grain. As the grain growth rate V' is reduced to
zero, the grain growth stops. The recrystallization progress is
captured by the volume fraction of recrystallized grain, Xzx:

N,
__RX (17)
Ny -Ny
where Ny is total cell number in recrystallized grains, Ny and

Ny are the total cell number along X- and Y-axis in the 2D
simulation domain.

X.. =

RX

4.2 CA simulations

The formation of recrystallized microstructures in the
primary (location A) and secondary (location B) deformation
zones shown in Fig. 1 is simulated. Table 3 lists the simulation
conditions. The thermomechanical loading histories during
both cutting and cooling stage were extracted from the
corresponding FE simulations for each location.

Table 3. CA simulations.

Sim. | Location Coolant  Simulation Domain (um?) L4 (nm)
1 A No 4x2 10
2 B No 20x10 50
3 B Yes 4x2 10

A simulation domain of 400%200 square cells was used in
this study with the resolution determined by Lcs. Two domain
sizes were used, 4x2 um? and 20x10 um?, in which L4 was 10
nm and 50 nm, respectively. The CA simulation consisted of
two stages corresponding to the cutting and cooling stages.
Unlike other CA simulations in literature, the time increment
in this model was not constant. A time increment of 15 pus was
applied during the cutting stage; whereas it was 5 ms during the

cooling stage.

4.3 Simulation results and discussion

Fig. 3 shows the simulated microstructures from the CA
model and compares the simulation results with the
experimental results from [1]. Under the dry cutting condition,
different microstructures were simulated in the primary and
secondary deformation zones. For the primary deformation
zone (location A), Fig. 3a shows small DRX nuclei are formed
sporadically along the grain boundary of the pre-existing
grains. The process of recrystallization was initiated but did not
complete. A bimodal distribution of grain size as shown in Fig.
3h captures both the DRX nuclei and pre-existing sheared
grains. The peak near 50 nm corresponds to the small DRX
nuclei. In the secondary deformation zone (location B), Fig. 3b
shows the process of recrystallization completes and the whole
domain were replaced by the recrystallized grains. The
simulation results match well with the TEM micrograph as
shown in Fig. 3e.

The effect of cutting process temperature is further
investigated in by comparing the simulations in the secondary
deformation zone under dry and wet cutting conditions. Under
the wet cutting condition, an ultrafine grain structure was
obtained as can be seen in Fig. 3¢, and the whole domain was
occupied with submicron recrystallized grains. Under the dry
cutting condition, grains are relatively larger (greater than 1
um) and have undergone a more significant thermally-driven
grain growth process, i.e., grain coarsening. These results are
mainly caused by the different temperature loadings from the
two cutting conditions.

The temperature histories in the secondary deformation
zone were simulated as shown in Fig. 4a for the two cutting
conditions. During dry cutting, the work material temperature
reached to 248 °C (0.567,,) by the end of cutting process. Then,
it maintains a high temperature greater than 0.57,, for
additional 2 s during the cooling process. In comparison, under
the wet cutting condition, the work material temperature was
much lower and never exceeded 0.57,, due to a combining
effect of cooling and lubrication of the cutting fluid. It has been
extensively reported that the thermally-driven grain growth is
more significant when temperature is above 0.5-0.67, [12].
Under the dry cutting condition, the work material in the
secondary deformation zone underwent a more significant
grain coarsening after the completion of recrystallization. In
addition, the simulated evolutions of volume fraction of the
recrystallized grains were significantly different under the two
cutting conditions as shown in Fig. 4b. During dry cutting, it
took about 0.3 s to complete the recrystallization, whereas it
took about 0.6 s under the wet cutting condition.

The simulation results show that DRX is initiated as the
work material passes through the primary deformation zone to
the chip, and requires an additional time to complete. As
material passes to the secondary deformation zone after 1 ms,
Xrx was only about 3% and 1% for dry and wet cutting
conditions, respectively. The recrystallization process
continued and eventually formed the final microstructure inside
the chip after the cutting process.
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Fig. 3 Simulated microstructures (a-c), TEM micrographs (d-f), and histograms of the measured and predicted grain size distributions (h-j) for
three CA simulations (Sim. 1 the bottom of the shear zone in dry cutting, Sim. 2 for the chip surface layer in dry cutting, and Sim. 3 for the chip

surface layer with cutting fluid). TEM micrographs are adopted from [1].
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5. Conclusions

A CA model was successfully developed for the first time
to simulate the work material microstructure evolution during
orthogonal cutting. The microstructure changes in the primary
and secondary deformation zones for AA 1100 under dry or
wet cutting conditions were discussed. A new dislocation
density-based kinetics model was developed for the machining
process. The CA simulation results agreed with the
experimental results reported in literature very well. Based on
experimental analysis and simulation results, for the fully
recrystallized domain (e.g., the secondary deformation zone),
temperature was found to be the major factor to determine the
microstructure evolution.
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