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Abstract: Graphite is extensively used in the engineering field due to its unique properties, and the
study of its cutting mechanism has become particularly important. However, the brittle fracture
mechanism of graphite makes it rather easy for cracks with a unique pattern of initiation and growth
to develop when processing. Herein, the ABAQUS was selected to establish a finite element model
(FEM) of the graphite cutting process. The internal crystal structure of graphite was modelled by
a Voronoi structure, and a cohesion unit was globally embedded into the solid unit to simulate
crack initiation and growth. In addition, the complete process of chip formation and removal was
demonstrated. The analysis of the simulation results showed that the graphite material underwent
three periodic cycles of material removal during the cutting process, i.e., large, tiny, and small
removal stages. Meanwhile, the simulation results indicated that when a. was large enough, the crack
gradually grew inside the graphite and then turned to the upper surface of the graphite. However,
when a, was tiny enough, the cracks hardly expanded towards the inside of the graphite but grew
upwards for a short period. Then, orthogonal cutting experiments of graphite were conducted, and
the FEM was verified based on the experimental chip morphology, machined surface morphology,
and current geometric model of the graphite cutting process. The simulation and experimental results
were consistent. The hereby-presented FEM was a complement to simulations of the processing of
brittle materials.

Keywords: graphite; finite element modelling; crack initiation and growth; chip morphology;
machined surface morphology

1. Introduction

Graphite is a polycrystalline brittle material [1] presenting metallic and non-metallic
properties [2], among which the metallic properties include electrical and thermal conduc-
tivity, while the non-metallic properties involve corrosion resistance, lubricity, and thermal
shock resistance [3,4]. These properties jointly contribute to graphite being widely used in
the aerospace [5], electronics [6], and nuclear industries [7] as solid lubricants [8], refractory
materials [9], electrodes for dye-sensitized solar cells [10], nuclear engineering heat sinks [5],
and seals for nuclear engineering applications [11]. However, to constantly maximize the
benefits of graphite in various fields, further mechanical processing of graphite should
still be carried out, but it should be noted that graphite is a material that cannot be easily
machined due to its laminar crystal structure [12].

The material removal mechanism of graphite has been extensively studied by scholars.
For instance, Berto et al. [13] experimentally evaluated the brittle fracture of graphite
under pure compression loading. Huo et al. [14] found that micro-milling of graphite
electrodes resulted in material removal by brittle fracture or partial plastic fracture as well
as left concavities and micro-cracks on the machined surface. Tang et al. [15] deduced the
crack growth characteristics of nuclear graphite by three-point bending tests, and the law
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of crack initiation and growth was identified by the relationship between crack opening
displacement and crack length. Subsequently, Tang et al. [16] studied the pattern of graphite
crack initiation and growth using electronic speckle pattern interferometry. Bajpai et al. [17]
discussed the brittle fracture characteristics of the material based on the chip morphology
produced by pyrolytic carbon during orthogonal micro-grooving. Wang et al. [18] carried
out an atomic-level cutting study on graphite, on the basis of which the removal mechanism
of the material at the atomic level was revealed using molecular dynamics. Meanwhile, the
effect of cutting parameters on the surface quality of graphite has also been investigated.
For instance, Schroeter et al. [12] investigated the tool condition and surface quality of
graphite in down- and up-milling, and found that up-milling prolonged tool life, but down-
milling provided better surface quality; Mijuskovi¢ et al. [19] summarized the effect of
different machining parameters on surface roughness through micro-milling experiments
on graphite; Zhou et al. [20] revealed the morphology of graphite chips at different cutting
thicknesses using orthogonal cutting experiments, where the chip size and concavity size
increased significantly with increasing cutting thickness, and confirmed that tiny chips
similar to metal chips were produced when the cutting thickness was small enough.

Meanwhile, many models of the cutting process of brittle materials have been reported
in the literature. For instance, Zheng et al. [21] proposed a prediction model of the critical
grinding depth for the study of the ductile-brittle transition mechanism of crystal silicon
and found that the material was removed by plastic ploughing and brittle fracture. Zhang
etal. [22], based on the Preston equation, established a material removal model for BK7 glass
by considering the influence of the contact state between abrasive particles and workpiece
on the surface quality to study the material removal characteristics of brittle materials in
ultrasonic vibration-assisted polishing. Ma et al. [23] established a theoretical model of the
characteristic temperature of fluorophlogopite ceramics based on the law of conservation
of energy and the principle of fracture mechanics, and studied the continuous fracture
mechanism of the materials. Meng et al. [24] analysed the chip morphology and cutting
mechanism during the machining of compacted graphite iron by finite element modelling.
However, finite element modelling capable of simulating the entire cutting and machining
process of graphite materials was not reported. Chen et al. [25] modelled the growth of
cracks in graphite using the extended finite element method. Yu et al. [26] discussed the
crack growth behaviour of graphite in numerical simulation methods. Bajpai et al. [27]
developed an FEM for orthogonal machining of pyrolytic carbon, which could simulate
the removal of brittle materials and predict cutting forces for different process parameters.
Wan et al. [28] proposed a geometric model of the graphite/polymer composite cutting
process, which demonstrated crack initiation and growth in the material and clarified the
mechanism of material removal and the formation of the machined surface.

Overall, all these existing studies focused on the material removal mechanism of
graphite, optimization of cutting parameters, and removal of brittle materials, with re-
search on the cutting mechanism simulation of graphite rarely reported. Moreover, most of
the studies on the cutting mechanism of graphite were conducted experimentally, and it
was experimentally difficult to determine the cutting mechanism of graphite due to the un-
predictability of workpiece geometry and boundary conditions in specific experiments. To
this end, an FEM simulating the complete cutting process of graphite should be necessarily
provided. Finite element simulation could accurately analyse the fracture characteristics of
the material and was thus considered especially suitable for simulating the fracture process
of the micro-scale size of the workpiece, and finite element analysis could be used to solve
the problems of crack initiation and growth in the material. In addition, studies on the
finite element simulation of the processing of brittle material have been rarely reported as
well, bringing considerable difficulty. In this case, a finite element modelling analysis of the
processing of graphite was hereby conducted using the finite element simulation method,
the FEM was verified by comparison with experiments, and the system was improved for
the simulation of cutting processes in brittle materials.
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2. Finite Element Modelling

In this paper, the cutting processes of graphite were simulated using the finite element
analysis software ABAQUS 2021/Explicit, which is widely used to solve short-term, tran-
sient dynamic problems such as high-speed cutting, impacts, and explosions [24,29,30]. As
shown in Figure 1, the cutting thickness is 4., and the material fails and forms chips during
the cutting process. The cutting speed v of the tool moves in the -X-direction.

1%

il
-

Eo

Workpiece

Y
X
A A A A A 4 a

Figure 1. Schematic diagram of the orthogonal cutting model.

2.1. Material Parameters of the Model

To facilitate the validation of the FEM of the graphite cutting process by experi-
ments, some of the material parameters used in the modelling process were obtained
through suppliers, and some tensile strengths were necessarily calculated after performing

tensile experiments.

Figure 2a shows the columnar graphite samples used for the tensile experiments,
which are 130 mm long cylinders with diameters of 40 mm at both ends, 25 mm in length
and 20 mm in diameter at the narrowest part. The materials used for the experiments were
customized. Figure 2b shows the device used for the tensile experiments. The graphite
sample was clamped to the universal test machine through a fixture made in this laboratory.
Table 1 shows the specific performance parameters related to the graphite material used for
the tensile experiments.

Graphite

Figure 2. Tensile experiments: (a) graphite standard sample; (b) experimental device.
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Table 1. Mechanical properties of graphite.
Densit Tensile Compression Modulus of Porosit
y Strength Strength Elasticity y
1.9 g/cm3 15.9 Mpa 107.2 Mpa 20.4 Gpa 0.5%

2.2. Geometric Modelling and Meshing of Graphite Materials and Tools

In the process of finite element modelling, an appropriate intrinsic model should
be selected, and an internal structure suitable for this material should be constructed to
obtain accurate simulation results. In this study, the material structure of graphite was
characterized using a Voronoi diagram structure, which is also known as a Thiessen or
Dirichlet tessellation [31], pioneered by the Russian mathematician Georgy Fedoseevich
Voronoi [32]. In the Voronoi structure, the individual basic graphical elements used to
delineate the space are known as sites. As shown in Figure 3, P1, P», and P3 are any three
sites in the plane, and these three sites can be connected to obtain a triangle. Then, the
vertical bisector of the three sides of this triangle can be connected to obtain the three areas
V1, Vy, and V3 corresponding to these three sites. Thus, each site P; in P corresponds to a
region V; such that any point within V; is closer to P; than to the other sites.

X B
2

Figure 3. Schematic diagram of the Voronoi area.

Voronoi structures are widely used for the stochastic modelling of polycrystalline
materials [33]. In the field of grain-level material modelling, Voronoi structures are often
coupled with the finite element method to simulate polycrystalline structures, mainly
for modelling the fragmentation of ceramic structures under dynamic loading [34], grain
boundary slip and segregation in metals [35], as well as modelling the damage behaviour
of brittle rocks [36]. Therefore, a Voronoi structure should be applicable for the modelling
of graphite as a polycrystalline brittle material. Figure 4a shows the internal structure of
the material used in this paper.

The geometric model of 2D graphite in this study was 1.5 mm x 0.8 mm, and the
number of generated Tyson polygons was 18 x 10 based on experience gained from several
simulations, the deformation angle, and computational efficiency. The model structure
was complex, and the quadrilateral mesh was difficult to apply. The triangular mesh was
not subject to this limitation, and it could better approximate the geometric features in the
region where deformation was most severe; thus, the triangular mesh was hereby used to
simulate the growth of curved cracks with good accuracy. However, it should be noted that
it was necessary for the workpiece mesh to be as fine as possible to ensure the reliability
of the subsequent calculations. The size of the mesh for the workpiece was 0.01 mm, and
the number of meshes was 27,281. Figure 4b shows the graphite model after meshing.
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Different sets were created in ABAQUS and distinguished by different colours for ease

of observation.
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Figure 4. FEM of the workpiece: (a) internal structure of the material; (b) mesh of the workpiece.

As shown in Figure 5, upon the completion of the geometric modelling work, the
graphite model was assembled with the model tool through the ABAQUS assembly func-
tion, and a, was adjusted by changing the position of the model tool. The rake angle y of
the tool model was 10°, and the rounded edge radius r was 20 pm. In addition, several tool
models with different parameters were established for the subsequent study of the relevant
cutting parameters, and the tool was set to a rigid body, with v values of 0°, 5°, 10°, 15°,
and 20°, and r values of 10 um, 20 um, 30 pm, 40 um, and 50 um.

Workpiece

Figure 5. Assembly diagram of the graphite cutting model (Tool: v = 10°, r = 20 um).
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2.3. Establishment of the Constitutive Model of the Material

A constitutive model refers to a mathematical expression used to characterize the
stress—strain relationship or mechanical properties of a material. At present, there are
many established constitutive models, which can be repeatedly found in the literature in
simulation studies of various metals, geotechnical materials, ceramics, and many other
materials. The constitutive model used in this paper is the cohesive zone model first
proposed by Dugdale and Barenblatt [37], which can simulate the delamination fracture
and energy dissipation in the fracture process zone (FPZ) of materials and is one of the
tools commonly used for simulating brittle fracture behaviour.

As shown in Figure 6, in the case of a two-dimensional problem of fracture mechanics,
there are two types of cracks, i.e., type I and type II, representing open and sliding cracks,
respectively. Herein, the material bonding and surface friction in the FPZ were assumed to
generate the normal traction f,, and tangential traction f; on the surface of these cracks. The
ty—0, and t;—ds typical linear softening curves are shown in Figure 7, where J,, represents
the crack opening displacement; é; represents the crack sliding displacement; and 4,,r and
d,f are the critical relative displacements when the traction force decreases, representing
the damage that has occurred. As the damage D grows gradually from “0” (point A) to
“1” (representing damage occurrence), the traction force also decreases monotonically as
the corresponding relative displacement of the crack surface increases. This very process
is commonly referred to as tensile or strain softening. The areas of the entire triangles
in Figure 7a,b represent the type I fracture energy Gy and type II fracture energy Gy,
respectively. In this study, Grand Gg; were material properties that must be obtained, and
the relevant data could be obtained from the tensile and shear experiments and calculations
for the material. The initial tensile stiffness k;, before reaching the tensile strength ¢,
should be high enough, but not too high. Otherwise, numerical error would be reported
during the calculation, and both were required for the simulation. Similarly, a reasonable
value of the initial shear stiffness ks, was required before reaching the shear strength t,,
and the values of k;, and ks, could generally be determined using a trial-and-error method
during the simulation.

.i ls :f
L 1,

ls

In

[

I: Open crack : II: Sliding crack

Figure 6. Two types of cracks in a two-dimensional problem of fracture mechanics.
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(a) (b)

Figure 7. Linear softening laws for the cohesive elements: (a) t,—d, curve in the normal direction;
(b) ts—65 curve in the tangential direction.

Based on the cohesive crack model, the intrinsic behaviour of a COH2D4 (two-
dimensional four-node) cohesive cell with zero thickness in the two-dimensional plane of
ABAQUES can be described by a softening law similar to that shown in Figure 7, where, due
to irreversible progressive damage, the stiffness values of the material ks and k;, decrease
with increasing é; and J,, during unloading. A scalar index D represents the damage, i.e.,
the damage caused by all physical mechanisms of cracking. The total effective relative
displacement 6,, as a function of J; and J, is given by the following equation [38]:

O = \/ < 6 >2+ 62 1)

Sn , On > O(tension)

<o >= {0 , Oy < O(compression) @

According to the linear softening trend in Figure 7, the evolution of the damage can be
expressed as [38]:
5mf((5m,max - (51110)
(5m,mux (5mf - 51110)

where 6, ;ax denotes the maximum effective relative displacement obtained during loading;
Omo is the effective relative displacement corresponding to d,,, and J,, in Figure 7; and (5mf is
the effective relative displacement corresponding to J,s and dy. Equation (3) shows that
after the damage starts, D evolves monotonically from “0” to “1” with further loading.

Meanwhile, the material stiffnesses k; and ks can be calculated by Equation (4) as well
as Equation (5) [38]:

D= ®)

kn = (1 - D)kno (4)

ks = (1 — D)kso ®)

The traction force is influenced by the damage D, which is calculated by Equation (6)
as well as Equation (7) [38]:

_JA-D)ty , t.>0
tn—{ Pl ©)
ts = (1—D)ts @)

where t, and t; represent the stress components of the predicted elastic traction separation
behaviour in the absence of damage. In addition to the damage evolution relationship
given in Equation (3), a damage initiation relationship for the onset of stiffness degradation
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is needed. To this end, “Maxs Damage” in ABAQUS was hereby chosen as the damage
initiation criterion, which demonstrates a maximum nominal stress ratio of “1” as the onset
of damage and can be expressed as [27]:

max{<ig> , %’}:1 (8)

After establishing the material constitutive model and related parameters, measures
should be necessarily taken to globally insert the cohesive cells into the mesh shown in
Figure 4b, so as to simulate the cracking behaviour of the material. In this study, the
relevant values used in the cohesion model simulations were k;,, = 8000 MPa, ks = 6000 MPa,
ty =9.6 MPa, and t; = 6.9 MPa. In addition, considering the computational accuracy and
time cost of the simulation, the thickness of the cohesive unit was set to 0.002 mm in the
modelling process.

2.4. Interactions and Boundary Conditions

Herein, interactions of contact and friction behaviour between the tool and graphite,
including the contact between the tool surface, chips, and machined surface, were observed
during the cutting process. It was important to correctly model the contact and friction
between the tool and the workpiece. In this study, a “general contact” method was used to
achieve the “self-contact” of the chip on the workpiece being cut to prevent the chip from
affecting the tool and subsequent cutting action. In addition, “surface-to-surface contact”
in the explicit analysis was used between the tool and the workpiece, and given that the
surface of the tool in contact with the workpiece changes continuously during cutting
progresses, the cutting edge of the tool should be in contact with the entire workpiece. In
the contact properties, the tangential behaviour of the tool and the normal behaviour were
established. The “penalty algorithm” was used for the tangential behaviour, the friction
coefficient was set to 0.5 according to actual experience and relevant literature, and the
behaviour of the normal pressure overload was set to “hard contact”.

The boundary conditions of the model are shown in Figure 8. The bottom of the
workpiece was set as a completely fixed constraint. Because the deformation of the tool
was small during the cutting process, the tool was set as a rigid body, and an arbitrary
point (RP) on the tool was chosen as a reference point to facilitate the application of load
and the acquisition of parameters such as the cutting force in post-processing. Finally, the
values of v used in the FEM were 3 m/min, 6 m/min, and 12 m/min, and the values of a,.
were 0.1 mm, 0.2 mm, and 0.3 mm, respectively.

Loading

Workpiece

Fully fixed constraints

Al

Figure 8. The geometric boundary conditions of the workpiece.

In addition, during the actual cutting process, the cutting results could be affected by
factors such as the internal inhomogeneity of the material and the random vibration of
the machine tool, but considering their small effect on the machining quality, these factors
were not included in this study.
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3. Analysis and Validation of the FEM

The FEM was used to solve the calculations, and the material removal method was
analysed in accordance with the results of the simulations. Then, a series of graphite or-
thogonal cutting experiments were conducted to compare the experimental and simulation
results. Based on the chip morphology obtained from the experiments, the machined sur-
face morphology, and the geometric model of the cutting process available in the literature,
the FEM was finally verified.

3.1. Analysis of FEM Results

The simulation results were viewed and analysed using the post-processing function
of ABAQUS. Figure 9 shows the cutting process in the case of an 4. of 0.1 mm, v of 3 m/min,
7 of 10°, and r of 20 um. As shown in Figure 9a, in the process of cutting graphite, the
tool gradually reached the surface of the workpiece and then continued to move, thereby
gradually increasing the load on the material. When the load was greater than the fracture
strength of the graphite material, a crack was initiated at the apex of the cutting edge. As
seen from Figure 9a, due to the small 4., the crack did not basically grow towards the
interior of the material but turned to the material surface after initiating. Then, the tool
continued to cut into the workpiece, as shown in Figure 9b. This was the stage when large
blocks were removed from the material, and because the removal of the material formed a
concavity on the processed surface, a large chip size of approximately 0.13 mm and small
chips and tiny chips of less than 0.05 mm were produced. However, the a. was shallow, so
the concavity was small and shallow as well.

(a)
v
—
00
O PIC
(b)
818
. &
Workpiece =
>
=
H

Figure 9. Cutting process at a. = 0.1 mm, v = 3 m/min, y = 10°, r = 20 um: (a) tool contact with
workpiece; (b) large block removal stage.

However, when a. increased, the situation changed. In Figure 10a, due to the increase
in a., when the tool contacted the workpiece, the crack grew horizontally towards the inside
of the material and gradually turned towards the surface of the material after growing for
some distance in the original direction. As shown in Figure 10b, as the tool continued to
move, the crack eventually expanded to the material surface after removing the material
around the crack, thus producing a large chip approximately 0.5 mm in size, a small chip,
and tiny chips less than 0.05 mm in size, and forming a larger concavity on the surface. In
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addition, compared with Figure 9, the size of the chip and concavity increased significantly
with increasing ac.

@

Tiny chips

Figure 10. Cutting process at 4, = 0.2 mm, v = 3 m/min, v = 10°, r = 20 um: (a) tool contact with
workpiece; (b) large block removal stage.

As shown in Figure 11a, the cutting action of the tool left a concavity on the surface
of the material, so the tool did not come into contact with the main material at this stage
when the tool continued to move in the f direction, and an “empty cut” was formed in the
concavity area. When the tool movement continued, the tool cut into the material again.
As shown in Figure 11b, the initial thickness at this stage was small. The cracks that were
initiated afterwards could hardly grow towards the inside of the workpiece, and those
grew only in the cutting direction for a small distance before the material was removed.
Therefore, only tiny chips were produced at this stage. As the tool continued to move, a,
increased correspondingly, as shown in Figure 11c. The crack initiation could grow to the
inside of the workpiece, the crack gradually grew to the upper surface of the workpiece,
the material surrounded by the crack was cut off, small chips were produced, and a small
concavity was then formed on the surface of the material.

Small chips,

ConcaVit

B

-‘

=

Workplece

Tmy chips
Concavity ' ;/l

\VA%Y

(@ (b) (©

Figure 11. Cutting process at a, = 0.1 mm, v = 3 m/min, v = 10°, r = 20 pm: (a) empty cut; (b) tiny
block removal stage of the material; (c) small block removal stage of the material.

As shown in Figure 12, as the cutting action continued, a. slowly reached the original
set value, the material removal was again carried out in the large block removal stage,
and a large chip of approximately 0.32 mm in size and some tiny chips formed. The
material removal stage entered the next cycle. This was exactly the complete process of
crack initiation, crack expansion, and material removal during the graphite cutting process
obtained by the FEM.
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v Tiny chips
-— < 0.32 mm { 4\
u Large chip
orkpiece \ N

Figure 12. Next removal stage in the cutting process at 4. = 0.1 mm, v =3 m/min, y = 10°, ¥ = 20 pm.

In addition, the simulation results showed that the machined surface morphology of
the model changed with changes in the a. of the tool in the FEM. As shown in Figure 13,
when g, increased from 0.15 mm to 0.2 mm, larger and more numerous concavities appeared
on the machined surface of the model. In addition, the machined surface roughness was
bound to rise with increasing a..

(b)

ji

dc —Larger and more concavities
GReees Machined surface

'IWorkpiece-- BN AR

Larger concavity

Machined surface

Figure 13. Machined surface morphologies of different a, values: v =3 m/min, y = 10°, r =20 um,
(a) ac = 0.15 mm; (b) a; = 0.2 mm.

3.2. Validation of FEM Results

In the previous section, the results of the analytical FEM revealed the process of crack
initiation and expansion during graphite cutting until material removal. To verify the
reliability of the model, orthogonal cutting experiments were then performed on graphite,
and the established FEM was verified based on the morphology of the chips formed in the
experiments, the machined surface morphology, and the geometric model of the graphite
cutting process [28].

3.2.1. Experimental Work

The model was verified using orthogonal cutting experiments with graphite, as shown
in Figure 14a, and the orthogonal cutting experiments were carried out on a B6066 planer.
The experimental setup for orthogonal cutting is shown in Figure 14b. As shown in the
figure, the graphite material was clamped onto the machine tool by an aluminium alloy
fixture made in this laboratory, and the cutting atmosphere was dry.

Figure 15a shows the block graphite sample used in the cutting experiment. The
mechanical properties of the material are shown in Table 1. The size of the sample used in
the cutting experiment was 80 mm x 50 mm x 7 mm. Figure 15b presents the tool used
in the experiment. The tool material was high-speed steel, and the values of ¢ were 0°,
10°, and 20°. To make the cutting parameters as consistent as possible with the results
of the FEM and to include the actual conditions of the machine, a. was set to 0.15 mm,
0.3 mm, and 0.45 mm, and v was set to 3 m/min, 6 m/min, and 9 m/min. In addition,
the graphite chips produced during orthogonal cutting were collected by a chip collector
made in this laboratory, and their morphology was observed. Upon the completion of the
cutting experiments, the morphologies of the machined surfaces of the graphite samples
were also observed.
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Figure 15. Graphite sample (a) and tool (b) used for experiments.

3.2.2. Validation of Chip Morphology

Figure 16a,b respectively show the chip morphologies from graphite orthogonal
cutting experiments when a, was 0.15 mm and 0.45 mm. As shown in Figure 16, due to the
initiation and growth of cracks, some of the chips were fragments, and many large, small,
and tiny chips were included. Figure 16 also shows that as 4, increased, the large chip after
cutting also increased in size, which was consistent with the formulation of Zhou [20]. In
addition, it could be inferred based on the observation and analysis of the chip morphology
that the material was removed in large, tiny, and small blocks during the cutting process.

Figure 16. Chip morphologies for different a. values from experiments: v = 3 m/min, ¢y = 10°,
(a) a; = 0.15 mm; (b) a. = 0.45 mm.

Figure 17a—d show the chip morphologies from the FEM simulation results when
a. was 0.1 mm, 0.15 mm, 0.2 mm, and 0.3 mm. Compared with the chip morphologies



Processes 2023, 11, 2546

13 of 17

obtained from the experiments, they were found to be very similar. In Figure 17, the chip
morphology in the FEM simulation was also composed of large, small, and tiny pieces, and
the chip size increased with increasing a.. To this point, the chip morphology effectively
verified the FEM of the graphite cutting process.

(© (d)

Figure 17. Chip morphologies of different values of 4. from the FEM: v = 3 m/min, v = 10°, 7 = 20 um,
(a) a; = 0.1 mm; (b) a. = 0.15 mm; (c) a, = 0.2 mm; (d) a. = 0.3 mm.

3.2.3. Validation of Machined Surface Morphology

Herein, the machined surface morphology was evaluated mainly by the concavities
on the machined surface. Figure 18 shows the machined surface morphology obtained by
orthogonal cutting experiments with graphite when a4, was 0.15 mm, 0.3 mm, and 0.45 mm.
In Figure 18a, when a, was 0.15 mm, only a few small concavities were observed on the
surface of the graphite, which were caused by the small value of a., and the cracks hardly
grew inside the graphite after initiating. As shown in Figure 18b,c, as 4. increased, the
machined surface of the graphite consisted mainly of large concavities, followed by tiny or
small concavities.

Concavities
e, ©

Concavities

Figure 18. Machined surface morphology at v = 3 m/min, y = 10°, (a) a. = 0.15 mm; (b) . = 0.3 mm;
(c) ac = 0.45 mm.

In addition, Figure 18 shows that the increase in 4, during graphite cutting resulted in
larger and more numerous concavities on the material surface, which was also consistent
with the relationship of the machined surface roughness increasing with increasing a, as
analysed by the FEM in Section 3.1. Therefore, the composition of the machined surface
profile of graphite was consistent with the FEM of graphite material cutting and machining
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analysed in Section 3.1. Thus far, the FEM was also strongly verified by the machined
surface profile.

3.2.4. Comparison of the Model of the Graphite Cutting Process

Wan et al. [28] analysed the effective stress field during the orthogonal cutting process
of graphite using the finite element method, summarized the initiation and expansion
of cracks during the graphite cutting process by combining them with edge-printing
experiments, and applied it to propose a geometric model of the graphite cutting process.
The hereby-proposed FEM was significantly different from the modelling method proposed
by Wan [28], and at the same time, this finite element modelling method was also the
innovation of this paper. The results of the geometric model [28] were specified and
compared with the results of the FEM as follows. As shown in Figure 19, the cutting
process of graphite could be roughly divided into three stages, i.e., the large, tiny, and small
block of material removal stages.

(@) ;raphite Tool\ (b)
acI W
Crack Crack
Geometric model FEM Geometric model FEM

@

Crack Crick

Geometric model FEM Geometric model FEM

Figure 19. Comparison of geometric model of the graphite cutting process [28] with the FEM: (a) large
block removal stage; (b) tiny block removal stage; (c) small block removal stage; (d) next cutting cycle.

Figure 19a shows the large block removal stage of graphite with tool movement. When
the tool contacted the graphite, the crack was initiated at the apex of the tool, gradually
grew inside the graphite, and then turned to the upper surface of the graphite. A large
block of graphite was peeled from the surface with the growth of the crack, and a concavity
was formed on the graphite surface. After that, the tool remained in an “empty cut” above
the concavity for a period of time.

In Figure 19b, after the “empty cut” was completed, the apex of the tool cut into the
graphite again, when the actual a. was so tiny that the cracks hardly expanded towards
the inside of the graphite but grew upwards for a short period before the removal of the
graphite. As a result, only a tiny block graphite was removed at this stage, the machined
surface might be free of concavity or have a very tiny concavity, and the machined surface
was of good quality. This explained the tiny block removal stage of graphite.

From Figure 19c, the actual a. gradually increased from the bottom to the top, a. was
slightly larger than that in the previous stage, and the crack growth was slightly larger than
that in the previous stage, so small blocks of graphite were removed. This very stage was
exactly the small block removal stage of graphite. Additionally, the concavities formed on
the machined surface were larger and deeper than those in the previous stage.

Finally, as 4. increased until it approached the initial 4., the whole cutting process was
repeated. as shown in Figure 19d.

In summary, the comparison between the geometric model of the graphite cutting
process summarized by Wan [28] and the FEM results in Section 3.1 revealed basically the
same crack initiation and growth up to material removal in both models. Thus, the model
of the geometric graphite cutting process proposed by Wan [28] strongly verified the FEM
in this study.
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4. Conclusions

In this paper, an FEM of the graphite cutting process was developed using the
ABAQUS/Explicit software. Considering graphite as a typical polycrystalline brittle mate-
rial, the cohesion model was thus hereby chosen as the constitutive model to characterize
the mechanical properties of graphite. The present study was expected to help clarify the
fundamental processes of material removal from polycrystalline brittle materials, and the
following conclusions could be drawn from this study:

1. The Voronoi structure was used to characterize the polycrystalline structure of
graphite materials in a model. Global insertion of cohesive cells into a model of solid cells
accurately simulated the initiation and growth of cracks in graphite during the cutting
process. When a. was large enough, the crack was initiated at the apex of the tool, gradually
grew inside the graphite, and then turned to the upper surface of the graphite. However,
when g, was tiny enough, the cracks hardly expanded towards the inside of the graphite
but grew upwards for a short period.

2. The FEM provided a complete understanding of the process of material removal
during graphite cutting, including the large block removal, tiny block removal, and small
block removal stages, and there was a periodic cycle. Furthermore, it was found that during
the large block removal stage of the material, there would exist an “empty cut”. In addition,
the use of a larger a, value led to the formation of larger concavities on the machined
surface.

3. The FEM was validated from three aspects, i.e., chip morphology, machined surface
morphology, and the model of the graphite cutting process, and the results confirmed
the accuracy of the model. This FEM could also be extended to model brittle crystalline
materials.
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