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Abstract With the engineering applications of graphite and
its composites increasing, machining of graphite and its com-
posites has attracted a great deal of attention. However, the
cutting mechanisms of graphite and its composites are differ-
ent from metals and other brittle materials because of specific
crack initiation and propagation laws. This paper establishes a
finite element model to calculate the effective stress field of
the cutting zone during the orthogonal cutting of graphite/
polymer composites. The crack initiation and propagation
path in the cutting zone is determined by the smallest effective
stress gradient at different cutting thicknesses and verified by
edge-indentation experiments. Based on the crack initiation
and propagation laws, a model of the graphite/polymer com-
posites cutting process is proposed to understand the mecha-
nism of material removal as well as machined surface forma-
tion. The cutting process of graphite/polymer composites can
be divided into three stages: removal of large blocks, tiny
blocks, and small blocks of graphite, which results in large,
tiny, and small concavities, respectively, remaining on the
machined surface. The cutting model is validated through ma-
chined surface morphology, cutting force, and chip
morphology.
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1 Introduction

Graphite and its composites, which are superior in terms of
lubricity, thermal and chemical resistance, thermal and electric
conductivity, biocompatibility, and so on, have been used in
various applications, such as motor brushes, electrodes of
electrical discharge machines, pile cores, mechanical seals
[1], bipolar plates of proton exchange membrane fuel cells
[2] or direct methanol fuel cells [3], and biomedical implants
[4]. High-purity graphite components have been adopted in
semiconductor manufacturing processes such as ion implan-
tation, plasma etching, and electron beam evaporation [5].
Therefore, the machining of graphite and its composites has
received considerable attention. Schroeter et al. [6] performed
graphite machinability tests and analyzed tool wear and sur-
face quality generated in down- and up-milling. Zhou et al. [7]
investigated the tool wear characteristics in the high-speed
milling of graphite using a coated carbide micro endmill.
Wang et al. [8] discussed the characteristics of tool wear and
cutting forces when high-speed milling a graphite electrode.
Cabral et al. [9] compared the cutting performance of
diamond-coated tool inserts using hot filament chemical vapor
deposition and time-modulated chemical vapor deposition.
Cabral et al. [10] also investigated the impact of the surface
roughness of diamond coatings on the cutting performance
when dry machining of graphite. Almeida et al. [11] evaluated
the cutting performance of micro- and nano-crystalline chem-
ical vapor deposition diamond-coated silicon nitride ceramic
tools in turning of a graphite electrode. To produce parts with
the desired quality, the design of experiments methods [5],
artificial neural networks [12], and grey relational analysis
method [13] were applied to determine an optimal machining
parameter setting when dry end-milling of high-purity graph-
ite. Huo et al. [14] investigated the micro milling of fine-
grained graphite using the design of experiments techniques.
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Mijuskovic et al. [15] analyzed the tool deflection analytically
and experimentally in the micro milling of graphite electrodes.
These investigations concentrated on the machinability of
graphite, tool wear characteristics, cutting performance of
diamond-coated tool inserts, and optimization of cutting pa-
rameters. There have been few studies regarding the cutting
mechanism of graphite. Masuda et al. [1] illustrated the chip
formation process when turning the carbon phase and graphite
phase. Wang et al. [8] and Zhou et al. [16] studied the charac-
teristics of graphite chip formation by recording the graphite
chip formation process at different depths of cut using a ste-
reomicroscope. Therefore, the cutting mechanisms of graphite
and its composites are not fully understood.

Cracks occur and propagate easily during graphite machin-
ing since graphite is a brittle material. The initiation and prop-
agation of cracks at the cutting zone result in chippings by
scooping out the workpiece material in a large amount. Hence,
the machining mechanisms of graphite and its composites
differ from metals and other brittle materials because of their
specific crack initiation and propagation laws. Therefore, it is
much needed to conduct research on the mechanism of mate-
rial removal to gain a better understanding of the machining
processes of graphite and to improve the machined surface
qualities.

The purpose of this study is to understand the mechanism
of material removal and machined surface formation during
the orthogonal cutting of graphite/polymer composites. The
crack initiation and propagation path are predicted based on
the smallest effective stress gradient direction of the effective
stress field in the cutting zone and are verified by edge-
indentation experiments. Based on the crack initiation and
propagation laws, a model of the graphite/polymer composites
cutting process is proposed to disclose the mechanism of ma-
terial removal and machined surface formation. Finally, the
model is validated through machined surface morphology,
cutting force, and chip morphology.

2 Crack initiation and propagation laws

The primary mechanism of material removal is crack initiation
and propagation which is decided by the effective stress field
of the cutting zone. Hence, an analysis of the effective stress
field of the cutting zone is helpful for understanding the ma-
terial removal mechanism of graphite/polymer composites
cutting.

2.1 Finite element modeling for stress field analysis
The graphite/polymer composites used in this study are some
types of coke, natural graphite, which are ground, sieved, and

added to a binder (polymer). The paste is homogenized and
placed in a mold and then sufficiently compacted.
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Table 1 Mechanical

properties of the Properties Values

graphite/polymer

composites Density 1.9 g/em’
Hardness 75 HS
Tensile strength 17.3 MPa
Compressive strength 107.2 MPa
Elastic modulus 15.9 GPa

Subsequently, the material is baked slowly at high tempera-
ture. This type of graphite/polymer composite has been widely
applied to bipolar plates of proton exchange membrane fuel
cells and direct methanol fuel cells. The mechanical properties
are listed in Table 1. The stress—strain relationship of the
graphite/polymer composite can be shown as [17]:

e = Ao + Bo? (1)

where € and o denote strain and stress, respectively. 4 and B
are constants. A=1/E, and E is the elastic modulus; B is
0.946x10°° MPa 2, as determined by uniaxial tensile tests.
ANSYS explicit dynamics is used to calculating the effec-
tive stress field of the cutting zone. The generalized boundary
conditions are shown in Fig. 1. The size of the workpiece is
50 mmx 10 mmx25 mm, and the bottom of the workpiece is
grounded, whereas the tool is given a constant velocity of 6 m/
min and all of the other translational and rotational degrees of
freedom are constrained. The cutting thickness is 0.5, 1, and
2 mm, respectively. Therefore, the cutting operation is orthog-
onal cutting and can be simplified as a plane strain model.
Note that no significant temperature rise has been observed
experimentally due to the slow cutting velocity. Hence, the
dependence of the properties on temperature has not been
considered. In this model, a classical Coulomb friction law
is assumed to model the tool-workpiece contact zone. The
friction coefficient is defined as p=F/F,,, where F\ is the rake
face tangential force and F,, is the rake face perpendicular
force. A value of 11=0.5 is assumed, which has been selected
based on the rake face friction coefficient identification re-
sults. A very dense mesh is defined in the area of the cutting
zone and relatively large elements for the rest of the
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Fig. 1 Cutting geometry and boundary conditions
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workpiece, as shown in Fig. 2. A total of 28,300 quadrilateral ~ tool apex. Subsequently, the initiated cracks progress along

meshes are used for modeling the workpiece. The tool is con-  the smallest effective stress gradient direction which is
sidered as a rigid body with rake angle of 0° and clearance
angle of 10°.
(a) | o
. . . TE~_p
2.2 Effective stress field and crack propagation path y 211
propag P > N\D
. . . \D
In the three-dimensional stress states, according to Paul and E_ //\c \\r
Mirandy’s theory [18], if (oyn/op)<(1—N;?), then the fracture . d /\?; b
criterion is j\%éf:*z ) / l
0 ég:“x Ly ) P
2 2 Narn /st
Ni(o1 + om) + 2\/N1 orom + (o1=om) N <
Oeff = — 2 (2) 3 L ;—\ b D- A
Ny (4 Ny ) N Nee ¢
\ ‘\B\B T co o
where o is the effective stress, and oy and oy are the max- \? \‘\-? - 0.5 mm
imum principal stress and minimum principal stress, respec- C=4.92 E=885 G=12.79 I=16.73
tively. Ny is calculated by B=295 D=689 F=108 H=1476 MPa
b Cw
o - ®) L )
Ni=4|2+—2,/1 +— (3) c 7
Op Op C x /
. . P ﬁ m_Dp s
where o, and oy, stand for the compressive strength and tensile ol D/"\%’
strength, respectively. If oy/o,>(1 *le), the fracture criteri- oD o7
on is expressed as I\ EEE\E _- g jD S

° 8%
= ) /
Oeoff = O]. (4) S5
\B\E/B
‘When the tool just enters the workpiece, the effective stress \\\\C*\D D

fields of the cutting zone at rake angle of 0° and cutting thick- \B \C\C .
. ) c
ness of 0.5, 1, and 2 mm are shown in Fig. 3 where the capital \\E‘ \\C\cc & 0.5 ¢
. . . \, LD mm
A, B, C, and so on stand for the effective stress isoline and the N8 i
point O stands for the tool apex. In Fig. 3, the effective stresses C=523 FE=941 G=13.59 I=17.51

at the tool apex are maximal and have just reached the tensile
strength of the graphite/polymer composites. The effective
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Fig. 3 Effective stress field and crack propagation path at 0° rake angle
Fig. 2 Finite element mesh and cutting thicknesses of a 0.5, b 1, and ¢ 2 mm
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indicated by curve c. Thus, the curve ¢ denotes the propaga-
tion path of crack. Therefore, the crack c initiates at the apex of
tool and propagates downward; then it spreads upward grad-
ually and finally reaches the surface of workpiece. The prop-
agation path of the crack is approximately arc shaped. There-
fore, a block of the workpiece material surrounded by the
crack c¢ is removed as the tool proceeds and a concavity re-
mains on the machined surface. In Fig. 3, ¢, ,and ¢4 indicate the
width and depth of the concavities, respectively. It can be
observed that c,, and ¢4 increase with cutting thickness in-
creasing. In other words, the larger the cutting thickness, the
larger the concavities formed on the machined surface.

2.3 Verification of crack initiation and propagation path

The analytical results from the above finite element model
should be validated with experimental results. Edge indenta-
tion experiments are conducted to verify the predication of the
crack initiation and propagation path. A schematic drawing of
edge indentation is presented in Fig. 4, where P indicates the
load imposed on the indenter and /4 denotes the indentation
thickness. The dimensions of the specimen are 65x40x 5 mm.
The indentation surface of the specimen is polished so that no
cracks can be observed. The material of the indenter is high-
speed steel and the included angle ¢ is 75°. The indenter can
adjust by itself so that well distribution of pressure is achieved
on the indentation surface.

From Fig. 4, the edge indentation is similar to the orthog-
onal cutting if the indenter is deemed as cutting tool and /p, is
equivalent to cutting thickness. For example, the indenter cor-
responds to the cutting tool with rake angle of 15° and clear-
ance angle of 0° when ¢ is 75°. Therefore, the laws of crack
initiation and propagation from the edge indentation experi-
ments can be applied to verify the analytic results from the
finite element mode.

Figure 5 presents the crack initiation and propagation path
of edge-indentation at indentation thicknesses of 0.5, 1, 1.5,
and 2 mm when ¢ is 75°. The cracks initiate at the apex of the
tool and propagate down- and forward; then they gradually
spread upward to the specimen surface. The propagation path
of the cracks is like a segment of a circular arc. By comparing
Figs. 3 and 5, the predicted crack propagation paths are in

Projection 4

Projection A: The included angle
Graphite specimen and indentation position

Fig. 4 Schematic drawing of edge indentation on a graphite/polymer
specimen
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Fig. 5 Crack initiation and propagation path of edge indentation (p=
75°) a hp=0.5 mm, b Ap=1 mm, ¢ Ap=1.5 mm, and d ~/p=2 mm

good agreement with the experimental results. From Fig. 5,
a block of graphite surrounded by a crack is removed and a
concavity remains on the surface. The width and depth of the
concavities that remain on the specimen surface show strong
dependence on the indentation thickness, as shown in Fig. 6.
The width and depth of the concavities increase with indenta-
tion thickness increasing linearly and the width rises with a
larger slope, which is also in accordance with the predicted
results.

3 Model of the graphite/polymer composites cutting
process

Based on the previous analysis, a crack occurs at the apex of
the tool when the tool enters into the workpiece. The crack
spreads downward to the cutting velocity and then gradually
grows upward to the workpiece surface as the tool advances.
The propagation path can be considered as an arc-shaped seg-
ment. Hence, a block of graphite encompassed by a crack is
removed and a concavity remains on the machined surface.
Furthermore, it can be inferred that a large block of graphite
will be removed and that a concavity with large width and
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Fig. 6 Width and depth of concavities at different indentation
thicknesses
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Fig. 7 Model of the graphite/polymer composites cutting process. a Removal of a large block of graphite, b removal of a tiny block of graphite, ¢

removal of a small block of graphite, and d next cycle

depth will form on the machined surface if cutting thickness is
large. When the cutting thickness is thin, a small block
of graphite surrounded by a crack will be removed and,
correspondingly, a small concavity will form on the ma-
chined surface. Based on the analysis of the effective
stress field and crack initiation and propagation laws, a
model of the graphite/polymer composites cutting pro-
cess is proposed to understand the mechanism of mate-
rial removal and machined surface formation. The
graphite/polymer composites cutting process can be di-
vided into three stages: removal of a large block of
graphite and then removal of a tiny block of graphite
followed by removal of a small block of graphite.

(1) Removal of a large block of graphite. When the tool
enters the workpiece, a stress field forms in the front of
the rake face. When the maximum effective stress
reaches a critical value, a crack initiates at the tool apex
and grows outward and downward, and then it propa-
gates toward the workpiece surface. Accordingly, a large
block of graphite surrounded by the crack is removed
and a large concavity forms on the machined surface,
as shown in Fig. 7a.

(2) Removal of a tiny block of graphite. Once a large con-
cavity forms on the machined surface, the tool passes
through the concavity and nothing is cut. Then, the cut-
ting thickness gradually increases from zero once the tool
cuts into the workpiece again. At this stage, the crack
hardly spreads downward because of the tiny cutting
thickness. Therefore, only tiny blocks of graphite are
removed and the machined surface with high integrity
is obtained, as shown in Fig. 7b.

(3) Removal of a small block of graphite. As the tool con-
tinues forward, the cutting thickness increases gradually,
but is still small. The crack spreads outward and down-
ward slightly. Thus, a small block of graphite surrounded
by the crack is removed and a small concavity forms on
the machined surface, as shown in Fig. 7c. At this stage,
the processes maybe occur repeatedly. It gives rise to
many small concavities on the machined surface. As
the cutting proceeds, the cutting thickness increases con-
tinually until it is close to the initial cutting thickness.
Subsequently, the whole process begins over again as
shown in Fig. 7d.

4 Model validation

Based on the model of the graphite/polymer composites cut-
ting process described above, the machined surface is com-
posed of periodically repeating large, tiny, and small concav-
ities if the cutting thickness is large. Furthermore, if the cutting
thickness is small enough, only tiny blocks of graphite are
removed and tiny concavities or even no concavities form
on the machined surface because cracks generated in the cut-
ting zone barely spread toward the machined surface. These
steps can be validated by the machined surface morphology,
cutting force, and chip morphology.

4.1 Experimental setup

Dry orthogonal cutting experiments are performed on a planer
BC6063B. In order to obtain typical machined surface com-
posed of large, tiny, and small concavities, a cutting tool with
rake angle of 20° is used to machining the graphite/polymer
workpiece with width of 5 mm. The cutting tool with clear-
ance angle of 10° is made of high-speed steel. It is suggested
from mass experiments that the cutting speed is almost with-
out influence upon machined surface formation. Additionally,
from reference [8], the cutting speed has little influence on the
cutting forces in the milling of graphite electrode. Therefore,
the cutting speed is set to a low constant velocity of 6 m/min.
The Kistler dynamometer and its mating data acquisition sys-
tem are used to measure and record the cutting force. The

(a)

(b)

i

0.5 mm

Fig. 8 Machined surface morphologies at rake angle of 20°, cutting
speed of 6 m/min, and cutting thicknesses of a 0.2, b 0.4, ¢ 0.6, and d
0.8 mm
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Keyence microscope (VHX-1000E) is used to observe the
chip morphologies.

4.2 Model validation in terms of machined surface
morphology

Figure 8 presents the machined surface morphologies obtain-
ed at cutting thicknesses of 0.2, 0.4, 0.6, and 0.8 mm. When
the cutting thickness is 0.2 mm, the machined surface is com-
posed of very tiny concavities, as shown in Fig. 8a, since the
cutting thickness is small. It can be seen from Fig. 8b—d that
the machined surface is composed of large concavities follow-
ed by tiny or small concavities; then, the cycle begins over
again when the cutting thickness is greater than or equal to
0.4 mm. This conforms to the model of the graphite/polymer
composites cutting process shown in Fig. 7. In addition, the
model captures the effect of increase in the cutting thickness
on the machined surface: The greater the cutting thickness, the
larger are the concavities. Therefore, the model of the
graphite/polymer composites cutting process is validated by
the machined surface morphologies.

4.3 Model validation in terms of cutting force

The dynamic horizontal cutting forces are presented in
Fig. 9, in which the rake angle of the tool is 0°, the
cutting thickness is 0.4 mm and the cutting speed is
6 m/min. It can be observed from Fig. 9 that the cutting
forces fluctuate greatly with high frequency. The fluctua-
tion of the cutting forces seems to be stochastic, but in

Fig. 10 Comparison of chip
morphologies at rake angle of 20°
and different cutting thicknesses:
a0.2and b 0.4 mm
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fact, it is cyclical and can be associated with the model of
the cutting process. When the tool cuts into the workpiece,
the cutting forces increase dramatically, as indicated by
stage I in Fig. 9. As the tool moves forward, the crack
initiates and propagates in the cutting zone. Crack initia-
tion and propagation result in cutting forces decreasing, as
denoted by stage II. When the block surrounded by the
crack is removed, a concavity forms on the machined
surface. When this occurs, the cutting force is minimal
because the tool is crossing the concavity and corresponds
with stage III. After the tool pass through the concavity,
the tool cuts into the workpiece again. At that moment,
the cutting force increases and the next cycle occurs, al-
though the subsequent cycles are not so typical. Therefore,
the dynamic cutting forces also validate the model of the
graphite/polymer composites cutting process.

4.4 Model validation in terms of chip morphology

Figure 10 shows the chip morphologies obtained at cutting
thicknesses of 0.2 and 0.4 mm. The fragmented chips form
because of crack initiation and propagation, as predicted by
the model, and also, the chips consist of large, small, and tiny
blocks. Therefore, it can be inferred that the surface material
of the workpiece is removed in large, small, and tiny blocks,
which validates the model of the graphite/polymer composites
cutting process further. Moreover, the model captures the ef-
fects of cutting thickness increasing on material removal and
machined surface formation because a larger the cutting thick-
ness results in larger chip blocks.
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5 Conclusions

The current work focuses on the mechanisms of material re-
moval and machined surface formation, which helps enhance
the understanding of the fundamental processes of graphite/
polymer composites cutting.

)
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The graphite/polymer cutting process is characterized by
crack initiation and propagation. A crack initiates at the
apex of the tool and propagates downward and outward,
then, it spreads upward gradually until reaching the
workpiece surface. The crack propagation path is arc
shaped. Crack initiation and propagation result in the
formation of concavities on the machined surface. The
depth and width of concavities increase as the cutting
thickness increases.

A model of the graphite/polymer composites cutting pro-
cess is proposed based on crack propagation laws. The
graphite/polymer composites cutting process can be di-
vided into three stages: removal of a large block of
graphite and then removal of a tiny block of graphite
followed by removal of a small block of graphite.

The machined surface is composed of large concavities
followed by tiny or small concavities and then the cycle
repeats. The chips consist of large, small, and tiny blocks
of graphite. The machined surface morphologies, cutting
forces, and chip morphologies validate the model of the
graphite/polymer composites cutting process.
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