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KEYWORDS Abstract The aim of the present paper is to reveal the influence of different fiber orientations on
Caibem fiber monlomead the tool wear evolution and wear mechanism. Side-milling experiments with large-diameter milling
plastics (CFRP); tools are conducted. A finite element (FE) cutting model of carbon fiber reinforced plastics (CFRP)
Fiber orientation; is established to get insight into the cutting stress status at different wear stages. The results show
Finite element method that different fiber orientations bring about distinct differences in the extent, profile and mechanism
(FEM); of tool wear. Severer wear occurs when cutting 45° and 90° plies, followed by 0°, correspondingly,
Tool wear; } the least wear is obtained when 6 = 135° (0 represents the orientation of fibers). Moreover, the
Wear mechanism worn profiles of cutting tools when 0 = 0° and 45° are waterfall edge, while round edge occurs when

0 = 135° and a combined shape of waterfall and round edge is obtained when 6 = 90°. The wear
mechanisms under different fiber orientations are strongly dependent on the cutting stress distribu-
tions. The evolution of tool wear profile is basically consistent with the stress distribution on the
tool surface at different wear stages, and the extent of tool wear is determined by the magnitude
of stress on the tool surface. Besides, the worn edges produce an actual negative clearance angle,
which decreases the actual cutting thickness and leads to compressing and bending failure of fibers

beneath the cutting region as well as low surface qualities.
© 2023 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and
Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org|
licenses/by-nc-nd/4.0/).

* Corresponding author. 1. Introduction
E-mail address: shipengli@tju.edu.cn (S. LI).

Peer review under responsibility of Editorial Committee of CJA. . . . .
Due to the high strength-to-weight ratios, modulus-to-weight

ratios, good wear resistance and good corrosion resistance,
) carbon fiber reinforced plastic (CFRP) is greatly utilized in
FLSEVIER Production and hosting by Elsevier aerospace industry, transportation and health care' * CFRP

https://doi.org/10.1016/j.cja.2022.09.003
1000-9361 © 2023 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and Astronautics.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://extranet.cranfield.ac.uk/dialog/,DanaInfo=crossmark.crossref.org+?doi=10.1016/j.cja.2022.09.003&domain=pdf
https://extranet.cranfield.ac.uk/licenses/by-nc-nd/4.0/,DanaInfo=creativecommons.org+
https://extranet.cranfield.ac.uk/licenses/by-nc-nd/4.0/,DanaInfo=creativecommons.org+
mailto:shipengli@tju.edu.cn
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.cja.2022.09.003
https://extranet.cranfield.ac.uk/science/journal/,DanaInfo=www.sciencedirect.com+10009361
https://extranet.cranfield.ac.uk/10.1016/,DanaInfo=doi.org,SSL+j.cja.2022.09.003
https://extranet.cranfield.ac.uk/licenses/by-nc-nd/4.0/,DanaInfo=creativecommons.org+

550

W. WU et al.

parts usually need lots of machining to meet the size and shape
requirements.” But CFRP is a kind of typical hard-to-
machining material, machining damage easily occurs and is
very sensitive to tool wear. While the hard carbon fibers dra-
matically accelerate the tool wear. Thus, tool wear is one of
the most important factors for high quality machining of
CFRP."’

It is well known that the fiber orientation has a significant
impact on CFRP cutting process. Cutting mechanism under
different fiber orientations has been studied by many scholars
in the past decades. Wang et al.® investigated the mechanisms
of orthogonal cutting of unidirectional Gr/Ep and found that
material removal was primarily dependent on the fiber orienta-
tion, three different cutting mechanisms were discussed in 0°
fiber orientation, positive fiber orientation up to 70° and neg-
ative fiber orientations. An et al.” investigated the chip forma-
tion process and its effect on the machined surface, different
cutting mechanisms at various fiber orientations were dis-
cussed. A three-dimension micro-scale cutting simulation
model was established by Meng et al.,'® variation of cutting
mechanism was analyzed and summarized into tearing type,
crushing type and bending type.

In addition to the cutting mechanism, the tool wear mech-
anism in machining of carbon fiber reinforced plastics has been
investigated. Rawat and Attia'' studied the wear mechanism
of tungsten carbide in drilling woven graphite fiber epoxy com-
posites at high speed and analyzed the effect of tool wear on
cutting force and tool quality. Fracture at the beginning of
drilling process, following abrasion and possibly adhesion
were found to be the main wear mechanisms. Azmi et al.'?
studied the wear mechanism of uncoated tungsten carbide
tools using end milling tests of GFRP composites, they
observed that the failure mechanism was due to abrasion on
the flank face. Ramirez et al.'® highlighted the effects of tool
wear on cutting forces and temperatures, and also found that
abrasion was the main wear mechanism during drilling CFRP.

In view of the influence of fiber orientation on cutting
mechanism, tool wear will also vary with different orienta-
tions. Some scholars investigated the relationship between
fiber orientation and tool wear in cutting of CFRP. Maegawa
et al."* conducted down-milling experiments of unidirectional
and cross-directional CFRP and found that fiber orientation
in the CFRP laminates relative to the tool-traveling direction
is an important factor to the tool wear process. The tool-
edge height was defined to explain the relationship between
worn edge profiles and the surface roughness. Nguyen et al.'”
studied the impact of fiber orientation on tool wear by con-
ducting edge-trimming experiments with particular ply angles
of 0°, 45°, 90° and 135° under different spindle speeds. They
found that cutting speed affects all wear characteristics regard-
less of the ply angle, and the 45° plies resulted in extensive
flank wear while the 0° plies had the least amount of tool wear.
In summary, most of the studies on the relationship between
fiber orientation and tool wear in cutting of CFRP only give
the experimental results, less of them conduct detailed analysis
of wear evolution and mechanisms. In this paper, side-milling
experiments with large-diameter milling tools are conducted. A
microscopic cutting model of CFRP was established. The
effects of fiber orientation on tool wear evolution, wear mech-
anism and cutting quality were studied. The cutting stress at
different wear stages in cutting of CFRP with different fiber
angles were particularly extracted and discussed compared

with the worn profiles of cutting tool. The changes in cutting
mechanisms of fibers caused by tool wear were also analyzed.

2. Modeling

A 2D micro cutting model was established to simulate the
orthogonal cutting process, which was capable to reveal the
stress distribution and material removal in the cutting process
well.'01 Considering the structure of CFRP, the model was
mainly composed of three phases: carbon fiber, epoxy matrix
and interface phase.”’ In order to conform to the actual pro-
cessing situation, the width of fiber in the model is 7 um, cor-
responding actual fiber diameter is 7 pm. In the area away
from the cutting zone, equivalent homogeneous material
(EHM) was used to reduce the calculation cost and provide
a supporting function, as shown in Fig. 1.

Carbon fiber was considered as a transversely anisotropic
material, the failure initiation was characterized by the 2D
Hashin criterion as formulated in Eq. (1).”' Because of its brit-
tle property, there was almost no degradation stage.

2 2

Longitudinal tensile(o; > 0)(%) + <%I72) > 1

Longitudinal compressive(g; < 0):(;,—1)2 > 1

2

2 2
Transverse tensile(o, > 0)(”7[) + (;ﬁ) > 1

2 2

Transverse compressive (g, < 0) : (2) + (2) =1 (1)
Yc SIZ

where, X;, X, Y, and Y. denote the longitudinal tensile

strength, longitudinal compressive strength, transverse tensile

strength and transverse compressive strength, respectively.

S12 denote the shear strength of carbon fiber.

Different from the fiber, the epoxy matrix exhibits elastic—
plastic behavior. The stress—strain relationship in elastic stage
is considered to be liner and satisfies generalized Hooke’s law.
The Johnson-Cook constitutive model was used to describe its
plastic stage, as reported in Eq. (2). The DUCTILE failure cri-
terion was utilized to characterize the failure of matrix.

o= [A+B§ﬂ[1 + Cln&[l — T 2)

where, ¢ is the equivalent stress, EZ is the equivalent plastic
strain,&" = &/&, o is the reference strain
rate. T = (T — T,)/(Tw — T;), where, T, is the room tempera-
ture, T}, is the melting point of the material. A, B, C, n and m
are the parameters determined through experiments.

The interfacial phase between fiber and matrix was realized
by zero-thickness cohesive element in Abaqus using traction-
separation law, which was considered to be failed when the
absorbed energy reached the fracture energy. All of the param-
eters were obtained from the previous literatures (see Table 1).

In the FE model, the deformable body was established in
the front of the tool in this paper to get the stress distribution
on the tool, and the movement was realized by the rigid body
behind it, as shown in Fig. 1. It is worth noting that in order to
obtain accurate stress distribution, the tool profiles in the sim-
ulation were obtained from the experiments, and then
imported to Abaqus. The friction coefficient between tool
and workpiece was set to 0.3."7 COH2D4 element was used
for interface phase, and CPS4R was used for other parts. In
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Fig. 1

Table 1 Material properties of CFRP in simulation.”” **

Zero-thickness
/ cohesive element

Fiber

Deformable

Schematic of 2D FEM model when 0 = 45°.

Material Property

Value

Carbon fiber Elastic constants
Longitudinal strength
Transverse strength
Shear strength

Density

Elastic constants
Fracture energy
Johnson-Cook params
Density

Epoxy

Normal stress
Shear stress
Elastic stiffness
Fracture energy

Interface

EHM
Tool

Elastic constants
Elastic constants

E] = 235 GPa, E2 =14 GPa, Hi2 = 0‘25,612 = 2.8 GPa
Xt = 4.62 GPa, Xc = 3.96 GPa

Yt = 1.5 GPa, Yc = 3.34 GPa

S12 = 1.5 GPa

pr = 1.47 glem®

E = 34 GPa, u = 0.35

0.15 mJ/mm?

A = 120 MPa, B = 654.18 MPa, C = 0.124, m = 0.304, n = 0.772
pe = 1.2 glem®

tn = 50 MPa

ts = 75 MPa

K = 10°N/mm?

Gn = 0.015 mJ/mm?%, Gg = 0.045 mJ/mm?>

E = 135 GPa, u = 0318

E = 630 GPa, u = 0.3

order to ensure the accuracy of the results, the mesh scale in
cutting zone was 1 um x 1 pum.

In order to quantitatively compare the tool surface stress
under different fiber orientations and wear stages, paths were
defined along the tool surfaces, and then the stress on the paths
were extracted, as shown in Fig. 2.

3. Set up of the experiment

3.1. Workpiece material

Unidirectional CFRP (UD-CFRP) plates with T700 carbon
fibers (~60 % volume fraction) and epoxy resin were used as
the workpiece. The size of the plates were
170 mm x 120 mm x 5 mm. In the case of = 135°, seriously
splitting occurred in the cutting process, as shown in Fig. 3(a).
So two 0° plies of 2.5 mm were placed on both sides of the 135°
ply of 5 mm, as shown in Fig. 3(b). The cutting forces of 135°
plate were calculated by the measured forces when cutting the

combinatorial plate subtracting the forces when cutting the
two single 0° plates.

3.2. Experimental setup and cutting conditions

The traditional orthogonal cutting experiment is not consistent
with the actual cutting process because of the low cutting
speed. In this paper, considering the high cutting speed and
the unicity of fiber orientation, large-diameter side-milling
experiments were conducted. The diameter of the milling tool
was much larger than the width of milling, so it was very close
to high-speed orthogonal cutting. A 5-axis DMG machining
center was used to carry out the experiments and a Kistler
dynamometer was used to record the cutting forces, as shown
in Fig. 4.

Uncoated tungsten carbides inserts were used in the exper-
iments. In order to eliminate the installation error of inserts,
only one insert was installed on the holder at the same time.
There was no any cooling device in the cutting process. Cutting
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Fig. 3  Schematic diagram of plate.

Vertical view

Fig. 4 Set up of experiment equipment.

parameters were set to be constant, as listed in Table 2. In
order to analyze the tool evolution, the tools after feeding
25,50, 75, 100, 125, 150, 200, 300, 500, 1000 mm were observed
and measured.

3.3. Measurement

Cutting forces during the machining process were measured by
dynamometer (Kistler), it could record the force and moment
of three vertical directions at the same time. A series of 2D tool
profiles were obtained by an edge-profile measurement instru-
ment (IF-Edgemaster produced by Alicona) as shown in
Fig. 5, from which the evolution of tool wear could be ana-

lyzed. Scanning electron microscopy (SEM) was used to
observe the tiny details on the cutting edge and the machined
surface. To avoid the influence of residual chips, all tools were
cleaned by ultra-sonication in alcohol for 30 minutes before
measurement.

Different features of worn edge profiles were recognized
based on the 2D tool profiles. According to Raj and
Karunamoorthy article,” peak flatting (PF), flank rounding
depth (FRD), flank rounding width (FRW), flank wear (VB)
and cutting edge radius (CER) were used to characterize tool
wear in this study. The schematic diagram is shown in
Fig. 6. Where, P, is the intersection point of two least squares
fitting lines of rake face and flank face, P; is the peak point of
tool profile, a horizontal line is generated through P, then the
line is translated downward by 0.5 pm and intersects with the
profile at two points, P, and Pz (0.5 pm is reported to be the
highest repeatability value). The characters were defined by
these points.

4. Result and discussion

4.1. Analysis of cutting force

Fig. 7 shows the schematic of up-milling process, the forces
in X and Y direction were obtained directly by the dynamome-
ter. Then, cutting forces were decomposed into cutting force
Fc and thrust force Fr, along the direction tangent to and per-
pendicular to the tool movement, respectively. It can be
obtained by Eq. (3):
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Table 2 Experimental cutting condition.

Tool Value  Machining conditions Value
Material WC/ Spindle speed 7, 600
Co (r/min)
Clearance angle o (°) 11 Cutting speed v 120
(m/min)
Rake angle y (°) 14 Feed rate 1 0.03
(mm/tooth)
Cutting edge radius r, ~7 Number of tooth 1
(um)
Coating None  Depth of milling a, 5
(mm)
Tool diameter d (mm) 63 Width of milling a. 2
(mm)
Coolant None
Fo = [ (Fycos @ — Fysin @)dp/ gy )
FT = fo e (FV sin Y + FX cos q))dq)/q)max

where ¢ is the angle between the tool and the vertical feed
direction in the cutting process. From the milling tool diameter
is 63 mm and the milling width is 2 mm, the value of
Pmax = 20.56° can be calculated.

Fig. 8 shows the cutting forces under different fiber orienta-
tions. Generally, the thrust force is much larger than the cut-
ting force, which is consistent to the results in previous
literature.”® ** Cutting force increase with the feeding. At the
beginning of process, there are apparent differences in cutting
forces at different orientations. The cutting force produced by
90° ply is the largest, followed by 45°, while the cutting forces
produced by 0° and 135° are significantly less than that of the
previous two angles. This is considered to be related to the cut-
ting mechanism at various fiber orientations. When 6 = 0°, the
main fracture mode of fiber is excessive bending,z() fibers ahead
of the cutting tool fail once the bending stresses exceed the fail-
ure stress.’® For the 45° and 90° plies, the fibers undergo a
crush-dominated failure at the contact point of the tool, the
bending stresses in the fibers can also be observed below the
cutting plane.’® When fiber orientation is 135°, the fibers are
bent to failure by the movement of rake surface, because the
failure point is below the cutting surface, the “burst” type
chips are formed.” Since the failure mode of fiber is dictate
the cutting force, the crushing-dominated failure requires more
cutting force than the bending failure,” so the cutting forces at
45° and 90° are relatively large. It can also be verified by the

Clearance surface

Rake surface

Flank wear

Peak flattin,
(VB) ¢

(PF)

Flank rounding
width (FRW)

Flank rounding - —
Cutting edge
depr(FRD) ragius %CEgR)

Fig. 6 Features of worn tools.

Fig. 7 Schematic of up-milling configuration.

numerical simulations, the cutting forces are 13.65, 31.48,
32.73, 20.02 N in order (the value is the average value of the
cutting force in the stable stage). However, as the tool wear,
the cutting forces at 90° and 45° reach the same level, this is
due to the similar cutting mechanism after tool wear, more
fibers are bent to failure when the tool wear severely as dis-
cussed in the following sections. For the thrust force, there
are some differences. At the beginning, the thrust force at
45° ply is the largest, then 90°, 0° and 135°, this is reported
to be related to the spring back of carbon fibers.”® With the
wear of tool, the thrust force at 0° becomes larger than that
at 90°. The increased negative flank angle of tool after wear
causes a larger thrust force from the fibers. In sum, the differ-
ences in cutting and thrust forces are mainly related to the dif-

Fig. 5 Profile obtained from edgemaster.
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Fig. 8 Cutting force and thrust force under 0°, 45°, 90° and 135° orientation.

ferent cutting mechanisms of CFRP in different tool wear
stages.

4.2. Evolution of the edge profiles with tool wear

The 2D profiles of the fresh tool and worn tools after feeding 25,
50, 75, 100, 125, 150, 200, 300, 500 and 1000 mm under different
fiber orientations are shown in Fig. 9. It can be seen that the tool
profiles when cutting different orientations are significantly dif-

150
_ Fresh tool
~ 100
g
E ljrl;i k Rake face
an Worn tool
b
waterfall edge)
0 50 100 150 200
Tool profile (um)
(a) 6=0°
150
Fresh tool
~ 100 % \
Ei 7
z Ffl;;k N\ Rake face
2 Worn tool
T 50 (1000 mm
combined shape)
0 50 100 150 200
Tool profile (um)
(c) 6=90°

ferent. The obvious waterfall edges are obtained when 6 = (0°
and 45°, while the round edges formed when = 135°. The worn
edge profiles at 90° are the combined shape of waterfall and
round edges. In order to quantitatively analyze the tool wear,
the method as depicted in Fig. 6 was used to extract tool features,
and the results are shown in Fig. 9, the wear area was also intro-
duced to measure the extent of wear.

In terms of wear area as shown in Fig. 10(f), cutting 90° ply
produced the most severe wear, then 45° and 0°, while 135° ply

150
_— Fresh tool

—~ 100 [
£ Fflank / ) Rake face
'S ae Worn tool
T 50 (1000 mm

waterfall edge)

0 50 100 150 200
Tool profile (um)
(b) 8=45°
150
Fresh tool
~ 100
£
. Flank
E—D face Worn tool Rake face
o (1000 mm \
& ol round edge)
0 50 100 150 200
Tool profile (um)
(d) 6=135°

Fig. 9 Tool wear profiles under four different fiber orientations.
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Fig. 10  Quantitative indexes of tool wear.

produced the least tool wear. Generally, the flank wear is much
severer than the rake wear regardless of fiber orientation,
although the worn profiles are obviously distinct. When
0 = 0°, VB and FRW are larger than other orientations (see
Fig. 10(c) and (d)), which means that the length of contact area
between flank face and workpiece is the largest. Meanwhile,
the CER is the least because of the waterfall profile. As for
0 = 45°, the FRD and PF are almost the largest, while CER
is relatively small. 90° fiber orientation produced the largest
CER, and most of the other worn characters are at high level.
In contrast, all of the worn characters are the least when cut-
ting 135° ply except that CER is only next to 90°. The differ-
ences in the worn profiles are due to the different contact
states and cutting stress distribution of the tool at variable

fiber orientations, which will be discussed in detail in the next
section combing with the cutting mechanism.

4.3. Wear mechanism

The wear mechanism of tool has a great correlation with the
cutting mechanism of CFRP. A series of simulations in differ-
ent wear stages were conducted to have an intuitive under-
standing of wear evolution.

4.3.1. When 0 = 0°

When 0 = 0°, Fig. 11 presents the simulations of fresh tool
and worn tools after feeding 25, 100 and 500 mm. At the initial
cutting stage, Fig. 11(a) indicates that debonding between
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Simulations of cutting process when 6 = 0°.

Particles
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(b) Fresh tool (x5000)

Fig. 12 SEM images of the cutting edge of fresh tool.

fibers and matrix occurs first due to the low interface strength,
then the material above the cutting edge is lifted up along the
rake face and bent to failure. As a result, the rake face away
from cutting edge experiences little and discontinuous interac-
tion from the chips, leading to a small amount of wear. It is
noted that the debonding surface is over the tool-workpiece
interface, so the fibers beneath the debonding surface have dif-
ferent failure mode, they are compressed and buckled to failure
under the action of tool. In this process, cutting stress concen-
trates in the region inclining to flank face side as shown in
Fig. 11(a), the fracture surfaces of fibers exert a significant
abrading action to cutting tool. Consequently, tool wear con-
centrates in this region.

As the tool wear, it can be seen in Fig. 11(b)—(d) that the
negative clearance angle is more and more evident and the
actual cutting thickness is decreased. A larger amount of fibers
under the flank face are pressed and rubbed to failure, the
stress here can reach 3000 to 4000 MPa, and the high stress
area extends along the flank face. Correspondingly, it causes
further wear in this area.

Figs. 12-13 show the corresponding tool surface and
machined surface. It can be seen that there are a large number
of exposed carbide particles at the sharp edge of the fresh tool
(see Fig. 12(b)), which are easy to fall off. After feeding 25 mm,
as shown in Fig. 13(a) and (b), the exposed carbides have fell

off and the surface on cutting edge becomes smooth. At the
same time, some small pits can be found out on the worn sur-
face, this is due to the carbide particles being pulled out
because of the wear of cobalt binder during contaction with
the fibers.’' Besides, it can be seen that there are small
scratches on the flank face near the cutting edge, which is con-
sidered that abrasive wear occurred under the action of falling-
off carbides particles. At this instant, an actual negative clear-
ance angle forms, which further enhances the friction between
flank face and the fibers beneath the debonding surface. Thus,
tool wear in this stage continues to extend along the flank face.

After feeding 100 and 500 mm, as shown in Fig. 13(e) and
(h), the shapes of worn edge profile change little, and there are
still lots of pits but scratches on the flank face are significantly
reduced. CER of the worn edge is still small, which is a reason
for that the cutting force does not increase obviously. Under
the action of the fibers beneath the debonding surface, the area
of flank wear is enlarged a lot. Resulting in the large increase
of thrust force and lots of fractured short fibers on the
machined surface, as shown in Fig. 13(c), (f), (i).

Interestingly, it can be observed from Fig. 14 that small
dimples range from 7 pm to 9 pm appear on the rake face near
the cutting edge, which cannot be observed from any other ori-
entations. It is due to the abrasion effect by the buckled-failure
fibers ahead of the edge, as shown in Fig. 11(c).
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Fig. 13 SEM images of worn tools and machined surfaces after feeding 25 mm, 100 mm and 500 mm when 6 = 0°.
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4.3.2. When 0 = 45°

For the fresh tool at the initial cutting stage, the fibers ahead of
the cutting edge are sheared to failure, then debonding occurs
along the fiber orientation and cutting chip forms at last (as
shown in Fig. 15(a)). Under the flank face, the broken fibers
spring back to a certain extent, and the rebound direction is
just opposite to the forward direction of the tool, which leads
to continuous rubbing between the tool and fractured fibers as
well as the concentrated stress on flank face. Besides, the com-
bined effects of shear stress perpendicular to fiber orientation
of 45° and the fiber spring-back bring about the maximum
thrust force at 45°. The situations for the worn tool after feed-
ing 25 mm are similar to those for the fresh tool, except that a
larger flank wear, as shown in Fig. 15(b).

With the cutting process, the region of flank wear increases
continuously, when the feeding distance reaches 500 mm, most
of the fibers ahead of the cutting edge are not only sheared by

the tool, but also bended and compressed to failure (Fig. 15
(d)), which leading to severe sub-surface damage.

Fig. 16 presents the SEM images of tools and machined sur-
faces after feeding 25, 100 and 500 mm. The evolution of worn
morphologies of tool at different wear stages at 45° is similar
to that at 0°. It can be seen from Fig. 16(c), (f), (i) that with
the tool wear, the number of fibers fractured by bending
increases a lot and even obvious gaps occur on the machined
surface after feeding 500 mm. In general, similar to 0° fiber ori-
entation, 45° orientation produces waterfall edge profile, but
the wear near cutting edge is more severe. It is related to the
cutting mechanism in this case. After shearing failure, the frac-
tured surface of every fiber exerts rubbing and abrasive action
on the region on flank face near cutting edge. At the same time,
cutting stress concentrate in the region near the cutting edge.
So, a larger PF (i.e. a larger wear near cutting edge) is obtained
at 45° than that at 0°.
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Fig. 16 SEM images of worn tools and machined surfaces after feeding 25 mm, 100 mm and 500 mm when 6 = 45°.

4.3.3. When 0 = 90°

According to the simulations in Fig. 17, the cutting mechanism
under different wear stages can be obtained. At the initial wear
stage, fibers in the cutting region are subjected to bending
firstly, then the cracks appear when the strength exceeds the
shear strength or bending strength, at last the chips are forced
to move along the rake face. Most bending-induced cracks
occurs under the cutting surface, resulting in sub-surface dam-

age and worse surface quality compared to that at 45° orienta-
tion. In the chip formation process, debonding occurs along
the fiber orientation, however, due to that the fiber is perpen-
dicular to feeding direction, the movement of chips along rake
face is more difficult compared with that at 45° orientation,
resulting in severe compress in the region near cutting edge
inclining to rake face side. Combined with the pressing and
rubbing action of the fibers under flank face, wear concentrates
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Fig. 17 Simulations of cutting process when 6 = 90°.
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Fig. 18 SEM images of worn tools and machined surfaces after feeding 25 mm, 100 mm and 500 mm when 0 = 90°.

around cutting edge, leading to a large CER (see Figs. 9-10).
In addition, due to the sub-surface bending failure of fibers,
the abrasive action on flank face is actually reduced. There-
fore, the width of flank wear (VB) at 90° orientation is less
than that at 0° and 45° orientations, as shown in Figs. 9-10.

With the increase of tool wear, CER continues to increase,
and fibers in front of cutting edge suffer large pressing stress.

Combined with Fig. 17(b)—(d), the actual negative clearance
angle of the tool increases continuously, resulting in the
decrease of the actual cutting depth, both pressing-failure
and shearing-failure may occur simultaneously. The sub-
surface bending-failure for fibers under flank face become
more severe and a large amount of chipped fibers are
produced.
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Fig. 19  Simulations of cutting process when 0 = 135°.
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Fig. 20 SEM images of worn tools and machined surfaces after feeding 25 mm, 100 mm and 500 mm when 0 = 135°.

The SEM images of tools and machined surfaces after feed- Besides, machined surface also deteriorates due to severe sub-
ing 25, 100 and 500 mm when 0 = 90° are shown in Fig. 18. surface bending-failure of fibers with tool wear, as shown in
There is little difference in the worn morphologies of tool at Fig. 17(d), more and deeper cracks occur, resulting in fiber
different wear stages compared to those at 0° and 45°. Under pull-out and even a large blocky missing workpiece at the late
the abrasion of chipped fibers, flank wear increases gradually. wear stage, as shown in Fig. 18 (¢), (), (i).
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4.34. When 0 = 135°

When a new tool is used in cutting 135° ply (see Fig. 19(a)), as
the tool moves forward, all of the fibers experience bending
failure, but the fracture point is located below the cutting sur-
face. In this process, the rake face has a serious compress effect
on the fibers, while the flank face of the tool can hardly contact
with the workpiece. Consequently, cutting stress and wear con-
centrate on the rake face near the cutting edge and the wear of
the flank face is much smaller at the early wear stage compared
with that at other fiber orientations, as shown in Fig. 9(d).

With the increase of tool wear, the cutting mechanism is
almost the same. The high stress area gradually transfers to
the part on the flank face near the edge, resulting in a relatively
uniform tool profile, CER continues to increase. The large
edge rounding at late wear stage can lead to the contact and
abrasion action of the broken fibers on flank face (see
Fig. 19(d)), thus flank wear increases a lot after feeding
1000 mm (see Fig. 9(d)).

The SEM images of worn tools after feeding 25, 100 and
500 mm are shown in Fig. 20(a), (d) and (g), the grinding tex-
tures on the flank face, which is produced during tool produc-
tion process, can be clearly seen even after feeding 500 mm. It
is another evidence that flank wear at 135° fiber orientation is
small. There are no obvious horizontal scratches like Fig. 13
(b), which is attributed to the little action of fall-off WC par-
ticles at the initial cutting stage on flank face. Fig. 20(c), (f)
and (i) show the machined surfaces, severe sub-surface damage
occurs at the beginning of cutting process, with the tool wear,
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Stress distribution of tool surface and corresponding profiles when 6 = 0°.

the scale of sub-surface damage increases due to the blunt cut-
ting edge, which can be also seen from the simulation results in
Fig. 19.

Compare the tool surface stress distribution under four
fiber orientations, it is not difficult to find that the cutting
mechanism determines the stress distribution, which leads to
different tool wear. The order of peak of surface stress is as fol-
lows: 45°, 90°, 135°, and 0°, which is just consistent with the
order of the tool wear.

4.4. Discussion

Different fiber orientations lead to different tool wear profiles
of cutting edge, as shown in Fig. 9, which is also observed in
other studies.'*'* Based on the simulation results(Figs. 11,
15, 17 and 19), the different wear profiles are mainly related
to the stress at different cutting stages. In order to observe
the tool surface stress more obviously, the stresses along the
cutting edge are extracted using the method shown in Fig. 2
and compared.

When 6 = 0°, the surface stress distribution and the corre-
sponding profiles of the tools are shown in Fig. 21. It can be
seen that when using a new tool the stress on the flank face
is generally higher than that on the rake face, This is due to
the fact that the bent fibers are peeled off after a short contact
with the rake face, while the flank face continues to rub against
the machined surface. Combined with Fig. 11(a), the fracture
surfaces of fibers exert a significant abrading action to cutting
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tool, resulting in the stress concentration in the region inclining
to flank face side, which is consistent with the worn profile of
tool. With the process of tool wear, the flank wear increases
gradually, and more fibers below the cutting plane are
squeezed by the flank face(Fig. 11), which intensifies the wear
of the flank face, thus, the thrust force also increases. Nguyen
et al. have a similar conclusion."” Due to the uneven wear of
the rake and flank faces, the waterfall cutting edge is formed.

When 0 = 45°, Fig. 22 shows the stress distribution of the
tool surface. When using the fresh tool, it can be seen that the
stress is mainly concentrated near the cutting edge, and the
stress on the rake face is very small, which is due to the small
contact area between the rake face and the chips. The highest
stress point(higher than 6000 MPa) at the cutting edge is due
to the fact that the tool meshes in simulation were set as unable
to delete, which contacts with the sharp fractured fibers, result-
ing in a large stress concentration. Compared to 0 = 0°, the
cutting edge close to the rake face has a serious extrusion effect
on the fibers during the cutting process, so the rake face wear is
relatively worse. With the tool wear, the actual negative rake
angle gradually increases, it significantly increases the wear
on the flank face than that on the rake face, resulting in water-
fall shape.

When 0 = 90°, the stress distribution of the tool surface is
depicted in Fig. 23. Different from that at 0° and 45°, at the
initial wear stage the high stress is not only distributed on
the flank face, but the area near the cutting edge on the rake
face, the wear degree of rake face and flank face is similar,
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Stress distribution of tool surface and corresponding profiles when 6 = 45°.

causing the increase of CER(Fig. 10(e)). This is due to the
strong squeezing effect of the rake face on the fiber during
the cutting process.”® With the tool wear, the sub-surface
bending-failure for fibers under flank face become more severe.
But the broken fibers cannot be removed timely, they are laid
on the cutting surface as shown in Fig. 17, resulting in the seri-
ous scratch between the flank surface and short fibers, so the
wear of the flank face is increasing, the high stress area of
the flank face also increases(Fig. 23(b)—(d)). Thus, the com-
bined shape of waterfall edge and round edge is formed,
Henerichs also get the similar shape.™

When 6 = 135°, Fig. 24 shows the stress distribution of the
tool surface. During the cutting process, the fibers are bent to
failure under the action of the tool rake face.” Therefore, at the
beginning of cutting the stress on the rake face is larger and the
wear is correspondingly severer, as shown in Fig. 24(a). The
high stress area is concentrated in the cutting edge close to
the rake face, and the stress on the rake face is very small.
As the tool moves, the flank face begins to contact the
machined surface and is scratched by broken fibers. As a
result, the high stress area moves towards to flank face, but
the scale is relatively small, the round edge is gradually formed.

Compare the tool surface stress distribution under four
fiber orientations, it is not difficult to find that the cutting
mechanism determines the stress distribution, which leads to
different tool wear. The order of peak of surface stress is as fol-
lows: 45°, 90°, 135°, and 0°, which is just consistent with the
order of the tool wear. The results are similar to that from
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Fig. 23  Stress distribution of tool surface and corresponding profiles when 6 = 90°.

Dold,** who considers that 30° fiber orientation shows largest
wear. But some researches have different results,'” they believe
that the least wear is obtained when 6 = 0°, this maybe related
to the set up of experiments, the use of small-diameter milling
tool leads to a large variation of actual fiber cutting angle dur-
ing the milling process, while a relatively small range when
using large-diameter milling tool.

In the actual process of cutting CFRP, unidirectional plates
are rarely used directly, usually the multidirectional plates.
Because different fiber orientations have different effects on
tool wear, the tool has different profiles corresponding to the
position of different layers,** it is not benefit to the tool life.
It may be possible to move the tool along the ply direction
to make the tool wear uniformly and reduce the severe wear
in some orientations, which needs to be further studied.

5. Conclusion

This paper has investigated the tool wear evolution and related
mechanism when cutting of UD-CFRP. A series of simulations
were conducted to obtain a lucid comprehension on the wear
mechanisms. Paths are defined to analyze stress distribution qual-
itatively, while the 2D profiles are obtained to analyze the extent
of tool wear quantitatively. Based on the experimental and
numerical results, the following conclusions have been drawn.

(1) The cutting force is related to the fracture mode of the
fibers. The highest level of cutting force is produced
when cutting 45° and 90° plies while the least is pro-

duced at 135°. However, the thrust force is mainly
related to the rebound of fibers and the extrusion of
worn tools on fibers below the cutting surface, the high-
est thrust force is obtained when cutting with 45° fiber
orientation.

(2) The tool wear profile varies greatly with different fiber
orientations. Severe tool wear occur when cutting 45°
and 90° plies, followed by 0°, while the least wear is
obtained when 0 = 135°. Besides, the tool wear stage
is also a vital factor for tool wear profile, the wear posi-
tion is different in different wear stages.

(3) The stress distribution on the tool surface is determined
by the cutting mechanism, and it is highly consistent
with the wear area. The distribution of high stress area
on the tool surface determines the position of tool wear,
and the magnitude of stress determines the degree of
tool wear.

(4) The cutting mechanisms are not only related to fiber ori-
entation but also tool wear stage. With the tool wear,
more fibers are compressed or bent to failure instead
of sheared to failure under the action of worn flank face.
It leads to chipped fibers and severe damage in sub-
surface.
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