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Abstract: Carbon fiber reinforced plastic (CFRP) is used in various industries because of its high
specific strength, but it is well known as a difficult material to cut. In this study, we developed a
disc-shaped electrodeposited diamond wire mesh grinding wheel as a new method for cutoff and
grooving with a large aspect ratio for CFRP. We confirmed that this tool could be used for machining
at a feed rate of 1000 mm/min, equivalent to that of an abrasive waterjet. This tool discharges
generated chips through the spaces in the wire mesh, preventing clogging and thereby enabling the
suppression of machining temperature. No burrs or delamination were observed on the surface
machined with the wire mesh grinding wheel, and the surface roughness was Ra = 2.76 µm. However,
the groove width was larger than the wheel thickness due to the runout of the wheel. Additionally,
the moderate elasticity and durability of the tool suggest that it might extend tool life by avoiding the
crushing of abrasive grains.

Keywords: CFRP; wire mesh grinding wheel; clogging; temperature; surface roughness; diamond
abrasive grain

1. Introduction

Carbon fiber reinforced plastic (CFRP) is widely used in various industries due to
its high specific strength and high specific modulus. Demand for CFRP is increasing,
especially in the aerospace industry [1,2]. However, CFRP is known as a difficult material
to cut, and aircraft components require a lot of cutoff and grooving operations. Cutting
with an end mill, which is a common machining method, has the following problems:
machining efficiency cannot be increased to prevent delamination of CFRP fibers [3–7],
and tool life is short due to high wear rates [8–12]. Abrasive waterjet processing has also
been used [13–15], but it has the problem of high initial investment, maintenance, and
running costs [16]. In addition, most of these previous studies focused on the cutting
or edge-trimming process; there have been few studies on grooving with a large aspect
ratio. In this study, we investigate a grooving method with long tool life and low initial
investment.

Grinding is widely regarded as a promising machining process for achieving high-
quality results when working with CFRP. Hu et al. [17,18] dry-ground CFRP using a
resinoid grinding wheel with WA abrasive grains and showed the relationship between
surface roughness and the angle of the fibers relative to the grinding direction. The most
pronounced surface roughness was observed when the fiber orientation resulted in an
obtuse angle between the grain and the cutting direction. This can be attributed to the
cutting of fibers as they are lifted during the process.

Diamond abrasives are generally used for grinding CFRP due to their high thermal
conductivity and hardness. Gao et al. [19] constructed a mechanical model of diamond
single-particle grinding and verified it experimentally, considering the differences in the
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coefficient of friction between abrasive grains and CFRP under different lubrication condi-
tions. The results showed that minimum quantity lubrication (MQL) grinding can reduce
the grinding force compared to dry grinding. Both Wang and Ning et al. [20,21] showed
that when rotary ultrasonic machining (RUM) is applied to a metal-bonded diamond
grinding tool, the frictional force decreases, and the cutting force and torque decrease
because of the shorter contact time between the workpiece and the tool with increasing
ultrasonic power. Yuan et al. [22] showed that it is possible to cut CFRP at high cutting
speeds (76 m/s, 25,000 rpm) using a diamond-abrasive ultrathin dicing blade. However,
the serious vibration of the spindle in the horizontal direction limited the rotational speed
to increase further. In addition, the depth of the cut they performed was 0.6 mm, which
was rather small for high-efficiency machining. In contrast, our proposed tool can cut and
groove with a cut depth of more than 7 mm.

While grinding is expected to produce high-quality workpieces, problems related to
clogging are difficult to cut. Clogging problems should be considered because they increase
grinding force and generate abnormal temperature increases. Soo et al. [23] showed that
tool wear, grinding resistance, and machined surface roughness were lower when diamond
abrasive was used in end-face grinding of CFRP than when CBN was used. They also
observed that excessive clogging shortened tool life.

Suzuki et al. [24] developed a tool with diamonds electrodeposited on a cylindrically
rolled wire mesh as a method to prevent clogging. The tool was applied to the drilling
of CFRP, revealing that it could achieve a high-efficiency equivalent to a twist drill. In
this study, we took advantage of this feature to develop a tool with diamond abrasive
grains electrodeposited on a disc-shaped wire mesh. This tool is characterized by its ability
to machine grooves with large aspect ratios and by its long life. In this paper, we show
that clogging can be avoided and that low stiffness is effective in extending the life of
grinding wheels.

2. Wire Mesh Grinding Wheel Features
2.1. Appearance and Advantages of Grinding Wheels

Figures 1 and 2 show the side view of the proposed tool and its outer circumference,
respectively. Diamond abrasive grains were electrodeposited around the wire mesh cor-
responding to the base metal. The diameter was 150 mm, the protrusion from the base
disk was 10 mm, and the thickness was 1 mm. The wire is austenitic stainless steel (SS304),
0.5 mm in diameter, with a space of 0.5 × 0.5 mm. The grain size was #100 (average grain
size 149 µm). The mesh size depends almost entirely on the wire diameter. In addition, a
space must remain after the abrasive grains are electrodeposited. After considering these
factors comprehensively, a space size of 0.5 mm × 0.5 mm was selected.
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Figure 2. Comparison of grooving methods.

In addition, the wire mesh grinding wheel had peripheral runout, which is difficult to
remove. One of the reasons for this is the low roundness of the wire mesh when it is cut
into disk shapes. Nevertheless, as will be described later, cutting is possible without any
problem, even if there is a large runout.

Figure 2 shows the difference in groove width when machining CFRP using an abrasive
waterjet (AWJ), an end mill, and a wire mesh grinding wheel. AWJ is not suitable for
grooving because it only allows machining through penetration. A wire mesh grinding
wheel can be used to machine thin and deep grooves with larger aspect ratios than end mills.
Although such grooving is possible with general electroplated cutters, the difficulty in
removing chips results in frequent tool changes due to clogging. In the case of a wire mesh
grinding wheel, the chip discharge effect shown in Figure 3 can prevent clogging. In the part
of the grinding wheel involved in machining, chips are temporarily held in the wire mesh
space, as shown in Figure 3a. In the part of the grinding wheel not involved in machining,
chips are discharged by centrifugal force due to rotation, as shown in Figure 3b. The
pre-processed part of the grinding wheel remains free of clogging, as shown in Figure 3c.
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2.2. Stiffness of Grinding Wheel

The base metal of the proposed tool was wire mesh, which is less rigid than a typical
solid base metal, even considering that the electrodeposition layer strengthens the wires
by bonding them to each other. We first investigated the stiffness of this wire mesh
electrodeposited grinding wheel. Figure 4 shows the method of testing for out-of-plane
bending stiffness. A wheel was fixed on a dynamometer (KISTLER 9257B), a pin was
pressed down 72 mm from the center against a wheel with a diameter of 150 mm (radius
75 mm), and displacement and load were measured. In addition to the electrodeposited
diamond mesh wheel (hereafter referred to as the wire mesh wheel), the bending stiffnesses
of two other wheels were measured for comparison: a resinoid wheel (grain: GC, grain
size: #100, bond: N) and an electrodeposited diamond solid wheel (base metal: SUS304,
grain: diamond, grain size: #100, hereafter referred to as the solid wheel). Figure 5 shows
these three types of grinding wheels.
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Figure 6 shows the relationship between load and displacement for each grinding
wheel. The load varies linearly with displacement for all grinding wheels. As the slope
of the graph is the stiffness of each wheel, the stiffness values of the resinoid wheel, the
solid wheel, and the wire mesh wheel were 63.7 N/mm, 283 N/mm, and 30.4 N/mm,
respectively. The stiffness of the wire mesh wheel was about 1/2 that of the resinoid wheel
and 1/10 that of the solid wheel.
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2.3. In-Plane Stiffness of Thin Grinding Wheel

The in-plane stiffnesses of thin grinding wheels were also tested as follows. Figure 7
shows a photograph of the experimental setup. In-plane compression tests were conducted
using a universal material testing machine in accordance with JIS standard JISK7018. Strain
and stress were measured by fixing the bottom and side of each of the three grinding wheel
strips shown in Figure 5 and pressing them into the test specimens from above.

Figure 8 shows the relationship between stress and strain for each wheel. After a
relatively large elastic deformation of the resinoid wheel, it experienced a brittle fracture,
and the stress dropped rapidly at that instant. On the other hand, the solid and wire mesh
grinding wheels deformed elastically and then plastically, and after reaching a certain stress,
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the stress decreased smoothly. The elastic moduli of the wheels against the in-plane load
were 6.34 N/mm2, 13.8 N/mm2, and 5.65 N/mm2 for the resinoid, solid, and wire mesh
wheels, respectively. The stiffness of the wire mesh electroplated wheel was equivalent to
that of the resinoid wheel and less rigid than that of the solid wheel. While low stiffness is
a disadvantage in reproducing motion trajectory, it does contribute to extending tool life, as
described below. Although not discussed in this paper, it is possible to control the stiffness
of the wire mesh by changing the thickness and density of the mesh wires by making the
wire mesh multilayered or by using some other method. We think that these issues should
be considered in the future.
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3. Experimental Setup and Method for Cutoff and Grooving
3.1. Workpiece

Table 1 shows the mechanical properties of the CFRP used as the workpiece. The
CFRP plate was laminated with unidirectional prepreg (QU135-197A manufactured by
Toho Tenax, Tokyo, Japan) and hardened to a thickness of 7.6 mm. The specimens were
quasi-isotropic, with stacking configurations of 0◦, −45◦, 45◦, and 90◦.
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Table 1. Mechanical properties of CFRP.

Carbon Fiber Toho Tenax QU 135-197A

Resin Epoxy resin #135

Fabric Weight g/m2 190

Curing Temperature ◦C 180

Thickness of Prepreg mm 0.187

Number of Layers 40

Thickness of Workpiece mm 7.6

Length of Workpiece mm 100

3.2. Machining Characteristics during Cutting and Grooving

Figure 9 shows the experimental setup. A vise was attached to a piezoelectric dy-
namometer (Kistler 9257B, Winterthur, Switzerland) set on a table of the machining center,
and the CFRP plate was fixed vertically. This dynamometer has a stiffness and natural
frequency high enough to measure the absolute value of the grinding force and its variation
in this experiment. The sampling period in this experiment was 1 ms. Table 2 shows exper-
imental condition A. Comparative experiments were conducted with the three grinding
wheels shown in Figure 5 at a cutting speed of 1884 m/min, a feed rate of 100 mm/min, a
down-cut wheel rotation direction, and a grinding fluid supply. Coolant was used here
because the primary concern was to avoid the disadvantages of high temperatures above
the glass transition point. A dynamometer was used to measure the grinding force, and an
infrared radiation thermometer was used to measure the temperature at the backside of the
machining point. The IR thermometer outputs the average temperature within an 8 mm
diameter LED sight. This was supplemented by a thermographic camera to monitor and
analyze temperature conditions during the experiment. In addition, the machined surface
of the workpiece and the surface of the grinding wheel after machining were observed
using an optical microscope.
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Table 2. Machining conditions A and B.

Length of Workpiece mm 1000

Grinding Speed V m/min 1884

Feed Rate f mm/min A:100 B:1000

Grinding Direction Down cut

Fluid Supplying Volume L/min A:8.0 B:Dry
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The use of coolant in cutting CFRP causes cutting oil to permeate the CFRP interlayer
and the interface between the fibers and matrix resin, resulting in problems such as reduced
strength and dimensional defects. To avoid these problems, dry machining is recommended.
For this reason, temperature comparisons were also conducted for dry processing. Table 2
shows experimental condition B. The feed rate was set at 1000 mm/min, the same level
as that of the abrasive waterjet, to compare the two grinding wheels shown in Figure 5,
the solid grinding wheel and the wire mesh grinding wheel. The processing temperature
during the cutting process was measured with a thermographic camera. A resinoid grinding
wheel was excluded from the experiment because it is quickly damaged in dry machining.

3.3. Tool Life Test with Continuous Grooving

Figure 10 shows the experimental setup. CFRP was fixed with bolts to a jig set on
a table at the machining center. The experimental conditions followed Table 2, with a
cutting speed of 2120 m/min and a feed rate of 300 mm/min. In the tool life test, the
feed rate was set higher than in the force/temperature measurement, aiming to accelerate
the wear rate by increasing the feed rate to the point where the grinding wheel is not
damaged. Grooves with a depth of 7 mm were machined 60 times on work material 7.6 mm
thick, the outer diameter of the wheel was measured, and the surface of the wheel was
observed. Because the length of the workpiece was 100 mm, the machining distance for
one grooving operation was 100 mm. The three grinding wheels shown in Figure 5 were
used for comparison. These wheels were in unused condition at the start of the experiment.
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4. Results and Discussion
4.1. Machining Characteristics during Cutting and Grooving
4.1.1. Observation of Grinding Wheel Surface

Figures 11–13 show the surfaces of the resinoid, solid, and wire mesh grinding wheels,
respectively, before and after machining under experimental condition A. The figure on
the right shows the grinding wheel after machining 300 mm. Chips stuck to the resinoid
grinding wheel and covered the abrasive grains, resulting in clogging. In the solid grinding
wheel, clogging was observed on the sides, but the tip was not covered with chips. The
wire mesh grinding wheel, on the other hand, had only a few chips stuck to both the sides
and the tip. These chips could be easily removed by blowing air, indicating that there was
no clogging. This is because the chips were discharged through the spaces in the wire mesh.
As for the solid grinding wheel, the chips could be removed by ultrasonic cleaning, but
continuous machining could not be expected. On the other hand, continuous long-distance
processing can be expected from a wire mesh grinding wheel if it is treated with air.
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Figure 11. Grinding wheel surface (Resinoid).
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Figure 12. Grinding wheel surface (Solid).

Materials 2023, 16, x FOR PEER REVIEW 8 of 17 
 

 

  

(a) Before cutting (b) After cutting 

Figure 11. Grinding wheel surface (Resinoid). 

  

(a) Before cutting (b) After cutting  

Figure 12. Grinding wheel surface (Solid). 

  

(a) Before cutting (b) After cutting 

Figure 13. Grinding wheel surface (Wire mesh). 

4.1.2. Grinding Force 
Figures 14, 15, and 16 show the vertical grinding force Fx and the tangential grinding 

force Fy for machining with a resinoid, solid, and wire mesh grinding wheel, respectively, 
under experimental condition A. Grinding forces for several spindle rotations are shown 
for comparison of the maximum value of the force (Time: 31.0~31.04 s). In the resinoid, the 
number of abrasive grains appearing on the wheel surface decreased due to clogging, 
causing the wheel to be pressed against the workpiece, which in turn resulted in a higher 
grinding force. Comparing the solid and wire mesh grinding wheels, whose tips were not 
clogged, the wire mesh grinding wheel had a higher grinding force. This is because the 
wire mesh grinding wheel has peripheral runout, and a large force is applied instantane-
ously because only a small portion of one revolution is involved in grinding. The sampling 
period for this experiment was 1 ms, and the spindle speed was 4000 rpm (0.015 s per 
revolution), so the grinding force was plotted 15 times per revolution. In the waveforms 
measured with the wire mesh grinding wheel, the force was measured once per revolu-
tion. However, this is not a problem because cutting is still possible in this state. On the 
other hand, the low dimensional accuracy in the z-axis direction in Figure 1 is a problem 
in groove machining, as discussed in Section 4.1. When grooving with a resinoid or solid 

 1 mm  1 mm 

 1 mm  1 mm 

 1 mm  1 mm 

Figure 13. Grinding wheel surface (Wire mesh).

4.1.2. Grinding Force

Figures 14–16 show the vertical grinding force Fx and the tangential grinding force Fy
for machining with a resinoid, solid, and wire mesh grinding wheel, respectively, under
experimental condition A. Grinding forces for several spindle rotations are shown for
comparison of the maximum value of the force (Time: 31.0~31.04 s). In the resinoid, the
number of abrasive grains appearing on the wheel surface decreased due to clogging,
causing the wheel to be pressed against the workpiece, which in turn resulted in a higher
grinding force. Comparing the solid and wire mesh grinding wheels, whose tips were not
clogged, the wire mesh grinding wheel had a higher grinding force. This is because the wire
mesh grinding wheel has peripheral runout, and a large force is applied instantaneously
because only a small portion of one revolution is involved in grinding. The sampling period
for this experiment was 1 ms, and the spindle speed was 4000 rpm (0.015 s per revolution),
so the grinding force was plotted 15 times per revolution. In the waveforms measured with
the wire mesh grinding wheel, the force was measured once per revolution. However, this
is not a problem because cutting is still possible in this state. On the other hand, the low
dimensional accuracy in the z-axis direction in Figure 1 is a problem in groove machining,
as discussed in Section 4.1. When grooving with a resinoid or solid grinding wheel, the
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groove width is about 1.1 mm, whereas a wire mesh grinding wheel produces a groove
about 1.6 mm wide. Thus, care must be taken when machining.
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4.1.3. Temperature behind the Grinding Point and Observation of the Machined Surface

The temperature behind the machining point was measured using an IR thermometer
when a groove 7 mm wide was machined in 7.6 mm CFRP. A cylindrical cover was
used to prevent grinding fluid from entering the optical path of the IR sensor during
the measurement, and it was confirmed that the spot position was not wet after the
measurement. Figure 17 shows the maximum temperature measured under experimental
condition A. The temperature at the machining point is estimated to be higher because the
average temperature in a spot with a diameter of 8 mm is shown for a wheel thickness
of 1 mm, and the spot is placed on the backside of the machining point. The maximum



Materials 2023, 16, 5247 10 of 17

temperatures of the resinoid, solid, and wire mesh grinding wheels were 53.2 ◦C, 36.0 ◦C,
and 34.3 ◦C, respectively, under condition A. The processing temperatures of the wire mesh
and resinoid grinding wheels differed by approximately 20 ◦C. This is because the abrasive
grains in the wire mesh grinding wheel always did their work due to the suppression of
clogging during machining, whereas the abrasive grains in the resinoid wheel tended to
become covered with chips due to clogging during the machining process, thus reducing
the effectiveness of the abrasive grains and increasing friction. Consequently, a larger
temperature rise was observed in resinoid wheels compared to wire mesh grinding wheels.
The processing temperature of the solid grinding wheel was higher than that of the wire
mesh grinding wheel. This is presumably because it is difficult for the grinding fluid to
reach the inside of the groove with a solid grinding wheel, whereas a wire mesh wheel can
temporarily hold the fluid in its mesh and supply it to the machining point.
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However, the temperature difference between the solid and wire mesh grinding wheels
was not significant. As described in Section 3.2, the temperature behind the machining
point was measured instead of the machining point, and the measurement area of the
infrared thermometer was Φ8 mm, which was wider than the grinding wheel width. These
are the causes of lower temperature output than the actual temperature. Therefore, a new
comparison was made in dry machining with a feed rate of 1000 mm/min (experimental
condition B).

Figure 18 shows the maximum temperature measured. The machining temperature of
the solid wheel was 134 ◦C, whereas that of the wire mesh wheel was 86.5 ◦C, a difference
of about 50 ◦C. This difference is attributable to two points. The first is the presence or
absence of clogging. In the case of the solid grinding wheel, the machining temperature
increased due to clogging, whereas the wire mesh grinding wheel maintained its sharpness
and suppressed the increase in machining temperature. The second point is thought to
be that the wire mesh grinding wheel has peripheral runout, which causes intermittent
machining, resulting in a high temperature at one point on the wheel but a lower average
temperature over the entire circumference of the wheel.

Figure 19 shows the state of fibers and resin dissolution on the machined surface
during high-speed cutting, as observed by scanning electron microscopy. When comparing
the workpiece machined with a solid grinding wheel to the one machined with a wire
mesh grinding wheel under a magnification of 100×, white areas can be observed on
the workpiece machined with the solid grinding wheel. This can be attributed to the
occurrence of charge-up due to the accumulation of electric charge on the nonconductive
resin part of the workpiece. It is estimated that the resin underwent localized welding
due to the temperature rise during processing. The glass transition temperature of the
epoxy resin contained in the CFRP used in this experiment is approximately 180 ◦C.
Because the material strength decreases above this temperature, it is important to control
the temperature increase when processing CFRP. Although the thermographic camera
measures the temperature of the grinding wheel surface, which is lower than the machining
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point, the actual temperature at the machining point is estimated to have been above 180 ◦C
for the solid grinding wheel but below 180 ◦C for the wire mesh grinding wheel.
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Figure 19. Workpieces observed by SEM.

A comparison of the observation of the 0◦ fiber direction at 700× magnification shows
that the workpiece machined with the wire mesh wheel had finer-cut carbon fibers than that
machined with the solid wheel. This is presumably due to the low dimensional accuracy
of the former, which prevents the abrasive grains that do the work from acting evenly on
the surface to be machined. Grinding is a machining method in which a tool is given a
certain amount of depth of cut, and the motion trajectory of the tool is transferred to the
workpiece, so the accuracy of the tool’s depth of cut is directly reflected in the machining
accuracy. In the case of a cutoff wheel, the runout in the z direction shown in Figure 1
affects the machining accuracy. During the measurement of runout in the z-direction, the
solid grinding wheel exhibited a runout of less than 0.1 mm, while the wire mesh wheel
had a runout of 0.8 mm. This indicates that the height of the abrasive grains on the work
surface in the z-axis direction is not uniform, which means that some abrasive grains are
cutting less or more than the desired depth of cut. This results in a nonuniform machined
surface, as shown in Figure 19.

4.1.4. Observation of Machined Surface and Surface Roughness

Figures 20–22 show the machined surfaces of the workpieces under experimental con-
dition A for the resinoid, solid, and wire mesh grinding wheels, respectively. Photographs
of the left end, right end, and side of the cut workpiece are shown. The grinding wheel
was fed from the left to the right of the workpiece. Under the conditions of this experiment,
although slight burrs were observed at both ends, there were no noticeable delaminations
or uncut fibers. There were no burrs on the sides.
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Figures 23–25 show the grooves machined by the resinoid, solid, and wire mesh grind-
ing wheels, respectively, under experimental condition A. The thickness of the grinding
wheel was uniformly 1 mm. Groove widths were 1.02 mm when machined with a resinoid
wheel, 1.13 mm with a solid wheel, and 1.6 mm with a wire mesh wheel. The groove width
from the wire mesh wheel was 1.6 times larger than the thickness of the wheel. This is
thought to be due to the runout in the z direction shown in Figure 1. As mentioned above,
the wire mesh grinding wheel exhibited a runout of 0.8 mm, indicating that some abrasive
grains were cutting beyond the desired depth of cut. As the feed rate increased, resulting
in deterioration of the groove shape accuracy and surface roughness in general. However,
straight cutting and grooving were possible even when the feed rate was increased up to
about 2000 mm/min. On the other hand, with a tool with a 20 mm protrusion for deeper
grooving, the wheel was deformed, and straight grooving was difficult even when the feed
rate was 1000 mm/min. It also shows the importance of the stiffness of the wire mesh.
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Table 3 shows the surface roughness values of the workpieces. While the arithmetic
mean roughness of the workpiece machined with the solid grinding wheel was 1.37 µm,
the wire mesh grinding wheel had a larger value, 2.76 µm. As mentioned above, this is
thought to be due to the unevenness of the machined surface caused by the low dimensional
accuracy of the wire mesh wheel. However, the required Ra ≤ 3.2 µm for specific aircraft
parts is met. These results indicate that CFRP machined with a wire mesh wheel can be used
to fabricate aircraft parts because no burr or delamination was observed, and the surface
roughness met the standard value. However, attention should be paid to dimensional
accuracy when machining grooves.

Table 3. Surface roughness.

Ra (µm) Rz (µm)

Resinoid 0.502 3.18

Solid 1.37 7.25

Wire mesh 2.76 11.5

4.2. Tool Life Test with Continuous Grooving

Figure 26 shows the workpieces after machining. The solid and wire mesh grinding
wheels completed 60 grooving operations on a 100 mm CFRP plate (machining distance:
6000 mm) without any problems, but the resinoid grinding wheel broke after the fourth
cut (machining distance: 400 mm). Looking at the workpiece after machining, we found
that the groove was curved at an angle when the resinoid grinding wheel broke. Under the
axial load, the resinoid grinding wheel experienced slight elastic deformation. However,
due to its limited ability to withstand the applied load, the wheel eventually fractured in a
brittle manner.
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Table 4 shows the outer diameter of each wheel before and after machining. For the
resinoid grinding wheel, the outside diameter was measured after two cuts (machining
distance: 200 mm), and for the solid and wire mesh grinding wheels, the outside diameter
was measured after 60 cuts. The resinoid grinding wheel showed about 0.05 mm of wear
after two cuts, while the solid and wire mesh grinding wheels showed almost no wear
(less than 0.02 mm), even after 60 cuts. Because no significant difference was observed in
the wear of those two grinding wheels, we compared their performance in terms of grain
shedding and crushing.

Table 4. Diameter of each grinding wheel (mm).

Resinoid
Distance: 200 mm

Solid
Distance: 6000 mm

Wire Mesh
Distance: 6000 mm

Before cutting 150.85 150.32 151.34

After cutting 150.80 150.30 151.33

Wear of grinding wheel −0.05 −0.02 −0.01

Figures 27 and 28 show the outer circumference areas involved in machining with the
solid and wire mesh grinding wheels, respectively. The arrows indicate abrasive grains,
and the other places are Ni-plated surfaces. From left to right, the figures show the state
of the wire mesh grinding wheel prior to machining, after 30 cuts (machining distance:
3000 mm), and after 60 cuts (machining distance: 6000 mm), respectively. In the solid
grinding wheel, the abrasive grains were crushed in the red circles during the first 30 cuts.
After the next 30 cuts, we found no abrasive grain crushing or wear. On the other hand,
for the wire mesh grinding wheel, the red circles indicate that the abrasive grains fell off
during the first 30 cuts. Abrasive grains with a weak fixation force, which were not securely
embedded within the plating layer, became dislodged and dropped out. This phenomenon
is referred to here as “initial shedding”. The wire mesh grinding wheel showed only initial
spilling, whereas the solid grinding wheel showed a lot of abrasive grains crushed even
in the small area observed. We attribute this to the disparity in the modulus of elasticity
between the two types of wheels.

As shown in Figure 8, the elastic modulus of the wire mesh wheel is 2.4 times smaller
than that of the solid wheel and is easily deformed. The solid wheel has a high elastic
modulus and is not easily deformed, so when a load is concentrated on the abrasive grains
at the tip, the stress is high, and crushing occurs. On the other hand, the wire mesh wheel,
characterized by a low modulus of elasticity, exhibits moderate deformation even under
the application of impact processing forces. This deformation capability plays a crucial role
in preventing excessive impact input to the diamond abrasive grains and is assumed to
help prevent grain crushing.

In addition, a previous study [24] noted that wire mesh grinding wheels are self-
sharpening. When abrasive grains at the tool tip become dislodged, it exposes a metal wire
that is more prone to wear compared to the diamond grains. Once exposed, the wire is
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susceptible to immediate abrasion and quickly gets shaved off. As a result, the abrasive
grains that exist on the sides of the grinding wheel appear at the tip, enabling machining
by abrasive grains at all times. Although this phenomenon was not confirmed under the
experimental conditions due to low wear, it is presumed that the low modulus of elasticity
prevents the abrasive grains from fracturing; in addition, the self-sharpening prolongs
tool life.
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5. Conclusions

In this study, we proposed a tool with diamond abrasive grains electrodeposited on a
disc-shaped wire mesh. The obtained results regarding the machining characteristics and
tool life when performing deep grooving and cutoff of CFRP using this tool were as follows.
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1. Because chips are discharged through the spaces in the mesh, clogging is avoided,
and thus the machining temperature of the wire mesh wheel is lower than that of the
resinoid or solid wheel.

2. CFRP machined with a wire mesh wheel can be used to fabricate aircraft parts because
no burr or delamination was observed, and the surface roughness met the standard
value, although attention should be paid to dimensional accuracy when machining
grooves.

3. The wire mesh grinding wheel showed almost no wear after 6000 mm of machining.
It has a low modulus of elasticity, so it deforms moderately even when an impact
processing force is applied. This avoids impact input to the diamond abrasive grains
and is assumed to avoid grain crushing.

4. It is estimated that tool life can be prolonged due to the absence of clogging, avoidance
of abrasive grain crushing, and self-sharpening.

The greatest feature of the proposed tool is its ability to machine grooves with large
aspect ratios over a long life. This paper describes grooving to a depth of 7 mm, but we
have confirmed that grooving to a depth of 15 mm is also possible with a larger wheel.
Current issues include the effects of vibration due to the low stiffness of the tool, which
increases grinding resistance, and the low axial dimensional accuracy of the grinding wheel,
which results in wide grooves. In the future, we plan to develop a highly rigid and precise
tool by using a fabrication method that compresses several layers of wire mesh.

Author Contributions: M.N. designed this study and manufactured the grinding wheel; S.K. per-
formed relevant experiments and wrote the manuscript; Y.I. and Y.F. methodology and advised; H.S.
supervised the experiments and data analysis and reviewed the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Soutis, C. Fibre reinforced composites in aircraft construction. Prog. Aerosp. Sci. 2005, 41, 143–151. [CrossRef]
2. Roberts, T. Rapid growth forecast for carbon fibre market. Reinf. Plast. 2017, 51, 10–13. [CrossRef]
3. Wang, H.; Sun, J.; Li, J.; Lu, L.; Li, N. Evaluation of cutting force and cutting temperature in milling carbon fiber-reinforced

polymer composites. Int. J. Adv. Manuf. Technol. 2016, 82, 1517–1525. [CrossRef]
4. Wang, F.; Yin, J.; Ma, J.; Jia, Z.; Yang, F.; Niu, B. Effects of cutting edge radius and fiber cutting angle on the cutting-induced

surface damage in machining of unidirectional CFRP composite laminates. Int. J. Adv. Manuf. Technol. 2017, 91, 3107–3120.
[CrossRef]

5. Hosokawa, A.; Hirose, N.; Ueda, T.; Furumoto, T. High-quality machining of CFRP with high helix end mill. CIRP Ann. Manuf.
Technol. 2014, 63, 89–92. [CrossRef]

6. Bi, G.; Wang, F.; Fu, R.; Chen, P. Wear characteristics of multi-tooth milling cutter in milling CFRP and its impact on machining
performance. J. Manuf. Process. 2022, 81, 580–593. [CrossRef]

7. Voss, R.; Seeholzer, L.; Kuster, F.; Wegener, K. Influence of fibre orientation, tool geometry and process parameters on surface
quality in milling of CFRP. CIRP J. Manuf. Sci. Technol. 2017, 18, 75–91. [CrossRef]

8. Ashworth, S.; Fairclough, J.; Meredith, J.; Takikawa, Y.; Kerrigan, K. Effects of tool coating and tool wear on the surface quality
and flexural strength of slotted CFRP. Wear 2022, 498–499, 204340. [CrossRef]

9. Nor Khairusshima, M.; Che Hassan, C.; Jaharah, A.; Amin, A.; Md Idriss, A. Effect of chilled air on tool wear and workpiece
quality during milling of carbon fibre-reinforced plastic. Wear 2013, 302, 1113–1123. [CrossRef]

10. Nguyen, D.; Abdullah, M.S.B.; Khawarizmi, R.; Kim, D.; Kwon, P. The effect of fiber orientation on tool wear in edge-trimming of
carbon fiber reinforced plastics (CFRP) laminates. Wear 2020, 450–451, 203213. [CrossRef]

11. Kim, M.; Lee, M.; Cho, G.; Lee, K. Effect of the Fiber Orientation and the Radial Depth of Cut on the Flank Wear in End Milling of
CFRP. Int. J. Precis. Eng. Manuf. 2020, 21, 1187–1199. [CrossRef]

https://doi.org/10.1016/j.paerosci.2005.02.004
https://doi.org/10.1016/S0034-3617(07)70051-6
https://doi.org/10.1007/s00170-015-7479-2
https://doi.org/10.1007/s00170-017-0023-9
https://doi.org/10.1016/j.cirp.2014.03.084
https://doi.org/10.1016/j.jmapro.2022.07.008
https://doi.org/10.1016/j.cirpj.2016.10.002
https://doi.org/10.1016/j.wear.2022.204340
https://doi.org/10.1016/j.wear.2013.01.043
https://doi.org/10.1016/j.wear.2020.203213
https://doi.org/10.1007/s12541-020-00340-w


Materials 2023, 16, 5247 17 of 17

12. Khairusshima, M.K.N.; Sharifah, I.S.S. Study on Tool Wear during Milling CFRP under Dry and Chilled Air Machining. Procedia
Eng. 2017, 184, 78–89. [CrossRef]

13. Chenrayan, V.; Manivannan, C.; Shahapurkar, K.; Zewdu, G.; Maniselvam, N.; Alarifi, I.; Alblalaihid, K.; Tirth, V.; Algahtani, A.
An experimental and empirical assessment of machining damage of hybrid glass-carbon FRP composite during abrasive water jet
machining. J. Mater. Res. Technol. 2022, 19, 1148–1161. [CrossRef]

14. Demiral, M.; Abbassi, F.; Saracyakupoglu, T.; Habibi, M. Damage analysis of a CFRP cross-ply laminate subjected to abrasive
water jet cutting. Alex. Eng. J. 2022, 61, 7669–7684. [CrossRef]

15. Wu, Y.; Zhang, G.; Wang, J.; Chao, Y.; Zhang, W. The cutting process and damage mechanism of large thickness CFRP based on
water jet guided laser processing. Opt. Laser Technol. 2021, 141, 107140. [CrossRef]

16. El-Hofy, M.; Helmy, M.; Escobar-Palafox, G.; Kerrigan, K.; Scaife, R.; El-Hofy, H. Abrasive Water Jet Machining of Multidirectional
CFRP Laminates. Procedia CIRP 2018, 68, 535–540. [CrossRef]

17. Hu, N.; Zhang, L. A study on the grindability of multidirectional carbon fibre-reinforced plastics. J. Mater. Process. Technol. 2003,
140, 152–156. [CrossRef]

18. Hu, N.; Zhang, L. Some observations in grinding unidirectional carbon fibre-reinforced plastics. J. Mater. Process. Technol. 2004,
152, 333–338. [CrossRef]

19. Gao, T.; Li, C.; Yang, M.; Zhang, Y.; Jia, D.; Ding, W.; Debnath, S.; Yu, T.; Said, Z.; Wang, J. Mechanics analysis and predictive force
models for the single-diamond grain grinding of carbon fiber reinforced polymers using CNT nano-lubricant. J. Mater. Process.
Technol. 2021, 290, 116976. [CrossRef]

20. Wang, H.; Ning, F.; Hu, Y.; Cong, W. Surface grinding of CFRP composites using rotary ultrasonic machining: A comparison of
workpiece machining orientations. Int. J. Adv. Manuf. Technol. 2018, 95, 2917–2930. [CrossRef]

21. Ning, F.; Cong, W.; Pei, Z.; Treadwell, C. Rotary ultrasonic machining of CFRP: A comparison with grinding. Ultrasonics 2016, 66,
125–132. [CrossRef] [PubMed]

22. Yuan, Z.; Hu, J.; Wen, Q.; Cheng, K.; Zheng, P. Investigation on an innovative method for high-speed low-damage micro-cutting
of CFRP composites with diamond dicing blades. Materials 2018, 11, 1974. [CrossRef]

23. Soo, S.; Shyha, I.; Barnett, T.; Aspinwall, D.; Sim, W. Grinding performance and workpiece integrity when superabrasive edge
routing carbon fibre reinforced plastic (CFRP) composites. CIRP Ann. Manuf. Technol. 2012, 61, 295–298. [CrossRef]

24. Suzuki, K.; Koyasu, R.; Takeda, Y.; Sasahara, H. Application of a novel woven metal wire tool with electrodeposited diamond
grains for carbon fiber reinforced plastics core drilling. Precis. Eng. 2019, 56, 386–394. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.proeng.2017.04.073
https://doi.org/10.1016/j.jmrt.2022.05.042
https://doi.org/10.1016/j.aej.2022.01.018
https://doi.org/10.1016/j.optlastec.2021.107140
https://doi.org/10.1016/j.procir.2017.12.109
https://doi.org/10.1016/S0924-0136(03)00704-0
https://doi.org/10.1016/j.jmatprotec.2004.04.374
https://doi.org/10.1016/j.jmatprotec.2020.116976
https://doi.org/10.1007/s00170-017-1401-z
https://doi.org/10.1016/j.ultras.2015.11.002
https://www.ncbi.nlm.nih.gov/pubmed/26614168
https://doi.org/10.3390/ma11101974
https://doi.org/10.1016/j.cirp.2012.03.042
https://doi.org/10.1016/j.precisioneng.2019.01.007

	Introduction 
	Wire Mesh Grinding Wheel Features 
	Appearance and Advantages of Grinding Wheels 
	Stiffness of Grinding Wheel 
	In-Plane Stiffness of Thin Grinding Wheel 

	Experimental Setup and Method for Cutoff and Grooving 
	Workpiece 
	Machining Characteristics during Cutting and Grooving 
	Tool Life Test with Continuous Grooving 

	Results and Discussion 
	Machining Characteristics during Cutting and Grooving 
	Observation of Grinding Wheel Surface 
	Grinding Force 
	Temperature behind the Grinding Point and Observation of the Machined Surface 
	Observation of Machined Surface and Surface Roughness 

	Tool Life Test with Continuous Grooving 

	Conclusions 
	References

