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Abstract 
Demand of carbon fibre reinforced plastics (CFRP) has been rapidly increased in the various fields such as airplane or automobile. In 
most cases, CFRP products requires a finish machining like cutting or grinding. In the case of an end-mill cuts CFRP, burrs and uncut 
fibres are easy to occur. On the other hand, a precise machined surface and edge of CFRP will be able to obtain by using grinding tool. 
Accordingly, since the plural kinds of tools are required, machining cost and non-processing time are increased. In this study, a novel 
tool that combined end-mill and grinding tool has been developed. It was found that the tool is having high resistance against abrasive 
drop-out and can generate high quality machined CFRP surface by the past reports. In this report, the optimum abrasive size and 
machining conditions are investigated with Taguchi method. Consequently, if the abrasive size from 60 mesh to 100 mesh, it is 
possible to carry out generation of sharp edge onto CFRP and restraint of the increase of CFRP temperature. 
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1. Introduction 

Carbon fibre reinforced plastics (CFRP) has been required in 
various fields such as airplane or auto mobile. CFRP is typically 
fabricated with an autoclave moulding method [1]. Since the 
moulded CFRP is having an unnecessary portion on outer area, a 
removal processes such as end-milling or water jet machining 
are required after moulding [2]. In recent years, the end-milling 
method is applied because this method can obtain high 
efficiency. As an end-mill for machining of CFRP, it was found 
that a diamond coated end-mill having high wear resistance is 
effective. However, the diamond coated end-mill is expensive 
than conventional coated end-mill. In addition, the end-milling 
is easy to occur uncut fibres or burr on the machined CFRP edge. 
On the other hand, it was found that an electroplated grinding 
tool can generate high quality machined edge that does not have 
these errors [3]. Therefore, this study tried to develop a novel 
tool that combined end-mill and cBN electroplated grinding tool. 
In this report, the developed cBN electroplated end-mill 
machined CFRP. Moreover, machining characteristics that 
depends on machining condition were investigated. 
Furthermore, the optimum machining condition was found by 
using an experiment design method. 

2. Developed cBN electroplated end-mill 

In this study, the novel cBN electroplated end-mill which 
combined the end-mill that can obtain the high machining 
efficiency and the grinding tool that can carry out the high 
precision machining. 
   
2.1. Concept of developed end-mill 

A flank face of conventional end-mill dies not carry out a 
cutting work, rubs the machined surface. Thus, a clearance angle 
is put on outer face of end-mill to decrease a contact area 

between flank face and machined surface. On the other hand, 
the flank face of cBN electroplated end-mill having many cBN 
particles. Therefore, in case of using a left-hand cut left-hand 
helix cBN electroplated end-mill, if the tool rotates in CW 
direction as shown in Figure 1, the cBN particles that were fixed 
on the flank face on end-mill will grind CFRP. 

As mentioned before, even in the case of using the diamond 
coated end-mill, since the errors will occur on the machined 
edge, a finish machining like the grinding is needed. On the other 
hand, since cBN electroplated end-mill is having a rake angle, 
this tool is having cutting function. Therefore, the end-mill is 
generally rotated in a specific direction (Typically, CW direction), 
although the developed cBN electroplated end-mill possible to 
carry out rough cutting and finish grinding by switching the tool 
rotational direction. 
 

(a) Cutting process                         (b) Grinding process 
      (CCW rotation)                                (CW rotation) 

Figure 1. Change of machining methods that based on tool rotational 
direction of cBN electroplated end-mill. 

 
2.2. Specification of developed end-mill 

A fabrication method of cBN electroplated end-mill as follows. 
First, a round bar shaped cemented carbide is ground with a tool 
grinding machine into the end-mill shape. Next, cBN particles are 
fixed onto the outer face of fabricated end-mill by the 
electroception method that uses a nickel. The overview image of 
developed cBN electroplated end-mill is shown in Figure 2. The 
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cBN particles were fixed on tool outer surface as shown in Figure 
2 (a). Figure 2 (b) shows the developed tool that was cut with 
wire electric discharge machining. A cutting edge roundness is 
larger than the conventional end-mill, because there are cBN 
particles and nickel binder on the tool surface. Moreover, the 
specification of developed end-mill is shown in Table 1. Since it 
was found that a positive rake angle is effective to reduce a 
cutting force during machining of CFRP in the past report [4], the 
rake angle α was set as +6 degrees in this study too. Moreover, 
when the clearance angle γ of the developed tool is small, it was 
found that the errors that occurs on machined edge decreases 
[5]. Thus, in this study, the clearance angle was set as 0 degree 
to increase the contact amount of cBN particles with CFRP. In 
order to evaluate the influence of cBN particle size on machining 
characteristics, four types cBN particle size were applied.  
 

(a) Whole image of developed tool 

(b) Cutting edge                            (c) Cross sectional image 
Figure 2. Overview and SEM images of cBN electroplated end-mill. 
 
Table 1 Specification of developed cBN electroplated end-mill. 

Base metal 

Diameter 

Number of cutting edge 

Blade length 

Rake angle α 

Clearance angle γ 

Cemented carbide 

    φ6 mm 

2 blades 

13 mm 

+6 degrees 

0 degree 

cBN particles 

Particle size 

Mean diameter 

Cubic-Boron Nitride (cBN) 

#30, #60, #100, #200 

590, 260, 160, 80 μm 

3. Experiment method and condition 

The grinding characteristics will intricately change in 
accordance with the machining condition of grinding process 
such as grinding speed, feed rate per tooth and depth of cut. 
Thus, the it is difficult to understand the grinding characteristics 
by the simple grinding experiment. Therefore, in this study, 
Taguchi method that is one kind of experimental design was 
applied. By using this method, it is possible to indicate the 
influence of explanatory variable on objective variable as SN 
ratio [6]. SN ratio indicates a stability of output characteristics. 
In this report, the grinding characteristics on side grinding that 
suppose the trimming as shown in Figure 3 are evaluated. In this 
experiment, the explanatory variables are cBN particle size, 
grinding speed V, feed rate per tooth f and radial depth of cut 
Rd. Because this experiment is side grinding, the axial depth of 
cut Ad is same as workpiece thickness and is constant. Since four 
conditions were set for each explanatory variable, an orthogonal 
table of L16 (43) were used. As the objective variables, grinding 
force, CFRP temperature whilegrinding, average length of uncut 
fibre and surface roughness were measured. Because this 
developed end-mill can carry out the rough cutting, a pre-stage 
machining was also done with this developed end-mill under 
constant cutting condition. The cutting conditions are below. 
cBN electroplated end-mill having cBN particles of #100 was 
used. Cutting speed was 100 m/min. Feed rate was 50 μm/tooth. 

Radial depth of cut was 0.5 mm. The grinding conditions that 
uses Taguchi method are shown in Table 2. As the machine tool, 
a vertical 3-axis machining centre: NV4000DCG (Mori Seiki Co., 
Ltd) was used. Grinding speed of this experiment is smaller than 
general grinding. Because this developed cBN electroplated end-
mill is supposed to use on the typical machining centre. The 
machining centre having the low maximum spindle rotation 
speed like 10000 min-1 has been used in many processing plants. 
Therefore, the maximum grinding speed was set as 200 m/min 
(10610 min-1). As the measuring equipment, an infrared 
thermography camera: SC7000 (FLIR Inc.) for measurement of 
CFRP temperature was used. A three-axis dynamometer: 9347C 
(Kistler Co., Ltd.) for measurement of grinding force was used. 
The surface roughness was measured with 3D measuring laser 
microscope: OLS4100 (OLYMPUS Corp.). The length of uncut 
fibre was measured with an optical microscope: BX53M 
(OLYMPUS Corp.). As the workpiece, a thermosetting CFRP that 
has been used for airplane parts was used. The specification of 
this CFRP is below. This CFRP was fabricated by laminating a 
prepreg. Autoclaving condition is below. The moulding stress 
was 5 atm. The moulding temperature was 180°C. A weaving 
method is twill weave. The prepreg of 16 sheets were laminated. 
The thickness of CFRP after moulded is 5.8 mm. PAN based 
carbon fibre was used. The diameter of carbon fibre is 
approximately 7 μm. A matrix resin is an epoxy resin. A glass 
transition temperature Tg of this epoxy resin is approximately 
200°C. If the CFRP temperature during machining exceeds Tg, 
since the epoxy resin will deteriorate [7], CFRP temperature 
should not be exceed Tg. 
 

(a) Photograph of experiment set-up          (b) Thermographic image 
Figure 3. Overview of grinding experiment. 
 
Table 2 Experiment conditions on grinding process. 

No. 
Grain 

size 
Grinding speed 

V m/min 
Feed rate 

f μm/tooth 
Radial depth of cut 

Rd μm 

1 #200 100 2 5 

2 #200 120 10 10 

3 #200 150 25 20 

4 #200 200 50 30 

5 #100 150 2 10 

6 #100 200 10 5 

7 #100 100 25 30 

8 #100 120 50 20 

9 #60 200 2 20 

10 #60 150 10 30 

11 #60 120 25 5 

12 #60 100 50 10 

13 #30 120 2 30 

14 #30 100 10 20 

15 #30 200 25 10 

16 #30 150 50 5 

0.5 mm 100 μm 

cBN particle 

Flank face 

Rake face 

Rake face 

Flank face 

Base metal 

5 mm 

Holdre 

Tool 
CFRP 

Dynamometer 

Jig 
Infrared 

thermography 
camera 

Protection plate 
(CaF2) 

80 °C 

20 °C 
Evaluated area 

Tool 

CFRP 



  

4. Experiment results 

4.1. Evaluation of grinding characteristics by SN ratio 
Figure 4 shows the influence of each explanatory variable on 

each objective variable. In these results, SN ratio is indicated a 
smaller-is-better characteristic. Thus, when SN ratio is zero, the 
influence is smallest. 

First, the grinding force and maximum CFRP temperature are 
simultaneously considered, because there is a causal 
relationship between grinding force and CFRP temperature. the 
influence of grain size of cBN particle is small. The feed rate 
affects on the principle grinding force, and the increase of feed 
rate affected on CFRP temperature. As this reason, the grinding 
time and grinding length per each tooth increases in accordance 
with the increase of feed rate. Thus, since friction time per each 
cutting edge became large, it is considered that CFRP 
temperature also became large. The radial depth of cut also 
affected on both parameters, because the grinding energy 
increased in accordance with the increase of depth of cut. The 
increasing grinding speed affected on both parameters. 
However, when the grinding speed achieved 150 m/min, the 
effect on CFRP temperature became small. On the other hand, 
the principle force became large, although the feed force 
became small. When the workpiece is ground in good condition, 
it is well known that the principle force becomes larger than the 
feed force. Moreover, the principle force is responsible for 
deflections of workpiece and grinding tool (in the machine-
workpiece-tool system), as well as depends on the bluntness of 
the abrasive grains on the surface of the grinding tool [8]. The 
principle force should be small. 

Next, the surface roughness is considered. The grain size 
affects drastically on surface roughness. If the grain size small, 
the number of effective particles that are fixed on the flank face 
becomes large. Consequently, since the contact amount 
between cBN particles and CFRP becomes large, surface 
roughness on machined CFRP became small. The surface 

roughness should be become small in accordance with 
decreasing feed rate (Theoretical surface roughness = Square of 
feed rate / (8 x Tool radius)). However, the influence of feed rate 
is small. As this reason, it is considered that the removal 
mechanism of CFRP machining. It is known that CFRP that is 
brittle material is removed by break the carbon fibre [9]. 
Therefore, it is considered that the surface property of CFRP less 
likely to be affected by the locus of tool movement. In case of 
the radial depth of cut is large, the SN ratio became small. When 
the radial depth of cut is small compared with the edge 
roundness of abrasive, it is considered that the cBN particles 
may slip on CFRP surface. Thus, since the effective cBN particles 
decreases, the surface roughness became large. Figure 5 shows 
the relationship between cBN particle size and surface 
roughness. With the large particle size (#30 and #60), the 
surface roughness was large when the radial depth of cut was 
small. On the other hand, with the small particle size, the surface 
roughness became small in accordance with the increase of 
depth of cut. Therefore, it seems that the influence of cBN 
particle edge roundness that was previously described is correct. 

 

Figure 5. Relation between radial depth of cut and surface roughness. 

 
Finally, the average length of uncut fibre is considered. The 

uncut fibre was removed from ground CFRP edge with a 

-45

-40

-35

-30

-25

-20

#
2
0

0
#

1
0

0
#

6
0

#
3
0 2

1
0

2
5

5
0 5

1
0

2
0

3
0

1
0
0

1
2
0

1
5
0

2
0
0

S
N

 r
at

io
 d

B

Feed rate 
f μm/tooth 

Radial depth 

of cut Rd μm 
Grinding speed 

V m/min  
Grain size  

-50

-45

-40

-35

-30

-25

-20

#
2
0

0

#
1
0

0

#
6
0

#
3
0 2

1
0

2
5

5
0 5

1
0

2
0

3
0

1
0
0

1
2
0

1
5
0

2
0
0

S
N

 r
at

io
 d

B

Principle force feed force

Feed rate 
f μm/tooth 

Radial depth 

of cut Rd μm 
Grinding speed 

V m/min  
Grain size  

Feed force 

(a) Grinding force                                                                                                   (b) Maximum CFRP temperature 

Feed rate 
f μm/tooth 

Radial depth 

of cut Rd μm 
Grinding speed 

V m/min  
Grain size  

-44

-43

-42

-41

#
2
0

0

#
1
0

0

#
6
0

#
3
0 2

1
0

2
5

5
0 5

1
0

2
0

3
0

1
0
0

1
2
0

1
5
0

2
0
0

S
N

 r
at

io
 d

B

Feed rate 
f μm/tooth 

Radial depth 

of cut Rd μm 
Grinding speed 

V m/min  
Grain size  

-35

-30

-25

-20

-15

#
2
0

0

#
1
0

0

#
6
0

#
3
0 2

1
0

2
5

5
0 5

1
0

2
0

3
0

1
0
0

1
2
0

1
5
0

2
0
0

S
N

 r
at

io
 d

B

(c) Surface roughness                                                                                             (d) Average length of uncut fibre 

Figure 4. Evaluation results of SN ratio on each objective variable. 
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deburring tool. The length of uncut fibre of 20 samples was 
measured with optical microscope, the average uncut fibre 
length was calculated. The grain size affects the average length 
of uncut fibre. If the grain diameter is large, there are few cBN 
particles on the flank face. Therefore, the cause of this result is 
decrease of the effective particle amount. The influences of 
other explanatory variables were small. 
 
4.2. Investigation of optimum grinding condition 

This section describes the investigation of optimum cBN 
particle size and grinding condition by using the SN ratio and the 
actual grinding result. First, Maximum CFRP temperature that is 
important factor is considered. The glass transition temperature 
Tg of CFRP that was used in this experiment is 200°C, although 
Tg of thermoplastic CFRP (CFRTP) that is used for automobile is 
around 100°C. Therefore, the grinding condition that produces 
more than 100°C CFRP temperature should not be applied. 
Figure 6 shows the measured maximum CFRP temperature of 
each grinding condition. When the material removal rate (MRR 
= Feed speed F x Radial depth of cut Rd x Axial depth of cut Ad) 
became larger than 40 mm3/min, maximum CFRP temperature 
exceeded 100°C. Thus, the grinding conditions having large 
grinding load (No. 3, 4, 7, 8) are inadequate. Next, Figure 7 shows 
the measured surface roughness Ra and average length of uncut 
fibre of each grinding condition. Since the length of uncut fibre 
and burr are required less than 0.2 mm, the uncut fibres that 
were obtained on all conditions satisfied the required value. On 
the other hand, the surface roughness less than 3.2 μmRa is 
required in the airplane field. these conditions that were used in 
this experiment could not satisfy the required value. However, 
the surface roughness deteriorated after the grinding condition 
12. Therefore, it is considered that the large particle size is 
inadequate for finish grinding. 
 

Figure 6. Measured CFRP temperature of each grinding condition. 

 

Figure 7. Measured surface roughness Ra and average length of uncut 
fibre of each grinding condition. 

 
Finally, a grinding force ratio (Fn/Ft = Principal force Fn divided 

by Feed force Ft) as shown in Figure 8 is considered. The small 
grinding force ratio means the good grinding state that is hard 
to occur the deflection of grinding tool or workpiece. The fine 
cBN particles (Grinding conditions: 1-6) occurred the high 
grinding force ratio. On the other hand, the grinding condition 

of 12 obtained lowest value, and could obtain mean burr uncut 
fibre length of 44 μm (sharp edge) and roughness of 18.7 μmRa. 

 

Figure 8. Evaluated grinding force ratio of each grinding condition. 

5. Conclusion 

In order to carry out rough cutting and finish grinding by one 
types of tool, novel cBN electroplated end-mill was fabricated. 
In this report, CFRP was ground with the developed tool. Then, 
the grinding characteristics, optimum particle size and condition 
were investigated, and following results were obtained. 
1) It is difficult to decide the grinding condition by only SN 

ratio. However, these results may effective for 
improvement of inadequate grinding state in actual 
grinding. For example, if the CRFP temperature is large, 
decrease feed rate or depth of cut. 

2) The optimum condition that can obtain good CFRP 
temperature, grinding force ratio and ground CFRP quality 
was investigated. 

On the other hand, the surface roughness that is larger than it 
by the diamond coated tool (1.2 μmRa) should be reduced. 
Therefore, it was found that the increase of flank face width for 
increase of effective particle amount or the change of tool 
scanning method such as the application of oscillation grinding 
are needed. 
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