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Abstract. Drilling carbon fiber reinforced silicon carbide composites still forms a big challenge for machining
because of their special braided structure and anisotropy. In this study, through the drilling of 2D Cf/C–SiC
composites, two kinds of brazed diamond core drills with different abrasive distributions were compared. The
results showed that the drilling force and torque of the two drills decreased with the increase in the spindle
speed and increased with the increase in the feed speed. Under the same drilling conditions, the drilling force
and torque of the brazed diamond drill with the ordered abrasive distribution were far lower than those of the
brazed diamond drill with the random abrasive distribution. Also, the quality of the holes drilled by the drill with
the ordered abrasive distribution was better than that of the holes drilled by the drill with the random abrasive
distribution, which is attributed to the uniform abrasive spacing provided by the drill with the ordered abrasive
distribution.

1 Introduction

Carbon fiber reinforced silicon carbide (Cf/C–SiC) is a ce-
ramic matrix composite with silicon carbide as the matrix
and carbon fiber as the reinforcement. Due to its low density,
high-temperature oxidation resistance, corrosion resistance,
and other excellent mechanical properties, it has been widely
used in the aerospace industry, braking systems, precision
parts, and other fields (Singh et al., 2012; Mei et al., 2014;
Zhang et al., 2011). It is also a new type of high-temperature
structural material and functional material that can meet the
high-temperature requirement of 1650◦ (Wang et al., 2012;
Yu et al., 2013). Grinding and drilling are the most common
machining methods in industrial production. The 2D Cf/C–
SiC composite is difficult processing material for anisotropic
and inhomogeneous structures, which limit its wide applica-
tion in many industrial fields (Tawakoli and Azarhoushang,
2011; Ding et al., 2017). Many studies have been conducted
on the grinding of this material (Liu et al., 2012; Cao et al.,
2013; Zhang et al., 2016). Also, the grinding mechanism of
the composite was studied from different fiber angles and
different fiber orientations (Liu et al., 2017, 2018; Feng et
al., 2017). In drilling, cemented carbide, high-speed steel,

and other drilling tools are widely used as traditional tools
(Wang et al., 2013; Xing et al., 2017); however, the drilling
quality of carbon fiber reinforced ceramic matrix composites
is very poor. Due to the high hardness and brittleness of 2D
Cf/C–SiC composites, carbon fiber tearing and delamination
can easily occur in drilling processes. With the wide applica-
tion of diamond tools, diamond bits are becoming more and
more popular (Ding et al., 2014; Feng et al., 2017). Thus, in
this study, the feasibility of drilling such kinds of composite
materials was investigated, where the self-made brazed di-
amond bit was used with different abrasive distributions. A
useful guideline which has important scientific and practical
significance can be provided to optimize their structures and
processability.

In this study, a 2D Cf/C–SiC composite as the workpiece
material and two brazed diamond core drills were selected,
where the random arrangement and the orderly arrangement
of the diamond abrasive distribution bit were tested, and their
drilling characteristics, including the drilling force, torque,
and hole exit quality, were compared. Together with the
drilling chip analysis, the drilling mechanism was also dis-
cussed.
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Figure 1. Diagram of the structure of the 2D Cf/C–SiC composites.

Table 1. Mechanical properties of the 2D Cf/C–SiC material at
room temperature.

Parameter Value

Temperature resistance/vacuum 1600 ◦C
Density 1.7 g cm−3

Flexural strength 210 MPa
Compressive strength 9149 MPa
Young’s modulus 41 700 MPa
Tensile strength 293 MPa
Interlamination shear strength 11 MPa
Thermal conductivity 30 W m−1 K
Coefficient of thermal expansion 0.09× 10−6 K

2 Experimental setup and conditions

2.1 Workpiece

As schematically shown in Fig. 1, the 2D Cf/C–SiC com-
posite used in this work is a sheet laminated by 2D layers in
which 0 and 90◦ carbon fiber bundles are orthogonally wo-
ven. The thickness of each laminated layer is about 100 µm.
The main components of this composite include carbon fiber,
silicon carbide, a carbon matrix, as well as a pyrolytic car-
bon interface, and its mechanical properties are shown in Ta-
ble 1. For the drilling experiment, the composite sheet was
cut into samples with dimensions of 50 mm (length)× 50
(width)× 3 mm (thickness).

2.2 Drill setup and brazed diamond core drills

Drilling experiments were carried out on a vertical ma-
chining center (HAAS OM2, USA) with a maximum spin-
dle speed (n) of 30000 r min−1. The drill setup is shown
in Fig. 2a, and the schematic diagram of the core drill is
shown in Fig. 2b. The 2D Cf/C–SiC workpiece was directly
clamped on a borehole dynamometer (9272, Kistler, Switzer-
land) installed on the machine table. During drilling, in or-
der to prevent measurement errors, the bit was always kept

Figure 2. Drill details: (a) experimental setup, (b) diagram of
drilling, and (c) brazed diamond core drills.

Table 2. The drilling parameters used in this work.

Types Contents

Spindle speed n (r min−1) 6000, 9000, 12 000,
15 000, 18 000

Feed rate f (mm min−1) 20, 40, 60, 80, 100

above the center hole of the dynamometer. As seen in Fig. 1,
the drilling direction of the workpiece is perpendicular to the
XOY surface plane. A series of drilling experiments were
performed on the 2D Cf/C–SiC composites to collect tearing
defect data, and the drilling parameters are listed in Table 2.
Dry drilling was adopted for drilling, and for each combina-
tion of parameters, the force measurement was repeated three
times to obtain the averaged value.

Two brazed diamond core drills with different abrasive
distributions were used. As shown in Fig. 2c, the diamond
grains on one of them are in random distribution and are in
ordered distribution on the other one. For both drills, the size
of each diamond grain is 80 cm. The grain diameter is about
160–200 µm), and the length and diameter of the drill are 70
and 6 mm, respectively.

2.3 Surface observations

A scanning electron microscope (SEM, Hitachi S-3400N,
Japan) and a digital optical microscope (VHX-1000,
Keyence, Japan) were employed to examine the morpholo-
gies of the drilled holes.

3 Results

3.1 Drill force and torque

Figure 3 shows comparisons of the monitored force and
torque values during the whole drilling process. Generally,
both the force and torque curves of the brazed diamond drill
with the ordered abrasive distribution were lower and more
stable than those of the brazed diamond drill with the random
abrasive distribution.

Mech. Sci., 11, 349–356, 2020 https://doi.org/10.5194/ms-11-349-2020



Q. Liu et al.: Investigation of drilling 2D Cf/C-SiC 351

Figure 3. The variation of the drilling force and torque during drilling.

Figure 4. Drilling force and torque as a function of the feed rate (n= 15000 r min−1).

Due to the particularity of the material structure, it belongs
to the layered braided structure. Therefore, during the drilling
process, from the first contact with the workpiece until the
end of drilling, the whole drilling process was not as stable as
with metal, and it fluctuated up and down. The drilling force
and torque diagram includes the instantaneous impact area
and the stable drilling area. The moment of contact between
the bit and the workpiece belonged to the instantaneous im-
pact area, where the drilling force and moment were largest.
Then, they gradually became stable until the workpiece was
totally drilled and the drilling force and moment became 0.
In this study, the average values of the stable drilling force
and torque were recorded.

Figure 4 shows the feed rate influence on the drilling
force and torque in the ordered and random abrasive dis-
tribution tests, respectively, where f = 20 mm min−1. The
drilling force and torque increased with the increase in feed
rate with both the ordered and random abrasive distributions.
However, the drilling force and torque of the ordered drill
were lower than those of the random drill. The drilling force
and torque values of the drill with the ordered abrasive dis-
tribution were lower than those of the drill with the ran-

dom abrasive distribution by 9.77 %–21.36 % and 21.76 %–
36.67 %, respectively. Figure 5 presents the influence of the
spindle speed on the drilling force and torque of the drills
with the ordered and random abrasive distributions when
n= 15000 r min−1. It can be seen from Fig. 5 that, with the
increase in the spindle speed, the drilling force and torque
gradually decreased.

3.2 Tear defect of the hole exit

The tearing and burr defects in drilling this composite ma-
terial have always been a difficult problem in the industry.
Figure 6 shows the tear and burr defects at the borehole exit.
It can be seen that under different processing parameters, the
surface quality of the drilling outlet greatly varied. For the
feed rate of 20 mm min−1 and spindle speed of 6000 r min−1,
the drilling force for the drills with the ordered and random
abrasive distributions was 31.13 and 34.5◦ N, respectively,
and the torque was 0.032 and 0.051 Nm, respectively. The
holes produced by the drill with the ordered abrasive distri-
bution under these processing conditions were partially torn
at the exit, and their quality was better than in the case of the
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Figure 5. Drilling force and torque as a function of the spindle speed (f = 20 mm min−1).

Figure 6. The exit end quality of the drilled holes.

drill with the random abrasive distribution. When the spin-
dle speed was increased to 15 000 r min−1, the drilling force
and torque of the drills with the ordered and random abra-
sive distributions obviously decreased, so the outlet quality
of the drill hole could be improved. However, when the feed
rate was increased to 80 mm min−1, even at a spindle speed
of 15 000 r min−1, the exit quality of the drill hole of the drill
with the random abrasive distribution was found to signifi-
cantly deteriorate again.

From Fig. 6, it can be seen that the drill with the or-
dered abrasive distribution could produce better hole exits
than those of the drill with the random abrasive distribution
under the same processing conditions. Also, the tearing and
burrs of the drill with the ordered abrasive distribution were
much lower than those of the drill with the random abrasive

distribution. Additionally, the random abrasive distribution
could only produce high-quality exit holes at a specific high
spindle speed and a low feed rate.

3.3 Morphology of the inner wall of the hole

Figure 7 illustrates the SEM micro-morphology of the inner
hole wall drilled at a spindle speed of 18 000 r min−1 and a
feed rate of 20 mm min−1. For each drilled surface of the in-
ner wall of the hole, SEM images of 0 and 90◦ fiber bundles
are presented in Fig. 7. It can be seen that, compared with the
random abrasive distribution, the surface quality of the inner
hole wall for the drill with the ordered abrasive distribution
was smoother under the same operating conditions. Since the
drill with the ordered diamond abrasive distribution has a cer-
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Figure 7. SEM topography of the inner hole wall.

tain uniform chip-holding space, the carbon fibers were less
fragmented. In fact, the drilling process was a process of ma-
terial destruction. With the continuous drilling of the work-
piece by abrasive particles, the composite was damaged by
interface debonding, fiber fracture, and matrix cracking. This
can be attributed to the fact that in the process of drilling, the
damage to the matrix and fiber is not the same due to the dif-
ferent mechanical properties of the matrix and fiber. Figure 7
shows that the fibers underwent fracture and cracking under
the drilling force and torque. Also, the 0◦ fiber bundles ap-
peared to separate between the fibers and the fracture, and
the ends of the 90◦ fiber bundles were broken and pressed
into the matrix by the abrasive grains.

3.4 Drilling debris

Figure 8a and bare abrasive debris enlargement diagrams
were collected for the drills with the ordered and random
abrasive distributions under the same technological param-
eters, respectively. From Fig. 8, it can be seen that the de-
bris is mainly composed of fine carbon powder, carbon fiber
fragments of various lengths, and broken silicon carbide par-
ticles. Regarding the size, most of the debris is basically sim-
ilar. As for the shape, it is basically a cluster of carbon pow-
der; however, it is also mixed with some different particle
sizes of silicon carbide. In particular, the carbon fiber frag-
ments in the drilled debris with the random diamond abra-
sive distribution were longer and more numerous than those
of the drilled debris with the ordered diamond abrasive dis-
tribution, and the size of the carbon fibers was more uniform
for the drill with the ordered diamond abrasive distribution.
Also, the morphology of the debris reflected the stress state
of the carbon fiber and SiC matrix during the fracture pro-
cess. These morphologies and stress states are directly re-

lated to the material properties, processing parameters, and
abrasive properties.

4 Discussion

1. Effect of the cutting thickness of the single diamond
abrasive on the exit quality and hole wall morphology.

Based on the above observations of the hole’s exit qual-
ity and the morphology of the hole wall, the tearing de-
fects were the main defects in the exit of the 2D Cf/C–
SiC composites during the drilling process. When the
workpiece contacted the abrasive particles, the mate-
rial was extruded, resulting in elastic deformation. Also,
the deformation increased with the increase in the load.
When the elastic limit was exceeded, the contact stress
between the abrasive particles and the material was sim-
ilar to plastic deformation, leaving irrecoverable marks
on the material. At the front end of the abrasive parti-
cles, the material was bulged and damaged. When the
material broke at the edge, it broke away from the body
and formed a tear. Figure 9 shows the trajectory of the
diamond abrasives, and Fig. 10 presents the trajectory
of the expansion diagram. The trajectory of each di-
amond abrasive is a cylindrical spiral, and the helical
pitch is affected by the feed speed. When setting the
same processing parameters, there was no difference in
the trajectory of the single abrasive particles between
the two sets of drills. However, the main difference be-
tween them is that the distance between the abrasive
grains is different, which affects the shape and size of
the cutting thickness of each single abrasive.

From Fig. 10, it can be seen that the cutting thickness
of a single abrasive can be deduced from the graphical
geometric relationship as follows:

h=
sf

vs
=
sf n

nπD
= f

s

πD
, (1)

where h denotes the cutting thickness of the single abra-
sive, s denotes the abrasive spacing, f is the feed rate,
vs is the cutting speed, n is the spindle speed, and D is
the drill diameter.

It can be seen from the formula that the cutting thickness
h of a single diamond abrasive grain is proportional to s
and f in the drilling hole with the diamond core drill. If
the distance between the abrasives and the feed speed is
increased, the cutting thickness of each single abrasive
would directly increase. Consequently, the drilling force
and torque would also increase. Figure 11 shows the in-
fluence of each single abrasive cutting thickness on the
drilling force and torque. With the increase in the sin-
gle abrasive cutting thickness, the drilling force and the
torque increase accordingly. The ordered diamond abra-
sive distribution can control the distance between the
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Figure 8. Morphologies of the debris collected after the drilling holes.

Figure 9. Motion trajectory of the diamond abrasive.

Figure 10. Trajectory expansion diagram of the diamond abrasive.

abrasives well, thus controlling the cutting thickness of
each single abrasive and further improving the drilling
force and torque.

2. Effect of the cutting thickness of each single abrasive on
the surface quality of the hole wall

Since the relative positions of the abrasives are not ex-
actly the same, with the movement of an abrasive on
the workpiece, a certain residual material remains on
the hole by the abrasive. Also, the height of the residual
material directly affects the surface quality of the hole
wall.

Before brazing the abrasives, they were carefully
screened. The grain size was nearly the same, and the
contour was even better. In this case, although the rel-
ative position distribution of the diamond abrasives is
regular, the areas contained between every two adjacent
abrasives are different, which leads to unresected mate-
rial left on the hole wall. The residual height is the basis
for evaluating the surface roughness of the inner wall of
the hole, as shown in Fig. 12, where the residual ma-
terial height H between the abrasives is related to the
roughness Raof the inner wall of the hole. A larger H
value signifies a larger Ra. The calculation method ofH
is as follows.

p = f/n (2)

The residual width of the hole wall material is

H =
L

2tan α2
=

ps

2πD tan α2
=

f s

2πDn tan α2
, (3)

where s is the distance between two abrasive grains, f
is the feed speed, n is the spindle speed, p is the feed per
turn of the tool, and α is the angle between the abrasive
grains.

It can be seen from the formula that the height of the resid-
ual material can be reduced and that the surface quality of
the hole wall can be improved by reducing the distance be-
tween the abrasive grains, decreasing the feed speed, or in-
creasing the spindle speed. However, the cutting thickness of
each single abrasive also affects the residual height of the cut-
ting thickness. As the cutting thickness decreases, the resid-
ual material height decreases, the micro-height difference of
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Figure 11. Influence of the single abrasive cutting thickness on the drilling force and torque.

Figure 12. Height of the inner surface of the hole is raised.

the hole wall surface decreases, and the surface quality of the
hole wall can be improved.

5 Conclusions

In this study, two kinds of brazed diamond core drills with or-
dered and random diamond abrasive distributions were com-
pared through drilling experiments, and the following con-
clusions were drawn.

1. Drilling with an ordered abrasive distribution reduces
the damage defects in the hole entrance and hole exit.
The main effect mechanism of the drill with the ordered
abrasive distribution is the cutting thickness of each sin-
gle abrasive. If this thickness is reasonably controlled,
the drilling force can be controlled, and the surface qual-
ity can be improved to a certain extent.

2. The process parameters have a significant influence on
the drilling force, torque, and hole quality. The high
spindle speed and low feed rate are effective in improv-
ing the drilled hole quality.

3. The tearing and burr defects in the hole exit and inner
hole wall have a strong relationship with the cutting di-
rection and fiber orientation.
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