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Abstract
Carbon fiber reinforced silicon carbide matrix composites (Cf/SiC composites) are lightweight, high strength, wear-resistant, 
and heat-resistant, making them widely used in aerospace and other industries. However, machining holes in Cf/SiC com-
posites is a great challenge due to the anisotropy and high hardness of the material. In this paper, a brazed diamond grinding 
rod was employed to grind 1 mm diameter holes in Cf/SiC composites, and the influence of grinding parameters on grinding 
force, hole entrance/exit defects, and hole wall quality was investigated. In addition, the material removal mechanism of Cf/
SiC composites and the wear mechanism of the diamond grinding rod were explored. The findings showed that the damage 
at the hole entrance and exit predominantly manifests as tearing and burring. The damage factor at the hole exit is 3.5% larger 
than that at the hole entrance, and the damage factor at both the hole entrance and exit reduces with the growth of spindle 
speed and the decrease of feed rate. In addition, the diameter errors of the hole entrances and exits are all less than 10%, 
and the entrance diameter is 2.9% larger than the exit. The hole wall defects include fiber fracture, silicon carbide matrix 
peeling, and inherent porosity, with poorer surface quality at fiber orientation angles (FOA) of 90° to 180°. The main wear 
mechanisms were identified as abrasive wear and the spalling of abrasive grains.
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1  Introduction

Carbon fiber-reinforced ceramic matrix composites (CFRC-
MCs) represent a class of advanced materials that combine 
the high strength and stiffness of carbon fibers with the 
excellent thermal and chemical resistance of ceramic matri-
ces [1, 2]. Cf/SiC composites find wide applications in aero-
space thermal protection materials, thermal structure parts, 
brake discs for high-speed trains, optics, and other fields 
due to their high strength, high-temperature resistance, wear 
resistance, and so on [3, 4]. The equipment utilizing these 
materials operates in extreme environments, necessitating 

high precision and quality. Owing to the high hardness, ani-
sotropy, and other difficult machining characteristics of these 
materials lead to severe tool wear and even breakage during 
hole machining on Cf/SiCs [5–7], presenting a significant 
challenge in machining high-quality Cf/SiCs.

Research on the machining structure of CMCs has 
included studies on hybrid machining techniques like ultra-
sonic machining [8, 9], and laser-assisted machining [10], 
alongside conventional techniques like drilling [11], milling 
[12, 13], and grinding [14, 15]. Yan et al. [16] investigated 
the behavior of C/SiCs under air and aqueous conditions 
with nanosecond laser ablation, finding that ablation was 
severe in an air environment. A water layer's presence during 
processing not only improved the quality but also prevented 
SiO2 deposition on the surface and reduced heat accumula-
tion. Jiao et al. [17] identified three different ablation zones: 
edge-oxidized, edge-removed, and center-removed, in nano-
second laser ablation of blind holes in 2.5-dimensional Cf/
SiCs. Zhang et al. [18] employed abrasive water jets cutting 
holes in Cf/SiCs led to increased variation in hole diameter 
from inlet to outlet as the jet distance increased. Moreover, 
high jet velocity resulted in more noticeable delamination 
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defects. Zheng et al. [19] proposed a novel technique for pol-
ishing Cf/SiCs using an ultrasonically vibrating femtosecond 
laser, where pulse energy density mostly caused characteris-
tic features like fiber breaking, fiber pullout, banded craters, 
and voids. Ultrasonic vibration not only removed dirt and 
debris and reduced surface oxidation but also increased the 
residual compressive stress of carbon fibers. In conclusion, 
laser machining tends to ablate the Cf/SiCs, resulting in poor 
accuracy of the machined slots and holes [20]. Processing 
holes with abrasive water jets lead to poor delamination 
defects of the processed hole and the roundness at the hole's 
entrance and exit due to difficult control over pressure and 
flow rate [21]. Vibration-assisted drilling and laser-assisted 
drilling are less efficient and not suitable for practical pro-
duction machining. Therefore, conventional processes such 
as drilling and grinding are more appropriate for micro-hole 
machining.

Many scholars have focused on the process of grinding 
and drilling Cf/SiCs. Yang et al. [22, 23] used a 500 μm 
diameter PCD drill for machining holes in Cf/SiCs, study-
ing the drilling characteristics. They discovered that due to 
weak rigidity, the cutting edge deviated radially at the point 
where the chisel edge contacted the Cf/SiCs, significantly 
reducing hole quality. To examine the impact of tool wear 
on machined hole quality, Zhang et al. [24] drilled Cf/SiCs 
using a 10 mm diameter PCD drill. They discovered that as 
the drill experienced wear, the roughness of the hole wall 
initially increased before decreasing. Li et al. [25] performed 
drilling tests on 3D-C/C composites with sintered diamond 
abrasive rods, analyzing the machining damage and tool 
wear mechanisms. The primary defects identified were tear-
ing and burring, with abrasive grain scraping, fracturing, and 
spalling being the main wear forms. Li et al. [26] conducted 
groove milling tests on 3D-C/C composites using super abra-
sive diamond grinding rods, examining the impact of fiber 
orientation angle on the material removal mechanism. Fiber 
breakage due to bending, compression, and extrusion was 
observed at fiber orientation angles of 0°, 90°, and higher 
than 90°, respectively. Chen et al. [27] comparatively ana-
lyzed the wear rate of abrasive grains and the surface quality 
of machined surfaces when grinding Cf/SiCs with ceramic-
bonded, resin-bonded, and electroplated diamond wheels. 
They concluded that the best surface quality was achieved 
with electroplated diamond wheels, which had a low wear 
rate. In summary, wear and chipping of the cutting-edge 
during drilling significantly impact hole quality, while radial 
runout of a less rigid cutting edge affects hole accuracy [28]. 
Since brazed diamond grinding rods are multi-fluted, chip-
ping of a single grain has minimal effect on hole wall quality. 
The simultaneous action of multiple abrasive grains during 
tool contact minimizes radial runout, making grinding more 
suitable for machining micro-small holes.

Regarding existing studies, few scholars have investigated 
small-hole machining on ceramic matrix composites, with 
almost no research focusing on the characteristics of machin-
ing small holes in these composites using brazed diamond 
grinding rods. Thus, exploring the wear mechanism of dia-
mond grinding rods and the material removal mechanism 
when machining Cf/SiCs is necessary. In this paper, a brazed 
grinding rod was used to machine holes with a diameter of 
1 mm on Cf/SiCs to study the characterization of the hole 
grinding process. The investigation covered the grinding 
force magnitude at different spindle speeds (n) and feed rates 
(f), the damage at the hole entrance and exit, and the surface 
quality of the hole wall under various process parameters. 
Finally, the study examined the grinding rod's wear mecha-
nism and the material removal process.

2 � Experimental details

2.1 � Cf/SiC composites and grinding tool

The material examined in this study comprises 2D Cf/SiC 
composites, with dimensions of 10 mm in length, 10 mm in 
width, and 5 mm in height. These composites consist of two 
types of fiber bundles: warp and weft, depicted in Fig. 1(a) 
and 1(b). Table 1 presents the mechanical properties of the 
2D-Cf/SiCs. Figure 1(c) and 1(d) illustrate the utilization 
of a brazed diamond grinding rod as the grinding tool. Fig-
ure 1(e) depicts the brazing bond, which employs BNi2 braz-
ing material. BNi2 brazing material, predominantly com-
posed of nickel, boron, and silicon, provides the grinding rod 
with good high-temperature strength, oxidation resistance, 
and corrosion resistance. The abrasive grains employed are 
artificial polycrystalline diamond (PCD) grains, ranging in 
size from 100 μm to 150 μm. As seen Fig. 1(c2), single-
crystal diamond grains were cuboctahedra, consisting of 
square {100} and triangular {111} faces, along with strong 
impact toughness and thermal stability. Notably, the {100} 
and {111} faces randomly contacted the Cf/SiC composites. 
The base material of the grinding rod is cemented carbide, 
with overall dimensions of 50 mm, featuring a cutter head 
portion measuring 20 mm in length and 1 mm in diameter.

2.2 � Experimental setup and measurement

The study utilized a Ning Qing 3-axis CNC milling machine 
(shown in Fig. 2(a, with a maximum n of 20000 r/min. A 
single-factor experiment was conducted, with f) set at 
1 μm/r, and n varied in increments of 2000 from 12000 r/min 
to 20000 r/min. While keeping a constant speed of 16000 
r/min, f was adjusted in intervals of 0.25 from 0.75 μm/r to 
1.5 μm/r. Additionally, the experiments used a peck drilling 
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method with a single feed depth of 0.1 mm. No cutting fluid 
was used during the hole grinding process on Cf/SiCs.

To measure the grinding force in real time, the Cf/SiC 
composites were mounted on a piezoelectric dynamom-
eter. A Kistler 9256C1 piezoelectric dynamometer, along 
with a data collector, was used to capture the grinding force 
(Fig. 2(a)). The sensor's threshold sensitivity is less than 
0.001 N. Surface roughness evaluation was performed using 

a Sensofar S Neox 3D laser confocal microscope. Addition-
ally, the optical morphology of the grinding rods was exam-
ined using a KEYENCE VHX-6000 microscope.

3 � Results and discussion

3.1 � Grinding force

Grinding force is an important parameter for monitoring the 
grinding process and affects the wear of the grinding rod 
and the quality of the machined hole. In Fig. 3, measure-
ments in three directions, namely Fx, Fy, and Fz, conducted 
during the experiment, are shown. The grinding process is 
divided into three stages: the feed stage, the stabilization 
stage, and the withdrawal stage. A sampling frequency of 
10 kHz is employed throughout the experiment. Initially, 
the force signals from the dynamometer are inputted into 
the Dynoware program. Subsequently, signal drift is rectified 
by utilizing the software's drift adjustment feature. Thirdly, 

Fig. 1   Cf/SiC composites and 
grinding tool: a the schematic 
diagram of 2D Cf/SiC com-
posites, b surface morphol-
ogy, c sidewall morphology of 
brazed diamond grinding rod, 
d top morphology of brazed 
diamond grinding rod and (e) 
Line EDS of grinding tool

Table 1   The mechanical properties of 2D-Cf/SiCs

Parameters Value

Density (g/cm3) 1.81
Fiber volume (%) 33.4
Surface porosity (%)  < 10
Shear strength (MPa) 75
Bending strength (MPa) 413
Compressive strength (MPa) 280
Fracture toughness (MPa·m1/2) 13
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the program's 10 kHz low-pass filter capability is harnessed 
to filter the force signal. Low-pass filters are instrumental 

in generating smoother and slower signal shifts by remov-
ing high-frequency components and smoothing out signal 

Fig. 2   a Setup of grinding on Cf/SiCs and (b) online test equipment and (c) off-online test

Fig. 3   The diagram of the (a) original grinding force signal, (b) filtered signal and (c) drift compensated signal
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fluctuations. Finally, the Origin program is loaded with the 
intercepted force signals. Statistical data are then derived by 
tallying and averaging the peak cutting forces during the sig-
nals' stabilization period. Given that the Z direction serves 
as the main feeding direction, Fz during the grinding process 
substantially surpasses Fx and Fy. A multitude of abrasive 
grains exhibit non-uniform distribution on the surface of the 
grinding rod, with the cutting edge direction and angle of the 
abrasive grains varying across different positions. Further-
more, the fluctuation in grinding process force is exacerbated 
by the presence of pores on the surface of the Cf/SiCs.

The average grinding forces Fx, Fy and Fz under various 
n during the grinding process are shown in Fig. 4(a). The 
grinding force Fz demonstrates an initial increase followed 
by a subsequent decrease with the escalation of f. The thrust 
force Fz increases from 9.2 N to 17.3 N as n grows from 
12000 to 18000 r/min. The squeezing effect between abra-
sive grains and Cf/SiCs corresponds to the increasing n. The 
higher reaction force causes an equal growth in both grind-
ing temperature and grinding force. Conversely, Fz decreases 
from 17.3 N to 16.8 N as n grows from 18000 to 20000 r/
min. On one hand, the decline in friction coefficient ensues 
from the heating of Cf/SiCs, ultimately leading to a reduc-
tion in grinding force. On the other hand, the escalation in 
grinding speed results in an increased chip cross-sectional 
area. This increment is offset by a reduction in actual cut-
ting edges, resulting in diminished grinding forces. As f 
increases, both radial force and thrust force exhibit propor-
tional increments (as depicted in Fig. 4(b)). This phenom-
enon is attributed to the escalating f, which leads to a rise 
in the material removal rate and the effort required to rise, 
driven by an elevated in both the frictional force and ther-
mal energy. Consequently, the thermal energy is converted 
into cutting heat, leading to a rise in the temperature. On 
one hand, heightened f leads to excessive abrasive wear and 
boost impingement between the abrasive grains and Cf/SiCs, 
causing a growth in the formation. The amplified chips, in 
turn, lead to a corresponding rise in frictional force, which 

raises the grinding force. On the other hand, heightened 
reaction forces enhance the squeezing and scoring effect of 
individual abrasive grains as f increases.

3.2 � Surface quality of hole entrances and exits

The quality of the hole entrance and exit significantly influ-
ences the assembly performance. Thus, the forms of dam-
age at the hole entrance and exit were studied, the damage 
assessment criteria were established, and the influence of the 
process parameters on the morphology of these entrances 
and exits was explored. In Cf/SiCs, delamination is rela-
tively uncommon due to the strong support from the SiC 
matrix. Therefore, the study primarily focuses on tearing and 
burring defects. Figure 5(a) illustrates that tearing occurs 
when the grinding rod applies significant pressure on the 
final layer of Cf/SiCs during the drilling out stage, caus-
ing the carbon fibers to separate axially from the SiC and 
break. This separation leads to tearing defects. According 
to Fig. 5(b), some separated but intact carbon fibers spring 
back in the absence of grinding forces, forming a burr at the 
hole exit. Moreover, Fig. 5(c) indicates that spalling of the 
SiC matrix due to excessive radial forces and radial runout at 
the neck of the grinding rod results in edge-breaking defects.

Figure 6 demonstrates the morphologies of the hole exit 
and entrance under various feed rates (f) and spindle speeds 
(n). Figure 6(b) shows significant edge chipping at an f of 
1.5 μm/r. This is attributed to increased radial runout of 
the tool at higher f and the resultant high radial force lead-
ing to chipping defects. Figure 6(c) shows that a lower f 
of 0.5 μm/r results in high surface quality at the hole exit. 
Figure 6(d) indicates considerable ripping flaws at the hole 
exit with an f of 1.5 μm/r. Figures 6(e) to 6(h) present the 
morphologies of the hole entrance and exit across different 
n values. Figures 6(e) and 6(f) show that significant burrs 
are present at the hole exit at a spindle speed of 12000 r/min, 
due to fewer dynamic abrasive particles and a lesser cutting 
effect at lower n, hindering effective carbon fiber removal. 

Fig. 4   a The grinding force 
under various spindle speeds 
and (b) The grinding force 
under various feed rates
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Fig. 5   Defects of hole entrance and exit

Fig. 6   The entrance and exit 
morphologies of holes at dif-
ferent feed rates and spindle 
speeds



5491The International Journal of Advanced Manufacturing Technology (2024) 133:5485–5500	

An analysis of the entrance and exit morphologies indicates 
poor roundness at the hole entrances, primarily because of 
varying exposure heights of abrasive granules at the end of 
the grinding tool, which leads to radial slipping of the grind-
ing tool. Furthermore, the hole exit exhibits more defects. 
During the grinding-in stage, the SiC matrix supports the 
surface layer of the material, preventing it from deforming 
downward. However, in the grinding-out stage, this layer 
receives weak support and undergoes significant deforma-
tion downward, leading to pronounced burr and tear defects.

To visualize the damage at the hole entrance and exit, the 
surfaces were analyzed using the Keens VHX-6000 high-
resolution microscope. Figure 7(b) shows the identification 
of tear and burr defects on the surfaces of the hole entrance 
and exit using the microscope's 3D contour recognition func-
tion. Figure 7(c) introduces the method for quantifying the 
degree of tear and burr defects through a damage factor (Fd), 
calculated as per Eq. (1).

where A
t
 represents the area of tearing, A

b
 denotes the area 

of burrs, and A
o
 denotes the area of the machined hole.

Figure 8 shows that the damage factor at the hole exit 
exceeds that at the hole entrance. This discrepancy arises 
because the lower layer of material provides stronger sup-
port to the top layer during grinding, resulting in lesser 
tearing and burring at the hole entrance. As illustrated in 
Fig. 8(a), the damage factor for both the hole entrance and 
exit decreases with an increase in n. Conversely, Fig. 8(b) 
shows that the damage factor increases as f is reduced. The 
reduction in the squeezing impact of the abrasive grains on 
the final layer of Cf/SiCs with lower n and f values leads 
to a decrease in tearing and burring defects, explaining the 
reduction in Fz.

The diameter error for both the hole entrance and exit 
remains below 10%. Figure  9(a) demonstrates that the 
inlet diameters of the holes exceed 1000 μm, while those 
at the exit are less than but close to 1000 μm. This varia-
tion is attributed to the differing mechanical properties of 
the materials being cut, influenced by the anisotropic prop-
erties of Cf/SiCs. This condition causes the grinding rod 
to deflect, resulting in a maximum diameter (Dmax) of the 
entrance holes exceeding 1000 μm. Additionally, accuracy 
issues with the holder and spindle vibration at high n values 
lead to radial runout of the tool, further explaining why the 
entrance diameter is larger than 1000 μm. On the one hand, 
some of the carbon fibers of the abrasive grains are not com-
pletely severed when cutting the final layer of Cf/SiCs, so the 
diameter hole exit is partially smaller than 1000 μm. On the 
other hand, wear on the abrasive grains reduces the exposed 
grain height as grinding progresses, leading to a decrease 
in Dmax at the exit. Tearing contributes to an irregular hole 
shape, marginally increasing the exit's Dmax above 1000 μm. 
Increased grinding depth provides support to the grinding 
rod from the hole wall, mitigating the flexural deformation 

(1)F
d
=

A
t
+ A

b
+ A

o

A
o

Fig. 7   Schematic diagram of hole entrance/exit damage factor

Fig. 8   The damage factor at 
different (a) spindle speeds and 
(b) feed rates
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of the grinding rod and thus, the Dmax at the hole exit is 
closer to 1000 μm. As displayed in Fig. 9(b) and 9(c), neither 
n nor f has a linear effect on the diameter of the hole exit. 
However, with increasing f, the Dmax at the hole entrance 
tends to rise, yet n does not linearly affect the Dmax at the 
entrance.

3.3 � Surface quality of hole wall

One of the most crucial factors in determining the suitability 
of a hole is its surface quality. Imperfections in the hole wall 
will compromise the component's durability and structural 
integrity. Cracks and burrs on the hole wall serve as defects 
that might lead to the component's rupture or failure during 
operation. Therefore, examining the quality of the hole wall 
is critical.

The hole wall of Cf/SiCs cannot reach the smoothness of 
the metal materials, attributed to the significant differences 
in mechanical properties between carbon fiber and the SiC 
matrix. The Cf/SiCs, prior to machining, exhibit inherent 
defects such as pores. As shown in Fig. 10, the grinding 
process introduces new machining defects on the hole wall. 
The primary damage forms in carbon fiber include fiber 
pull-out, fiber fracture, and interface debonding, whereas 
the SiC matrix primarily exhibits brittle fracture. Due to the 

differing mechanical properties of carbon fibers and SiC, 
their removal processes differ. SiC's relatively low fracture 
toughness leads to immediate crack propagation and brittle 
fracture under stress. In contrast, carbon fiber, known for its 
excellent tensile, flexural, and compressive strength, breaks 
only after undergoing a certain degree of deformation, not 
instantly under compressive, shear, or bending stresses. As 
a result, fiber pull-out and debonding occur. In addition, car-
bon fibers and the SiC matrix fracture to varying degrees 
when subjected to stresses exceeding their strength. The 
grinding hole acts as a confined space, leading to heat accu-
mulation within the hole walls. During the grinding rod's 
operation, chips are discharged through the gaps between 
the abrasive grains, rendering the chip removal capacity of 
the grinding rod poor compared to that of a drill. As the 
abrasive grains wear, the grinding temperature rises and the 
chip removal space diminishes, causing chips to adhere to 
the Cf/SiCs surface of the grinding tool.

The 3D morphology of the hole wall is shown in Fig. 11, 
where the damaged forms of carbon fiber and SiC can be 
distinguished based on the contour curve of the hole wall. 
The protrusion, identified as a chip sticking spot, is high-
lighted in the contour curve A of Fig. 11(c). The depression, 
indicating a fiber pull-out defect, is shown in curve B of 
Fig. 11(d). Similarly, the area where the contour curve C 

Fig. 9   The diameter of the hole 
exit and entrance under various 
(a) test groups, (b) spindle 
speeds and (c) feed rates



5493The International Journal of Advanced Manufacturing Technology (2024) 133:5485–5500	

drops repeatedly in Fig. 11(e) marks the SiC matrix spalling 
defect.

The surface quality of the hole wall is closely related 
to the process parameters. Figure 12(a) shows the mor-
phology of the hole wall at a n of 12,000 r/min, where the 
fibers undergo macroscopic brittle fracture with a deep 
fracture, resulting in a poor surface quality, along with 
pits formed by a large amount of exfoliation of the SiC 
matrix. In Fig. 12(c), at a rotation speed of 20,000 r/min, 
extensive exfoliation of the SiC matrix, forming pits, was 
not observed, resulting in improved surface quality. Fig-
ure 12(g) shows that Sa of the hole wall decreases from 

6.673 μm to 4.332 μm as n increases. This improvement 
is attributed to the increased interaction between abrasive 
grains and the hole wall per unit time, which truncates 
the crack propagation on the hole surface, thereby transi-
tioning the macroscopic brittle fracture of fibers to micro-
scopic brittle fracture. As the n increases, the grinding 
force gradually decreases, resulting in less brittle fracture 
and better hole wall quality. The surface morphology at 
a f of 0.5 μm/r, depicted in Fig. 12(d), small pits were 
observed as well as tearing of carbon fiber bundles. Fig-
ure 12(e) illustrates the hole wall morphology at a f of 
1.0 μm/r, where minimal chip adhesion and predominantly 

Fig. 10   The defects of Cf/SiCs machined surface: a  Interface debonding, fibers pull-out, bonding of SiC matrix and fibers, and b SiC matrix 
fracture and carbon fiber fracture

Fig. 11   The (a) SEM image, (b) 3D morphology of the hole wall, and (c–e) contour curves of A-C in Fig. 11(b) respectively
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small brittle fractures in the fiber contribute to good sur-
face quality. The morphology at f of 1.5 μm/r, shown in 
Fig. 12(f), shows that large fiber tears and SiC spalling at 
the edges, deteriorating the surface quality. According to 
Fig. 12(h), as the f increases from 0.5 μm/r to 1.0 μm/r, 
the Sa decreases from 4.732 μm to 4.574 μm. However, 
increasing the f from 1.0 μm/r to 1.5 μm/r raises the Sa 
from 4.574 μm to 6.983 μm. At lower f, the quantity of 
effective dynamic grits is insufficient, compromising the 
hole wall quality. Enhancing the f increases the number of 
effective dynamic grains, the force and stress per unit area 
of the material is more uniform. Therefore, no pit defects 
due to SiC matrix spalling and carbon fiber bundle pull-
out occur, improving the surface quality. In addition, the 
increase in the number of effective dynamic grains avoids 
the falling off of single abrasive grains due to high stress, 
which increases the cutting performance of the tool and 
contributes to the improvement of surface quality. How-
ever, the Fz gradually grows as the f continues to increase, 
and the chance of cracks in the hole wall increases during 
machining, resulting in higher Sa.

3.4 � Material removal mechanisms

There is a significant difference in the morphology of Cf/
SiCs when fiber orientation angles (FOA) vary, attributed 
to the large disparity in mechanical characteristics of carbon 
fibers with different orientations. The schematic diagram 
of fiber orientation angles is shown in Fig. 13(a). The mor-
phology of the hole wall at FOA = 0° is shown in Fig. 13(b), 
where interlayer separation between carbon fibers and the 
SiC matrix occurs, and the surface is smooth at locations of 
fiber debonding. However, the surface quality at locations 
of fiber fracture is poor due to the unpredictable nature of 
fracture locations. Figures 13(c) depict the appearance of the 
hole wall when FOA is 45°, with only a minor area of brittle 
removal of the SiC matrix observed. The carbon fiber roots 
remain encased in the SiC matrix, which provides better 
support for the fibers. Figures 13(d) depict the appearance of 
the hole wall when FOA is 90°, uneven distribution of fiber 
fracture depth observed. The carbon fiber fracture, occur-
ring near the cutting edge of the abrasive grains, leads to a 
more consistent fracture depth and, as a result, a high-quality 

Fig. 12   a-f The surface morphology and 2D topographies of the hole wall at different spindle speeds and feed rates; The Sa of the hole wall at 
different (g) spindle speeds and (h) feed rates
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hole wall. The morphology of the hole wall, when FOA is 
135°, is shown in Fig. 13(e), where the SiC undergoes brittle 
removal over a larger area, and the fibers are almost exposed 
on the surface of the hole wall, resulting in poor SiC support 
for the fibers. Primarily, carbon fiber cracks due to bending 
force, and the deeper fracture position leads to poor surface 
quality. In addition, there is less space for chip removal at 
FOA = 90–180° than at FOA = 0–90°, causing heat to accu-
mulate from the generated chips, which intensifies the wear 
of the abrasive grains. The undischarged chips continuously 
scrape the machined surface, potentially leading to fracture 
of the interface layer, making carbon fiber debonding more 
pronounced at FOA values ranging from 90 to 180°.

The morphologies of Cf/SiCs chips are shown in Fig. 14. 
Carbon fiber chips are in the form of long strips and SiC 
chips are block-shaped. Process parameters significantly 
influence chip morphologies. The chip morphology at a 
large f is shown in Fig. 14(a), where long carbon fiber chips 
and larger SiC chips are observed. The chip morphology 
at small f is shown in Fig. 14(b), displaying short carbon 
fiber chips and fine SiC chips. A low n and high f resulted 
in the cutting edge removing more Cf/SiCs per unit time, 
increasing chip thickness and, consequently, a larger volume 
of SiC chips and longer carbon fibers. The removal of a large 
volume of the SiC matrix causes carbon fiber debonding, 
resulting in carbon fiber bundle chips. Conversely, higher n 

and lower f result in the cutting edge removing less Cf/SiCs 
per unit time, decreasing chip thickness, thus shorter carbon 
fiber chips and a smaller volume of SiC chips are observed, 
with almost no carbon fiber bundle chips evident.

3.5 � Tool wear mechanisms

During the grinding process, the rebound of the fibers and 
the friction of the SiC matrix leads to the wear of abrasive 
grains. This study conducted wear tests on brazed diamond 
grinding rods at n of 20000 r/min and f of 1.5 μm/r.

The wear morphology of the grinding rods was exam-
ined after grinding 2, 4, and 6 holes. Due to the significant 
impact of Cf/SiCs, stress and cutting heat concentrate nearly 
entirely on the cutting edge. The abrasive grains tend to 
produce small cracks and even minor breakage after grind-
ing 2 holes, as demonstrated in Fig. 15(a) and 15(d). After 
grinding 4 holes, the abrasive grains experience serious 
scraping, yet catastrophic failure does not occur, as dem-
onstrated in Fig. 15(b) and 15(e). The wear surface of the 
abrasive grains continues to expand, and the incidence of 
chipped edges among the grains increases. At this stage, 
chipping of the cutting edge and abrasive wear become the 
main mechanisms of wear. After grinding 6 holes, mechani-
cal and thermal stress accumulate significantly, leading to 
serious chipping of the cutting edge of diamond grains, 

Fig. 13   The micro-morphology 
of Cf/SiC composites machined 
surface under different FOAs
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as demonstrated in Fig. 15(c) and 15(f). The grinding rod 
becomes severely blunted, and the chipping further reduces 
the sharpness of the diamond grains. As a result, an abra-
sive grain breakout was detected. In addition, the spalling 
of abrasive grains emerges as the primary wear mechanism 
due to the impact of Cf/SiCs and severe abrasive wear after 
grinding 6 holes. The diameters of the grinding tools are 
886.98 μm, 801.18 μm, and 742.01 μm after machining 2, 
4, and 6 holes, respectively.

The elemental distribution on the surface of the grind-
ing tool, when grinding 2, 4, and 6 holes, is illustrated in 
Fig. 16. The mapping EDS results are shown in Fig. 16(a), 
16(b), and 16(c). The content of elemental Ni was 20.35%, 
25.50%, and 31.13% for 2, 4, and 6 ground holes, respec-
tively. Similarly, the content of elemental C was 75.44%, 
63.14%, and 55.22% for 2, 4, and 6 ground holes, respec-
tively. This trend indicates that as the number of holes 
increases, the diamond grits wear and flake off, exposing 

Fig. 14   The morphology of carbon fiber chips and SiC chips

Fig. 15   Morphologies of the worn surface of diamond abrasive rods when the grinded hole number is (a) 2, (b) 4, and (c) 6
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Fig. 16   The elemental distribution on the surface of the grinding tool when the number of grinding holes is 2, 4 and 6:a, b and c The mapping 
EDS of the grinding tool; d, e and f The line EDS of the grinding tool
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more of the brazing material and cemented carbide matrix, 
leading to a decrease in C content and an increase in Ni 
content on the surface. Additionally, tool wear is associ-
ated with a gradual increase in the amount of Si element 
on the surface, caused by SiC chips adhering to the tool 
surface. The line EDS results, shown in Fig. 16(d), 16(e), 
and 16(f), reveal higher contents of Ni and Si elements 
near the top region of the grinding tool, where the C con-
tent is lower. The main reason is that abrasive grains near 
the top undertake the bulk of grinding work, experiencing 

higher temperatures and forces, leading to severe wear and 
more chip adhesion.

The wear morphologies of abrasive grains under differ-
ent f and n are shown in Fig. 17. As f decreases, the abrasive 
grains experience significant wear. For example, the wear 
level is higher in Fig. 17(a) than in Fig. 17(b), and higher in 
Fig. 17(e) than in Fig. 17(f). This occurs because the con-
tact time between the abrasive grains and the Cf/SiCs per 
unit of time increases as f decreases, causing more wear on 
the abrasive grains. Similarly, as n increases, the abrasive 

Fig. 17   Wear morphology of 
abrasive grains on (a-d) the side 
and (e-h) the end of brazed 
grinding rod at different feed 
rates and spindle speeds
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grains undergo significant wear. For example, the wear 
level is higher in Fig. 17(d) than in Fig. 17(c), and higher in 
Fig. 17(g) than in Fig. 17(h). The frequency at which a sin-
gle abrasive grain sharpens the Cf/SiCs in a unit of time rises 
when n increases, resulting in increased abrasive grain wear. 
Additionally, the heat generated by the friction between the 
abrasive grains and the Cf/SiCs increases as n increases. This 
high temperature wears down the abrasive grains, further 
increasing the wear. In addition, it was found that the wear 
of the abrasive grains at the end of the grinding tool was 
more pronounced than on the grains on the sidewalls. The 
main reason is that the end of the abrasive grains mainly 
assists in material removal, and the chips produced at the 
end are not easy to discharge. Consequently, the end grains 
face more significant grinding force and heat, resulting in 
more severe wear. In contrast, sidewall grains mainly play a 
role in repairing the hole wall, and chips can be discharged 
from the spaces between the grains, leading to less wear.

4 � Conclusion

This study investigates the grinding force, hole quality, and 
tool wear mechanism when machining 1 mm diameter holes 
in C/SiC composites using a brazed diamond grinding rod. 
The following conclusions were drawn:

(1)	 The grinding forces Fx, Fy, and Fz decrease with an 
increase in spindle speed and increase with an increase 
in feed rate. In addition, the thrust force Fz is greater 
than the radial forces Fx and Fy.

(2)	 Tear, burr, and chipping are the main defects observed 
at the entrance and exit of the hole surface. The dam-
age factor, serving as the evaluation index for surface 
damage, is higher at the exit than at the entrance. This 
factor decreases with an increase in spindle speed and 
increases with an increase in feed rate. The diameter 
of the hole entrance exceeds 1000 μm due to the radial 
runout of the micro-grinding tool. The entrance diam-
eter is larger than that of the exit, with a diameter error 
of less than 10%.

(3)	 The hole wall defects predominantly consist of carbon 
fiber fracture, carbon fiber pull-out, and spalling of SiC. 
The Sa gradually decreases with an increase in n. With 
an increase in f, Sa decreases and then increases. The 
hole wall morphologies vary with FOAs at 0°, 0–90°, 
90°, and 90–180°, where the surface quality is poorest 
at an FOA of 90–180°.

(4)	 The wear on grains at the end of the grinding tool is 
more severe than on the side. Abrasive wear and dia-
mond grain spalling are the main wear mechanisms. As 
the tool wears, the percentage of C elements on the tool 
surface decreases, while the percentages of Si and Ni 

elements increase. Moreover, the wear of the abrasive 
grains increases with an increase in n and decreases 
with an increase in f.

This article has limited research on the material removal 
mechanism during the grinding process. Future studies will 
systematically investigate the material removal mechanism 
using nano-scratch tests.
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