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Abstract
Ultrasound-assisted grinding is a new method for compound precision machining of C/SiC with excellent machining char-
acteristics. The electroplated diamond grinding head performs a two-dimensional ultrasonic auxiliary plane grinding single-
factor experiment for SiC, 2.5D-C/SiC, and chopped fiber-C/SiC. The influences of linear speed, feed speed, grinding depth, 
fiber orientation, and fiber structure on the grinding force and surface quality are analyzed in this study. The surface formation 
and removal mechanisms of C/SiC composites are discussed. The results show that within the parameters of this experi-
ment, the grinding force and surface roughness decrease with the increase in linear speed and increase with the increase in 
feed speed and grinding depth. The grinding force and roughness can be significantly reduced by applying two-dimensional 
ultrasound. The maximum percentage reduction in normal and tangential grinding forces was 26.79% and 31.69% when 
grinding 2.5D-C/SiC along 90° fiber orientation. The maximum percentage of surface roughness reduction was 37.93% when 
2.5D-C/SiC was ground along a 90° fiber orientation. The influence of fiber orientation on the two types of C/SiC grinding 
force is the same, and both are satisfied that the grinding force is highest in the 45° fiber orientation, second highest in the 
90° fiber orientation, and lowest in the 0° fiber orientation. The effect of fiber orientation on the roughness of 2.5D-C/SiC is 
as follows: the surface roughness is highest at 45° fiber orientation, second highest at 90° fiber orientation, and lowest at 0° 
fiber orientation. The effect of fiber orientation on the roughness of short-cut fiber-C/SiC is as follows: the surface rough-
ness is highest at 0° fiber orientation, second highest at 45° fiber orientation, and lowest at 90° fiber orientation. The effect 
of fiber structure on grinding force is as follows: Under the same machining conditions, the grinding forces are highest on 
SiC, second highest on short-cut fiber-C/SiC, and lowest on 2.5D-C/SiC. The effect of fiber structure on surface roughness 
is as follows: Under the same machining conditions, the surface roughness is highest on short-cut fiber-C/SiC, second high-
est on 2.5D-C/SiC, and lowest on SiC.
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1  Introduction

With the rapid development of ultra-precision machining 
and intelligent manufacturing technology [1], some engi-
neering ceramic parts have been widely used in automobiles, 
aircraft, spacecraft, and other fields [2–4]. Therefore, some 

advanced processing methods and materials with excellent 
performance are born. Due to its excellent performance, 
silicon carbide has become the preferred choice for some 
special parts [5]. However, the high hardness and brittleness 
of SiC make secondary processing difficult [6, 7]. Carbon 
fiber-reinforced silicon carbide ceramic matrix composite 
(C/SiC) is a new material with high strength, high tough-
ness, low density, high-temperature resistance, and wear 
resistance [8, 9], among which SiC is reinforced by carbon 
fiber to make up for the shortage of silicon carbide [10]. 
The two materials of 2.5D carbon fiber-toughened silicon 
carbide and chopped fiber toughened silicon carbide have 
high-cost performance. Although most of the C/SiC parts are 
directly produced using near-net forming technology [11]. 
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It is inevitable to improve the shape accuracy, dimensional 
accuracy, and surface accuracy of the parts through the 
grinding process [12]. The anisotropy and non-uniformity 
of C/SiC [13] will cause a large grinding force in conven-
tional grinding (CG), resulting in poor surface quality and 
other problems [14]. Ultrasonic-assisted grinding has excel-
lent grinding properties, such as small grinding force, good 
surface quality, less surface damage and defects, and high 
material removal rate [15–18].

In recent years, more and more scholars have researched 
the processing methods and material removal mechanism 
of C/SiC composites and have made some achievements. 
Zhang et al. [19] investigated the machining characteristics 
of C/SiC grinding assisted by one-dimensional axial ultra-
sonic applied to a tool. It was found that compared with 
conventional grinding, the normal force, tangential force, 
and surface roughness of ultrasonic-assisted grinding were 
reduced by about 20%, 18%, and 9%, respectively. How-
ever, the reduction percentage of grinding force and surface 
roughness in C/SiC grinding assisted by two-dimensional 
elliptical ultrasonic vibration has not been studied. Tian 
et al. [20–22] explored the grinding process from abrasive 
tools and developed a high-shear low-pressure composite 
materials dedicated abrasive system. On the inconel718 
high-temperature alloy and nickel-based alloys, respec-
tively, to do the grinding experimental research, the results 
show that the new abrasive tool has a high tangential force 
and low normal force of the grinding characteristics and 
significantly reduces the surface roughness to improve the 
surface quality. Liu et al. [23] investigated the influence 
of different fiber angles on the grinding of 2D-Cf/SiC and 
found that the fiber angle had a very important influence 
on the grinding force and surface quality of C/SiC and the 
fracture mode of the material. However, the effects of two-
dimensional ultrasonic assisted grinding of 2.5D-C/SiC fiber 
angle on grinding force and surface roughness have not been 
studied. Xie et al. [24] investigated the influence of ultra-
sonic amplitude on the material removal mechanism during 
ultrasonic-assisted milling of 2.5D-C/SiC, and the results 
showed that ultrasonic-assisted machining could improve 
the surface quality and ultrasonic amplitude could improve 
the brittle fracture performance. Qu et al. [25, 26] explored 
the influence of grinding process parameters, fiber angle on 
grinding force, and surface roughness of grinding C/SiC. 
The fiber fracture mechanism was also analyzed to derive 
the material fracture mechanisms such as matrix cracking, 
fiber abrasion, interfacial debonding, fiber pull-out, and out-
cropping. However, the lack of ultrasound-assisted grinding 
of C/SiC material removal mechanism was explored. Chen 
et al. [27] conducted experimental feasibility research and 
mechanism analysis on ultrasonic-assisted milling of 2D-Cf/
SiC, and the results showed that machining parameters had a 
very important effect on cutting force and surface integrity, 

and ultrasonic vibration could reduce milling temperature, 
reduced milling force, and improved surface quality. Luna 
et al. [28] investigated the influence of abrasive geometry 
and fiber orientation on the removal mechanism of SiC/SiC 
ceramic matrix composites, and the results showed that abra-
sive grain shape had a more important effect on the grinding 
force than fiber orientation in the removal process of brittle 
materials. A theoretical model for the variation of normal 
stress with contact length and during each cycle of ultra-
sonic vibration in UAT was derived by Jamshidi and Nategh 
[29]. It was found that all the forces in UAT vary with the 
time of cyclic separation and contact between the tool and 
the workpiece relative to the cutting speed. The reasons for 
the decrease in normal force and friction with increasing 
ultrasonic amplitude and frequency were also analyzed both 
theoretically and experimentally.

At present, most researchers mainly focus on the influ-
ence of fiber orientation on the surface quality or grind-
ing force of a single type of C/SiC. Few have comprehen-
sively compared the removal characteristics of 2.5D C/SiC, 
chopped fiber C/SiC, and SiC grinding. The machining 
method of applying two-dimensional ultrasonic assisted 
grinding (TDUAG) to the workpiece has a very significant 
advantage in the machining of C/SiC and SiC materials. The 
expansion of the processing method is of great significance 
in the application of C/SiC and SiC processing. Therefore, 
based on the method of applying two-dimensional ultrasonic 
vibration-assisted grinding to the workpiece. The experi-
mental exploration of (TDUAG) and conventional grinding 
(CG) for these three materials was respectively carried out. 
The effects of linear speed, feed speed, grinding depth, fiber 
orientation, and toughening structure of carbon fiber on the 
grinding force, surface quality, and material removal mecha-
nism are analyzed. This research is of great significance in 
expanding new methods for high efficiency, high precision 
machining of C/SiC and SiC.

2 � Test conditions and theoretical analysis

2.1 � Test conditions and workpiece materials

Grinding experiments are carried out on a type specifica-
tion TCR 500 vertical machining center manufactured by 
Shenyang Machine Tool Factory. The experimental platform 
is shown in Fig. 1. The two-dimensional ultrasonic vibra-
tion platform is installed on the machine, and the clamping 
device is designed. The maximum speed of the TCR500 
vertical machining center is 20000r/min, the machine table 
size is 650 mm × 400 mm, the positioning accuracy of the 
X-, Y-, and Z-axes is 0.01 mm, and the repeated position-
ing accuracy is 0.008mm. The grinding wheel adopts a 
150-mesh, and a diameter of 25 mm electroplated diamond 
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grinding head with a shank with a diameter is 10 mm. The 
two-dimensional ultrasonic vibration platform consists of an 
ultrasonic generator, two amplitudes, and transducers. The 
ultrasonic waves are generated from the two directions of X 
and Y, respectively, and then converge on the workpiece of 
the porous universal platform. The grinding forces during 
the experiment are recorded by the Six Degrees of Freedom 
Dynamometer Model 9119AA2 manufactured by Kistler of 
Switzerland. The dynamometer system consists of a piezo-
electric crystal sensor, a 5080 charge amplifier, a 5697 data 
acquisition card, and a PC. The surface roughness Sa and 
the 3D profile of the grinding surface are measured using 
the NANOVEA ST400 3D non-contact surface topography 
measuring instrument manufactured by NANOVEA in the 
USA. The surface micrographs are taken with a 3D confocal 
laser microscope model OLS4100 manufactured by OLYM-
PUS. The surface microstructure is very important for the 
study of the grinding surface formation mechanism. The 
experimental materials are sintered silicon carbide ceram-
ics, 2.5D-C/SiC, and chopped fiber-C/SiC composites. The 
workpiece size is 8 × 8 × 4 mm. The parameter properties of 
the 2.5D C/SiC composites are given in Table 1. C/SiC com-
posites for the fatal flaw that SiC are prone to brittle crack-
ing, increasing its toughness and reducing the crack initia-
tion and propagation rate during machining. 2.5D-C/SiC is 
based on the two-dimensional continuous fiber arrangement 
of X and Y; Z-direction needled fibers are added to connect 
each fiber layer. It has higher toughness than unidirectional 
continuous C/SiC and 2D-C/SiC, a more mature production 

process, and a lower production cost than 3D-C/SiC. The 
structure diagram of the 2.5D-C/SiC composite is shown 
in Fig. 2.

2.2 � Experiment design and method

The previous investigation found that the main factors affect-
ing the material removal were ultrasonic amplitude, linear 
speed, feed speed, grinding depth, and C/SiC fiber orienta-
tion. Therefore, a single-factor comparison experiment of 
SiC and C/SiC with (TDUAG) and (CG) is carried out using 
the electroplated diamond grinding heads dry-plane grinding 
method. The effects of process parameters, fiber orientation, 
and fiber structure on the grinding force and surface qual-
ity are investigated. The processing parameters are given 
in Table 2, and the grinding process diagram is shown in 
Fig. 3. Source selection of process parameters such as linear 
velocity, feed rate, and grinding depth. First, according to the 
previous exploration experiment, it was found that the inter-
val between several levels of process parameters was rela-
tively large. The experimental results will have a relatively 
obvious trend of change; if the interval is not large enough, 
accidental errors may be introduced to interfere with the 
experimental results; second, according to the performance 
parameters of the experimental platform machine tool itself. 
In Sect. 2.1 of the manuscript, the performance parameters 
of the machine tool TCR500 in this study are introduced 
in detail. Third, refer to the value of process parameters in 
relevant literature.

2.3 � Mechanism analysis of ultrasonic‑assisted 
grinding

In Fig. 4a, the grinding wheel performs a plane motion dur-
ing grinding. The individual grit A on the grinding wheel 
is purely rolling with a curved trajectory. Its motion can be 
viewed as a combination of its rotation around point O and 
its movement along the Y-axis in parallel with point A. The 

Fig. 1   Two-dimensional ultra-
sonic assisted grinding platform

Spindle

Amplitude transformer

2D-ultrasonic vibration
Kistler Dynamometer

Ultrasonic transducer
Multi-hole universal platform

Machine tables

Wheel rotation direction

The direction of the feed speed

Grinding head

Table 1   2.5D-C/SiC material parameter performance

Material parameters Value

Tensile strength (MPa) 90–140
Curved strength (MPa) 160–240
Compress strength (MPa)  > 220
Volume density (g/cm3) 2.0
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trajectory equation of the abrasive particle relative to the 
workpiece in the cutting process from point A to point B is 
as follows (1):

(1)
{

X(t) = r − r ⋅ cos� = r ⋅ (1 − cos�t)

Y(t) = �sw + r ⋅ sin� = vw ⋅ t + r ⋅ sin�t

Figure  4b shows the trajectory diagram of a single 
diamond grit cut into the workpiece when 2D ultrasonic-
assisted grinding is applied in the X and Y directions. The 
2D ultrasonic trajectory is an ellipse when the phase angle is 
ϕ1 = ϕ2 = 90°. The equation of the motion trajectory after the 
ultrasonic application is shown in the following formula (2):

(2){

X(t) = r ⋅ (1 − cos�) + A
1
⋅ cos(�

1
t + �

1
) = r − r ⋅ cos� + A

1
⋅ sin�

1
t
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2
⋅ cos(�

2
t + �

2
) = vw ⋅ t + r ⋅ sin� + A

2
⋅ sin�

2
t

By deriving the time t from Eq.  (1) and Eq.  (2), the 
velocity equations of a single grit without ultrasonic and 
ultrasonic-assisted grinding can be obtained as Eq. (3) and 
Eq. (4) respectively:

(3)
{

vx(t) = r ⋅ � ⋅ sin�t

vy(t) = vw + r ⋅ � ⋅ cos�t

From this, it can be concluded that the contact arc length 
of a single grit in two-dimensional ultrasonic-assisted grind-
ing with an applied phase angle of �

1
= �

2
= 90

◦ and with-
out ultrasonic grinding is as follows (5):

(4)
{
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1
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where X(t) and Y(t) and vx, vy, vz, and l1, l2 are the distance 
traveled from point A to point B, the velocity, and the arc 
length, respectively. r is the radius of the grinding wheel, 

ϕ is the angle in radians at which the wheel turns from A 
to B, ω is the angular velocity of the wheel, and t is the 
time it takes for the wheel to turn from point A to point B. 

Fig. 2   Diagram of the 2.5D-C/
SiC three-dimensional structure
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δsw is the displacement of motion from O to O′. Vw is the 
feed speed. A1, A2 and ϕ1, ϕ2 and ω1, ω2 are the amplitude, 
phase angle, and angular frequency of vibration of the two-
dimensional ultrasonic vibration platform in the X and Y 
directions, respectively.

According to the comparison of formula (5), the con-
tact arc length of ultrasonic-assisted grinding is larger 
than that of non-ultrasonic grinding, thus reducing the 
grinding force. The specific quantitative analysis of ls1 
and ls2 is as follows: Table 3 shows the specific values of 
processing parameters under the same conditions, where 
�
1
= �

2
= 2�f

1
= 2�f

2
,A

1
= A

2
= 10�m.

The grinding time of a single grain is taken as π/2, π, 
(3π)/2, and 2π within 0–2π, respectively. Using the above 
formulae for the contact arc length of a single grain for 
conventional and 2D ultrasonically-assisted grinding and 
the values of the individual quantities, the values of l1 
and l2 can be calculated as l1 = 4.91, l2 = 5.16, l1 = 9.82, 
l2 = 10.32, l1 = 14.73, l2 = 15.48, l1 = 19.63, and l2 = 20.64. 
The 2D ultrasonic assisted grinding single particle contact 
arc length l2 under the same conditions in each group is 
always larger than the conventional grinding single parti-
cle contact arc length l1. This shows that 2D ultrasound-
assisted grinding can increase the contact arc length of a 
single grain.

Each abrasive particle on the grinding wheel is regarded 
as a cutting edge, and the grinding surface is the result of 
the combined action of many continuous cutting edges. 
After two-dimensional ultrasound is applied, the trajectory 
of a single abrasive particle on the workpiece is changed by 
ultrasonic vibration in the X and Y directions, and the contact 
arc length between the abrasive particle and the workpiece 

Table 2   Processing test parameters

Process parameters Value

Linear speed vs/(m/s) 0.66 2.36 10.48 23.56
Feed speed vw/(mm/min) 5 20 50 100
Grinding depth ap/(μm) 10 50 100 150

Fig. 3   Schematic diagram of 
ultrasonic assisted grinding 
device

Workbench 

Transducer and amplitude A 

Transducer and amplitude B 

Kistler 9119AA2 Dynamometer 

Connecting plate 

Diamond grinding wheel 
Workpiece clamping system 

Workpiece 

Spindle 

2Dimension ultrasonic platform 

Wheel rotation direction 

The direction of feed speed 

2D-ultrasonic vibration signal 

Fig. 4   a Motion path diagram 
of a single grit in CG. b Motion 
path diagram of a single grit in 
TDUAG​
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is increased. The volume of abrasive material removed per 
unit of time is fixed, and the average swarf area is inversely 
proportional to the contact arc length, so the average swarf 
area of a single abrasive particle is reduced after ultrasonic 
vibration is applied [30]. The grinding force of the abrasive 
particle is proportional to the sectional area of the chip, so 
the grinding force assisted by two-dimensional ultrasonic 
vibration is lower than that of ordinary grinding force [31]. 
At the same time, ultrasonic vibration also increases the 
number of cyclic contacts between the grain and the work-
piece per unit of time.

The influence of the ultrasonic amplitude on the tangen-
tial grinding force and normal force in Fig. 5 shows that the 
grinding force is greatest without ultrasonic, and the grind-
ing force decreases as the ultrasonic amplitude increases. 
When the ultrasonic amplitude is 10μm, the normal grinding 
force, and the tangential grinding force reach the minimum 
value, which is 5.9 N and 4.69 N, respectively. And the nor-
mal force is greater than the tangential force. This is because 
the grain have a large negative front angle, so increasing 
the ultrasonic amplitude can further increase the contact arc 
length of a single grain, and the average chip section area 

becomes smaller. Therefore, increasing the ultrasonic ampli-
tude can reduce the grinding force.

Figure 6 shows a model diagram of a single abrasive 
particle being pressed into the ceramic. Figure 7 shows the 
schematic diagram of the surface cracking of engineering 
ceramics. According to indentation fracture mechanics, a 
central crack will appear on the surface when the load on 
the abrasive particles reaches a critical value [32]. When 
the abrasive particles are unloaded, the central crack closes 
but cannot be restored to its original state, and continuous 

Table 3   Parameter values for 
calculating the contact arc 
length

Process parameters (CG) (TDUAG)

Angular speed of grinding wheel ω/(rad/s) 100 100
Radius of grinding wheel r/(mm) 25 25
Feed speed vw/(mm/min) 100 100
Grinding time for a single grit t/(s) π/2, π, (3π)/2, 2π π/2, π, (3π)/2, 2π
Contact arc length of a single a single grit l/(mm) 4.91, 9.82,14.73, 19.63 5.16, 10.32, 15.48, 20.64
Ultrasound frequency f/(Hz) 20,000 20,000
Ultrasonic amplitude/(μm) 0 10
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 Tangential force-Ft

Fig. 5   Ultrasonic amplitude vs. grinding force

Fig. 6   Single grit is pressed into the workpiece model

Fig. 7   Vickers indentation crack formation process [38]
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unloading will produce transverse cracks under the action of 
tensile stress [33]. Two-dimensional ultrasound increases the 
frequency of the abrasive gratings per unit of time, resulting 
in periodic loading and unloading. Two-dimensional ultra-
sound increases the frequency of the abrasive cutters per unit 
of time, resulting in periodic loading and unloading [34]. 
In this process, the instantaneous cyclical force causes the 
material to undergo a small deformation, forming a plastic 
grinding zone that can produce a small transverse crack. 
These transverse cracks did not expand to form chips under 
the action of the high-frequency periodic grinding force 
and then formed a new grinding surface [35]. The high-
frequency impact effect of the grinding area under high-
frequency ultrasonic vibration is stronger, the micro-cracks 
are increased, the chip size is smaller, so the material is 
easier to remove, and the grinding force is reduced [36]. In 
addition, ultrasonic vibration shortens the time of abrasive 
action, and the delay in the outward expansion speed of the 

loaded central crack is too late to expand so that the grinding 
surface can obtain a better surface quality [37]. Therefore, 
two-dimensional ultrasonic vibration-assisted grinding can 
improve surface quality.

3 � Results and discussion

3.1 � Grinding force

3.1.1 � Linear speed

The feed speed is 50 mm/min, the grinding depth is 50 
µm, and the linear speeds are 0.66m/s, 2.36m/s, 10.48m/s, 
and 23.6m/s respectively. Figure 8a–c, d–f, g shows the 
influence of linear speed on the grinding force at 0°, 90°, 
and 45° fiber orientation when ultrasonic-assisted and con-
ventional grinding 2.5D-C/SiC, chopped fiber-C/SiC, and 
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SiC respectively. When the linear speed increases from 
0.66m/s to 23.6m/s, the normal and tangential grinding 
forces for grinding SiC decreased from 71.24 N and 39.04 
N to 14.07 N and 8.79 N, respectively, while these after 
applying ultrasound decreased from 57.19 N and 30 N to 
12.87 N and 8.23 N, respectively. The percentage reduc-
tion in normal and tangential grinding forces for applying 
ultrasound-assisted grinding of SiC compared to conven-
tional grinding decreased from 19.72% and 23.15% to 
8.23% and 6.37%, respectively. The normal and tangential 
forces in grinding 2.5D-C/SiC along the 0° fiber direc-
tion decreased from 30.5 N and 17.3 N to 3.21 N and 
4.47 N, respectively, and after ultrasound is applied, these 
decreased from 27.07 N and 15.83 N to 2.47 N and 3.61 
N, respectively. Compared with conventional grinding, the 
reduction of normal and tangential forces in the 0° fiber 
direction of 2.5D-C/SiC using ultrasonic-assisted grind-
ing was 11.2%, 8.5%, 23.1%, and 19.24%, respectively. 
The normal and tangential forces in grinding 2.5D-C/
SiC along the 90° fiber direction decreased from 23.85 
N and 13.79 N to 3.92 N and 5.87 N, respectively, and 
after ultrasound was applied these decreased from 21.75 
N and 12.3 N to 2.8 7N and 4.01 N, respectively. Com-
pared with conventional grinding, the reduction of normal 
and tangential forces in the 90° fiber direction of 2.5D-C/
SiC using ultrasonic-assisted grinding was 8.81%, 10.8%, 
26.79%, and 31.69%, respectively. The normal and tan-
gential forces in grinding 2.5D-C/SiC along the 45° fiber 
direction decreased from 44.71 N and 26.08 N to 4.75 
N and 6.84 N, respectively, and after the ultrasound was 
applied, these decreased from 34.77 N and 21.18 N to 4.27 
N and 6.73 N, respectively. Compared with conventional 
grinding, the reduction of normal and tangential forces 
in the 45° fiber direction of 2.5D-C/SiC using ultrasonic-
assisted grinding is 22.23%, 18.79%, 10.11%, and 1.61%, 
respectively.

When the linear speed is increased from 0.66 m/s to 23.6 
m/s for ultrasonic grinding of short-cut fiber-C/SiC along 
0°, 90°, and 45° fiber orientations, the percentage reduction 
in normal and tangential forces, compared to conventional 
grinding are from 12.01% and 13.16% to11.73% and 22%; 
from 10.34% and 6.81% to 17.96% and 7.64%; and from 
9.39% and 11.30% to 17.66% and 12.17%.

The normal and tangential grinding forces on all surfaces 
decrease with increasing linear speed because of the increase 
in the number of diamond grits acting on the surface of the 
material when the linear speed increases. The feed speed of 
the grinding wheel per revolution is reduced, resulting in a 
reduction in the average thickness of the undeformed chips 
ag of a single diamond abrasive particle, thus reducing the 
normal and tangential forces. The normal grinding force is 
greater than the tangential grinding force for all three mate-
rials in both ultrasonic and conventional grinding because 

the diamond grits have a larger negative rake angle and flute 
radius. Applying 2D ultrasound reduces the grinding forces. 
The maximum percentage reduction in normal and tangen-
tial grinding forces is 26.79% and 31.69%, respectively, 
when grinding 2.5D-C/SiC along 90° fiber orientation.

3.1.2 � Feed speed

The linear speed is 10.48 m/s, the grinding depth is 50 μm, 
and the feed speed is 5 mm/min, 20 mm/min, 50 mm/min, 
and 100 mm/min. Figure 9a–c, d–f, g shows the influence 
of feed speed on the grinding force at 0°, 90°, and 45° fiber 
orientation when grinding 2.5D-C/SiC, chopped fiber-C/
SiC, and SiC, respectively.

When the feed speed is increased from 5 mm/min to 
100 mm/min, the normal and tangential grinding forces of 
conventional and 2D ultrasound-assisted grinding of SiC 
increased from 8.87 N, 6.15 N and 6.35 N, 5.02 N to 30.66 
N, 15.01 N and 21.9 N, 11.49 N, respectively. The appli-
cation of 2D ultrasound resulted in a percentage reduction 
in normal and tangential grinding forces from 28.41% and 
18.37% to 28.57% and 23.45% respectively. The normal and 
tangential forces increased from 3.49 N, 2 N and 2.64 N, 
1.81 N to 8.81 N, 4.76 N and 6.5 N, 4.23 N, respectively, 
when conventional and 2D ultrasound-assisted grinding of 
2.5D-C/SiC along 0° fiber orientation. Two-dimensional 
ultrasound resulted in a percentage reduction in normal and 
tangential grinding forces from 24.36% and 9.5% to 26.22% 
and 11.13%, respectively. The normal and tangential forces 
increased from 3.78 N, 3.49 N and 2.84 N, 2.7 N to 8.14 N, 
10.61 N and 6.18 N, 7.6 N, respectively, when conventional 
and 2D ultrasound-assisted grinding of 2.5D-C/SiC along 
90° fiber orientation. Two-dimensional ultrasound resulted 
in a percentage reduction in normal and tangential grind-
ing forces from 24.87% and 22.64% to 24.08% and 28.37%, 
respectively. The normal and tangential forces increased 
from 5.51N, 5.1N and 3.86N, 3.57N to 15.47N, 12.2N and 
11.85N, 10.85N, respectively, when conventional and 2D 
ultrasound-assisted grinding of 2.5D-C/SiC along 45° fiber 
orientation. Two-dimensional ultrasound resulted in a per-
centage reduction in normal and tangential grinding forces 
from 29.95% and 30% to 23.40% and 11.07%, respectively.

Figure 9 shows that both normal and tangential grind-
ing forces increase with increasing feed speed. As the feed 
speed vw increases, the relative contact area between the grit 
and the workpiece increases. Therefore, the maximum thick-
ness of undeformed chips increases, and the total amount 
of material removed increases at the same time, increasing 
the grinding force. The normal and tangential forces after 
ultrasonic-assisted grinding are lower than those without 
ultrasonic. When the feed speed is taken as 5 mm/min for 
grinding 2.5D-C/SiC along 45° fiber orientation, the maxi-
mum percentage reduction in normal and tangential grinding 
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forces are 29.95% and 30%, respectively, and the reason for 
this phenomenon is discussed in the previous section. Due 
to the anisotropy and inhomogeneity of C/SiC materials, the 
mechanical properties of the materials are not the same in 
all directions of the fibers, so the trend of the grinding force 
increasing with the feed speed is not linear.

3.1.3 � Grinding depth

When the linear speed is 10.48m/s and the feed speed is 
50mm/min, the grinding depth values are 10 μm, 50 μm, 100 
μm, and 150 μm. Figure 10a–c, d–f, and g shows the influ-
ence of grinding depth on the grinding force at 0°, 90°, and 
45° fiber orientation when grinding 2.5D-C/SiC, chopped 
fiber-C/SiC, and SiC.

As the grinding depth increases from 10 μm to 150 μm, 
the normal and tangential grinding forces of conventional 
and 2D ultrasound-assisted grinding of SiC increased from 

7.3 N, 4.51 N and 6.33 N, 4.05 N to 32.93 N, 17.55 N and 
21.39 N, 12.3 N, respectively. The application of 2D ultra-
sound resulted in a percentage reduction in normal and tan-
gential grinding forces from 13.29% and 10.20% to 35.04% 
and 29.91% respectively. The normal and tangential forces 
increased from 3.36N, 2.86N and 2.85N, 2.68N to 14.04N, 
8.28N and 10.04N, 6.29N, respectively, when conventional 
and 2D ultrasound-assisted grinding of 2.5D-C/SiC along 
0° fiber orientation. Two-dimensional ultrasound resulted 
in a percentage reduction in normal and tangential grind-
ing forces from 15.18% and 6.29% to 28.49% and 24.03%, 
respectively. These forces increased from 3.84 N, 3.28 N 
and 3.12 N, 2.91 N to 9.93 N, 11.09 N and 7.84 N, 7.81 
N, respectively, when grinding 2.5D-C/SiC along a 90° 
fiber orientation. The ultrasonic reduction percentages are 
18.75% and 11.28% to 21.05% and 29.58%, respectively. 
These forces increased from 5.61 N, 5.16 N and 4.44 N, 4.03 
N to 20.34 N, 14.35 N and 11.85 N, 10.9 N, respectively, 
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when grinding 2.5D-C/SiC along a 45° fiber orientation. The 
ultrasonic reduction percentages are 20.86% and 21.90% to 
41.74% and 24.04%, respectively.

Figure 10 shows that both normal and tangential grind-
ing forces increase as the grinding depth increases. Because 
the maximum undeformed chip thickness of a single grit 
increases as the grinding depth increases during grinding. 
At the same time, the number of effective grits involved in 
grinding increases, increasing the grinding force.

3.2 � Surface quality

3.2.1 � Linear speed

Under the conditions shown in Table 2, the feed speed and 
the grinding depth remain unchanged at 50 mm/min and 
50μm. The linear speed is varied. The effect of linear speed 

on surface roughness during ultrasonic-assisted grinding and 
conventional grinding of 2.5D-C/SiC chopped fiber-C/SiC 
and SiC is investigated. The surface roughness Sa measured 
by NANOVEA ST 400 3D non-contact surface morphom-
etry is shown in Fig. 11. Figure 11 shows the effect of lin-
ear speed on surface roughness when 2.5D-C/SiC, chopped 
fiber-C/SiC, and SiC are ground at 0°, 90°, and 45° angles 
between fiber and grinding directions respectively. As the 
linear speed increases, the surface roughness Sa decreases. 
The average thickness of undeformed chips ag of a single 
grit decreases as the linear speed vs. in the grinding process 
increases, thus reducing the surface roughness.

To further demonstrate the influence of linear speed on 
C/SiC surface quality, the 3D profile of the grinding surface 
is recorded using NONAVEA topography. Figure 12 shows 
the law of the influence of linear speed on the 3D profile 
when grinding a 2.5D C/SiC transverse surface. The feed 
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speed is 50 mm/min and the grinding depth is 50 μm. The 
linear speed is 0.66 m/s, 2.37 m/s, 10.48 m/s, and 23.56 m/s. 
Figure 12 clearly shows that the three-dimensional contour 
topography with a linear speed of 0.66m/s has the high-
est degree of concavity and the worst surface quality. As 
the linear speed increases, the surface roughness gradually 
improves and the height of the maximum convex surface 
and the depth of the minimum concave surface both show 

a decreasing trend. The surface quality of the 3D profile is 
the best when the linear speed is 23.56m/s. Under the same 
machining parameters, the above figure is (CG) and the fol-
lowing figure is (TDUAG) profile. The degree of surface 
waviness after ultrasonic is smaller than that without ultra-
sonic. This result is fully consistent with the previous analy-
sis of the influence of ultrasonic and linear speed on surface 
roughness and further confirms the view that increasing 

Fig. 11   Linear speed vs. surface 
roughness
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linear speed reduces surface roughness, and ultrasonic can 
reduce surface roughness and improve surface quality. In the 
process of investigating the effect of line speed on surface 
roughness, the maximum percentage of ultrasound-assisted 
machining to reduce surface roughness is 37.93%, at which 
time the line speed for grinding 2.5D-C/SiC along 90° fiber 
orientation is taken as 10.48 m/s. The minimum percentage 

of reduction in surface roughness is 1.7%, at which time the 
line speed is taken as 23.56 m/s for grinding SiC.

3.2.2 � Feed speed

The linear speed is 10.48 m/s, the grinding depth is 50 μm 
and the feed speed is varied to investigate the effect of feed 

Fig. 13   Feed speed vs. surface 
roughness
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speed on surface roughness. Figure 13 shows the effect of 
feed speed on roughness at 0°, 90°, and 45° fiber orienta-
tion when grinding 2.5D-C/SiC, chopped fiber-C/SiC, and 
SiC. The surface roughness Sa increases as the feed speed 
increases. As the feed speed vw increases, the number of 
grits on the ground surface per unit of time decreases, and 
the surface roughness value Sa increases.

Figure 14 shows the effect of feed speed on the 3D profile 
of the surface when grinding 2.5D-C/SiC. The linear speed 
is 10.48 m/s, and the grinding depth is 50 μm. The feed 
speed is 5 mm/min, 20 mm/min, 50 mm/min, and 100 mm/
min. At a feed speed of 5 mm/min, the degree of rough-
ness of the contour map changes little, the pits are fewer 
and shallower, and the surface quality is better. As the feed 
speed increases, the surface roughness becomes worse, the 
height of the maximum bulge and the depth of the minimum 
pit both tend to increase, and more pits appear. The surface 
quality of a 3D profile with a feed speed of 100 mm/min is 
the worst.

In the process of investigating the influence of feed speed 
on surface roughness, the maximum percentage of ultra-
sound-assisted machining to reduce surface roughness is 
23.17%, at this time along the 45° fiber orientation grinding 
chopped fiber-C/SiC feed speed of 100mm/min. The mini-
mum percentage of reduction in surface roughness is 1.6% 
at this time for the grinding of SiC feed speed of 10mm/min.

3.2.3 � Grinding depth

The linear speed is 10.48 m/s, the feed speed is 50 mm/min, 
and the grinding depth is varied to investigate the effect of 
grinding depth on surface roughness. Figure 15 shows the 
effect of grinding depth on roughness at 0°, 90°, and 45° 
fiber orientation when grinding 2.5D-C/SiC, chopped fiber-
C/SiC, and SiC. Figure 15 shows that the surface roughness 
Sa increases as the grinding depth increases. As the grinding 
depth ap increases, the thickness of the undeformed chips 
of a single abrasive particle increases, and the roughness 
value Sa increases. In the process of investigating the effect 
of grinding depth on surface roughness, the maximum per-
centage of ultrasonic-assisted machining to reduce surface 
roughness is 28.31%, at this time along the 0° fiber orienta-
tion grinding 2.5D-C/SiC grinding depth of 150mm/min. 
The minimum percentage of reduction in surface roughness 
is 2.17% at this time for grinding SiC grinding depth of 
50μm.

Figure 16 shows the effect of the grinding depth on the 
3D profile of the surface when grinding 2.5D-C/SiC. The 
linear speed is 10.48 m/s, and the feed speed is 50mm/min. 
The grinding depth is 10 μm, 50 μm, 100 μm, and 150 μm. 
The surface of the profile with the minimum grinding depth 
of 10μm has less concave and convex degrees, fewer shal-
low pits, and better surface quality. As the grinding depth 
increases, the surface roughness gradually worsens, the 

Fig. 15   Grinding depth vs. 
surface roughness

0.184

0.319

0.272

0.446

0.348

0.405

0.281

0.315

0.409

0.465
0.482

0.4250.427

0.322

0.383

0.513

0.471

0.536

0.489

0.453

0.414

0.491

0.5360.532

0.56

0.506
0.487

0.536

2.5D Short SiC 2.5D Short SiC 2.5D Short SiC 2.5D Short SiC
0° 90° 45° 0° 90° 45° SiC 0° 90° 45° 0° 90° 45° SiC 0° 90° 45° 0° 90° 45° SiC 0° 90° 45° 0° 90° 45° SiC

10 50 100 150

0.0

0.2

0.4

0.6

)
mµ( ssenhguor ecafruS

Grinding depth (µm)

 No ultrasound
  Ultrasound

3479The International Journal of Advanced Manufacturing Technology (2024) 131:3467–3485



height of the maximum dent and the depth of the minimum 
pit both tend to increase, and more pits appear. The 3D pro-
file with a maximum grinding depth of 150μm has the worst 
surface quality. Under the same machining parameters, the 
above figure is (CG), and the following figure is (TDUAG) 
contour. The fluctuation degree of the ultrasonic surface is 
smaller than that without ultrasonic, which further confirms 
the view that increasing the grinding depth can increase the 
surface roughness, and ultrasonic can reduce the surface 
roughness.

3.3 � Effect of fiber orientation on force and surface

3.3.1 � Effect of fiber orientation on force

For the same processing parameters, they are changing the 
orientation of the fibers. Figure 17a, b shows the influence 
of fiber orientation on the grinding force of 2.5D C/SiC and 
chopped fiber C/SiC composites respectively. Figure 17 
shows that the grinding force of 45° fiber orientation is 
greater than that of 90° fiber orientation, and the grinding 

Fig. 16   Grinding depth vs. surface morphology

Fig. 17   C/SiC fiber orientation 
vs. grinding force
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force of 0° fiber orientation is the least. This is due to the 
anisotropy and inhomogeneity of C/SiC composites, and the 
coefficient of friction of different fiber orientations is differ-
ent. As a result, the fracture mechanical properties of differ-
ent fiber orientations are different, so the grinding forces of 
different fiber orientations are also different. When C/SiC is 
ground in the direction parallel to the fiber, the fiber is axi-
ally compressed and then tears and breaks. As the toughness 
of the fiber is greater than that of the SiC matrix material, 
the grinding force required for brittle fracture is less. When 
C/SiC is ground in the direction perpendicular to the fiber, 
the fiber is fractured by the shear between the abrasive par-
ticles along the radial direction. Since the radial strength of 
the fiber is much greater than the axial strength, the breaking 
force of the fiber in radial shear is greater than the break-
ing force in axial extrusion. When the angle between the 
grinding direction and the C/SiC fiber is 45°, the abrasive 
particles must simultaneously overcome the axial compres-
sion fracture deformation and the radial shear deformation 
of the fiber. Therefore, the grinding force is satisfied: the 
grinding force of 45° fiber orientation is greater than that 
of 90° fiber orientation, and the grinding force of 0° fiber 
orientation is the least.

3.3.2 � Effect of fiber orientation on surface quality

Figure 18 shows the effect of fiber orientation on surface 
roughness when grinding 2.5D-C/SiC and chopped fiber-C/
SiC respectively. Figure 18 shows that the surface roughness 
of 2.5D-C/SiC is 45° fiber surface > vertical fiber surface > par-
allel fiber surface. Ultrasonic grinding can reduce the surface 

roughness. The roughness of chopped fiber-C/SiC is as follows: 
parallel fiber surface > 45° fiber surface > vertical fiber surface. 
This is because the distribution structure of the two hardened 
fibers is different, the C/SiC material has anisotropy and inho-
mogeneity, and the friction coefficient of different fiber orienta-
tions is different, resulting in different fracture mechanical prop-
erties when grinding different fiber orientations. The surface 
roughness of different fiber orientations is also different. When 
2.5D-C/SiC is ground parallel to the fiber direction, the fiber 
is torn and broken under the action of axial extrusion, and the 
broken fiber in this direction shows a relatively neat layering 
arrangement, so the surface roughness is minimal. When the 
cutting direction of the abrasive grain and the fiber angle is 45°, 
the abrasive grain has to overcome the axial compression and 
tearing deformation of the fiber and the radial shearing deforma-
tion at the same time, and both the transverse fiber layer and the 
longitudinal fiber fracture layer are arranged so that the surface 
roughness along the 45° fiber surface is the largest.

Figure 19 shows the surface microtopography magnified 
1000 times. Figure 19a–c shows the morphology of the 
2.5D-C/SiC parallel fiber plane, vertical fiber plane, and 
45° fiber plane in sequence, which clearly shows the dif-
ferent fiber fracture mechanisms. In Fig. 19a, the fibers are 
first crushed and bow deformation occurs. Then bending 
deformation occurs along the axial direction of the fiber. 
As the axial load along the fiber continues to increase, the 
fiber tears until it breaks. In Fig. 19b, according to the 
stiffness principle, each flexible fiber is considered a rigid 
member with both ends constrained by fixed hinge sup-
ports. When uniform loads are applied in the direction per-
pendicular to the fiber, these uniform loads can be simpli-
fied as concentrated forces acting on the center of the fiber 

Fig. 18   C/SiC fiber orientation 
vs. surface roughness
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rod. Under the action of the concentrated force, the elastic 
bending deformation along the radial direction of the single 
fiber occurs first. As the load is continuously increased, 
the fiber rod undergoes torsional and bending deforma-
tion due to the torque rotating around the fiber axis. The 
transverse fracture occurs along the radial direction of the 
fibers under shear action. The cross-section can be seen in 
Fig. 19b, and the fracture phenomenon is consistent with 
the theoretical analysis. In Fig. 19c, fibers are subjected to 
both compressive and shear stresses when ground along 
the 45° fiber direction. At the same time as the extrusion 

deformation fibers peel and tear, torsional bending defor-
mation will occur due to the effect of torque until the fibers 
break, forming chips and new surfaces. Figure 19d–f shows 
the surface topography of chopped fiber C/SiC. At the same 
magnification, a single chopped fiber is much thinner than 
a single 2.5D-C/SiC fiber. The surface of the tiny fiber has 
more rough edges and pores. Therefore, the surface rough-
ness is poor. However, the fracture mechanism of the three 
directions is the same as that of 2.5D-C/SiC. Figure 19g–i 
shows the surface topography of SiC, and it is a surface 
formed by a brittle fracture.
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3.4 � Effect of fiber structure arrangement on force 
and surface

3.4.1 � Effect of fiber structure arrangement on force

Figure 20 shows the influence of different fiber structures on 
the grinding force. Under the same processing parameters, 
whether ultrasonic is applied or not, the grinding force is as 
follows: SiC > chopped fiber-C/SiC > 2.5D-C/SiC, and the 
grinding force of ultrasonic assisted grinding is smaller than 
that of non-ultrasonic grinding. One reason why the grinding 
force of SiC is greater than that of C/SiC is that the hard-
ness of sintered SiC engineering ceramics is greater than that 
of C/SiC. C/SiC is produced by reactive melt infiltration of 
C/C composites, which may contain incomplete carbon in the 

material. The reason why the grinding force of chopped fiber 
SiC is greater than that of 2.5D-C/SiC is that the carbon fiber 
in 2.5D-C/SiC is double-layered and the fiber is thicker than 
chopped fiber. The total amount of carbon fiber in 2.5D-C/
SiC is relatively large, and the hardness of the carbon fiber 
is less than that of the SiC matrix, so the relative hardness of 
chopped fiber-C/SiC is greater than that of 2.5D-C/SiC.

3.4.2 � Effect of fiber structure arrangement on the surface

Figure  21 shows the comparison of surface roughness 
between grinding 2.5D-C/SiC, chopped fiber-C/SiC, and 
SiC under the same parameters, which can be seen from 
the figure: the surface roughness is satisfactory: Chopped 
fiber-C/SiC > 2.5D-C/SiC > SiC and ultrasonic can reduce 
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the surface roughness. The reason why the roughness of C/
SiC is greater than that of SiC ceramics is that the crisscross 
fibers laid in C/SiC materials increase the micro-convex and 
convex degree of the material surface. The fiber burrs on 
the surface after grinding C/SiC further increasing the sur-
face roughness. The reason why the surface roughness of 
chopped fiber C/SiC is greater than that of 2.5D C/SiC is 
that the fiber layering in 2.5D C/SiC is regularly arranged 
and the fibers are continuous fibers with large diameters. The 
surface of chopped fiber C/SiC is composed of several small 
broken chopped fiber heads arranged in different rows. The 
two C/SiC surface morphologies show that the fiber heads 
on the 2.5D C/SiC surface are arranged in a more integrated 
manner. In contrast, the chopped fiber C/SiC structure has a 
larger porosity and more fine burrs, and the roughness after 
grinding is more obvious. Therefore, the surface roughness 
is as follows: chopped fiber-C/SiC > 2.5D-C/SiC > SiC.

4 � Conclusion

The comparative test of grinding 2.5D C/SiC, chopped 
fiber C/SiC, and SiC were investigated. A series of results 
on the removal mechanism of C/SiC materials is obtained. 
Within the range of experimental parameters in this study, 
the experimental rules obtained are summarized as follows:

Based on two-dimensional ultrasonic auxiliary grinding 
kinematics analysis, applying two-dimensional ultrasonic 
auxiliary grinding C/SiC and SiC can cause abrasive par-
ticles to produce an elliptical motion trajectory. The use of 
auxiliary ultrasonic grinding can increase the contact arc 
length between the abrasive particles and the workpiece dur-
ing grinding. Ultrasonic auxiliary grinding can decrease the 
maximum undeformed chip thickness in unit time.

This experiment had been drawn: two-dimensional ultra-
sonic auxiliary grinding 2.5D-C/SiC, chopped fiber-C/
SiC, and SiC can reduce the grinding force, reduce surface 
roughness, optimize surface morphology, and improve the 
quality of the grinding surface and increase the ultrasonic 
amplitude when ultrasonic auxiliary grinding can reduce 
the grinding force. The maximum percentage reduction 
in normal and tangential grinding forces was 26.79% and 
31.69%, respectively, when grinding 2.5D-C/SiC along 90° 
fiber orientation. The maximum percentage of ultrasound-
assisted machining to reduce surface roughness was 37.93%, 
at which time the line speed for grinding 2.5D-C/SiC along 
90° fiber orientation was taken as 10.48 m/s.

The single-factor experiment investigated the effects of various 
process parameters on the grinding force and surface quality dur-
ing the grinding of three materials. It could be found that regard-
less of whether it was applied to an ultrasonic vibration assist 
grinding C/SiC. Within the range of this experiment, increasing 

the linear speed could reduce the grinding force, reduce the sur-
face roughness, and improve the surface quality; reducing the 
grinding depth and feed speed could reduce the grinding force, 
reduce the surface roughness, optimize the surface morphology, 
and improve the surface quality.

The fiber orientation had a very important influence on 
the experimental results of C/SiC grinding. Whether it was 
grinding 2.5D-C/SiC or a chopped fiber-C/SiC, the grind-
ing force is satisfied: orthogonal surface > longitudinal sur-
face > transverse surface; for surface roughness, 2.5D-C/SiC 
satisfied orthogonal surface > longitudinal surface > trans-
verse surface, chopped fiber-C/SiC satisfied: transverse sur-
face > orthogonal surface > longitudinal surface.

2.5D-C/SiC, chopped fiber-C/SiC, and SiC belong to the 
brittle fracture mode during grinding. The fracture mech-
anism of C/SiC in different fiber structures was different. 
When the abrasive particles were parallel to the fiber direc-
tion, the fibers were subjected to tearing and crushing along 
the axial direction. The fiber was pulled out, the interfacial 
layer was damaged, the fiber tear was then broken, and the 
matrix crack was broken. When the abrasive particles were 
perpendicular to the fibers, the fiber was broken in the radi-
cality of the shear effect between the abrasives. When the 
abrasive particles are at a 45° angle in the fiber direction, the 
fiber fracture occurs simultaneously in parallel and vertical 
fractures.

Compared with 2.5D-C/SiC, chopped fiber-C/SiC and 
SiC grinding phenomenon. Regardless of the ultrasound, 
it was applied, no matter what surface of the C/SiC. The 
grinding force satisfied the following: SiC > chopped fiber-
C/SiC > 2.5D-C/SiC; surface roughness satisfied the follow-
ing: chopped fiber-C/SiC > 2.5D-C/SiC > SiC.
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