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ABSTRACT: Grinding is a key precision machining method for achieving high surface quality and 
dimensional accuracy in carbon fiber reinforced silicon carbide ceramic matrix composites (Cf/SiC). 
Ultrasonic vibration-assisted grinding (UVAG), with its high-frequency intermittent loading characteristics, 
offers a novel approach to regulating the dynamic removal behavior of heterogeneous materials. This study 
firstly analyzed the material removal mechanism of abrasive particles based on abrasive geometry and 
kinematics. On this basis, mechanical models are developed for a single abrasive grain across three removal 
stages: ductile removal, ductile-to-brittle transition, and brittle removal. These are further extended into a 
grinding force prediction model by integrating the effects of multiple abrasive grains and process correction 
factors during ultrasonic-assisted grinding. Finally, the model is validated through UVAG experiments. 
Results show that under an ultrasonic frequency of 20 kHz and amplitude of 5 μm, the predicted grinding 
forces match the experimental values with a high degree of accuracy (98.98%). This grinding force model 
provides theoretical support and process guidance for high-performance, low-damage precision machining 
of Cf/SiC composites. 

Keywords: Grinding; Ceramic matrix composites; Ultrasonic vibration; Removal mechanism; Grinding 
force model 
 

1. Introduction 

Composite materials typically exhibit mechanical properties that traditional single-phase materials 
cannot achieve due to their unique structural characteristics [1]. Carbon fiber reinforced silicon carbide 
ceramic matrix composites (Cf/SiC) are usually fabricated through a composite process involving a ceramic 
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matrix, carbon fiber reinforcement, and interface phases [2–4]. Compared to traditional single-phase 
ceramic materials, the incorporation of carbon fiber enhances the fracture toughness, damage tolerance, and 
reliability of the composite material, while retaining the inherent superior properties of ceramics to some 
extent [5,6]. This makes them highly promising for applications in aerospace, rail transportation, marine, 
and nuclear industries. 

Excellent material properties make Cf/SiC commonly used in extreme conditions, including cryogenic 
and high temperatures, intense radiation, and severe friction. While composite molding processes can 
achieve near-net-shape manufacturing of structural components, the stringent accuracy requirements 
typically necessitate secondary processing to meet dimensional and surface quality standards, which is 
crucial for the fatigue resistance of the workpieces [7,8]. Grinding, as a necessary finishing process, plays 
an important role in the production cycle of Cf/SiC structural components [9,10]. Achieving high-precision, 
low-damage grinding is significant for controlling production costs and improving efficiency. However, 
the mechanical anisotropy, high heterogeneity, and the inherently hard and brittle properties of the material 
often result in severe processing damage and tool wear during the grinding process [11,12]. Given the 
necessity of grinding, researchers both domestically and internationally have extensively studied the 
grinding mechanism and damage mechanism of Cf/SiC, finding that the damage forms of such materials 
include brittle fracture of the ceramic matrix, fiber delamination and fracture, as well as various macro- and 
micro-scale damages, which severely impair the material’s mechanical and fatigue properties [13,14]. For 
instance, Zhang et al. found that the material removal of unidirectional fiber-oriented Cf/SiC is primarily 
dominated by brittle removal. The grinding forces follow the order Fnormal > Flongitudinal > Ftransverse, and the 
surface roughness follows the order Ralongitudinal > Ranormal > Ratransverse [15]. During grinding, the ceramic 
matrix fails via brittle fracture, while the interfacial damage and fiber fracture modes depend on fiber 
orientation, mainly manifested as fiber debonding, spalling, and pull-out. 

To improve the grinding performance of Cf/SiC, both academia and industry have introduced various 
forms of external energy fields to reduce grinding damage and enhance grinding efficiency [16]. Among 
these, the ultrasonic energy field, which drives high-frequency micro-amplitude periodic motion, has shown 
significant competitiveness in the machining of hard and brittle materials, as well as composite materials, 
and has gained relatively widespread application in industry [17,18]. Research has shown that in the 
machining of hard and brittle materials, ultrasonic vibration-assisted grinding can reduce the propagation 
of cracks and subsurface damage during material removal and, to some extent, increase the critical cutting 
thickness at which brittle fracture occurs [19,20]. Additionally, in the grinding of resin-based composites, 
some scholars believe that the tool movement trajectory after the application of ultrasonic vibration helps 
to reduce fiber fracture and matrix damage [21,22]. Given the superior machining ability of ultrasonic 
vibration in the grinding of hard-brittle materials and composites, researchers have also incorporated 
various forms of ultrasonic vibration modes into the grinding of Cf/SiC. Chen et al. found that in 
longitudinal-torsional ultrasonic vibration-assisted grinding of Cf/SiC, surface quality is primarily governed 
by the maximum undeformed chip thickness. When the maximum undeformed chip thickness is sufficiently 
small, abrasive extrusion induces microcracks in the carbon fibers, leading to microfracture and thereby 
improving surface integrity [23]. Dong et al. found that the energy transfer and reciprocating cutting action 
generated by ultrasonic vibration shorten the length of fiber fracture fragments, suppress intermittent 
peeling, effectively reduce fiber pull-out and breakage, and enhance the degree of matrix fragmentation 
[24]. This results in a flatter rectangular cross-section and superior machining quality. However, after 
applying ultrasonic vibration, the increased complexity of the chip formation mechanism, the dynamic 
effective abrasive particle count in the grinding zone, and the mechanical behavior of the interactions 
between the abrasive particles and the multi-phase materials have greatly hindered the industry’s 
understanding of ultrasonic vibration-assisted grinding of Cf/SiC. 

Grinding force, as one of the key characteristics reflecting grinding quality, has received significant 
attention in the machining of various materials, particularly hard and brittle materials and composite 
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materials. Some studies have used grinding force signals to detect transitions in the material removal modes, 
thereby identifying abnormal changes in grinding quality in a timely manner [25,26]. To promote the 
understanding of the material removal mechanism of Cf/SiC and improve its production efficiency, 
preliminary research has been conducted in the field of grinding force modeling. Compared to empirical 
models, comprehensive analytical models based on the physical relationships during the grinding process 
are more suitable, and are more beneficial for enhancing process understanding and improving grinding 
force prediction accuracy [27]. However, the development of analytical models typically involves complex 
theoretical systems such as geometry, kinematics, and material mechanics, making the model establishment 
process relatively difficult [28,29]. 

Currently, the analytical models for the grinding force of Cf/SiC composites primarily include the 
following approaches [29]: Zhang et al. established a time-domain grinding force model by vectorially 
summing the forces exerted by all effective abrasive particles on the matrix and fibers within the grinding 
zone [30]. However, such methods are limited in composite material modeling and are only applicable to 
structures with a single fiber arrangement. Bie et al. developed a more general method that divides the 
material removal process into stages based on the material removal rate and calculates the average cutting 
depth for each stage [31]. By establishing a quantifiable relationship between material removal force and 
average cutting depth, the overall grinding force is finally determined. Dong et al. based on the 
instantaneous collision behavior between abrasive particles and the workpiece under ultrasonic vibration, 
transformed a dynamic problem into an impulse-momentum relationship, which is typically applied to 
ultrasonic vibration-assisted grinding [16]. 

Studies have shown that Cf/SiC has complex features such as multi-level characteristics, multi-phase 
components, and anisotropy, with the introduction of ultrasonic vibration further complicating the material 
removal mechanism of Cf/SiC composites [32,33]. Existing research has yet to clarify the mechanisms 
underlying effective ultrasonic removal of these materials. The randomness of particle distribution, the 
heterogeneity of the composite material, and the complex trajectory induced by ultrasonic vibration all 
increase the difficulty in establishing grinding force models. Therefore, further research on the material 
removal mechanism and the establishment of corresponding grinding force prediction models for ultrasonic 
vibration-assisted grinding of Cf/SiC is of significant importance in improving the grinding accuracy and 
production efficiency of these materials. However, existing force models have not yet adequately accounted 
for the influence of abrasive kinematics. To address this, a novel grinding force model applicable to 
ultrasonic-assisted grinding is developed in this study, incorporating both the geometry and kinematics of 
abrasives during the three-phase interaction between abrasives and the workpiece. 

2. The Material Removal Mechanism 

2.1. Abrasive Geometry Modeling 

Unlike turning and milling, grinding removes material through abrasive grains randomly distributed 
on the surface. The geometric dimensions and distribution characteristics of abrasive grains significantly 
influence the grinding force. Therefore, establishing the geometric topography of abrasive grains on the 
grinding wheel surface is a prerequisite for grinding force modeling. Based on the actual geometric 
dimensions of the abrasive particles, the abrasive surface of the grinding wheel is geometrically 
reconstructed, as shown in the Figure 1. An octahedral structure (with an angle of 45°) is used to simulate 
the actual abrasive particle shape [34,35]. The size of abrasive particles follows a normal distribution, and 
their locations are randomly distributed. 
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Figure 1. The geometry of abrasive grain (a) single grain morphology (b) abrasive grain distribution simulation. 

2.2. Abrasive Kinematics Analysis 

Figure 2 shows the movement trajectory of diamond abrasive particles on the surface of a cylindrical 
grinding head under ultrasonic vibration. The motion trajectory of abrasive grains can be calculated using 
the following equations: 
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 (3)

where R is the average radius of the diamond particle trajectory, w is the angular velocity of the rotation, t 
is the grinding time in seconds, A the ultrasonic amplitude in micrometers, f is the ultrasonic frequency. 

For ultrasonic vibration-assisted grinding with rotation, the abrasive particle movement trajectory is a 
combination of high-frequency micro-amplitude vibration in the axial direction and circumferential rotation, 
forming a periodic spatial trajectory. 
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Figure 2. The kinematics of abrasive grain (a) different frequencies (b) different amplitudes (c) local motion maps. The blue 
line represents UVG, and the red line represents UTG. 

2.3. Material Removal Mechanism of Cf/SiC 

During the contact between abrasive particles and hard-brittle materials, the material removal behavior 
shows significant differences with the change in cutting depth. Research has found that this process can be 
roughly divided into three characteristic stages [36]. Stage 1: Ductile Removal Stage: When the cutting 
depth of the abrasive particle is small, the material is primarily removed by plastic deformation, similar to 
the cutting process of metallic materials. During this stage, the processed surface is relatively smooth, with 
minimal surface cracking. Stage 2: Transition Stage: As the cutting depth increases, plastic deformation 
becomes less able to release stress fully, and small cracks begin to appear in localized areas. During this 
stage, the material removal behavior is characterized by a mixture of plastic flow and brittle fracture. Stage 
3: Brittle Fracture Dominated Stage: When the cutting depth exceeds the critical value, cracks rapidly 
propagate, becoming the dominant mechanism. The material is rapidly removed through brittle 
fragmentation and abrasive particle detachment, resulting in a significant increase in surface roughness. 

Understanding the transition between these three stages is crucial for controlling the surface quality of 
hard-brittle materials and reducing subsurface damage. As shown in Figure 3, the undeformed chip 
thickness of a single abrasive particle changes from 0 to its maximum value over time. The division of the 
grinding zone and the corresponding cutting times can be determined by identifying the critical cutting 
depth [37,38]. When the cutting depth is below the critical value, material removal occurs in the ductile 
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region. When the cutting depth is between the ductile and brittle transition, material removal occurs in the 
transition zone. When the cutting depth exceeds the critical value, material removal occurs in the brittle 
region, which can be expressed by the following formula: 
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Figure 3. Three stages of brittle material removal. 

The critical cutting depth between the ductile-brittle transition zone and the brittle region is influenced 
by the material’s intrinsic properties. The formula for calculating the critical cutting depth of Cf/SiC 
composites is as follows: 

2

V V
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H H
   (5)

where ( )T  = 251.1, KID is dynamic fracture toughness, approximately 30% of static fracture toughness. 

Dynamic fracture toughness is used instead of fracture toughness because ultrasonic vibration softens the 
material, reducing its surface hardness. Hv is the Vickers hardness. The critical cutting depth between the 
ductile region and the ductile-brittle transition zone is derived as follows: 

gp gc   (6)

where τ is the coefficient for the ductile region, typically set to 0.25. As the cutting time increases, the 
maximum undeformed chip thickness can be calculated using the following formula: 
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where ap is the grinding depth, Na is the number of active diamond abrasive particles, η is the ratio of chip 
width to the average undeformed chip thickness (η = 10), fra is the fraction of diamond particles during 
grinding (fra = 10), ξ is the volume fraction of diamond tools (ξ = 0.25). For the ductile region, from cutting 
time t1 to t2, the diamond abrasive particle path is denoted as L1. In the ductile-brittle transition zone, the 
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diamond abrasive particle path is denoted as L2, corresponding to the time range t2 to t3. In the brittle region, 
the diamond abrasive particle path is denoted as L3, corresponding to the time range t3 to t4. The path length 
of the diamond abrasive particles and the cutting time can be calculated as follows: 
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3. Ultrasonic Grinding Force Model 

3.1. Ductile Removal Stage Force Model 

To simplify the modeling of material removal morphology under the complex cutting trajectory of a 
single abrasive particle, this study adopts a simplification approach where real triangular pyramids (ductile 
stage) or asymmetric triangular prisms (ductile-brittle and brittle stages) are modeled as equivalent volume 
triangular prisms. The key to this simplification is that, although the morphologies differ, the volume 
conservation principle ensures the equivalence of material removal volume [39,40]. 

Since the cutting depth of a single diamond particle continuously changes over time during the ductile 
removal stage, it is necessary to determine the average cutting depth. The diamond abrasive particle is 
considered a rigid octahedron with a stable cutting edge, as shown in Figure 4. In the ductile removal stage, 
the plastic removal shape of a single diamond abrasive particle on the material surface can be regarded as 
a triangular pyramid, with the base length being the cutting depth and the height corresponding to the 
gradual contact arc length in the ductile removal zone. The volume of this triangular pyramid is denoted as 
Vg1. The calculation formula is as follows: 

2

1 1 1

1 1
tan tan

3 3g gp gp gpV L L       (10)

The cutting behavior of diamond abrasive particles on the workpiece exhibits dynamic characteristics, 
and the instantaneous cutting depth of the abrasive particle continues to change based on its position on the 
grinding wheel, the rotation trajectory, and the feed characteristics of the workpiece [41]. If this nonlinear, 
transient microscopic cutting behavior is directly applied in theoretical modeling, it leads to excessive 
complexity and difficulty in relating to macro-processing parameters. Therefore, introducing the concept 
of equivalent average cutting depth can both simplify the transient process into steady-state parameters and 
integrate the geometric features of abrasive particles, the grinding wheel-workpiece kinematic relationships, 
and the material’s plastic response, significantly simplifying the grinding force prediction model. 

2

1 1 1 tanga ave gaV L    (11)

where 
1 aveL   is the height of the idealized triangular prism, and 

1ga  is the average cutting depth during the 

ductile removal stage. The volume of the equivalent idealized triangular prism model remains the same as 
that of the original triangular pyramid with 

1 1g g aV = V . The average cutting depth is inversely proportional to 

the height of the idealized triangular prism. Under the premise of not changing the gradually varying contact 
arc length, i.e., 

11 aveL =L . 
1ga  is the calculation formula for the average cutting depth in the ductile stage is 

as follows: 
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Figure 4. Removal volume and average cutting depth during the ductile removal stage. 

In the ductile removal stage, when the abrasive particle and the workpiece first make contact, the 
undeformed cutting depth of any abrasive particle is smaller than the critical cutting depth between the 
ductile region and the ductile-brittle transition region. The material is under elastic deformation, and under 
the pressure of the abrasive particle, plastic deformation occurs without the formation of cracks. The volume 
of material removed from the workpiece surface is small. The normal grinding forc is positively correlated 
with the average cutting depth, the relationship can be expressed as: 

2 2 1/2

1 V 12 tan (2 tan )n gaF H      (13)

Substituting Equation (10) into Equation (11), it can further obtain the average normal cutting force 
during the ductile removal stage: 
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The tangential cutting force Ft1 is generated by friction, and it is determined by the friction coefficient 
μ and the normal cutting force. Its expression is as follows: 

1 1t nF F  (15)

The friction coefficient of diamond abrasive particles can be approximated as the ratio of the projected 
area in the feed direction to the projected area in the tangential direction, and its expression is as follows: 

1 1t nS S   (16)

where 
1tS  and 

1nS  are the tangential and normal projected areas of the diamond abrasive particles, 

respectively. They are expressed as follows: 
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By combining Equations (13)–(15), the tangential cutting force during the ductile removal stage for a 
single abrasive particle can be expressed as: 

 
2

1/2V 2

1 2 tan
48

gp

t

H
F


   (18)

3.2. Ductile-Brittle Transition Removal Stage Force Model 

As the abrasive particle’s cutting depth further increases beyond the critical depth of the ductile region 
and enters the ductile-brittle transition stage, the material removal mechanism undergoes significant 
changes. At this stage, the pressing action of the abrasive particle not only induces plastic removal but also 
reveals the formation of transverse and longitudinal cracks. This results in the coexistence of brittle fracture 
and plastic deformation. As shown in Figure 5, the geometry of the removed material no longer exhibits 
the stable triangular pyramid shape characteristic of the ductile domain, but evolves into an asymmetric 
triangular prism structure. The height of the upper and lower triangular faces of the triangular prism is 
denoted as δgp and δgc, respectively, and the height of the triangular prism is equal to the gradually varying 
contact arc length during the ductile-brittle transition removal stage. The material removal volume of a 
single diamond abrasive particle during the ductile-brittle transition removal stage is denoted as: 
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3 3g gc gc gp gpV L L L            (19)

θ 

D

F

E

δgp

L2

c

L2-ave

a

b

d

e

f

A

B C

Transverse crack

Longitudinal crack

δ2

 

Figure 5. Removal volume and average cutting depth during the ductile brittle transition removal stage. 

Figure 5 illustrates the idealization of the asymmetric triangular prism structure into an equivalent 
triangular prism with equal areas for the top and bottom triangles. The volume of the equivalent model is 
denoted as: 

2

2 2 2 2 2 2tan tanga ave ga ga ave gaV L L        (20)

The volume of the equivalent idealized triangular prism model remains the same as that of the original 
asymmetric triangular prism structure. The average cutting depth is inversely proportional to the height of 
the idealized triangular prism. Under the premise of not changing the gradually varying contact arc length, 
the calculation formula for the average cutting depth during the ductile-brittle transition stage is as follows: 
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The ductile-brittle transition removal stage is the transitional region from plastic deformation to brittle 
fracture. In this stage, cracks begin to nucleate and propagate, but plastic deformation still dominates to 
some extent. The material removal volume in this stage includes contributions from both the plastic 
deformation zone and the crack propagation zone. The removal volume during the crack nucleation phase 
is calculated using the following formula: 
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where Cl, Ch includes transverse cracks and longitudinal cracks. Their lengths are closely related to the 
material’s fracture toughness, loading stress, elastic modulus, and the initial crack size, as detailed in the 
formula below: 
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In the ductile-brittle transition stage, when the crack removal volume equals the average removal 
volume, the average normal cutting force can be expressed as follows: 

 
8/91/ 42 7 / 4 3/ 2 1/ 2 2
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2 7 /8
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n

l p
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 
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 (24)

The tangential cutting force in the tangential direction for the diamond abrasive particle at this stage is 
expressed as: 

2 2t s tF S  (25)

where the compressive yield stress in the contact region is defined as follows: 
1/34

V
s

H

E


 
  
 

 (26)

The projected area can be calculated from the average cutting depth as follows: 

2

2 2 2 2

1
2 tan tan

2t ga ga gaS          (27)

By combining Equations (19) and (23)–(25), the average tangential cutting force can be expressed as: 
2 4

1 2 1/3V
2

2

(15 16 ) tan
( )

48
gc

t

L L H
F

L E

 
  (28)

3.3. Brittle Removal Stage Force Model 

As the cutting depth of the abrasive particle further increases, exceeding the critical value between the 
ductile-brittle transition zone and the brittle region, transverse and longitudinal cracks become the primary 
removal mechanism, and the material removal mechanism is dominated by brittle removal. As shown in 
Figure 6, the shape of the material removal by the abrasive particle remains an asymmetric triangular prism 
structure, with the areas of the upper and lower triangles being unequal. The height of the triangular prism 
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equals the gradually varying contact arc length during the brittle removal stage. The material removal 
volume of a single diamond abrasive particle during the brittle removal stage is denoted as: 

   3 1 2 max max 1 23

1 1
tan tan

3 3g g g gc gcV L L L LL             (29)

As shown in Figure 6, the asymmetric triangular prism structure is idealized into an equivalent 
triangular prism with equal areas for the top and bottom triangles. The volume of the equivalent model is 
denoted as: 

2

3 3 3 3 3 3tan tanga ave ga ga ave gaV L L        (30)
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Figure 6. Removal volume and average cutting depth during brittle removal stage. 

The volume of the equivalent idealized triangular prism model remains the same as that of the original 
asymmetric triangular prism structure. The average cutting depth is inversely proportional to the height of 
the idealized triangular prism. 

1/ 22 2
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3

3
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3
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L L L

L

 
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  
   
 

 (31)

When the material removal process enters the brittle stage, the undeformed cutting depth of any 
abrasive particle becomes larger than the critical cutting depth between the ductile-brittle transition zone 
and the brittle region. The material removal mechanism is dominated by the generation and propagation of 
cracks. In this stage, the load applied by the abrasive particle exceeds the limit value that the material’s 
fracture toughness can withstand, causing cracks to rapidly propagate and penetrate the material’s removal 
area, showing typical brittle fracture characteristics. Longitudinal cracks extend in the normal direction, 
while transverse cracks extend along the surface during the unloading process, ultimately leading to the 
removal of a large volume of material. 

The normal and tangential cutting forces in this stage can be calculated using the following formulas: 

 
   

2 2 8/3

3 3 V
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3 1 21 2 3
tan

5 4 5 4n ga

s
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F H
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 
  

   
 (32)
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where η2 is a dimensionless coefficient related to the material properties, independent of the material’s 
indentation system. 

3.4. Grinding Force Model 

Only the abrasive particles that interfere with the workpiece generate grinding force, so calculating the 
number of effective abrasive particles is crucial for improving the accuracy of the grinding force model. 
From a macroscopic perspective, the material removal volume rate per rotation period can be considered 
as a rectangular prism, which can be expressed as: 

p w

m

a bv
V

n
  (34)

where ap is the grinding depth, b is the grinding zone width, vw is the feed speed, and n is the spindle speed. 
From a microscopic perspective, the material removal volume rate per rotation period can be expressed as: 

2 2

1 1 2 2 3tan tan 2 ls ga ga hV L L L C C       (35)

The theoretical contact number of diamond abrasive particles between the abrasive particles and the 
workpiece during the grinding process can be calculated using the following formula: 

 2

1 2 3
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tan 2
p wm

e

s gc h l

a bvV
C

V L C C nL L 
 

   
 (36)

The total normal grinding force is calculated by integrating the normal forces from the ductile removal 
stage, the ductile-brittle transition removal stage, and the brittle removal stage, and is unified using a 
correction factor. The expression is as follows: 

 1- 2- 3-n n z n z n zF = F F F    (37)

The pentagonal prism equivalent material removal volume used in this study differs from the actual 
material removal volume. To compensate for this discrepancy, a constant adjustment coefficient λ is 
introduced into the force model. This coefficient, experimentally calibrated by Bie et al., is appropriately 
set to 1.235 [31]. 

4. Experiment 

4.1. Experimental Setup 

The experiment was conducted on a setup comprising an ultrasonic spindle and a three-degree-of-
freedom moving platform (manufactured by Guangzhou Haozhi Industrial Co., Ltd., Guangzhou, China), 
as shown in Figure 7. 
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Figure 7. Experimental equipment. 

The ultrasonic spindle has a power of 2.5 kW, with a maximum speed of 24,000 r/min. The ultrasonic 
amplitude A ranges from 2 to 8 µm, and the ultrasonic frequency f ranges from 18 to 22 kHz. The X and Y 
axes of the three-dimensional moving platform have a speed multiplier in mm by default, with travel ranges 
limited to 500 mm. The Z-axis speed multiplier is in nm by default, with a travel range limited to 30 mm. 
The force-sensitive element of the force sensor is fixed above the three-degree-of-freedom moving platform 
and displays the changes in grinding force during the process via the YDM-III99 three-axis force sensor. 
The three-axis force sensor is connected to a PC through an A/D data acquisition card for data transmission. 
The Dyno Ware software is installed on the PC to collect and record the grinding force data during the 
process, with a sampling frequency of 1 kHz to ensure optimal grinding force information. Considering the 
material’s hard and brittle characteristics, a 150# cylindrical electroplated diamond grinding head with a 
diameter of 6 mm is chosen as the tool for this grinding experiment. 
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4.2. Experimental Materials 

Due to the high hardness properties of ceramic materials, a diamond grinding head is used as the tool 
for this grinding experiment, with a shank diameter of 3 mm and a grinding wheel diameter of 6 mm, using 
a 150# grit wheel. As shown in Figure 7, the workpiece is a 40 mm × 30 mm × 20 mm piece of 2.5D-Cf/SiC 
composite material prepared by chemical vapor deposition (CVD). Its mechanical properties are listed in 
Table 1. 

Table 1. Mechanical properties of Cf/SiC composite. 

Parameter Value 
Density (g/cm3) 2.35 

Bending strength (MPa) 239 
Compressive strength (MPa) 269 

Tensile strength (MPa) 125 
Fiber diameter (μm) 9 

Fiber volume fraction (%) 46 

4.3. Experimental Design 

To evaluate the influence mechanism of ultrasonic parameters on grinding quality, ultrasonic amplitude 
and ultrasonic frequency are set as single-factor variables. As shown in Table 2, the single-factor 
experimental process parameters are as follows: 

Group 1, with constant ultrasonic amplitude and identical grinding parameters, varies ultrasonic 
frequency across four levels: 18,000 Hz, 19,000 Hz, 20,000 Hz, and 21,000 Hz. Each parameter set is tested 
at least 5 times to eliminate random interference factors. The grinding force signals are continuously 
collected using a force sensor. 

In Group 2, with the ultrasonic frequency and grinding parameters kept constant, the ultrasonic 
amplitude is varied across four levels: 2 µm, 4 µm, 6 µm, and 8 µm. The subsequent operations are identical 
to the single-factor experiment on ultrasonic frequency. 

Table 2. Single-factor experimental process parameters. 

Parameter Group 1 Group 2 
Ultrasonic amplitude A (μm) 5 2/4/6/8 
Ultrasonic frequency f (Hz) 18,000/19,000/20,000/21,000 19,000 

Spindle speed n (r/min) 18,000 18,000 
Grinding depth ap (mm) 0.1 0.1 
Feed rate vw (mm/min) 100 100 
Grinding depth b (mm) 2 2 

5. Model Evaluation 

As shown in Figure 8, with fixed grinding parameters and an ultrasonic amplitude of 5 μm, ultrasonic 
frequency was set to 18 kHz, 19 kHz, 20 kHz, and 21 kHz. The recorded average normal grinding forces 
were 14.92 N, 13.51 N, 12.82 N, and 11.51 N, while the average tangential grinding forces were 10.75 N, 
10.03 N, 8.76 N, and 7.82 N, showing a decreasing trend as the frequency increased. Correspondingly, the 
theoretical tangential grinding forces and normal grinding forces predicted by the mechanical model were 
14.32 N, 13.89 N, 12.95 N, 11.88 N, and 10.02 N, 9.72 N, 9.07 N, 8.32 N, respectively. The trends of the 
theoretical and actual values were the same, both showing a decrease in grinding forces with increasing 
ultrasonic frequency. When the ultrasonic frequency was 20 kHz, and the ultrasonic amplitude was 5 μm, 
the theoretical and actual values of the normal grinding force showed the best similarity, with a matching 
trend reaching 98.98%. Changes in ultrasonic parameters significantly affect the predictive capability of 
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the grinding force model. This can be primarily attributed to the complexity of the material removal 
mechanism under ultrasonic vibration, the interference in abrasive motion trajectories, and crack 
propagation induced by ultrasonic vibration impact. 
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Figure 8. Comparison of experimental and theoretical grinding forces under different ultrasonic frequency parameters. 

Ultrasonic frequency determines the length of the vibration cycle during grinding. Increasing the 
ultrasonic frequency effectively shortens the vibration cycle, increasing the frequency of abrasive particle-
workpiece contact within a given time, thereby reducing the cutting depth during each contact. This extends 
the dominance of the ductile removal phase, suppresses the propagation of brittle cracks, and reduces the 
normal and tangential loads on the grinding interface. As shown in Figure 9, under fixed grinding 
parameters and ultrasonic frequency, ultrasonic amplitude was set to 2 μm, 4 μm, 6 μm, and 8 μm. The 
experimentally measured average normal grinding forces were 15.02 N, 13.52 N, 11.34 N, and 9.80 N, 
while the tangential grinding forces were 11.27 N, 9.79 N, 8.25 N, and 7.57 N. The experimental results 
show a gradual decrease in grinding forces with increasing ultrasonic amplitude. Based on the developed 
mechanical model and numerical simulations, the predicted theoretical tangential and normal grinding 
forces were 15.45 N, 13.28 N, 11.55 N, 9.91 N, and 10.81 N, 9.30 N, 8.09 N, 6.94 N, respectively. The 
theoretical values also showed a decreasing trend with increasing ultrasonic amplitude. When the ultrasonic 
amplitude was 8 μm, and the ultrasonic frequency was 19 kHz, the theoretical and actual values of the 
normal grinding force showed the best similarity, with a matching value reaching 98.88%. 
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Figure 9. Comparison of experimental and theoretical grinding forces under different ultrasonic amplitude parameters. 

The increase in ultrasonic amplitude effectively amplifies the vibration amplitude of the abrasive 
particles, making the periodic contact/separation of the abrasive particles and workpiece more significant. 
Larger amplitudes introduce higher energy impacts, which make the material more susceptible to brittle 
fracture in localized micro-regions. Simultaneously, due to the shorter contact time, the average cutting 
load per abrasive particle decreases, resulting in reduced normal and tangential grinding forces. 
Additionally, the micro-episodic effects caused by the increased amplitude also facilitate the timely removal 
of grinding chips, improving the stress transfer state in the cutting zone. The results of this study not only 
reveal the control mechanisms of ultrasonic amplitude on grinding force but also further demonstrate that 
reasonable control of ultrasonic amplitude can contribute to low-damage grinding of Cf/SiC materials. 

6. Conclusions 

Over the past decade, the high-efficiency and precision manufacturing technology and theory of fiber-
reinforced silicon carbide ceramic matrix composites have been a hot topic in both academia and industry 
and a widely recognized technical challenge. Ultrasonic vibration-assisted grinding, as an effective process 
for improving surface quality, has been extensively studied. However, to advance the theoretical 
understanding of grinding forces, this paper establishes a grinding force model based on the equivalent 
principle of material removal rate at each stage, with the following conclusions: 

1. Ultrasonic vibration-assisted grinding experiments were conducted to validate the prediction model. 
When ultrasonic frequency was the single variable, with an ultrasonic frequency set to 20 kHz and an 
ultrasonic amplitude of 5 μm, the theoretical and actual values of normal grinding force showed the 
best similarity, with a matching trend reaching 98.98%. When ultrasonic amplitude was the single 
variable, with an ultrasonic amplitude of 5 μm and ultrasonic frequency set to 19 kHz, the theoretical and 
actual values of normal grinding force showed the best similarity, with a matching trend reaching 98.88%. 

2. Under unchanged grinding parameters, when the ultrasonic frequency was increased from 18 kHz to 
21 kHz, the normal grinding force decreased from 14.92 N to 11.51 N (a reduction of 22.8%), and the 
tangential grinding force decreased from 10.75 N to 7.82 N (a reduction of 27.3%). When the ultrasonic 
frequency was fixed, as the amplitude increased from 2 μm to 8 μm, normal grinding force decreased 
from 15.02 N to 9.80 N (a reduction of 34.8%), and tangential force decreased from 11.27 N to 7.25 N 
(a reduction of 35.7%).This indicates that ultrasonic parameters can influence grinding forces, thereby 
potentially affecting grinding quality. 

However, a detailed modeling process should begin with the fundamental mechanical analysis of the 
interaction between a single abrasive grain and the workpiece, and then be extended to encompass the entire 
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grinding behavior. Therefore, the mechanical interaction between a single abrasive grain and the workpiece 
warrants further investigation, accounting for factors such as fiber orientation, size effects, strain rate effects, 
and material properties. Furthermore, developing a global dynamic grinding force model that accounts for 
both workpiece material characteristics and the geometric distribution of abrasive grains on the grinding 
wheel represents a key research focus and a significant challenge. 
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