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Abstract: Ultrasonic-assisted grinding (UAG) is widely used in the manufacture of hard and brittle
materials. However, the process removal mechanism was never elucidated and its potential is yet
to be fully exploited. In this paper, the mechanism of material removal is analyzed by ultrasonic-
assisted scratching. Three distinct surfaces (S1, S2, and S3) were selected on the basis of the braided
and laminated structure of fiber bundles. The ultrasonic-assisted scratching experiment is carried
out under different conditions, and the scratching force (SF) of the tested surface will fluctuate
periodically. Under the conditions of different feed speeds, depths, and ultrasonic amplitudes, the
normal scratching force (SFn) is greater than the tangential scratching force (SFt), and the average
scratching force on the three surfaces is generally S3 > S2 > S1. Among the three processing parameters,
the speed has the most significant influence on the scratching force, while the scratching depth has
little influence on the scratching force. Under the same conditions and surface cutting mode, the
ultrasonic vibration-assisted scratching force is slightly lower than the conventional scratching force.
The scratching force decreases first and then increases with the amplitude of ultrasonic vibration.
Because the fiber undergoes a brittle fracture in the ultrasonic-assisted scratching process, the matrix
is torn, and the surface residues are discharged in time; therefore, the surface roughness is improved.

Keywords: ultrasonic-assisted scratching; surface formation mechanism; SiCf/SiC composites;
surface roughness

1. Introduction

In recent years, ceramic matrix composites (CMC), particularly carbon fiber and sil-
icon carbide fiber-reinforced ceramic matrix composites (SiCf/SiC), received extensive
attention [1,2]. A SiC ceramic matrix is a composite material with high specific strength
and specific stiffness, corrosion resistance, oxidation resistance, high wear resistance, elec-
tromagnetic wave absorption, and high resistance, alongside other excellent characteris-
tics [3,4]. However, it also has the disadvantage of being fragile, exhibiting a low fracture
toughness [5]. Silicon carbide fiber is compatible with metals, resins, and ceramics, and
can be used in heat-resistant, oxidation-resistant, and high-performance composite rein-
forcement materials. Continuous SiC fiber is used to strengthen the material, allowing
the matrix’s excellent properties to be maintained, and its overall toughness improved.
Although the cost of the composite materials of silicon carbide fiber (compared with carbon
fiber) is greater (because of the organic silicide raw materials produced by the spinning,
silicification, or vapor deposition of inorganic fiber with a β-silicon carbide structure),
its heat resistance and oxidation properties are better than those of carbon fiber, and the
service temperature of silicon carbide fiber can reach up to 1200◦. It therefore has excellent
development potential in the aerospace, electronic communication, electronic machinery,
petrochemical, and biomedical fields. The National Aeronautics and Space Administra-
tion (NASA) identified SiCf/SiC as the best material system for developing high-speed
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civil transport (HSCT) in the research results of their EPM project [6]. Subsequently, this
material is used to design and prepare combustion chamber flame tubes, turbine stator
cotyledons, wing front segments, thrust chambers, etc. However, this material is also
characterized by brittleness and an anisotropic structure and pore characteristics, making
it extremely difficult to process and mould into unique shapes and sizes [7–11]. In the
process of machining SiCf/SiC ceramic composites, severe tool wear, cracks in the material
matrix [12], transverse fractures [13], delamination, and fiber–matrix debonding will occur,
resulting in a rough surface and a low processing efficiency, both of which directly affect
the performance of the material [14,15]. Due to the material’s anisotropy and hard, brittle
properties, experts and engineers used various processing methods to improve its surface
machining accuracy and removal efficiency. Due to the defects of delamination and burr
in the traditional processing of fiber-reinforced ceramic composites, particular processing
technologies, such as pulsed laser machining (PLM), high-pressure water cutting, ultra-
sonic machining (UM), and electrical discharge machining (EDM), are widely used in the
processing of fiber-reinforced ceramic composites [16–19]. Muttamara et al. successfully
drilled microholes into ceramic-based workpieces using the EDM method with an auxiliary
electrode [20]. However, SiCf/SiC composites have extremely poor electrical conductivity,
so the wear of the tool electrode becomes lager than with the normal machining. Hu et al.
used an ultrashort pulse laser to carry out experimental research on the processing of
micro through-holes and blind holes in SiCf/SiC composites; they found that it improved
the processing quality and accuracy of the wall’s surface, and also that the processed
surface will feature a concentration of thermal stress, resulting in multiple cracks [21].
Ultrasonic machining of ceramic composite materials produces a high surface quality,
but low efficiency [22,23]. Compared with the normal cutting process, rotary ultrasonic
groove machining for ceramic matrix composites significantly reduces cutting force and
tool wear [24,25].

In this paper, rotary ultrasonic grinding (RUG) is used to remove ceramic composites.
This method can reduce the grinding force, improve the machining accuracy, and reduce
the consumption of grinding tools. RUG is effective in improving the surface quality of
ceramic composites and reducing tool wear [26–34]. However, the removal mechanism
of the given material still needs to be fully clarified. Liu et al. studied the influence of
different surface grinding forces through Cf/SiC scratching experiments [35]. Yao et al.
studied the influence and removal mechanism of the scratching angle and scratching force
of SiCf/SiC composites [36]. Ning et al. made a comparison between rotary ultrasonic
machining of ceramic composites and conventional machining experiments. Their results
show that rotary ultrasonic machining can lead to a larger ductile removal region before
the successive brittle fractures and cracks [37]. Therefore, the effect of ultrasonic amplitude
on surface roughness can be studied via a single-particle scratching experiment.

SiCf/SiC material is composed of a layer of orthogonal braided fiber bundles superim-
posed upon the matrix. Different grinding directions produce different machining effects.
At present, single-particle scratching is a simple and effective method that is often used
to analyze and study the removal mechanism of grinding [38–40]. Azarhoushang et al.
carried out a comparative test, using ultrasonic-assisted grinding (UAG) and conventional
grinding (CG) on C/C-SiC composites; they found that the grinding force was significantly
reduced by 20%, and that the surface roughness was reduced by about 30% [41]. Singh R
and Khamba JS et al. found that using UM in the high-precision machining of titanium
alloys and other alloys can effectively prevent excessive tool wear, reduce the grinding
force, and improve the grinding removal rate (GRR) [42].

In this experiment, 2D-SiCf/SiC orthogonal fiber braided stacked ceramic composites
were selected as the subject. This material is more rigid and resistant to processing than
Cf/SiC. Its fibers can be categorized by three orthogonal directions: transverse fibers,
longitudinal fibers, and normal fibers. The effects of grinding in different directions under
ultrasonic vibration on the grinding force and machined surface roughness were analyzed.
The influence of ultrasonic vibration grinding on three typical grinding surfaces was studied
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using a Vickers indenter via a single-particle scratching experiment. Different scratch
speeds and depth factors were used to study SiCf/SiC composites, obtain the scratching
force (S.F.), and deeply analyze images of the composites’ surface morphology. Finally, the
effects of ultrasonic vibration scratching and traditional scratching on SiCf/SiC’s material
removal rate and surface roughness are compared. This study may provide technical
support for improving the machined surface quality of woven fiber-reinforced ceramic
matrix composites.

2. Material and Rotating Ultrasonic Machining (RUM) Platform
2.1. Material Preparation

In the experiment, a SiCf/SiC composite with a two-dimensional orthogonal braided
structure was used as the material. Figure 1a shows a scanning electron microscope (SEM)
image, and Figure 1b shows an illustration, produced using software, of the braided
structure of the SiC fibers. A physical view of the material before processing is shown in
Figure 1c. The microstructure of the composite material is shown in Figure 2. The thickness
of the orthogonal SiC fiber bundle layer is about 300 µm~500 µm. In this layer, the width
of the SiC fiber bundles is about 700 µm, and the arrangement directions are 0◦ and 90◦,
respectively. In the fetal layer of SiC fibers, the SiC fibers are composed of SiC fiber bundles
14 µm in diameter, which are irregularly interwoven to form a net-like structure. It can
be seen from the image that some SiC fiber bundles are similar to disordered networks,
and orderly orthogonal distribution can also be seen in some areas. This is mainly caused
by the anisotropic characteristics of the SiCf/SiC material and the internal heterogeneous
structure. Therefore, for a single-particle scratching test, irregular fiber network layers
should be avoided, and the orthogonal SiC fiber layer should instead be selected as the
scratching surface. A simple polishing treatment is needed before the test can proceed.
The properties in Table 1 were obtained by testing the material’s physical and mechanical
properties and reviewing the resulting data. The sample size of the scratching test material
is 15 × 12 × 3 mm. In the polishing process, 40 µm abrasive particles were first selected for
grinding (for 2 min); then, 15 µm abrasive particles were chosen for grinding (for 5 min);
and finally, 1 µm abrasive particles with suspension were used to grind the surface for
10 min. In this way, the surface can meet the requirements of the test.

Table 1. Material properties of SiCf/SiC [43].

Parameters Density (g/cm3)
Fiber Volume
Fraction (%)

E-Modulus
(GPa)

Tensile
Strength (Mpa)

Flexural
Strength (Mpa)

Compression
Strength (Mpa)

Values 2.5 ± 0.03 23 ± 3 220 ± 10 271.4 ± 29.0 500 ± 50 454.0 ± 18.2
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Figure 2. SiCf/SiC composite structure: (a) SiC fiber braided mesh layer, (b) section diagram of
SiCf/SiC composites, and (c) ceramic matrix.

2.2. Experimental Design and Conditions

The CNC five-axis machining center (Ultrasonic 70-5 linear, DMG MORI, Bielefeld,
Germany) was used in the experiment. The USG2000 ultrasonic vibration system equipped
with the machining tool had a maximum ultrasonic vibration frequency of 30 kHz. The
vibration mode of the tool is such that the spindle moves up and down, and the axial
vibration is only one-dimensional (perpendicular to the material surface). A standard
Vickers diamond indenter (THV-6) was used for variable cutting depth testing, as shown in
Figure 3. The diagonal and relative angles of the indenter are 136◦. The Vickers diamond
indenter was installed on the HSK63 shank, as shown in Figure 4. The test material was a
2D-SiCf/SiC ceramic composite, and the workpiece size was 15 × 12 × 3 mm. Before the
test, the material only needed simple treatment. The test material was fixed on the machine
tool with a particular fixture, and the machine tool program was controlled to maintain a
certain angle. Thus, the experimental results were obtained by cutting the indenter on the
surface of the material. Then, the plate was screwed firmly onto the K9527B dynamometer
(Kistler, Winterthur, Switzerland). Finally, the dynamometer was fixed on the machine tool
table with a fixture, as shown in Figure 4. The surface features were measured using a laser
confocal microscope (LEXT OLS3000, OCPNY, Tokyo, Japan) to obtain the roughness.
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The microhardness was tested with a CLEMEX ST-2000 (Clemex, Technologies, Mon-
treal, QC, Canada) digital display. The test instrument can realize the automatic loading
and unloading process, as it is equipped with an automated electric loading platform.
The working accuracy of the X and Y-axis can reach 0.5 µm, while the autofocus function
can reach 0.1 µm on the Z-axis. The effects of three directions on the surface quality and
cutting force of SiCf/SiC ceramic composites with the same amplitude were studied. The
workpiece is clamped in a triaxial piezoelectric dynamometer (Kistler 9257B, Kistler, Win-
terthur, Switzerland) with a sampling frequency of 7 kHz. On the surface of the workpiece,
the two components of the experimental scratching forces (SFs) are Fx and Fz. Where
Fn = −Fz (normal SF) and Ft = −Fx (tangential SF). Where Sv is the scratching feed speed,
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and Sd is the scratching depth, as shown in Figure 5a. By rotating the table of the DMG
machining center around the axis by a certain angle, the testing of the variable cutting
depth can be accomplished, as shown in Figure 5b. Then, the conventional scratching and
ultrasonic-assisted scratching were observed using scanning electron microscopy (SEM).
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2.3. Scratching Experiment

Due to the anisotropy and heterogeneity of the material, the material can be divided
into three typical planes, S1, S2, and S3, as shown in Figure 6. According to the designed
direction and selected cutting surface in the figure, S1 represents the vertical plane com-
posed of 0◦ fiber bundles and 90◦ fiber bundles, S2 is composed of cross-fibers and 0◦ fiber
bundles, and S3 is mainly composed of 90◦ fiber bundles and cross-fibers. Subsequently,
ultrasonic scratching tests were carried out on the three vertical surfaces, S1, S2, and S3,
respectively. The parameters used in the scratching process are shown in Table 2. For each
group of test data, the scratching mode, as shown in Figure 7, was adopted for these three
surfaces, and each group of test data was collected five times; afterwards, the mean scratch-
ing force was calculated. After the test, each workpiece was placed under the scanning
electron microscope (SEM) to observe the specific situation after scratching. Finally, the
roughness was measured using a laser confocal microscope (LEXT OLS3000) instrument.
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3. Results and Discussion
3.1. Scratching Force and Surface Morphology of Three Typical Braided Surfaces

In the SEM images of the two kinds of machined microsurface morphology in Figure 8,
it can be seen that the morphology of the fiber fracture surface is irregular, and the ultra-
sonic vibration-assisted scratching (UVAS) method is slightly better than the conventional
scratching (CS) method. The removal patterns of composites processed in both ways are
similar. The overall performance of the fiber is one of brittle fracture removal, mainly in the
form of collective crushing, fiber fracture, the fiber–matrix interface being off-site, peeling,
and so on. The strength of the matrix is greater than that of the fiber, and the interface
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adhesion between the fiber and the matrix is relatively weak, meaning that many pieces
fall away. Therefore, the mode of the SiCf/SiC removal is brittle.
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Figure 8. Morphologies of the scratched surfaces of S1 (a,b), S2 (c,d), and S3 (e,f).

The force data of S1, S2, and S3 on three surfaces were collected by a 9257B dynamome-
ter, and ultrasonic-assisted machining was carried out using a DMG-ultrasonic70-5-linear
machining tool. It can be seen from the results that the scratching force Fz on the three
surfaces and the plane forces Fx and Fy change periodically and uniformly. Fx and Fy
constitute the tangential force, and the normal scratching force is larger than the tangential
forces. The weaving form of the surface of the material changes periodically, and the
corresponding scratching force is also different; the surface scratching force is measured
by averaging the scratching force when calculating the scratching force. Changes in the
scratching speed and depth influence the SF, as shown in Figures 9 and 10, respectively.

It can be seen from Figure 9a,b that with the increase in velocity, the scratching force
on each scratching surface increases significantly and obviously; this may be because the
selected velocity values vary wildly. With the increase in scratching depth from 20 µm to
50 µm, the scratch force on the three surfaces increases evenly, but not significantly. An
increase in scratch depth directly leads to an improvement in the material removal rate.
However, from Figures 9 and 10, it is clear that the surface scratching force of S3 is greater
than the other two surface forces. Under the influence of the anisotropy of the woven
and laminated structures of the composite, the normal and tangential scratching forces of
the different plane engravings follow the size order S3 > S2 > S1. As shown in Figure 9,
the tangential scratching force (SFt) of the three planes is less than the normal scratching
force (SFn), which is about half of SFn; with the increase in feed speed, both SFn and SFt
increase. Because the single particle increases in unit time with the increase in feed speed,
the processing efficiency is improved, and the amount of removal achieved per unit of time
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is increased; therefore, the SFs increases. In Figure 10, it is shown that the SFs increase
with increasing depth. The SFt and SFn in the S3 plane change significantly more than
the forces in the two planes of S1 and S2, and these differences are mainly attributed to
the lamination factor. In the S3 plane, the fibers are characterized by X-Y fiber weaving;
they are then hot-melt laminated in the Z direction to form a composite material. The
two-dimensional structural properties significantly reduce anisotropy, so the shear strength
and tensile strength in the lamination plane are the worst combination therein [32]. At the
same time, the debonding and fiber peeling between the layers are very tolerant of the
fiber/matrix of the plane, so the scratching force of the laminate plane is the lowest.
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Figure 10. The effects of scratching depth on components of SF under ultrasonic vibration machining,
(Am = 3 µm, Sv = 200 mm/min): (a) normal SF, and (b) tangential SF.

Two scratching methods were used according to the scratching direction shown in
Figure 11. According to the DMG operation manual and display interface, the accuracy of
the rotary axis is 0.001◦. The turntable was rotated by 0.115◦ to achieve a 1 mm scratching
at a depth of 2 µm. In the beginning, when the blade tip is drawn, the depth of the cutting is
shallow, the damage to the surface of the composite material is minimal, and the difference
in the comparative cutting force is not apparent. However, it can be seen that the primary
forms of failure are matrix fracturing, fiber debonding, peeling, and fiber fracturing. The
ceramic fiber material S1 has a transverse and longitudinal fiber bundle braided layer on
its surface. Therefore, parallel and identical woven forms were chosen before scratching
observations began.



Micromachines 2023, 14, 1350 9 of 15

Micromachines 2022, 14, x 9 of 16 
 

 

 
Figure 10. The effects of scratching depth on components of SF under ultrasonic vibration machin-
ing, (Am = 3 µm, Sv = 200 mm/min): (a) normal SF, and (b) tangential SF. 

Two scratching methods were used according to the scratching direction shown in 
Figure 11. According to the DMG operation manual and display interface, the accuracy of 
the rotary axis is 0.001°. The turntable was rotated by 0.115° to achieve a 1 mm scratching 
at a depth of 2 µm. In the beginning, when the blade tip is drawn, the depth of the cutting 
is shallow, the damage to the surface of the composite material is minimal, and the differ-
ence in the comparative cutting force is not apparent. However, it can be seen that the 
primary forms of failure are matrix fracturing, fiber debonding, peeling, and fiber fractur-
ing. The ceramic fiber material S1 has a transverse and longitudinal fiber bundle braided 
layer on its surface. Therefore, parallel and identical woven forms were chosen before 
scratching observations began. 

When the indenter is used for normal scratching, the matrix is slightly deformed in 
the initial stage, after which many long fibers come off and the matrix is seriously frac-
tured. The microscopic surface morphology is shown in Figure 12a. When the material is 
scratched using ultrasonic vibration, there is no peeling phenomenon over a long distance, 
and the roughness of the matrix is smaller than that achieved with ordinary crushing, as 
can be seen in Figure 12b. The fiber’s breaking time is short, resulting in a low fiber 
debonding rate and a smooth break removal. 

 
Figure 11. Diagram of fiber and scratch directions: (a) is the top view and (b) is the right view. Figure 11. Diagram of fiber and scratch directions: (a) is the top view and (b) is the right view.

When the indenter is used for normal scratching, the matrix is slightly deformed in
the initial stage, after which many long fibers come off and the matrix is seriously fractured.
The microscopic surface morphology is shown in Figure 12a. When the material is scratched
using ultrasonic vibration, there is no peeling phenomenon over a long distance, and the
roughness of the matrix is smaller than that achieved with ordinary crushing, as can be
seen in Figure 12b. The fiber’s breaking time is short, resulting in a low fiber debonding
rate and a smooth break removal.
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Figure 12. Scanning electron morphologies of the scratched surface of S1, Sv = 10 mm/s, θ = 0.115◦:
(a) Am = 0 µm, and (b) Am = 3 µm (Am represents amplitude).

According to the analysis in Figures 12 and 13, the brittleness of the composite matrix
is greater than that of the SiC fiber in the CS process, and the SiC matrix begins to crack due
to scratching friction. The fracture energy is dispersed as the crack extends to the interface
between the matrix and fiber. The fracture is temporarily blocked and begins to expand at
the boundary with the increase in shear and extrusion pressures. In the CS process, only
SiC fibers are crushed into fragments, and longer fibers may be separated from the matrix.
In the process of UVAS, the axial impact is added based on CS. The Z-axis is attached,
and ultrasonic vibration can cut the fiber into smaller pieces that are easier to remove. As
the tool moves up and down, the tool cools effectively, so the tip holds well. At the same
time, the up and down vibration causes the slag and fibers to excrete more easily; thus, the
surface quality improves.
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3.2. Ultrasonic Scratch Morphology Observation and Removal Mechanism Analysis

SiCf/SiC composites are composed of the SiC matrix and SiC fiber-braiding stack
inside the complex; the material’s removal occurs in two stages. The first is when the brittle
matrix failure occurs. The internal SiC fiber is debonded and stripped; a schematic diagram
of this is shown in Figure 14. When the diamond touches the material surface, plastic
deformation occurs due to stress. With the increase in the diamond’s entry depth, the stress
on the surface gradually increases, and the surface begins to feature brittle fractures and
internal, transverse, and longitudinal radial cracks [44,45].
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Figure 14. Single-particle grinding fracture model of SiCf/SiC composites: (a) crack deflection and
(b) fiber breakage.

The SiCf/SiC composite comprises a SiC matrix phase and SiC fiber phase. The
removal mechanism of the composite is different from that of ordinary materials. The
SiCf/SiC composite features the toughening effect of SiC fiber, in addition to the brittleness
and fracturability of the matrix. A single fracture diagram of the SiCf/SiC composite is
shown in Figure 14 below. When the abrasive particles are in contact with the surface of
the SiCf/SiC composite, the material first produces a small deformation due to extrusion
and shear stress. With the increase in abrasive particle pressure, the cutting depth also
increases, and the surface stress of the abrasive particles on the SiCf/SiC material increases.
When the stress increases to a particular value, the material begins to show transverse
cracks and longitudinal radial cracks. With the continuous action of the abrasive particles,
the cracks in both directions extend further, and the degree of damage is related to the
material’s fracture toughness. When the stress of abrasive particles on the material is less
than the fracture toughness, the longitudinal radial cracks’ propagation direction changes
and deflects in the matrix, as shown in Figure 14a. Suppose that the stress of the abrasive
particles on the material continues to increase and is greater than the fracture toughness; in
this case, the crack will expand to the SiC fiber, and the fiber will suffer from brittle fracture,
peeling off from the matrix, and other forms of damage, as shown in Figure 14b.
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According to the above experimental data, each surface will undergo the following
stages: (1) When the extrusion pressure is small, the surface undergoes slight plastic
deformation. (2) Due to the brittleness of the SiC matrix being greater than that of the SiC
fiber, the SiC composite cracks and the stress increases. (3) When the pressure increases,
the interface cracks between fiber and matrix continue to expand, and the phenomena of
fiber and matrix peeling, shedding, and tearing occur. (4) The silicon carbide fiber breaks
directly into pieces and falls from the material surface.

In Figure 15, it can be observed that ultrasonic-assisted vibration grinding can scratch
the SiC fiber in different directions, and the results are entirely different. In Figure 15a,b, in
the horizontal transverse direction, we can see that the average score of the fibers due to
tangential force is far more considerable than the SiC fiber and substrate, hence the long
fiber breaks off after ultrasonic vibration machining is added; this is due to the up and
down shaking force, which cuts into the direction of short fibers, therefore producing a
small loss. In Figure 15c,d, with horizontal tangential scratching, the fibers are fractured
due to shear and extrusion, and the fibers on both sides of the fracture spill off on to the
matrix, but are relatively uneven. However, the ultrasonic effect means that the press head
used for processing on both sides of the crack can cause the fiber to be more evenly cut.
As shown in Figure 15e,f, there are many fiber holes in SiCf/SiC ceramic composites, and
the fiber fracture toughness cannot withstand the large cracks caused by axial force after
the ordinary cutting of the SiC matrix. However, when the ultrasonic-assisted fraction
vibrates upward and downward, the matrix can form small fault blocks, and the chips
can discharge in time without secondary damage. The fiber toughness can retain a small
matrix block on the workpiece without causing a large area of surface breakage, thereby
improving the surface roughness.
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Figure 15. Influence of ultrasonic vibration on material removal mode: (a,c,e) represent ordinary
scratching; (b,d,f) represent ultrasonic vibration-assisted scratching.
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3.3. Study on the Influence of Ultrasonic Vibration on Surface Roughness

The difference in roughness cannot be fully seen simply by viewing the 2D morphology.
The 3D characterization method can illustrate the difference between the height of each
position and can accurately and comprehensively reflect the different microstructures. By
establishing the function relation, the average arithmetic height Sa was calculated using a
computer. Sz expressed the surface topography of the composite, and the surface roughness
was objectively expressed as Sq, where Sa represents the mean value of an absolute value
within a limited region.

Sa =
1

MN

N

∑
j=1

M

∑
i=1
|η(xi, yj)| (1)

xi and yj are the distances from the x-direction and y-direction points on the outline
to the reference line, respectively. M and N, respectively, are included in order to adopt
the x-direction and y-direction measurement points in the region; η is the measurement
accuracy coefficient.

The Sq (root mean square height) is equal to the standard deviation of the height
distribution, and the mean square value is also known as the validity in physics, which is a
convenient statistical method.

Sq =
1

MN

√√√√ N

∑
j=1

M

∑
i=1
|η2(xi, yj)| (2)

Figure 16a shows that the tangential force is larger than the scratching force as a whole;
both decrease first and then increase with the increase in amplitude. When the amplitude is
2.5 µm, the normal and tangential forces are the smallest. The white light interferometer was
used to measure the sampling surface of each scratch; the obtained data were statistically
averaged and plotted into a chart, as shown in Figure 16b, for a comparative analysis of
roughness. It can be seen that the roughness of the ultrasonic vibration-scratched surface is
significantly greater than that of the ordinary scratched surface, and the Sq roughness is
increased by 34~51%.
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Figure 16. Variation in surface scratching force and surface roughness under different amplitudes
(Sv = 200 mm/min, Ap = 20 µm, and Am = 5 µm). (a) The tangential force is larger than the scratching
force as a whole; both decrease first and then increase with the increase in amplitude. (b) The white
light interferometer was used to measure the sampling surface of each scratch.

In the process of face grinding, due to ultrasonic vibration, the diamond material’s
abrasive grains maintain discontinuous contact with the workpiece material and impact the
workpiece surface at a high frequency. Since the speed of impact is extremely fast and much
greater than the speed of feeding, the high-frequency result is the primary removal mode
in the face grinding process. The ratio of normal grinding force to tangential grinding force
(Fn/Ft) is used to evaluate the grinding performance of the grinding wheel. The greater the
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grinding force, the worse the performance of the grinding wheel. As shown in Figure 17b,
the quality is worst with a surface grinding amplitude of 0 µm. As the amplitude increases,
the surface quality deteriorates, a trend similar to the grinding force ratio presented in
Figure 17a. Notably, when the amplitude is 1.25 µm, the surface quality is the best, and the
grinding force ratio is the smallest.

Micromachines 2022, 14, x 14 of 16 
 

 

 
Figure 17. Effect of ultrasonic amplitude on grinding force ratio and surface roughness (S = 12,000 
r/min, Sv = 25 mm/min, Ap = 25 µm, and Am = 5 µm). (a) The grinding force ratio,  The greater the 
grinding force, the worse the performance of the grinding wheel. (b) The ratio of normal grinding 
force to tangential grinding force (Fn/Ft) is used to evalu-ate the grinding performance of the grind-
ing wheel. 

Through ultrasound-assisted scratching and grinding experiments, it is not difficult 
to see the influence that these processes have on reducing the anisotropic processing of 
SiCf/SiC composites to a certain extent. SiC fibers are cut into multi-truncated fibers by 
ultrasonic impact and are removed by short fibers, which reduces the breaking and peel-
ing of SiC fibers in conventional scratching. With the amplitude increase in the marking 
experiment, the surface scratching force first increased and then decreased. The roughness 
measurements gradually increased, but all were lower than those of ordinary machined 
surfaces. The end face grinding experiment further verifies that ultrasonic amplitude has 
a significant influence on the improvement of surface roughness. Said ultrasonic ampli-
tude reduces the contact time between the abrasive particles and the material; thus, the 
grinding force is significantly reduced, and the chips can be discharged in time. The ultra-
sound-assisted impact promotes some small cracks in the composite, making the material 
easy to remove. Both experiments verify that the surface roughness and quality of com-
posite materials are improved by ultrasonic-assisted processing. 

4. Conclusions 
This work mainly studies the grinding mechanism of 2D-SiCf/SiC using ultrasonic 

vibration grinding. The characteristics of scratching force and the surface morphology of 
three typical braided surfaces were studied. The following conclusions were obtained: 

Observing the contrast between ultrasonic scratching and ordinary scratching, con-
ventional scratching prompts severe fiber peeling and debonding, as well as larger matrix 
fracture cracks. In ultrasonic vibration mode, the fracture fiber becomes shorter, the chip 
becomes smaller, the crack fracture becomes smaller, and the overall surface smoothness 
is relatively better. 

When three planes are scratched using ultrasonic vibration, the changing trend in 
scratching force is roughly the same. With an increase in the scratching speed, the normal 
and tangential scratching forces also increase. With an increase in scratching depth, the 
normal and tangential scratching forces show little change. However, with a change in the 
direction of the indentation head as it contacts the fiber braid, the scratching force is sig-
nificantly different. The scratching force can be divided into S1, S2, and S3. The scratching 
forces on the three surfaces generally follow the order S3 > S2 > S1. 

Figure 17. Effect of ultrasonic amplitude on grinding force ratio and surface roughness (S = 12,000 r/min,
Sv = 25 mm/min, Ap = 25 µm, and Am = 5 µm). (a) The grinding force ratio, The greater the grinding
force, the worse the performance of the grinding wheel. (b) The ratio of normal grinding force to
tangential grinding force (Fn/Ft) is used to evalu-ate the grinding performance of the grinding wheel.

Through ultrasound-assisted scratching and grinding experiments, it is not difficult
to see the influence that these processes have on reducing the anisotropic processing of
SiCf/SiC composites to a certain extent. SiC fibers are cut into multi-truncated fibers
by ultrasonic impact and are removed by short fibers, which reduces the breaking and
peeling of SiC fibers in conventional scratching. With the amplitude increase in the marking
experiment, the surface scratching force first increased and then decreased. The roughness
measurements gradually increased, but all were lower than those of ordinary machined
surfaces. The end face grinding experiment further verifies that ultrasonic amplitude has a
significant influence on the improvement of surface roughness. Said ultrasonic amplitude
reduces the contact time between the abrasive particles and the material; thus, the grinding
force is significantly reduced, and the chips can be discharged in time. The ultrasound-
assisted impact promotes some small cracks in the composite, making the material easy
to remove. Both experiments verify that the surface roughness and quality of composite
materials are improved by ultrasonic-assisted processing.

4. Conclusions

This work mainly studies the grinding mechanism of 2D-SiCf/SiC using ultrasonic
vibration grinding. The characteristics of scratching force and the surface morphology of
three typical braided surfaces were studied. The following conclusions were obtained:

Observing the contrast between ultrasonic scratching and ordinary scratching, con-
ventional scratching prompts severe fiber peeling and debonding, as well as larger matrix
fracture cracks. In ultrasonic vibration mode, the fracture fiber becomes shorter, the chip
becomes smaller, the crack fracture becomes smaller, and the overall surface smoothness is
relatively better.

When three planes are scratched using ultrasonic vibration, the changing trend in
scratching force is roughly the same. With an increase in the scratching speed, the normal
and tangential scratching forces also increase. With an increase in scratching depth, the
normal and tangential scratching forces show little change. However, with a change in
the direction of the indentation head as it contacts the fiber braid, the scratching force
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is significantly different. The scratching force can be divided into S1, S2, and S3. The
scratching forces on the three surfaces generally follow the order S3 > S2 > S1.

With the same feed rate and grinding depth, different amplitudes can reduce the
grinding interaction time between abrasive particles and materials. Their combined action
reduces the force and signs of subsurface damage such as matrix cracks and fiber debonding.
The surface fibers of the material are subject to amplitude vibration; truncated short fibers
also become neater and chips are easily discharged, so this form of processing is more
conducive to a high-quality material surface.

Author Contributions: Methodology, H.W. and S.B.; Software, H.L.; Validation, H.L.; Formal analysis,
H.L.; Investigation, H.L.; Resources, M.Z.; Data curation, H.L.; Writing—original draft, H.L.; Writing—
review & editing, H.L.; Supervision, M.Z., H.W. and S.B.; Project administration, M.Z.; Funding
acquisition, M.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Grant
No. 51975153).

Data Availability Statement: Data available on request from the authors.

Acknowledgments: We thank the Department of Aeronautics and Astronautics of the Harbin Uni-
versity of Technology for the help of their manufacturing platform and the technical support of
the staff.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Diaz, O.G.; Luna, G.G.; Liao, Z.R.; Axinte, D. The new challenges of machining Ceramic Matrix Composites (CMCs): Review of

surface integrity. Int. J. Mach. Tools Manuf. 2019, 139, 24–36. [CrossRef]
2. Diaz, O.G.; Axinte, D.A. Towards understanding the cutting and fracture mechanism in Ceramic Matrix Composites. Int. J. Mach.

Tools Manuf. 2017, 118, 12–25. [CrossRef]
3. Naslain, R.R. SiC-matrix composites: Nonbrittle ceramics for thermo-structural application. Int. J. Appl. Ceram. Technol. 2005, 2,

75–84. [CrossRef]
4. Ma, Q.S.; Liu, H.T.; Pan, Y.; Liu, W.D.; Chen, Z.H. Research Progress on the Application of C/SiC Composites in Scramjet. J. Inorg.

Mater. 2013, 28, 247–255. [CrossRef]
5. Teti, R. Machining of Composite Materials. CIRP Ann. 2002, 51, 611–634. [CrossRef]
6. DiCarlo, J.A. Advances in SiC/SiC Composites for Aero-Propulsion. Ceram. Matrix Compos. Mater. Model. Technol. 2014, 217–235.

[CrossRef]
7. Yin, J.F.; Xu, J.H.; Ding, W.F.; Su, H.H. Effects of grinding speed on the material removal mechanism in single grain grinding of

SiCf/SiC ceramic matrix composite. Ceram. Int. 2021, 47, 12795–12802. [CrossRef]
8. Gong, Y.D.; Qu, S.S.; Yang, Y.Y.; Liang, C.Y.; Li, P.F.; She, Y.B. Some observations in grinding SiC and silicon carbide ceramic

matrix composite material. Int. J. Adv. Manuf. Technol. 2019, 103, 3175–3186. [CrossRef]
9. Zhai, C.; Xu, J.; Hou, Y.; Sun, G.; Zhao, B.; Yu, H. Effect of fiber orientation on surface characteristics of C/SiC composites by

laser-assisted machining. Ceram. Int. 2022, 48, 6402–6413. [CrossRef]
10. Ran, Y.C.; Kang, R.K.; Dong, Z.G.; Jin, Z.J.; Bao, Y. Ultrasonic assisted grinding force model considering anisotropy of SiCf/SiC

composites. Int. J. Mech. Sci. 2023, 250, 108311. [CrossRef]
11. Lu, S.J.; Zhang, J.J.; Li, Z.Q.; Zhang, J.G.; Wang, X.H.; Hartmaier, A.; Xu, J.F.; Yan, Y.D.; Sun, T. Cutting path-dependent

machinability of SiCp/Al composite under multi-step ultra-precision diamond cutting. Chin. J. Aeronaut. 2021, 34, 241–252.
[CrossRef]

12. Diaz, O.G.; Axinte, D.A.; Butler-Smith, P.; Novovic, D. On understanding the microstructure of SiC/SiC Ceramic Matrix
Composites (CMCs) after a material removal process. Mater. Sci. Eng. A 2019, 743, 1–11. [CrossRef]

13. Liu, Q.; Huang, G.; Xu, X.; Fang, C.; Cui, C. Influence of grinding fiber angles on grinding of the 2D–Cf/C–SiC composites. Ceram.
Int. 2018, 44, 12774–12782. [CrossRef]

14. Du, J.; Ming, W.; Ma, J.; He, W.; Cao, Y.; Li, X.; Liu, K. New observations of the fiber orientations effect on machinability in
grinding of C/SiC ceramic matrix composite. Ceram. Int. 2018, 44, 13916–13928. [CrossRef]

15. Xing, Y.; Deng, J.; Zhang, G.; Wu, Z.; Wu, F. Assessment in drilling of C/C-SiC composites using brazed diamond drills. J. Manuf.
Process. 2017, 26, 31–43. [CrossRef]

16. Tawakoli, T.; Azarhoushang, B. Intermittent grinding of ceramic matrix composites (CMCs) utilizing a developed segmented
wheel. Int. J. Mach. Tools Manuf. 2011, 51, 112–119. [CrossRef]

17. Yang, M.; Song, X.; Lin, B.; Yang, Y.; Peng, W. Study on Acoustic Emission Characteristics of Fiber Reinforced Ceramic Matrix
Composites. Mater. Sci. Forum 2013, 770, 202–206. [CrossRef]

https://doi.org/10.1016/j.ijmachtools.2019.01.003
https://doi.org/10.1016/j.ijmachtools.2017.03.008
https://doi.org/10.1111/j.1744-7402.2005.02009.x
https://doi.org/10.3724/SP.J.1077.2013.12466
https://doi.org/10.1016/S0007-8506(07)61703-X
https://doi.org/10.1002/9781118832998.ch7
https://doi.org/10.1016/j.ceramint.2021.01.140
https://doi.org/10.1007/s00170-019-03735-w
https://doi.org/10.1016/j.ceramint.2021.11.183
https://doi.org/10.1016/j.ijmecsci.2023.108311
https://doi.org/10.1016/j.cja.2020.07.039
https://doi.org/10.1016/j.msea.2018.11.037
https://doi.org/10.1016/j.ceramint.2018.04.083
https://doi.org/10.1016/j.ceramint.2018.04.240
https://doi.org/10.1016/j.jmapro.2017.01.006
https://doi.org/10.1016/j.ijmachtools.2010.11.002
https://doi.org/10.4028/www.scientific.net/MSF.770.202


Micromachines 2023, 14, 1350 15 of 15

18. Cao, X.Y.; Lin, B.; Wang, Y.; Wang, S.L. Some Observations in Grinding Surface Quality of FRCMC. Mater. Sci. Forum 2013, 770,
198–201. [CrossRef]

19. Li, C.; Hu, Y.; Zhang, F.; Geng, Y.; Meng, B. Molecular dynamics simulation of laser assisted grinding of GaN crystals. Int. J. Mech.
Sci. 2023, 239, 107856. [CrossRef]

20. Muttamara, A.; Fukuzawa, Y.; Mohri, N.; Tani, T. Probability of precision micro-machining of insulating Si3N4 ceramics by EDM.
J. Mater. Process. Tech. 2003, 140, 243–247. [CrossRef]

21. Hu, W.; Shin, Y.; King, G. Micromachining of Metals, Alloys, and Ceramics by Picosecond Laser Ablation. J. Manuf. Sci. Eng. 2010,
132, 011009. [CrossRef]

22. Hocheng, H.; Tai, N.H.; Liu, C.S. Assessment of ultrasonic drilling of C/SiC composite material. Compos. Part A Appl. Sci. Manuf.
2000, 31, 133–142. [CrossRef]

23. Lee, T.C.; Chan, C.W. Mechanism of the ultrasonic machining of ceramic composites. J. Mater. Process. Technol. 1997, 71, 195–201.
[CrossRef]

24. Li, Z.C.; Jiao, Y.; Deines, T.W.; Pei, Z.J.; Treadwell, C. Rotary ultrasonic machining of ceramic matrix composites: Feasibility study
and designed experiments. Int. J. Mach. Tools Manuf. 2005, 45, 1402–1411. [CrossRef]

25. Bertsche, E.; Ehmann, K.; Malukhin, K. Ultrasonic slot machining of a silicon carbide matrix composite. Int. J. Adv. Manuf. Technol.
2013, 66, 1119–1134. [CrossRef]

26. Wang, J.; Zhang, J.; Feng, P. Effects of tool vibration on fiber fracture in rotary ultrasonic machining of C/SiC ceramic matrix
composites. Compos. Part B Eng. 2017, 129, 233–242. [CrossRef]

27. Jones, A.H.; Trueman, C.S.; Dobedoe, R.S.; Huddleston, J.; Lewis, M.H. Production and EDM of Si3N4–TiB2 ceramic composites.
Br. Ceram. Trans. 2001, 100, 49–54. [CrossRef]

28. Hu, B.; Yang, Z.; Yang, Z. Research status and development trend of composite machining. Aerosp. Mater. Technol. 2000, 24–31.
[CrossRef]

29. Spur, G.; Holl, S.E. Ultrasonic assisted grinding of ceramics. J. Mater. Process. Technol. 1996, 62, 287–293. [CrossRef]
30. Uhlmann, E.; Spur, G. Surface Formation in Creep Feed Grinding of Advanced Ceramics with and without Ultrasonic Assistance.

CIRP Ann. 1998, 47, 249–252. [CrossRef]
31. Rösiger, A.; Goller, R.; Langhof, N.; Krenkel, W. Influence of in-plane and out-of-plane machining on the surface topography, the

removal mechanism and the flexural strength of 2D C/C-SiC composites. J. Eur. Ceram. Soc. 2021, 41, 3108–3119. [CrossRef]
32. Ding, K.; Fu, Y.; Su, H.; He, T.; Yu, X.; Ding, G. Experimental Study on Ultrasonic Assisted Grinding of C/SiC Composites. Key

Eng. Mater. 2014, 620, 128–133. [CrossRef]
33. Hu, M.; Ming, W.; An, Q.; Chen, M. Experimental study on milling performance of 2D C/SiC composites using polycrystalline

diamond tools. Ceram. Int. 2019, 45, 10581–10588. [CrossRef]
34. Li, C.; Piao, Y.; Meng, B.; Hu, Y.; Li, L.; Zhang, F. Phase transition and plastic deformation mechanisms induced by self-rotating

grinding of GaN single crystals. Int. J. Mach. Tools Manuf. 2022, 172, 103827. [CrossRef]
35. Liu, Q.; Huang, G.; Cui, C.; Tong, Z.; Xu, X. Investigation of grinding mechanism of a 2D Cf/C–SiC composite by single-grain

scratching. Ceram. Int. 2019, 45, 13422–13430. [CrossRef]
36. Liu, Y.; Quan, Y.; Wu, C.; Ye, L.; Zhu, X. Single diamond scribing of SiCf/SiC composite: Force and material removal mechanism

study. Ceram. Int. 2021, 47, 27702–27709. [CrossRef]
37. Ning, F.; Wang, H.; Cong, W. Rotary ultrasonic machining of carbon fiber reinforced plastic composites: A study on fiber material

removal mechanism through single-grain scratching. Int. J. Adv. Manuf. Technol. 2019, 103, 1095–1104. [CrossRef]
38. Xue, F.; Zheng, K.; Liao, W.; Shu, J.; Dong, S. Investigation on fiber fracture mechanism of c/sic composites by rotary ultrasonic

milling. Int. J. Mech. Sci. 2021, 191, 106054. [CrossRef]
39. Tian, L.; Fu, Y.; Xu, J.; Li, H.; Ding, W. The influence of speed on material removal mechanism in high speed grinding with single

grit. Int. J. Mach. Tools Manuf. 2015, 89, 192–201. [CrossRef]
40. Li, C.; Piao, Y.; Zhang, F.; Zhang, Y.; Hu, Y.; Wang, Y. Understand anisotropy dependence of damage evolution and material

removal during nanoscratch of MgF2 single crystals. Int. J. Extrem. Manuf. 2022, 5, 015101. [CrossRef]
41. Azarhoushang, B.; Tawakoli, T. Development of a novel ultrasonic unit for grinding of ceramic matrix composites. Int. J. Adv.

Manuf. Technol. 2011, 57, 945–955. [CrossRef]
42. Singh, R.; Khamba, J.S. Investigation for ultrasonic machining of titanium and its alloys. J. Mater. Process. Technol. 2007, 183,

363–367. [CrossRef]
43. Yu, S.J.; Chen, Z.F.; Wang, Y.; Luo, R.Y.; Cui, S. Effect of fabric structure on the permeability and regeneration ability of porous

SiCf/SiC composite prepared by CVI. Ceram. Int. 2019, 45, 11564–11570. [CrossRef]
44. Bansal, N.P.; Lamon, J. Ceramic Matrix Composites: Materials, Modeling and Technology; Wiley: Hoboken, NJ, USA, 2014.
45. Zhou, Y.; Tian, C.; Li, H.; Ma, L.-j.; Li, M.; Yin, G.Q. Study on removal mechanism and surface quality of grinding carbon fiber

toughened ceramic matrix composite. J. Braz. Soc. Mech. Sci. Eng. 2022, 44, 476. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.4028/www.scientific.net/MSF.770.198
https://doi.org/10.1016/j.ijmecsci.2022.107856
https://doi.org/10.1016/S0924-0136(03)00745-3
https://doi.org/10.1115/1.4000836
https://doi.org/10.1016/S1359-835X(99)00065-2
https://doi.org/10.1016/S0924-0136(97)00068-X
https://doi.org/10.1016/j.ijmachtools.2005.01.034
https://doi.org/10.1007/s00170-012-4394-7
https://doi.org/10.1016/j.compositesb.2017.07.081
https://doi.org/10.1179/096797801681198
https://doi.org/10.3969/j.issn.1007-2330.2000.05.006
https://doi.org/10.1016/S0924-0136(96)02422-3
https://doi.org/10.1016/S0007-8506(07)62828-5
https://doi.org/10.1016/j.jeurceramsoc.2020.10.063
https://doi.org/10.4028/www.scientific.net/KEM.620.128
https://doi.org/10.1016/j.ceramint.2019.02.124
https://doi.org/10.1016/j.ijmachtools.2021.103827
https://doi.org/10.1016/j.ceramint.2019.04.041
https://doi.org/10.1016/j.ceramint.2021.06.195
https://doi.org/10.1007/s00170-019-03433-7
https://doi.org/10.1016/j.ijmecsci.2020.106054
https://doi.org/10.1016/j.ijmachtools.2014.11.010
https://doi.org/10.1088/2631-7990/ac9eed
https://doi.org/10.1007/s00170-011-3347-x
https://doi.org/10.1016/j.jmatprotec.2006.10.026
https://doi.org/10.1016/j.ceramint.2019.03.026
https://doi.org/10.1007/s40430-022-03782-7

	Introduction 
	Material and Rotating Ultrasonic Machining (RUM) Platform 
	Material Preparation 
	Experimental Design and Conditions 
	Scratching Experiment 

	Results and Discussion 
	Scratching Force and Surface Morphology of Three Typical Braided Surfaces 
	Ultrasonic Scratch Morphology Observation and Removal Mechanism Analysis 
	Study on the Influence of Ultrasonic Vibration on Surface Roughness 

	Conclusions 
	References

