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Abstract
High-volume fraction silicon carbide-reinforced aluminummatrix (SiCp/Al) composites are widely used inmany industrial fields
due to their excellent material properties. However, these composites are regarded as one of the most difficult-to-machine
materials, owing to the presence of many hard and brittle SiC reinforcements. Rotary ultrasonic machining (RUM) is an effective
processing method for SiCp/Al composites. The material removal mechanism in RUM of SiCp/Al composites was investigated
by comparing the deformation characteristics of the composites in ultrasonic vibration-assisted scratch (UVAS) tests and con-
ventional scratch (CS) tests which were performed on a rotary ultrasonic machine. The influence of ultrasonic vibration on the
machining process was analyzed. Furthermore, the morphologies of the scratching surfaces, scratching forces, and material
removal process were evaluated in detail. The theoretical and experimental results revealed that ultrasonic vibration changes
the interaction between the cutting tool and the workpiece. The vibration enhanced the Al matrix and facilitated SiC reinforce-
ments removal by increasing the cracks in them. Therefore, the scratching forces in UVAS were smaller and more stable than
those in CS. The coefficient of friction (COF) was also smaller than that of CS and hence, the adhesion effect of Al matrix during
the scratching process was weakened. This study shows that the removal mode of SiC reinforcements plays a decisive role in the
formation of the machined surface. These results can serve as a guide for selecting appropriate processing parameters to obtain
improved machining quality of SiCp/Al composites.
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Nomenclature
vx Feed velocity in x direction
vy Feed velocity in y direction;
vz Feed velocity in z direction;
x0 Initial position in x direction;
y0 Initial position in y direction;

z0 Initial position in z direction;
n Spindle speed;
A Ultrasonic amplitude;
θ Penetration angle;
θmax Maximum penetration angle;
az Acceleration along z direction;
Fy Tangential force;
Fn Axial force;
f Frequency of ultrasonic vibration;
r Distance from the abrasive grain to the center of

the cutting tool;
SiCp/Al Silicon carbide-reinforced aluminum matrix

composites;
RUM Rotary ultrasonic machining;
UVAS Ultrasonic vibration-assisted scratch test;
CS Conventional scratch test;
COF Coefficient of friction;
CG Conventional grinding;
SEM Scanning electron microscope.
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1 Introduction

High-volume fraction silicon carbide-reinforced aluminum
matrix (SiCp/Al) composites have excellent physical and me-
chanical properties. These include a high specific strength and
specific stiffness, relatively high thermal conductivity, low
density and thermal expansion coefficient, and good wear
resistance [1–3]. SiCp/Al composites are widely used in aero-
space, automotive industry, electronics industry, and other
fields [4–6]. However, high-volume fraction SiCp/Al compos-
ites are considered as one of difficult-to-machine materials
owing to the presence of many hard and brittle SiC reinforce-
ments. Although net-shape forming technology is employed
in the manufacture of these composites, machining is still
essential for meeting their assembly and application require-
ments. Many problems are encountered in machining high-
volume fraction SiCp/Al composites. As the properties of
SiC reinforcements completely differ from those of Al matrix,
the material deformation process is very complex and achiev-
ing good surface integrity is difficult [7, 8]. SiC reinforce-
ments can break and fall off resulting in many defects on the
composites. Subsurface damage may also occur during the
machining process [9] and edge chippings are easily formed
at the edge of the workpieces [10]. Accordingly, ensuring the
service life and reliability of products is difficult. Moreover,
due to the high hardness of SiC reinforcements, tool wear is
severe [11, 12] and common tools made by high-speed steel or
carbide are unable to meet the machining demand which will
notably increase the manufacturing cost.

Rotary ultrasonic machining (RUM), a hybrid machining
process which combines conventional ultrasonic vibrating
machining and grinding, has received significant attention re-
cently. As Fig. 1 shows, the ultrasonic vibration is
superimposed on the cutting tools in RUM. Hollow diamond
grain tools are usually used and the machining process is

conducted on a NC machining center. In terms of complex
surface machining, RUM has obvious superiority over con-
ventional grinding (CG) [13, 14]. Numerous studies have con-
firmed that RUM is an effective method for machining hard
and brittle materials, such as ceramics, optical materials, and
high-volume fraction metal matrix composites [15–17]. Many
researchers found that RUM can reduce the cutting force dur-
ing the machining process and improve the surface quality
[18–20]. Conventional machining processes for high-volume
fraction SiCp/Al composites have been extensively investigat-
ed. Huang et al. [21] observed the machined surface morphol-
ogies by conventional grinding method and analyzed the chip
formation mechanism. Zhou et al. [22] evaluated the drilling
characteristics (drilling forces, tool wear, surface roughness,
and entrance edge quality) during the machining of SiCp/Al
composites with electroplated diamond drills. However, the
material removal mechanism in RUM of SiCp/Al composites
has rarely been studied. Revealing the influence of ultrasonic
vibration on the machining process can elucidate RUM of
SiCp/Al composites and serve as a guide in the selection of
appropriate processing parameters.

The scratching test has been used to evaluate the deforma-
tion behaviors and tribological properties of materials. These
tests can provide primary information about the material re-
moval behavior manifested through the scratching surface
morphologies. Furthermore, researchers can observe the inter-
action between the tool and the material intuitively. Zhang
et al. [23] compared the scratching characteristics of sapphire
crystal in ultrasonic vibration-assisted scratch (UVAS) tests
and conventional scratch (CS) tests. The results showed that
there are two different material removal mode in CS tests, i.e.,
plastic removal and brittle removal, whereas only plastic re-
moval mode existed in UVAS tests. Cao et al. [24] found there
were three material removal modes (plastic removal, brittle-
plastic transition, and brittle removal) in scratching SiC

Fig. 1 Schematic of the RUM
process
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ceramics both in UVAS tests and CS tests. However, the crit-
ical cutting depth increased by 56.25% in UVAS. Zhang et al.
[25, 26] investigated the anisotropy in the material removal
characteristics for the three directions of the KDP crystal by
UVAS tests and CS tests. Feng et al. [27] used the same
methods to study the scratching characteristics of high-
volume fraction SiCp/Al composites. The results in UVAS
revealed that compared with those of CS, the scratching force
and the removal rate were smaller and higher, respectively.
However, the micromaterial removal process and the influ-
ence of ultrasonic vibration on the material were not analyzed.
The material removal mechanism in RUM of SiCp/Al com-
posites has not been explored clearly yet.

The material removal mechanism in RUM of SiCp/Al
composites is investigated in this work and the influence
of ultrasonic vibration on the machining process is ex-
plained through theoretical analysis and experiments. In
this study, both UVAS tests and CS tests were performed
on a rotary ultrasonic machine using an in-house-
developed conical diamond tool. The influence of ultra-
sonic vibration on the machining process was analyzed.
The experimental setup and the experimental results were
presented in detail. Furthermore, the material removal
mechanism in RUM of SiCp/Al composites was explicat-
ed by comparing the material removal characteristics in
UVAS tests and CS tests.

2 Influence of ultrasonic vibration
on the machining process

RUM combines conventional ultrasonic vibrating machining
and grinding technology. Owing to the ultrasonic vibration,
the kinematic characteristics of the cutting tool and the prop-
erties of the material have changed and differ from those in
CG process.

2.1 Influence on the cutting tool

Themotional trajectory of an abrasive grain on the cutting tool
is described by the following equation:

γ tð Þ ¼
x tð Þ
y tð Þ
z tð Þ
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Fig. 2 Trajectories of an abrasive
grain in RUM and CG

Fig. 3 Definition of penetration angle Fig. 4 Penetration angle during one vibration cycle
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where vx, vy, vz represent the components of the feed
velocity; x0, y0, z0 represent the components of the initial
position; r is the distance from the abrasive grain to the
center of the cutting tool; n is the spindle speed; A is the
ultrasonic amplitude and f is the frequency of ultrasonic
vibration. Figure 2 shows the trajectory of an abrasive
grain in RUM and CG when the machining of faces is
considered. As the figure shows, the abrasive grain moves
only on the x-y-plane in CG but travels in a three-
dimensional space in RUM. The machining process be-
comes discontinuous and the cutting length increases.

Calculation of the time derivative d
dt γ tð Þ yields the follow-

ing relation for the velocity of the grain:

γ
0
tð Þ ¼

Vx tð Þ
Vy tð Þ
V z tð Þ

0
@

1
A ¼

2πn
60

⋅r⋅cos
2πn
60

t
� �

þ vx tð Þ

−
2πn
60

⋅r⋅sin
2πn
60

t
� �

þ vy tð Þ
2πfA⋅cos 2πftð Þ þ vz tð Þ

0
BBBB@

1
CCCCA

ð2Þ

The rotational movement is superposed with the ver-
tical vibration, thereby preventing perpendicular

indentation of the abrasive grain into the workpiece.
The penetration angle θ, as shows in Fig. 3, which is
dependent on the angular position of the abrasive grain
can be calculated from:

θ tð Þ ¼ tan−1
Vz

Vxy
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Fig. 5 Influence of ultrasonic
vibration on machining process

diamond tool

workpiece

fixture
dynamometer

Fig. 7 Experimental setup

SiC reinforcements

Fig. 6 Polished surface of the workpiece
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Therefore, θ = 0° and θ = 90° indicate parallel and perpen-
dicular movement to the x-y-plane, respectively.

Figure 4 shows the variation of the penetration angle
θ and the z-position of the abrasive grain in one vibra-
tion cycle. The maximum angle θmax occurs at a z-po-
sition of zero. However, at the maximum value of the z-
position, the velocity in the z direction equals zero and
hence, the angle is also zero. This leads to a non-static
penetration angle and in turn, a constantly changing
material indentation angle and material exit angle during
one rotation cycle.

2.2 Influence on the material

The ultrasonic vibration changes the kinematic characteristics
of the abrasive grain and also has a certain effect on the ma-
terial. In RUM, the impact time of the abrasive grain is very
short and the high frequency of the ultrasonic vibration results
in a high strain rate of material. According to [28], the flow
stress and the strain-rate hardening effect of the Al matrix
increases with increasing strain rates. The Al matrix is en-
hanced by the ultrasonic vibration.

In addition, the acceleration along the Z direction

az(t) can be determined by from the time derivation d
dt

γ
0
tð Þ and is given:

az tð Þ ¼ −4π2 f 2A⋅sin 2πftð Þ þ d
dt

vz tð Þ ð4Þ

Hence, for f and A of 20 kHz and 5 μm, respectively, a
maximum instantaneous acceleration of 7.9 × 104m/s2 is

realized for the abrasive grain. The inertial force F(t) can be
calculated from (vz is zero in face machining):

F tð Þ ¼ maz tð Þ ¼ −4mπ2 f 2A⋅sin 2πftð Þ ð5Þ

where m is the weight of the abrasive grain. The inertia
force has an important influence on the interaction between
the abrasive grain and the workpiece. In fact, the force on the
abrasive grain can yield cracks in SiC reinforcements so that
they can be removed more easily. Figure 5 illustrates the in-
fluence of ultrasonic vibration on the machining process.
These analyses would be verified by experiments in the next
section.

3 Experimental setup

3.1 Material and equipment

SiCp/Al composites whose volume fraction is 56% were con-
sidered in the experiments. Prior to the experiments, the top
surface of the 30 mm× 20 mm× 5 mm workpiece was care-
fully polished and examined by scanning electron microscope
(SEM), as seen in Fig. 6. An in-house-developed diamond
indenter was used as the scratching tool in the experiments.
A conical diamond was brazed on a special shank that can be
fixed to the ultrasonic spindle to obtain ultrasonic vibration.
The vertical angle and the nose radius of the diamond indenter
are 60° and 100 μm, respectively.

The experiments were performed on a rotary ultrasonic
machine (Ultrasonic 50, DMG, Germany) composed of an
ultrasonic spindle, a feed system, and a coolant supply system

indenter
ultrasonic 
vibration 30 m

V
µ

Fig. 8 Schematic of experimental
procedure

(a) (b) (c) (d) (e)

Fig. 9 SEM images in (a) the beginning; (b), (c), (d) the middle; (e) the end of the groove in the UVAS
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(typical coolant: Grindex 10 CO, Blaser). The maximum ul-
trasonic power and the frequency range of ultrasonic vibration
for this machine are 300Wand 16.5~30 kHz, respectively. As
Fig. 7 shows, the diamond indenter was installed in the ultra-
sonic spindle through an ER16 cone fitting. When ultrasonic
vibration function is turned on, the ultrasonic amplitude of the
indenter is 5 μm measured by a laser fiber vibrometer. The
experiments turn to be CS tests when this function is turned
off. The surface-processed SiCp/Al composites workpiece
was fixed on a fixture using AB glue and the fixture was
screwed on the dynamometer (9256C2, Kistler Instrument
Corp., Switzerland). This dynamometer was used to record
the scratching forces during the experiments.

3.2 Experimental procedure

As Fig. 8 shows, under non-cooling conditions, the diamond
indenter moved from the left side to the 30 μm higher right
side of the workpiece with a certain velocity. The experimen-
tal parameters were as follows: the scratching depth was
0~30 μm, the moving velocity was 24,000 mm/min, the fre-
quency of ultrasonic vibration was 18,850 Hz, and the
scratching length was 20 mm. Both UVAS and CS tests were
conducted on the same workpiece with a separation of 2 mm.

After the scratch tests, the workpiece was ultrasonically
cleaned for 10 min in anhydrous alcohol. The morphology
of each cleaned scratching groove was observed via SEM.

4 Results and discussion

4.1 The morphologies of scratching grooves

Differences in the material removal characteristics between
UVAS and CS are revealed via SEM of the workpiece after
scratching with and without ultrasonic vibration. The SEM
images in Figs. 9 and 10 show the different regions of the
groove formed in the UVAS and CS tests, respectively.
Figure 9(a) and Fig. 10(a) are at the beginning of grooves;
Figure 9(b, c, d) and Fig. 10(b, c, d) are at the middle of
grooves; Figure 9(e) and Fig. 10(e) are at the end of grooves.

The scratching process in both UVAS and CS grooves con-
sists of three stages: (1) plastic deformation period. As shown
in Fig. 9(a) and Fig. 10(a), the surface of each groove was very
smooth and there was no material removal. The grooves
showed a stage of plastic deformation; (2) plowing period.
As Fig. 9(b) and Fig. 10(b) show, when the scratching depth
increased, the deformed materials were forced to flow toward
both sides of the groove, thereby forming a pile-up. No mate-
rial removal occurred here; (3) cutting period. Chips were
formed when the scratching depth increased. They can be seen
in Fig. 9(c, d, e) and Fig. 10(c, d, e). The scratching depth
plays a key role in determining the stages during the
scratching process. However, the scratching morphologies of
SiCp/Al composites differ from those of monolithic metal that
can form continuous chips, and also not like scratching tests of
monolithic ceramic, where lots of cracks form on the surface.
Scratching tests of SiCp/Al composites form discontinuous
chips and it has not cracks but different kinds of holes.
Cracks can only be observed in SiC reinforcements.

The material removal characteristics of the UVAS signifi-
cantly differ from the characteristics of the CS. In the groove
of UVAS, the surface of the Al matrix was considerably
smoother than the groove in CS. Moreover, the SiC reinforce-
ments were broken into small particles and then completely
removed, leaving lots of holes on the surface of the workpiece.
However, in the groove of CS, the surface of the Al matrix
was very coarse and the SiC reinforcements were broken into
large pieces which undergo significant fracture.

According to the kinematic analysis of diamond grain, their
kinematic characteristics in UVAS and CS are different with
each other. Figure 11 illustrates trajectories of the indenter in
UVAS and CS. The indenter in UVAS moves along the y-axis

(a) (b) (c) (d) (e)

Fig. 10 SEM images in (a) the beginning; (b), (c), (d) the middle; (e) the end of the groove in the CS

z

y

indenter
V

UVAS

CS

Fig. 11 Schematic of indenter trajectories in UVAS and CS
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at a constant velocity and simultaneously vibrates along the z-
axis with a high frequency. The velocity of the indenter is
parallel to the y-axis and the scratching depth increases grad-
ually leading to plastic deformation, plowing, and cutting. The
ultrasonic vibratory velocity is vertically downward to the
workpiece, thereby resulting in the hammering on the surface.
During the CS process, the velocity of the indenter is parallel
to the y-axis only.

Because of the different kinematic characteristics in UVAS
and CS, the material removal mechanism becomes different.
As shown in Fig. 12a, the Al matrix endured continuous

ultrasonic impact and the surface was constantly squeezed.
The material underwent plastic deformation and the surface
became very smooth and there was no adhesion. In contrast,
the SiC reinforcements are brittle and barely undergo plastic
deformation. So they broke into small particles and were eas-
ily removed under ultrasonic vibration of the indenter. These
phenomena can also be seen in Fig. 12c. The impact force
which ultrasonic vibration brought produced many cracks in
SiC reinforcements.

As Fig. 12b shows, the indenter contacted with the material
all the time during the scratching process and the Al matrix
was adhered away forming a very coarse surface. Shear frac-
ture occurred in SiC reinforcements. These phenomena can
also be seen in Fig. 12d. SiC reinforcements cannot break into
small particles.

4.2 Scratching force and coefficient of friction

The characteristics of the scratching force reflect the
scratching process during the experiments. In the tests, the
axial force (Fn) and the tangential force (Fy) were consider-
ably larger than the normal force in tests; hence, we only
focused on Fn and Fy. The results revealed that Fn and Fy

increase gradually with increasing scratching depth during
the scratching process in UVAS and CS which can be seen

(a)
pits

hammering 
effect

(b)
fracture

adhesion

(c) crcaks

small SiC 
particles

(d)

shear 
fracture

SiC grains

Fig. 12 The material removal
mechanism. a Impact and
hammering effect in the UVAS. b
Adhesion in the CS. c Cracks in
SiC reinforcements during the
UVAS. d Shear fracture in SiC
reinforcements during the CS

-2

2

6

10

0 2.24 4.48 6.72 8.96 11.2 13.44 15.68 17.92

S
cr

at
ch

in
g
 f

o
rc

e/
N

Scraching length/mm

UVAS:Fy UVAS:Fn

CS:Fy CS:Fn

Fig. 13 Comparison of the scratching force between UVAS and CS
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in Fig. 13. However, the scratching forces in CS fluctuated
sharply during increasing process, whereas those in UVAS
increased continuously in the entire process and there are si-
nusoidal waves at local areas because of ultrasonic vibration.
The values of the scratching forces in CS were also larger than
those in UVAS in general.

SiCp/Al composites are inhomogeneous materials. When
the indenter scratches the Al matrix, the scratching force is
small. However, when the indenter scratches the SiC rein-
forcements, the scratching force will increase abruptly and
decrease after SiC reinforcements fracture. Figure 14a, b
showed the comparison of the scratching morphology in
UVAS and CS, respectively. In Fig. 14a, because of the ham-
mering effect of ultrasonic vibration, SiC reinforcements
broke into small particles and they were more easily removed
in UVAS. Therefore, the scratching force in UVAS was more
stable and smaller than that in CS.

The COF is defined as the ratio of the tangential force and
the axial force (i.e., COF = Fy/Fn). In Fig. 15, the COF both in
UVAS and CS increased slightly with the increase of the
scratching depth. The COF in UVAS was smaller than it in
CS while the COF in CS was more stable than it in UVAS. In
CS, adhesion played a significant role in the Al matrix leading
to an increase in tangential force. Moreover, owing to ultra-
sonic vibration, the scratching depth of the indenter changed
constantly. The tangential force and the axial force were

characterized by a periodic sinusoidal change in UVAS. As a
result, the COF in CS became larger and more stable than it in
UVAS. The friction between the indenter and the workpiece in
CS was more violent than that in UVAS.

4.3 Material removal process of SiCp/Al composites

Different interactions between the indenter and the workpiece
occurred during the process of scratching SiCp/Al compos-
ites. Figure 16a, b revealed there are three situations in the
grooves, where the (1) indenter scratched only on the Al ma-
trix. The Al matrix could easily be removed relatively. The
finished surface in UVAS was very smooth for hammering
effect, whereas the finished surface in CS was very coarse;
(2) the indenter scratched only on the SiC reinforcements.
They broke into small particles and were removed completely
in UVAS, while they occurred in shear fracture in CS; (3) the
indenter scratched into the SiC reinforcements from the Al
matrix, or the indenter scratched into the Al matrix from the
SiC reinforcements. Because SiC reinforcements are much
harder than aluminum, when the indenter scratched into SiC
reinforcements, the scratch force increases sharply and the SiC
reinforcements experienced a severe shock. In contrast, when
the indenter scratched out of the SiC reinforcements, the in-
denter transited to scratch the Al matrix very gently. Hence,

(a)

SiC particle crush

(b) SiC particle fracture
Fig. 14 Comparison of the
scratching morphology a in
UVAS and b in CS
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the bottom surface of the hole was typically inclined. These
phenomena can also be seen in Fig. 16.

During the scratching process, when the cutting depth is
small, the Al matrix underwent plastic deformation, whereas
SiC reinforcements endured elastic deformation or are pressed
into the Al matrix. When the cutting depth increased, the Al
matrix suffered severe deformation in a short time. Due to the
presence of SiC reinforcements, the composites cannot form
continuous chips. The Al matrix and the SiC reinforcements
affected with each other. They endured a deformation
compatibility.

Figure 17a, b is two-dimensional morphology and three-
dimensional morphology of the rotary ultrasonic machined
surface, respectively. The removal characteristics of the Al
matrix and the SiC reinforcements are different. The sur-
face of the Al matrix was continuous and smooth and en-
hanced by the ultrasonic vibration. However, SiC rein-
forcements were broken down and formed many pits on
the surface. It can be seen that most of the defects in the
machined surface occurred in the SiC reinforcements. So
the removal mode of SiC reinforcements played an impor-
tant role in the formation of the machined surface.
Appropriate processing parameters should be selected to
improve the removal efficiency of SiC reinforcements
and the final machining quality of SiCp/Al composites.

5 Conclusions

Differences in the material properties of the Al matrix and the
SiC reinforcement lead to the special machining characteris-
tics of SiCp/Al composites. The material removal mechanism
in RUM of high-volume fraction SiCp/Al composites was
investigated via UVAS tests and CS tests. In addition, the
influence of ultrasonic vibration on the machining process
was analyzed. The morphology of the scratching surfaces
and the scratching forces were investigated and the material
removal process was described in detail. The conclusions can
be summarized as follows:

1) Ultrasonic vibration changes the kinematic characteristics
of the cutting tool and the properties of the SiCp/Al com-
posites. The abrasive grain moves in a three-dimensional
space in RUM and its machining process becomes dis-
continuous. The Al matrix is enhanced by the ultrasonic
vibration and the SiC reinforcements can be removed
more easily because of many micro cracks.

2) The scratching forces and the COF of ultrasonic
scratching in UVAS tests are smaller than those in CS
tests. The friction between the grain and the workpiece
is reduced and the adhesion of aluminummatrix is weak-
ened in UVAS tests.

(a)

SiC particle broken

plastic removel 
of Al matrix

scratching into SiC

scratching out 
of SiC

(b)

SiC particle 
fracture

plastic removel 
of Al matrixscratching out 

of SiC

scratching into SiC

Fig. 16 Different interactive
situations during the scratching
process a in UVAS and b in CS

(a) (b)Fig. 17 Morphologies of the
rotary ultrasonic machined
surface a two-dimensional
morphology and b three-
dimensional morphology
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3) Abrasive grain scratching of the SiCp/Al composites con-
sists of three situations. On the changing phases of two
component materials, the cutting force increases sharply
and the SiC reinforcements experience a sudden impact
and endure serious particle breakage.

4) The removal mode of SiC reinforcements plays a decisive
role in the formation of the machined surface. If appro-
priate ultrasonic machining parameters are selected, SiC
reinforcements can be removed more smoothly, and the
surface quality of SiCp/Al composites can be effectively
improved.
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