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Study on effect of vibration amplitude on cutting performance
of SiCp/Al composites during ultrasonic vibration–assisted milling
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Abstract
Silicon carbide particulate reinforced aluminum (SiCp/Al) matrix composites play an important role in aviation, aerospace,
electronics, automobile, and other fields due to their outstanding mechanical properties. However, the existence of reinforcing
SiC particles leads to poor cutting performance, terrible surface quality, and severe tool wear of SiCp/Al composites. In this study,
a series of experiments were carried out with an ultrasonic vibration–assisted milling (UVAM) experimental device to study the
effect of amplitude on the machinability of 20% SiCp/Al composites from four aspects: cutting force, surface roughness, surface
morphology, and chip morphology. The results showed that it had a great influence on cutting force, surface roughness, surface
morphology, and chips when the amplitude increased to 3 μm. The surface of workpiece material deteriorated rapidly and
presented the fragmentation. In addition, a large number of micro-cracks and particle bulges appeared on the machined surface.
It was suggested that the amplitude below 5 μm had a negative impact on the milling surface quality of 20% SiCp/Al composites,
and the amplitude of 3 μm was considered as a critical value.
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1 Introduction

Silicon carbide particulate reinforced aluminum (SiCp/Al)
composites have excellent physical and mechanical proper-
ties, such as high temperature resistance, high specific
strength, high modulus, and small thermal expansion coeffi-
cient [1, 2]. The material reliability is improved, the
manufacturing cost is reduced, and the preparation process is
more and more perfect, which can meet the technical require-
ments of precision and ultra-precision applications. Therefore,
SiCp/Al composites have been widely used in automobile,
electronic packaging, aerospace, and other fields [1–3].
However, due to their low plasticity, uneven microstructure,
and abrasive nature of the reinforcing SiC particles, the SiCp/
Al composites have poor machinability. The material is a kind
of typical difficult-to-machine material, which is easy to

induce numerous surface defects and cause rapid tool wear
rate in processing [2, 4, 5]. These shortcomings will adversely
affect the final performance of many key components made of
SiCp/Al composites, even hinder a wide range of applications
in practice of this material.

Milling is one of the most important processing methods of
SiCp/Al composites. In this regard, many scholars have done a
lot of research on the milling surface quality of SiCp/Al com-
posites. The results of the research on the influence of cutting
parameters on surface quality showed that milling speed had
the greatest influence on surface roughness, followed by the
interaction between feed speed and milling speed, and then
feed speed. With regard to residual stress on the machined
surface, axial cutting depth was the most effective parameter
[4, 6]. The roughness of the milling surface was also related to
the built-up edge formed at low speed [7], the content and
morphology of SiC particles, and the cutting depth [8]. The
milling experiments of the 65% volume fraction SiCp/Al com-
posites carried by Yang et al. [4] and Wang et al. [9] indicated
that the polycrystalline diamond (PCD) tools with 2~30 μm
particle size could obtain the best surface quality (Ra < 0.4).
The experimental results of face milling 20% SiCp/Al com-
posites showed that better surface quality could be obtained
with larger cutting speed and smaller feed rate [10].
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In recent years, ultrasonic vibration–assisted machining
has been recognized by the world because it can reduce the
cutting load and improve the surface quality effectively [11].
A large number of studies have applied ultrasonic vibration–
assisted machining method for the precision machining of
hard brittle materials and plastic metal materials [12, 13].
Some researchers have also applied ultrasonic vibration–
assisted machining to SiCp/Al composites for turning, drilling,
grinding, and milling [14–17]. An experimental results
showed that compared with traditional machining, the surface
quality of SiCp/Al composites were greatly improved using
ultrasonic vibration–assisted milling (UVAM), though there
are still defects on the surface, with less cutting force and less
wear to the tools [18, 19]. Therefore, UVAM is an effective
way to improve the machinability of SiCp/Al composites.

At present, most researchers limit their studies to relating
cutting force [19, 20], surface roughness [18], surface micro-
morphology [20], and tool wear [17, 19] of SiCp/Al compos-
ites, while there are few studies on surface formation mecha-
nism and surface defects. In view of this, a series of experi-
ments were conducted in order to explore the issue of the
influence of amplitude on the machinability of 20% SiCp/Al
composites during UVAM in this paper. Through this study,
the influence of amplitude on cutting force and surface rough-
ness were comprehensively discussed. Simultaneously, the
machined surface defects and chip formation mechanismwere
analyzed. And it also provided important references for
selecting the proper amplitude in processing SiCp/Al
composites.

2 Experimental design

2.1 Workpiece material

The materials used for the tests were SiCp/Al metal matrix
composites. The reinforcing SiC particles were added in
weight fraction of 20%, and the average particle size was
about 15 μm. The test tools were solid carbide-coated tools
with 30° helix angle and 15° cutting front angle, whose brands
were JS452100E2R-100-Z2.0-HEMI, coating TiB2.

2.2 Experiment setup and conditions

The experiments were carried out on the VMC850E three-axis
vertical machining center with a self-made UVAM device.
Ultrasonic vibration was acted on the tool, and its direction
was longitudinal. The experimental system was shown in
Fig. 1. The cutting parameters were cutting speed = 125 m/
min; feed per tooth = 0.06 mm/z; axial cutting depth = 1 mm;
radial cutting depth = 2.5 mm; vibration amplitude = 0, 2, 3, 4,
and 5 μm; and vibration frequency = 35 KHz. The UVAM
experiments of SiCp/Al composites were conducted under the

conditions of dry milling, face milling, and down milling.
During the experiments, the amplitude transformer would en-
large the amplitude to 0–5 μm, and only vibration amplitude
was varied while others were held constant to observe the
effects of variation of vibration amplitude on the processing
results.

The Kistler 9257B piezoelectric three-way dynamometer
was used to record the cutting force from the milling tests.
The morphology of the milling surface and the chip under
different conditions were observed with a scanning electron
microscope, whose type was JSM-6380LV. The surface
roughness of machined SiCp/Al composites was measured
with MarSurf PS 10 surface roughness meter.

3 Results and discussion

3.1 Cutting force

Figure 2 shows the effect of the amplitude on cutting force
during face milling SiCp/Al composites. It can be drawn that
the cutting force shows a slow increasing trend as the
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Fig. 1 Photographic view of workpiece and tool of ultrasonic vibration–
assisted milling experimental setup
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Fig. 2 The variation of cutting force with amplitude
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amplitude increases continually. This is due to the amplitude
of 1–5 μm is too small, causing the impact of the tool is not
enough to shear most SiC particles, instead increasing cutting
force of the tool-workpiece. In addition, ultrasonic longitudi-
nal milling can increase longitudinal amplitude on the cutting
depth, which increases the chances of contact between the tool
and SiC particles, generating a certain amount of extrusion
and friction.

Figure 2 also illustrates that the cutting forces increase
slowly at 0–3 μm and decrease slightly at 3 μm, which may
be attributed to the fact that there are SiC particles distributing
a little uniform at that time. The tool mostly contacts with
aluminum matrix and avoids some particles at the amplitude
of 3 μm. This does not affect the overall trend. However, the
axial milling forces Fz and the feed forces Fx suddenly in-
crease when the amplitudes are 4 and 5 μm. This is related
to the drastic changes of the machined surface under this cut-
ting condition. When the amplitude increases, the surface of
the matrix material is destroyed and many defects are pro-
duced, which enhance the tool-workpiece and tool-chip inter-
action areas, resulting in a sudden increase in the cutting force.

3.2 Machined surface topography

The variation trend of surface roughness with amplitude is
shown in Fig. 3. It is observed that there is an obvious increase

in the surface roughness with increasing amplitude.
Especially, the surface roughness increases significantly when
the amplitude increases to 3 μm. This is due to the fact that
when the amplitude reaches 3 μm, a large amount of alumi-
num matrix begin to be destroyed, together with the exposed
SiC particles and cracks. Thus, 3 μm can be used as a critical
value. The whole variant trend is mainly caused by the fol-
lowing reasons: when SiCp/Al composites are processed by
traditional milling, the surface morphology is mainly the coat-
ing of the substrate material, but the density of this matrix
covering layer is poor. UVAM is characterized by its intermit-
tency, and the axial cutting depth will change periodically
when the axial vibration is applied to the workpiece. Under
the influence of UVAM feature, the covering material is easy
to form micro-cracks, which will expand rapidly with the in-
crease of amplitude. Thus, the deterioration of the workpiece
surface is accelerated and the roughness of the milling surface
is significantly increased [21].

Figure 4 provides the SEM morphology of the processed
surface. When the vibration amplitude is 0 μm, most areas of
the machining surface are coated by the substrate during mill-
ing. The matrix covering layer is beneficial to improve the
surface quality. At the same time, there are large and shallow
pits on the milling surface, as well as particle breakage and
holes.

With the continuous increase of amplitude, the changes of
the micro-morphology of the workpiece milling surface are
given in Fig. 5. As shown in Fig. 5a, in addition to large and
shallow pits, both micro-cracks and the holes caused by the
pull out of particles appear on the milling surface of workpiece
when the vibration amplitude is 2 μm. The matrix covering
layer is destroyed due to the poor compactness along with a
large number of micro-cracks similar to scales, and the surface
quality is further deteriorated when the amplitude reaches
3 μm, as shown in Fig. 5b. With the further increase of am-
plitude, the surface morphology of workpiece is dominated by
the severe breakage of the matrix covering layer. At the same
time, SiC particles are found on the surface of the workpiece.
It can be observed that the surface morphology of 20% SiCp/
Al composites tends to deteriorate gradually with the increase
of amplitude. This is consistent with the conclusion that the
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Fig. 3 Variation of surface roughness with amplitude
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surface roughness increases gradually with the increase of
amplitude. Additionally, with the increase of amplitude, the
effect of vibration milling is not obviously improved.

In conclusion, the surface quality is better without ul-
trasonic vibration machining for the experiments. This is
attributed to the cutting mechanism of traditional milling

of tool-workpiece friction and extrusion, and the SiC par-
ticles volume fraction of 20% SiCp/Al composites is low,
causing the surface morphology of traditional milling be
mostly substrate coating. The cutting mechanism of
UVAM is that the tool vibrates periodically to produce
impact force in the workpiece. However, the amplitude

(c) A=4 µm (d) A=5 µm

SiC particle
SiC particle

Surface breakage

Surface breakage

Hole

(a) A=2 µm (b) A=3 µm

Hole

Micro cracks

Large pits

Micro cracks

Matrix covering layer

Fig. 5 The changes of the surface
micro-morphology of the
workpiece with amplitude
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Fig. 6 The changes of the macro-
morphology of chips with
amplitude
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below 5 μm is not enough to produce sufficient impact
force to shear the SiC particles, which increases the cut-
ting force and at the same time causes the particles to be

mainly removed by pressing in and pulling out. This re-
sults in bumps and pits as well as damage of aluminum
matrix, increasing the surface roughness.

(a) A=2 µm (b) A=3 µm

Fig. 7 Micro-morphology of the
free surfaces of chips
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Fig. 8 Micro-morphology of the
non-free surfaces of chips at
different amplitudes
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3.3 Chip morphology

The macro-morphology of chips at different amplitudes is
shown in Fig. 6. The chips with different amplitudes are short
and small, which is related to the brittleness of the workpiece
material containing SiC hard particles. Moreover, as the am-
plitude increases, the bending degree of chips tends to de-
crease. This shows that the severe plastic deformation between
the workpiece and the tool during milling process decreases
with the increase of amplitude due to the high frequency vi-
bration of the tool. The micro-morphology of the free surfaces
of chips confirms this phenomenon. It can be observed from
Fig. 7 that the shear fracture on the free surfaces of chips with
amplitude of 2 μm is much more serious than that of 3 μm.

The SEM images of the non-free surfaces of chips are
shown in Fig. 8. As can be seen from the figure, the scratches
generated by the non-free surfaces of chips flowing along the
rake face can be seen clearly. When the amplitudes are 0 and
2 μm, severe plastic deformation occurs during the chip for-
mation, and significant fracture zones are formed on the non-
free chip surfaces (Fig. 8a) accompanied by the matrix mate-
rial bonding produced by friction between the chip and the
tool (Fig. 8b). Besides, the formation of crushing SiC particles
and holes as well as other defects are visible.

Although there are cracks and holes on the non-free sur-
faces of chips, the particle breakage and interfacial debonding
decrease with the increase of amplitude, and the cracks be-
come shorter at the same time. The defects on the non-free
surfaces of chips are mainly micro-cracks and particle bulges,
which indicates a reduction in the plastic deformation of the
material. The reason is that the sharp friction between the chip
and the cutting surface of the tool is weakened when the high
frequency vibration amplitude of the tool is large.

4 Conclusions

In this work, the machinability of 20% SiCp/Al composites in
UVAM on the condition that amplitudes are 0–5 μm was
studied based on the analysis of experimental results. The
following conclusions are drawn:

1. Experimental results indicate that the increase of ampli-
tude has little effect on cutting force and surface rough-
ness. However, when the amplitude increases to 3 μm, the
cutting force and surface roughness suddenly increases.

2. The surface morphology of the workpiece is dominated
by the coating of the matrix material, with holes, pits, and
other defects when the amplitudes are 0 and 2 μm. With
the increase of amplitude, a large number of micro-cracks
and particle bulges appear on the machined surface, and
the surface is fragmented.

3. The amplitude has great influence on chip formation dur-
ing machining of the composites. With the increase of
amplitude, the chips gradually change from crimp to
flake. The defects on the non-free surfaces of chips also
change from fracture zones and material bonding to
micro-cracks as well as particle bulges. The plastic defor-
mation of the chip is reduced.

4. UVAM of 20% SiCp/Al composites with the amplitude
below 5 μm does not improve the machinability.
Furthermore, it has a great influence on cutting force,
surface roughness, surface morphology, and chips when
the amplitude increases to 3 μm, which can be used as the
critical cutting parameter to process 20% SiCp/Al com-
posites for reference in subsequent studies. This study
also is of great help to further study the processing quality
of 20% SiCp/Al composites with higher amplitude. Then,
it is able to explore the optimal amplitude of SiCp/Al
composites with different volume fractions under
ultrasonic–assisted processing.
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