Surface and subsurface formation mechanism of SiCp /Al
composites under ultrasonic scratching
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ABSTRACT

Rotary ultrasonic machining (RUM) is an effective method of high-quality and high-efficiency machining for
advanced composites. However, the machining mechanism and kinematic characteristics of ultrasonic machining
of SiC particles-reinforced aluminum matrix (SiCp/Al) composites are yet unclear, limiting the applications of
RUM in composites machining. In this study, a rotary ultrasonic vibration-assisted scratch (RUVAS) test was
designed for the high-volume fraction of SiCp/Al composites. The kinematic and scratch force model of RUVAS
was developed to describe the scratch process of SiCp/Al Both RUVAS and conventional scratch (CS) tests were
performed under various scratch speeds on SiCp/Al. The scratch trajectory was divided into three modes:
continuous, semi-continuous, and intermittent. We observed the formation of different surface morphology
under different modes. The scratch force difference between RUVAS and CS was insignificant when the scratch
speed is high, which indicated that the effect of ultrasonic vibration diminished at a high speed when the ul-
trasonic frequency was fixed. When assisted by ultrasonic vibration, the scratch morphology of SiCp/Al indicated
that the matrix has undergone significant plastic deformation. While the hard SiC particles tended to be ruptured
and pressed into the plastic matrix, this mechanism can effectively suppress the initiation and propagation of
cracks, which is beneficial to reducing the stress influence zone, healing the surface defects, and improving the
surface integrity. The subsurface morphology indicates that the subsurface damage under CS and RUVAS mainly
includes particle cracking, matrix tearing, and interface failure. Our experimental result shows that ultrasonic
vibration can effectively reduce the subsurface damage of SiCy/Al composites, bringing insight into fundamental
mechanisms of ultrasonic machining and providing guidance for the vibration-assisted processing of SiC,/Al
composites.

addition of abrasive and high-hardness SiC particles in the aluminum
alloy matriX, which limits its extensive employment of SiC,/Al. During

1. Introduction

Metal Matrix Composites (MMCs) have earned themselves a wide
range of applications in the industry with their excellent properties.
Among the MMCs, silicon carbide particles-reinforced aluminum matrix
composites (SiCp/Al) have a low coefficient of thermal expansion, high
wear resistance, stable thermal resistance, high specific strength, and
excellent dimensional stability, which are considered ideal materials for
aerospace structural and optical parts [1,2]. However, these excellent
properties of SiC,/Al also bring machining challenges due to the

conventional machining of SiC,/Al the cutting parameters were set to a
lower threshold, cutting tools wear rapidly [3], and the machined sur-
faces have fractures, cracks, and micro pits with considerable sizes. The
machining difficulties and defects in quality drive researchers to develop
other machining technologies such as grinding, rotary ultrasonic
machining(RUM), and high-speed machining(HSM) [4,5]. Compared
with conventional grinding, rotary ultrasonic vibration-assisted
machining has advantages in quality, efficiency, and cost in the pro-
cessing of hard and brittle composites [6]. However, the material
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Nomenclature o equivalent stress (MPa)
A yield stress (MPa)
RUVAS rotary ultrasonic vibration-assisted scratch B hardening modulus (MPa)
CS conventional scratch C coefficient of strain rate sensitivity
n spindle speed (rpm) m coefficient of thermal softening
% feed rate (mm - min') n* coefficient of hardening
Vs linear cutting speed of diamond indenter (m -s™) ) plastic strain
r distance between diamond tip and spindle center (mm) & strain rate
A maximum amplitude (pum) o reference plastic strain rate
f frequency of ultrasonic vibration (Hz) T temperature of material (K)
hs set depth of cut (um) Trelt melting temperature (K)
h practical scratch depth (um) Troom room temperature (K)
Ci length of lateral crack (mm) D damage variable
Ch depth of median crack (mm) AP increment of equivalent plastic strain
KIC fracture toughness of SiCp/Al (MPa - m0.5) epl f equivalent plastic strain when material failure
E Young’s modulus of SiCp/Al (GPa) o* stress triaxiality
B half angle of the diamond tip (rad) ot maximum principal tensile stress (MPa)
Fn normal scratch force (N) Un crack normal displacement (mm)
F tangential scratch force (N) Gl f fracture energy (N/m)
u friction coefficient E equivalent Young’s modulus of the SiC particle (MPa)
A wavelength of diamond indenter’s scratch motion (mm) G shear modulus of the SiC particle (MPa)
Ls effective scratch distance on SiCp/Al sample (mm) eck nm  strain of crack opening of the SiC particle
At time of scratch into and out of the sample surface (s)

removal mechanism during rotary ultrasonic machining of SiCp/Al is not
yet clarified. Previous research studied the material removal mechanism
of SiCy/Al, but most of them either focused on SiCp/Al with the low
volume fraction of SiC (10%-25%) [7,8] or the material removal process
was set at a low speed (1 mme s1-100 mm-s’l) [9-12]. These results are
not reliable references to the actual rotary ultrasonic machining of
SiCp/Al with high volume fraction of SiC (45%-75%). To better un-
derstand the fundamental material removal mechanism of rotary ul-
trasonic machining of SiCy/Al it is important to explore the effect of
scratch speed on the material behavior of SiCy/Al with high volume
fraction under ultrasonic vibration.

The machining difficulties of SiC,/Al in conventional machining
with carbide tool have proved itself an underperforming approach to
SiCp/Al processing, especially for SiC,/Al with high volume fraction of
particles. Huang et al. [13] used polycrystalline diamond(PCD) tools in
high-speed milling of SiC,/Al composites with higher volume fraction of
SiC particles and found that even PCD tools wear quickly during the
process. Liu et al. [14] found that the cutting force fluctuates signifi-
cantly in the removal process because of reinforced particles. Yu et al.

[7] investigated the relationship between tool position and particle
failure behavior and found that the failure of particles is mainly caused
by debonding, turning, and fragmentation.

Considering the low efficiency and high cost of conventional
machining of hard and brittle composites, some researchers turn to
adopting ultrasonic-assisted machining. Wang et al. [15] proved that
rotary ultrasonic machining (RUM) with vertical ultrasonic vibration is
an effective method to reduce the cutting force of hard and brittle
composites. Bai et al. [16] conducted ultrasonic-assisted turning of
SiCp/Al with 25 vol% SiC particles reinforced. These experimental re-
sults showed a significant reduction in cutting forces with the assistance
of ultrasonic vibration. Dong et al. [17] conducted both ultrasonic-
assisted grinding and conventional grinding process on SiC- ,/Al and
found that the grinding force of ultrasonic-assisted grinding was 35—
50% lower than that of conventional grinding. Zhou et al. [18] carried out
the rotary ultrasonic face grinding of SiCp/Al composites and the cutting
force could be reduced by an average of 13.86%, and the surface
roughness could be reduced by an average of 11.53% compared with
conventional grinding. The vantage in the performance of ultrasonic-
assisted machining led researchers to explore the

fundamental mechanism involved in the ultrasonic-assisted machining
process.

The scratch test with a single diamond grit is one of the most com-
mon methods to study material removal mechanisms. Kosel [19] iden-
tified the core difference between fixed-load and fixed-depth conditions
for scratch tests and the use of fixed-depth scratch tests. These tech-
niques are more suitable for those Class Il materials—the dual-phase
materials that contain large, hard second-phase particles such as car-
bides. Yin et al. [20] studied single diamond grain grinding of SiC,/Al
and found that the maximum stress was smooth during the removal
process of the aluminum matrix but changed greatly whereas during the
removal process of SiC particles. Wu et al. [21] investigated the depth of
cut got a significant influence on the machined surface integrity. Their
results indicated that the fracture of particles was mainly caused by high
tensile stress from the shear deformation of the matrix and tool-particle
interaction.

However, most conventional scratch test research did not address the
effect of scratching speed, which is a major factor of practical
machining. Li et al. [22] investigated single-abrasive scratch tests of
C/SiC in two cutting directions under various cutting speeds. Liu et al.
[23] conducted scratching experiments that covered the scratching
speed from 10 mm .s! to 30 mm. s™.. The results showed that tangential
scratch force fluctuated slightly under a low range of scratching speed.
Lin et al. [24] conducted a continuous scratch test on quartz glass with a
speed of 6 m.min! to 15 m.min"? and found that the area formed by
high-speed cross-scratches is more damaged and entered brittle removal
earlier than other areas. Yang et al. [25] studied the crack initiation
mechanism by conducting scratch tests on BK7 glass with a speed of 1, 5,
and 20 m.s'}, which revealed the chipping critical depth becomes bigger
when the speed is 5 m, s.. Meng et al. [26] studied the removal behavior

of SiC with scratch speed from 10 m s™ to 200 m s™* and found that the
hydrostatic stress of the processing region decreased as the scratch speed

increased. It is obvious that scratch speed has an impact on material
removal behaviors, which should be considered during scratch tests that
can reflect practical machining situations under various cutting speeds.
To clarify material removal behaviors under ultrasonic-assisted
machining, the researcher started to adopt ultrasonic-assisted scratch
tests. Fujimoto et al. [27] took both an ultrasonic-assisted scratching test
and a conventional scratching test on SiC ceramics. The results indicated
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that there are the intermittent mode and the continuous mode in the
ultrasonic-assisted scratching process. Wang et al. [28] conducted
scratching tests of carbon fiber-reinforced polymer (CFRP) composites
and found that the material removal mode of CFRP could change from
the ductile to the brittle fracture mode with the assistance of ultrasonic
vibration. Feng et al. [9] conducted ultrasonic vibration-assisted scratch
(UVAS) and traditional scratch tests of SiC,/Al at low speed and it
indicated that the average force of the UVAS processes was lower. Zheng
et al. [10] conducted conventional scratch and ultrasonic vibration-
assisted scratch tests of SiC,/Al and found that there is no brittle-ductile
transition phenomenon for cutting depth in the scratch test of SiC,/Al
with a 45% volume fraction of SiC particles. However, previous studies
have not mentioned the scratching speed, the surface, and subsurface
formation during the ultrasonic vibration-assisted scratch test.

In our study, both rotary ultrasonic vibration-assisted scratch
(RUVAS) test and conventional scratch test (CS) under various cutting
speeds were studied on SiCp/Al with a 65% volume fraction of SiC
particles. The kinematic characteristics were analyzed and a scratch
force model for RUVAS was developed to describe the scratch process. A
finite element simulation model was established to explore the material
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removal process. The scratch trajectory characteristics and scratch force
were compared between RUVAS and CS to illustrate the ultrasonic vi-
bration effect on SiCp/Al under various scratch speeds. The surface and
subsurface morphology of samples were observed to reveal the surface
integrity and subsurface damage of SiC,/Al composites.

2. Kinematic characteristics of RUVAS

As shown in Fig. 1, the customized diamond indenter rotated at a
speed of n with ultrasonic vibration in the Z-axis. The SiC,/Al sample is
fixed on an adjustable fixture which can change slope angle with an
accuracy of 0.1° and moved at a speed of V¢ in the positive direction of
the X-axis.

The scratch trajectory is shown in Eq. (1):

1
X =vi-t (1)
y = vst = n2zrt

where Vs denotes the linear speed of the diamond indenter, and r is the
distance between the diamond tip and spindle center. During RUVAS the
axial displacement z of the ultrasonic vibration is expressed as follows:

Ultrasonic
vibration
in z-axis

Diamond

indenter

-

Fig. 1. Kinematic schematic diagram of RUVAS test.
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z=Asin 2 zft (2)

where A, f, and hs respectively denote the amplitude, the frequency of
ultrasonic vibration, and the set depth of cut.

With these variables defined, the practical scratch depth h is derived
as:

h=hs + Asin 2 zft 3)
The scratch force of the SiC /Al composites is mainly composed of

p
the plastic deformation force of the matrix, the brittle fracture force of

SiC particles, and the friction force. Considering the high volume frac-
tion of SiC particles in the samples discussed in this research, the SiC,/Al

composites are regarded as brittle materials. An interpretation of Mar-
shall’s ceramic crack theory in Fig. 2c shows the cracks induced by the
diamond indenter. Here, the lateral crack has a length of Ci and the
depth E)f median cyack Ch can be expressed as

Ci=m (E/H)**  ((@+bIn(vs/hp)Kic)H1/+  F5/8 4)
\2

n

C (L)lﬁ g1/2
tan S Hy

Ch= 1/2 (5)

n

where m, a, b are constants related to the material-indenter subsystem;
KIC is the fracture toughness of the sample; E is Young’s modulus of the
sample; Vs is the cutting speed; B8 is the half angle of the diamond tip, Fn
is the normal load applied to the diamond indenter; C2 is a

(a)
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dimensionless constant, independent of the diamond indenter scratch
system, C2 = 0.226 [29].

The scratch force has two components, the tangential force Ft and the
normal force Fn As a 136-degree diamond indenter scratched across the
surface, the element of these force components are illustrated in Fig. 2b.
According to Jahanmir’s ‘Mechanisms of Material Removal in Abrasive
Machining of Ceramics’ theory [30], the normal load F, can be calcu-
lated as given in Eq. (6):

(G
Fook ot TR ©)

Substituting Eq. (3) into Eq. (6),
Coa) /)

KIEH, .V'/VS

E2ls 3M(hs + Asin2 n‘ft)lﬁ N

F.=k
where K is a constant relevant to the material.

Assuming that g is the friction coefficient of SiC,/Al, the tangential

scratclEng forcsis written as:
1/2

KIC HV

E2/5

Fo =k vy / vs)m(hs +Asin 2 #ft)"/* (8)
Substituting Eq. (7) into Eq. (4), the lateral crack length Ci can be

defined as follows:

Diamond indenter

SiC,/Al
sample

Crack zone Plastic zone

Fig. 2. Characteristics of material removal in RUVAS scratch test:
(a) an overview of the setting, (b) force components, (c) crack initiation.

Ch

Lateral crack
Median crack
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i ( 1t epn?. /) L
Ci=mE/H ) ((@+bln(vs/ h)Ki)HY4 K E2/s Vi Vs 3/4(hs + A sin 2 zft) ©)
A+h
As the diamond indenter performs a sinusoidal motion due to the Ls=n-zr (13)
CAf

ultrasonic vibration, the cutting wavelength A is expressed as Eq. (9):

Yo n2mr
I 10
h= ‘ (10)
Ls is the effective scratch distance that the diamond indenter travels
during the contact time At when the diamond tip scratch into and out of

the sample surface. Ls and At can be expressed as follows:

When 0<hs A; the ultrasonic vibration-assisted scratch motion
turns to be intermittent as the diamond indenter moves inside and
outside of the sample surface. Under this circumstance, the scratch
trajectory appears to be continuous or intermittent depending on the
relationship between A and the length of the pit caused by scratch and
maximum crack propagation. It indicates that the scratch trajectory is
intermittent as mode I trajectory shown in Fig. 3 when A> Ls+ Cimax

Ls=n-2zr-4 11
s emrdt b which can also be expressed as
[( ) Isss
n-2zr A+h L /( " Ykizp . /)
fosnar s, mEM)T @+ bIn(u /ha)KOHYE K ol 0 4 e (14)
A +h ) i .
At ~ 2Af (12) When A_Lg Cimax, the scratch trajectory is continuous as the mode Il or

Substituting Eq. (12) into Eq. (11), Ls can be defined as follows:

/

III trajectory which is shown in Fig. 3.

Fig. 3. Scratch trajectory mode of RUVAS.
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3. Experiment and simulation
3.1. Experimental design

3.1.1. Sample preparation

The SiCp/Al composites used in the investigation are manufactured
by powder metallurgy. The properties of SiC,/Al composites are listed in
Table 1. The SiCy/Al samples are divided into 10 mm*10 mm*5 mm
sizes. To avoid interference of the original surface of SiCp/Al with the
scratch test, the surface is carefully lapped consecutively with diamond
pastes of pm level grain sizes on an iron plate and polished to surface
roughness Ra 0.1 pm. The polished surface is observed by SEM

Table 1

Properties of SiCp/Al composites.
Properties Value
Average size of SiC particles (um) 80.0
Volume fraction of SiC (%) 65.0
Thermal conductivity (W mK, 373.15K) 73.0
Coefficient of thermal expansion [10'6K'1) 12.0
Density (g- cm'3) 3.0
Elastic modulus (GPa) 188.0
Passion ratio 0.3

Fig. 4. Microstructure of SiCp/Al composites.

Diamond tip

Diamond indenter
Sample
Fixture
Adjustment plantform

Dynamometer-

Machine table
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(JSM7500, JEOL Inc., Japan), as shown in Fig. 4.

3.1.2. Setup and measurement

The tests were conducted on a 3-axis milling center (Minimill, Haas
Inc., USA) and the experimental setup is shown in Fig. 5. A specially
customized diamond indenter with a spherical tip radius of 200 pm and
an apex angle of 120° was fixed on a rotary ultrasonic machining device
which was attached to the spindle of milling center. The distance from
the diamond tip to the center of rotation is 10 mm. The rotary ultrasonic
machining device has a separate power supply and it can rotate syn-
chronously with the spindle. The working frequency and amplitude
were measured using a vibrometer (OFV-5000, Polytec Inc., Germany).
The cutting forces (tangential (F;) and the normal (F,)) were measured
with the assistance of a data acquisition system along with a dyna-
mometer (Type 9257A, Kistler Inc, Switzerland), and the data were
recorded with the Dynoware software at a sampling frequency of 5 kHz.

The SiCy/Al samples were mounted on a specially customized fixture
embedded on a two-dimensional adjustment platform. After tests, the
samples were cleaned with an ultrasonic cleaner and the scratch tra-

jectory was studied under a digital microscope (DSX1000, Olympus Inc.,
Japan) and the morphology of the chips and the scratch tracks were
obtained by SEM (JSM7500, JEOL Inc, Japan) to investigate the
scratching-induced deformation. The morphology of the subsurface was
obtained by SEM (Gemini 300, Zeiss Inc., Germany).

3.2. Experimental procedure

The experiments were divided into two groups (CS & RUVAS), with
which CS is scratching without ultrasonic vibration and RUVAS is
scratching with ultrasonic vibration. In each group, there were 9 ex-
periments with different set scratch depths and spindle speeds which
could be adjusted by the Haas CNC system. The scratch depth was set to
5/10/20 pm. The spindle speed was set to 0/1500/3000/4500/6000
rpm therefore the linear speed of scratching could reach 0/1.57/3.14/

Table 2
Scratch test parameters.

Set scratch depth Spindle speed Ultrasonic frequency Ultrasonic amplitude

/pm /rpm /Hz /pm
5,10,20 0,1500,3000, 18000 6
4500,6000

Ultrasonic power
supply

—
Pt RUM device % PC

Amplifier A/D converter

Fig. 5. Experimental setup of RUVAS.
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Diamond indenter

Aluminum matrix  SiC particle vy

SiCp/Al simulation model

Fig. 6. 2D Finite model of scratching SiCp/Al

4.71/6.28 m sL. When the spindle speed was 0, the feed rate of the
sample was set to 0.5 mm.min" to ensure the relative movement of the
indenter and the sample. The specific set scratch parameters are listed in
Table 2. The samples were accurately positioned using the adjustment
platform which has two rotational degrees of freedom to keep the
sample flat. The diamond indenter tip was moved to the center of the
sample edge before every scratch. A fresh new diamond indenter was
used in each group to avoid the influence caused by diamond wear. All
experiments were performed at room temperature. The scratch was
repeated three times to validate the repeatability of experimental results
and the typical experimental results are presented in this paper.

3.3. Finite element modeling

A 2D finite element model was established to investigate the material
removal behavior of scratching SiCp/Al, as shown in Fig. 6. To improve
calculation efficiency and accuracy, the model was divided into an
equivalent homogeneous plane and particle-matriX composite plane.
The dimension of the composite sample had an area of 1.2 mm*0.4 mm.
The sample dimensions and volume fraction of particles in the com-
posites model were developed in Abaqus/Explicit using Python scripts.
To simplify the calculation, the interface modeling between particles
and matrix was neglected and the internal contact between the particles
and the matriX is tied together. The CPE4RT unit was selected for model
meshing.

The diamond indenter used in the experiment was conical with a top
angle of 120°. Therefore, the model of the diamond tool was built as an

S. Max. In-Plane Principal
(average : 75% )
+1.192e403
+8.862e+
+5.845¢402
+2.808e+02
-2.292e+01
-3.266e+02
-6.303e+02
-9.3400+02
-1.23%e403
-1.541e+03
-1.845e+03
-2.149e403
-2.452e403

(average : 75% )

S. Mas. In-Plane Principal

isosceles triangle with vertex angles of 120°. It was considered a rigid
body in the simulation due to its higher hardness compared to the
sample material. Also, the scratch depth set in the simulation model was
small and the analysis time was short to avoid the deformation and wear
of the tool.

The Johnson-cook (J-C) constitutive model and the brittle cracking
damage model are adopted to describe the material behavior of matrix
and particle respectively. Relevant parameters and models are listed in
the appendiX.

The finite element model had a meshed of 5 um size along with an
adaptive meshing. The diamond indenter motion was linear with a speed
of 1570 mm-s™ and the ultrasonic vibration frequency was 18000Hz
with an amplitude of 6 pum. The left and bottom edge of the model was
fixed to increase the stability of the simulation process. The scratching
depths were set at 5 pm, 10 pm, and 20 pm to give an insight into the
chip formation and material removal process under intermittent and
continuous scratch.

4. Results and discussion
4.1. Simulation results

Fig. 7 illustrates the evolution of the scratch at a depth of 20 pm cut
for both conventional and vibratory modes of cutting. For the conven-
tional cutting in Fig. 7a-b, it is observed that the diamond indenter is
closer to a cutting tool with a large negative rake. When it touches the
SiCp/Al sample surface, compressive stress is concentrated on the top

Scratch path

Matrix tearing
Particle cracking

S, Max. In-Planc Principal
(average : 75% )

-1.878e403
~2.157e403

Surface separation
_Secratch path
Particle cracking
atrix tearing

. Max. In-Plane Principal

(average : 75% )
+1.6042+03
+1.4150403
+1.226e403

4+0;
-4.737e402
-6.626e+02

Fig. 7. Principal stress for 20 um depth: (a-b) conventional, (c-d) with ultrasonic vibration.
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Fig. 8. Scratch force of simulation at depth of 20 pm.

edge of the indenter because of the extrusion. And the tensile stress is
distributed around the particles. As the aluminum matriX material is
compressed and flows left and down because of its ductility. With the
movement of the indenter, the stress transfers to the left and gathers
gradually until it reaches the failure strength, which leads to the particle
debonding from the matriX or initiation cracking of the particle. Unlike
aluminum matriX material, the SiC particle with high modulus deforms
slightly. With the initiation and expansion of the crack, a part of the
single particle began to fracture and fall off or stagnate on the surface.
Because of the continuous contact between the diamond indenter and
material, some dislocated particles are pushed by the diamond indenter
and scratch the surface again.

Fig. 7c-d. illustrates the simulation results of the scratch process with
ultrasonic vibration assisted, which displays a clear difference from the
conventional scratch path as the motion of the diamond indenter os-
cillates. When it moves down the sample surface, the material is not only
squeezed by the diamond indenter but also impacted in the vertical di-
rection. The impulse caused by vibration intensifies the stress concen-
tration which accelerates the crack initiation of particles. Because of the
high volume fraction of SiC particles, the accumulated deformation of
the matrix increases the tensile stress around these dense particles,
which results in continuous matrix tearing among the particles. Unlike
scratching without ultrasonic vibration, the diamond tool presses into
and lifts from the material which makes extracted particles detach from
the surface.

The scratch force of the simulation process at 20 pm depthis
extracted and shown in Fig. 8. The blue line illustrates the scratch force

20
V7 without ultrasonic vibration
16 SN with ultrasonic vibration
Z 12}
& 10.292
Q [ J
= ' ‘
S gt TR
4t /;
0 74N\ N\ \|
simulation experimental

Fig. 9. Average scratch force of simulation and experiment at depth of 20 pum.

without ultrasonic vibration. Obviously, the force rises as the diamond
indenter contact with the material. Then it increases sharply because the
presence of hard SiC particles enhances cutting resistance. And with the
detachment of some particles near the surface, the force can also decline
to zero. Due to the staggered distribution of particles and matrix, the
force change fluctuatingly. The red line shows the scratch force with
ultrasonic vibration. Unlike scratch force without ultrasonic vibration,
more peaks appear periodically as a result of impact function caused by
vibration. When the diamond indenter into the cycle of downward
movement, the maximum force with ultrasonic vibration can be more
than three times that without ultrasonic vibration. As the movement
becomes uplifted, the force sharply goes down.

Fig. 9 gives the average scratch forces at 20 um depth of cut both for
the simulation and the experiments. Considering the ultrasonic fre-
quency (18 kHz) and the response time of the dynamometer, it is
postulated that the dynamometer was notable to capture accurately the
cutting forces, and the embedded filter in the data recording system
reduced further the magnitude of the measured forces. In addition, to
capture the evolution of the cutting in the vibro-impact mode with
acceptable accuracy, the data sampling rate should have been at least
five times the ultrasonic frequency. On the one hand, both the data
acquisition system and the dynamometer had some physical limitations
which affected the magnitude of the measured forces. On the other hand,
the material physical properties used in the simulation are estimated
based on average values found in the literature, therefore the resultsare
anapproximation. Consequently, there isa discrepancy of 23% between
the simulation and the experimental results. However, there is an in-
crease in ultrasonic cutting force with reference to conventional, which
is explained by the fact that ultrasonic actually is more efficient and it
removed more material, which led to higher forces. This is supported by
the measurement of the actual depth of cut in each scratch test, as
illustrated in Fig. 12.

4.2. Scratch trajectory characteristics

According to the kinematic characteristics and scratch force model of
RUVAS, the scratch trajectory has a direct relationship with the scratch
depth, ultrasonic amplitude, ultrasonic frequency, scratch speed, and
material properties. The inequation (14) has shown that with the in-
crease of scratch speed or decrease of frequency, the scratch trajectory
tends more into the mode I trajectory, which is shown in Fig. 10. The
material is removed intermittently and creates bumps and hollows.
When the speed goes down, the scratch trajectory tends more into mode
Il or III trajectory. There will be an overlap between the pits, and the
trajectory will be displayed as a continuous trajectory.

In this research, the change of amplitude and frequency during the
scratch process are ignored. As the set scratch depth is 5 pm and the
ultrasonic frequency is 18000Hz, the critical velocity for a discontinuous
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Fig. 10. Various modes of scratch trajectory characteristics.
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Fig. 11. Scratch trajectory under various speed: (I) 6.28 m s’} (11) 3.14 m s}, (111) 1.57 m s™*

trajectory is calculated as 5252 rpm according to inequation (14). The
experiment results showed that the scratch trajectory is continuous
when the spindle speed is 1500 rpm or 3000 rpm (1.57 m.s? or 3.14
m.s'l) asshowninFig. 11 (11, I1I). However, when the spindle speed rises
to 6000 rpm (6.28 m.s'l), the scratch trajectory turns to be discontin-
uous as shown in Fig. 11 (I).

For continuous scratch trajectory, the main material removal process
contains scratching, plowing, and hammering. The interval between

impact zones of each vibration period is small. The cracks extend
together and overlap with each other, resulting in continuous removal
and peeling of the material. Different from the continuous scratch tra-
jectory, the hammering caused by ultrasonic vibration takes up the main
part of the discontinuous scratch trajectory. The intermittent trajectory
indicates that the interval between adjacent impact zones is large and
the range of crack propagation is small. Thus the material cannot be
removed continuously. The number of impacts per scratch length is
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Fig. 12. Experimental scratch groove characteristics: (a) average width, (b)
average depth.

reduced which means that the increase in scratch speed thins the times
of ultrasonic impact and forms independent impact pits. This phenom-
enon gives insight into the matching of ultrasonic vibration parameters
and machining parameters. To avoid intermittent trajectory and alle-
viate the impact of ultrasonic vibration, a high ultrasonic frequency is
recommended when the machining speed is high.

4.3. Experimental scratch groove profile

The experimental scratch groove is measured by a laser confocal
microscope at the entrance, middle, and exit parts. The result is obtained
by calculating the average value of these three points. As shown in
Fig. 12a., when the set scratch depth changes from 5 um to 20 pm, the
practical width of the groove stays the same whether with ultrasonic
vibration or not. But the practical width of the groove with ultrasonic
vibration is about 40% bigger than without ultrasonic vibration.
Considering the rebound of material deformation and the fracture wear
of diamond tip, normally the practical average scratch depth is smaller
than the set scratch depth. But the practical average scratch depth can be
larger than the set scratch depth when scratching with ultrasonic vi-
bration. And when with ultrasonic vibration, the practical scratch depth
is about 40%-50% larger than the scratch without ultrasonic vibration
as shown in Fig. 12b. Because the amplitude of vibration extends the
diamond indenter’s axial movement which results in a bigger practical
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scratch depth. It indicates that the vibration effect can accelerate the
flow and fracture of material and improve the material removal of SiCp/
Al

4.4. Scratch force

The scratch force of CS and RUVAS for SiCp/Al composites are shown
in Fig. 13. When the scratch speed is as low as 0.5 mm min’, the scratch
force with ultrasonic vibration is smaller than without ultrasonic vi-
bration no matter the scratch depth changes from 5 pm to 20 pum, which
is consistent with the results in the previous literature [9,10]. And with
the increase in scratch depth, the effect of ultrasonic vibration on force
reduction is more significant. One reason can be speculated as the
contact time between the indenter and the workpiece sample is longer
under the action of ultrasonic vibration when the scratch speed is low.
The long-term ultrasonic vibration action leads to an ultrasonic soft-
ening effect which makes samples easy to cut. When the contact time
diminishesasthe scratchspeedbecomeshigher, the ultrasonicsoftening
effect is weakened.

As displayed in the chart, both CS and RUVAS forces decrease with
the increase of scratch speed when the scratch speed is beyond 1.57 m .s”
! When the set scratch depthis 5 pm, which is similar to the amplitude
of ultrasonic vibration, the scratch force of RUVAS is smaller than the
force of CS. When the set scratch depth rises to 10 and 20 um, which is
beyond the amplitude of ultrasonic vibration, the scratch force of
RUVAS is bigger than the force of CS. However, when the scratch speed
reaches 6.28 m.s}, the scratch force of CS and RUVAS tend to bethe
same regardless of what scratch depth it is.

According to the scratch force model, it is clear that the scratch force
rises when the scratch depth increases, which is coincide with the
scratch force data. However, it is noteworthy that the scratch force of
RUVAS is smaller than the force of CS when the scratch depth is 5 pm. As
the scratch depth is two times or four times larger, the scratch force of
RUVAS is much bigger. The reason can be attributed to the kinematic
transformation of the ultrasonic vibration-assisted scratch process.
When the scratch depth is smaller than the ultrasonic amplitude, the
scratch process turns to be intermittent, the practical scratch depth of
RUVAS is relevantly smaller than the practical scratch depth of CS, and
the scratch force of RUVAS is smaller than that of CS. But when the
scratch depth is bigger than the ultrasonic amplitude, the scratch process
turns to be continuous without diamond grits’ separation from mate-
rials, the practical scratch depth of RUVAS relevantly becomes bigger,
and the scratch force of RUVAS is larger than that of CS.

Previous research has shown that the ultrasonic vibration-assisted
scratch force is smaller than CS at a low speed. It is different from the
situation when the scratch speed is high, which means that the scratch
speed also has a strong influence on the scratch force. When the set
scratch depth is 5 pum, the scratch force of RUVAS is smaller than that of
CSataspeedof 1.57 m .s! to 4.71 m. s, This is because at this stage the
intermittent contact of RUVAS alleviates the continuous material
removal process of CS. But when the scratch speed rises to 6.28 m.s™},
there is no obvious difference among scratch forces despite ultrasonic
vibration assistance, which means the scratch force is insensitive to ul-
trasonic vibration. Equation (14) has shown that high scratch speed will
extend the wavelength 1 when the ultrasonic frequency fis fixed. Thus
the longer wavelength leads to longer separated pits on the material
surface under RUVAS. The material removal process is mainly in the
form of impacting the surface. The magnitude of the scratch force is
mainly related to the impact depth which is similar to the scratch depth
of CS. When set scratch depth is 10 or 20 pm, the scratch force of RUVAS
is bigger than that of CS at a speed of 1.57 m ! to 4.71 m.s . Asscratch
turns to continuous contact in this situation, the changing scratch depth
added by vibration leads to a bigger force under RUVAS. Because of the
constant frequency we used, the RUVAS force shows no significant
variation compared with the CS force when scratch speed increases to

6.28m-s ..
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Fig. 14. Scratch surface morphology of simulation:(a) 5 um depth without
ultrasonic vibration, (b) 5 um depth with ultrasonic vibration, (¢) 20 um depth
without ultrasonic vibration, (d) 20 um depth with ultrasonic vibration.

4.5. Surface morphology

Fig. 14(a-b) shows the simulated scratch surface at a scratch depth of
5 pm. It is clear that the state of particles has a crucial effect on the
surface. When the scratching process is not assisted by ultrasonic vi-
bration, the particles are pressed and pushed by a diamond indenter
(Fig. 14a). The particles are broken into small pieces or pulled out from
the matriX as a whole. Separated small particles leave small pits on the
surface. The larger ones wrapped around the matrix and were torn from
the surface, creating large cavities. When assisted by ultrasonic vibra-
tion, the particles are impacted and pressed by the diamond indenter’s
intermittent motion (Fig. 14b). The particles sink into the matrix and
drive the plastic flow of the matrixX. The sliding matrix then causes the
particles to debond or detach from the surface.

Fig. 14c-d shows the simulated scratch surface at a scratch depth of
20 pm. When the scratch depth rises, the rake face of the diamond
indenter contacts the larger area of the material. In the process of being
pressed and pushed by the diamond indenter, the particles will squeeze
with each other. In this way, a large number of particles are pulled out
and the matrix is torn laterally in a large area, creating large cavities
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Fig. 15. Scratch morphology of CS and RUVS at set depth: (a-b) 5 um, (c-d) 10 pm, (e-f) 20 pm.

(Fig. 14c). However, with ultrasonic vibration, the material is subjected
to continuous vibration and impact, causing break down of a large
number of particles, and the matrix is torn longitudinally. This results in
small, scattered particle debris and edge breakage, which is shown in
Fig. 14d.

Fig. 15 exhibits the microstructure of the experimental scratch sur-
faces at different scratch depths without and with the assistance of ul-
trasonic vibration. Obviously, the main deformation form of the SiC,/Al
composites in the scratch process can be divided into plastic deforma-
tion of aluminum alloy matrix and brittle fracture of SiC particles. When
scratch depth rises from 5 pm to 20 pm without ultrasonic vibration,

(a) Sa=1.244x0.131um é‘,;"‘.

®) 4

Surface roughness,Sa (pum)

there are typical scratched surface features such as cavities, particle
extraction, particle debonding, and matrix coated on the surface
(Fig. 15a,¢,15€). The scratch trajectory is the mode I trajectory which is
discontinuous at this depth due to the vibration separation effect
(Fig. 15b). It is different that brittle fracture takes up the main form of
material removal mode. The surface demonstrates more obvious particle
fracture and deeper crack propagation. There is no coating of aluminum
alloy matrix on both sides of the scratch trajectory. Fig. 15d shows the
morphology of mode II trajectory which is edge overlapped for every pit
removed per vibration cycle. The bottom surface of these pits is rela-
tively flat. But there are joint marks and cracks on the surface at the

V7 without ultrasonic vibration

with ultrasonic vibration

DN

1.941

38}

1.836

—

(=]

20um
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Fig. 16. Surface roughness of CS and RUVS: (a) measurement, (b) surface roughness, Sa.
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junction of the edges of the pits. Small particle debris can be observed.
Some of them are scattered in the pit, while others fly out to both sides of
the scratch groove. Fig. 15fshows the morphology of mode Il trajectory
whichismore areaoverlapped forevery pitremoved pervibration cycle.
Due to the repeated vibration impact, the width of the scratch groove
becomes significantly larger. Although the particles are hammered into
smaller debris in this mode, they are pressed into the matrix under the
action of repeated impact. And the aluminum alloy is repeatedly coated
on the surface, which leads to better surface integrity.

The 3D surface roughness Sa of the scratch surface is measured to
evaluate the surface integrity (Fig. 16a) and the results are shown in
Fig. 16b. The 3D surface roughness agrees well with the surface
morphology results. And the scratch surface quality is mainly related to
the particle state, coated matriX, and, overlapping area caused by ul-
trasonic vibration. An increase in the set scratch depth leads to a bigger
3D surface roughness of the scratch surface obtained without ultrasonic
vibration. This is because more particles are broken or pulled out from

19.65um

g

160,34

78. I4pm
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the matrix, leaving small particle debris and cavities on the surface.
Some particle debris can scratch the surface again leading to worse
surface integrity. The 3D surface roughness of the scratch surface with
the presence of ultrasonic vibration is bigger than that without when the
scratch depth is 5 um and 10 pm. And the surface roughness with ul-
trasonic vibration is smaller than that without ultrasonic vibration when
the scratch depth is 20 pm. This is because the discontinuous scratch
trajectory has a significant influence on surface integrity. When the
scratch depth rises to 20um and the scratch trajectory is in mode III, the
edge protrusions caused by vibration are erased. This is because of the
overlapping superposition of vibration trajectories. The surface cavities
and small particle debris are coated by the flowing aluminum alloy
matriX on the surface.

4.6. Subsurface morphology

Fig. 15 shows the subsurface morphology of the scratched surface

CS—5um

Particle fracture

Particle fracture

|
v,

RUVAS—20um

Interface failure Particle fracture

Fig. 17. Subsurface morphology of CS and RUVAS at set depth: (a,b) 5 um, (c,d) 20 pm.



Q. Lietal.

Aedian gfack /
enits

S0

¢
[

rface;

s ( 3
2
fgilure
7 k

Indenter <

Pulverization zone |

_—

Matrix tearing

Lateral crack

Median crack

Workpiece Interface failure

Ceramics International xxx (xxxx) xxx

7

Matsik tearing
i =, X

< N
Ultrasonic
“vibration

Lateral crack

O\Iuli;m crack

Interface failure

Pulverization zone

Matrix tearing

Workpiece

Fig. 18. Subsurface damage of CS and RUVAS: (a,b) practical scratch depth of 30 pum, (c,d) practical scratch depth of 40 pum, (e,f) formation mechanism.

under simulation. Due to the interaction between the diamond indenter
and the composites, internal stress has undergone transmission and
cumulation, leading to the initiation and propagation of cracks, fracture
of particles, and tearing and debonding of the matrix. Furthermore, with
the increase of cutting depth, the depth of the subsurface damage layer
rises. However, when compared to CS, the depth of the subsurface
damage layer under RUVAS is smaller. This may be related to the contact
separation between the tool and the material during the simulation
process, which reduces the accumulation of stress.

The cross-section of the test samples along the scratch direction is
polished and then observed. The morphology of the subsurface of the
scratching specimen is shown in Fig. 17. Regardless of scratch tech-
nique, the matrix tearing, interface debonding, and particle fracture are
the main forms of subsurface damage. When the scratch depth is 5 pm,
due to the dense particle distribution and the lack of buffer effect,
obvious particle squeezing and fracture occurred under CS. Noticeably,
the depth of the damaged layer can reach up to 55.24 pym (Fig. 17a).
When comparing RUVAS to CS, particle fracture also occurs in the area
with dense particle distribution, but the depth of the damaged layer is
only 35.59% of CS (Fig. 17b). When the scratch depth goes further to 20
um, matrix tearing was observed, and the depth of the damage layer can
reach up to 160.34 pm (Fig. 17c). However, the damage layer depth of
RUVAS is only 48.73% of CS (Fig. 17d). Similar with the simulation
results, there are different degrees and ranges of damage on the sub-
surface of SiCp/Al composites in the scratching test. Compared with CS,
the depth of the damage layer under RUVAS is smaller, which not only
validates the simulation results but also reflects the fact that ultrasonic
vibration can effectively reduce the subsurface damage of SiCp/Al
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composites during scratching.

To better understand the subsurface damage in the scratching pro-
cess of SiCy/Al composites, Fig. 18 shows the subsurface morphology
under practical scratching depth (30 pm,40 pm). It can be concluded
that the typical subsurface damage of SiCp/Al composites includes
particle cracking and fracture, matriX tearing, and interface failure.
Whether CS or RUVAS, there is a pulverization zone [31,32] filled with
broken particles at the subsurface of SiC,/Al composites. Different from
CS, the pulverization zone under RUVAS is smaller (Fig. 18e&f). This
may be explained by that when the diamond indenter presses against the
surface of the composites under CS, compressive stress is generated in
the matrix and particles. When there is no vibration, this stress will
continue to accumulate, transfer, and gather inside the material, and the
internal defects of the composites can be triggered under load, thus
triggering the nucleation, propagation, and interdigitation of micro-
cracks, as well as more fragmentation in the subsurface layer. While
under RUVAS, the indenter vibrates up and down at a high frequency
along the material surface. When the indenter moves away from the
material surface, a certain stress relaxation effect is produced. The stress
does not accumulate continuously, which reduces the transmission and
concentration of internal stress inside the composites and only causes
damage near the surface area (Fig. 18b&d).

As a typically hard and brittle material, there are lateral and median
cracks in the high-volume fraction SiCp/Al composites under the
extrusion of diamond indenter (Fig. 18a). Compared with CS, fewer
median cracks are observed under RUVAS, and the depth of matrix
tearing and interface failure are smaller(Fig. 18e&f). This can be
explained by the reason that the direction of scratchingis different from
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the propagation direction of the median crack. Under ultrasonic scratch force is higher with ultrasonic vibration assistance when
scratching, the instantaneous scratching speed is much bigger than that the scratch is in continuous mode as the scratch groove profile
of CS. The propagation time of the median crack is less before the proves that a larger scratch groove width and depth are obtained
indenter passes, resulting in a smaller depth of subsurface damage layer by ultrasonic vibration. Unlike the low-speed ultrasonic vibration-

under ultrasonic scratching. This phenomenon is also found in ultrasonic assisted scratch test of SiCp/Al, the scratch force only
vibration machining of brittle materials such as K9 glass and mono- demonstrated a minor difference between RUVAS and CS when
crystalline silicon [33,34]. the scratch speed is 6.28 m.s'. The matching relation between
ultrasonic parameters and scratching parameters was proposed
5. Conclusions considering the kinematics and material behavior to guarantee
the effectiveness of ultrasonic vibration, guiding the vibration-

We addressed the rotary ultrasonic vibration assisted scratch assisted processing of advanced composites.
(RUVAS) test and conventional scratch (CS) test for high volume fraction (4) The morphology of SiCy/Al samples suggested that the state of
SiCp/Al at various speeds theoretically and experimentally in this study. SiC particles had a significant effect on surface integrity. The
The following conclusions could be drawn: intermittent scratch mode will lead to a surface with independent
pulsed pits which should be avoided in SiCp/Al machining. The
(1) The scratch simulation demonstrated that the material removal superposition of vibration trajectories can make up for the holes
mechanism of SiCp/Al is mainly composed of plastic deformation where the particles break and detach, and cover the particle
of aluminum matrix and brittle fracture of SiC particles. In ul- debris and cavities on the surface with the matriX, leading to
trasonic scratching, the hard SiC particles are more likely to be better surface integrity.

ruptured under a high strain rate of impact function and facilely (5) The subsurface morphology of SiCp/Al samples illustrated that
squeezed into the aluminum alloy matrix due to the plastic flow subsurface damage is inevitable in both CS and RUVAS. The
caused by the acoustic softening effect. This process can inhibit cracking and fracture of particles, matriX tearing, and interface
crack initiation and propagation while healing the defects such as debonding are the main forms of subsurface damage. Compared
craters, chipping, and cracking, giving better surface integrity. with CS, the depth and scope of subsurface damage under RUVAS
With ultrasonic vibration assistance, the average scratch force is are smaller. This may be explained by the stress relaxation effect
larger and fluctuates with the motion of the vibration. The sub- caused by ultrasonic vibration and ‘the skin effect’ under RUVAS.

surface stress is obviously reduced, and the stress-affected zone
becomes smaller than without ultrasonic vibration assistance.

(2) The scratch trajectory indicated that the trajectory mode is Declaration of competing interest
affected by scratch speed, scratch depth, ultrasonic amplitude,
and frequency. Under intermittent trajectory mode, the impact The authors declare that they have no known competing financial
effect of ultrasonic vibration takes up the main part of the ma- interests or personal relationships that could have appeared to influence
terial removal mode. To keep the trajectory continuous, the ul- the work reported in this paper.
trasonic parameters, crack propagation characteristics of
materials, and cutting parameters must be considered simulta- Acknowledgment
neously when machining SiC,/AlL

(3) The experimental scratch force of RUVAS and CS showed that the Special thanks to Blair for the revision of the language and YU Qun
scratch force is smaller with ultrasonic vibration assisted when for the surface observation. This work was supported by the National
the scratch speed was low at intermittent scratch mode. The Natural Science Foundation of China [grant number U1737201].

Appendix

A. Material behavior of the simulation

Johnson-cook (J-C) constitutive modelis widely used to describe the elastoplasticbehavior of ductile materials [35]. To characterize the aluminum
matrix material behavior, a modified J-C constitutive criterion [20] was adopted.
[ (8)][ ( T_Tmom )m]

o= (A + RN +Cln — 1—
Bé ) 1 &0 Tmeh - Trocm

(A1)

where O is the equivalent stress, A is the yield stress, B is the hardening modulus, C (=0.01) is the coefficient of strain rate sensitivity, mis the co-
efficient of thermal softening, n* is the coefficient of hardening, ¢and &" are the plastic strain and strain rate; o (=1.47*1055'1) is the reference plastic
strain rate, T is the temperature of the material, Tmer is the melting temperature and Tyoom is the room temperature.

The Johnson-Cook damage model was used to describe the aluminum matrix failure behavior.

= fer
D= Aé (A.2)
&t
where D is the damage variable, and when its value goes to 1, the failure happens. A&pl f is the increment of equivalent plastic strain, &pl f is the
equivalent plastic strain vyhen mate(ia] §eﬂlure, wb(ich can be e)}Hressed by
¢ = [D1 + Doexp(Dso)] 1+ Daln © 1+ Ds ——" (A3)

f
€0 Trnett— Troom
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where Dj, D2...Ds are the damage variable of materials, and 0%* is the stress triaxiality.
The above parameters about the aluminum matrix used in this simulation are listed in Table A.1.

Table A.1

J-C model parameters of the aluminum

matriX.
A/MPa 255
B/MPa 361
m 5.5
n 0.18
Tmei/K 652
Troom/K 295
D1 0.004
D2 0.237
D3 2.775
D4 0
Ds 0.16

The SiC particles undergo a linear elastic deformation when subjected to an external load. The criterion for the initiation of fracture of particles is
considered as the maximum principal tensile stress 0, which goes beyond the tensile strength of SiC particles. The Rankine criterion was adopted to
describe the particles fracture behavior during scratching, which can be described by

Max(o1, 02, 03) = ot (A4)

After the initiation, the crack starts to extend and propagate and with the energy-based cracking criteria proposed by Ref. [36], there is a linear
relationship between material strength and crack scale. When the displacement reaches the crack normal displacement Uy, the particle fails, which can
be expressed by

U, = 26i A5
=t 5)
Where Gl f is the fracture energy of Mode I crack, expressed as
KZ
Gl= " (A.6)
f E

where K2 IC is the fracture toughness and E’ is the equivalent of Young s modulus. The shear modulus was defined as a function of crack
opening strain to describe the effect of shear stress on crack growth, consequently, the shear modulus G, after crack initiation was defined
as

)

Ge=p'es'G (A7)

where G is the shear modulus, p(eck nm) is the shear retention factor which can be expressed by

. ck) ( erc”;; )P
P enrn = 1_eck (As)

where eck nm is the strain of crack opening, eck max and P are material parameters of SiC particle. Therefore, in the simulation, the pa-

rameters given in Table A.2 were used.
Table A.2

Brittle cracking damage model parameters of SiC.

5

Kic/MPa - m® o1/MPa E’/GPa eck nm 3
4.5 1000 488 0.001 1
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