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Abstract

In this paper, a finite element (FE) cutting model for particle-reinforced metal matrix composites (PRMMCs) considering
material damage was developed to predict SiC particle failure, cutting forces, and machined surface topography in SiC, /Al
composite machining, and to analyze the dynamic mechanisms of chip formation and particle failure evolution. The validity of
the simulation model was verified by comparing the simulation results with the cutting forces and surface topography obtained
from the milling machining experiments. It was found that complex stress-strain fields exist in SiCy/Al composites with
mesoscopic non-homogeneous structures, and alternating reticulation of tensile and compressive stress between particles was
observed; particle failure due to tool-workpiece interaction exists in both direct and indirect ways; particle failure and local chip
deformation during machining affect surface topography and chip shaping, resulting in serrated chips, pitting on the machined
surface, and residual particle fragments.

Keywords Finite element simulation - Particle-reinforced metal matrix composites - Chip formation mechanism - Machined

surface topography

1 Introduction

Particle-reinforced metal matrix composites (PRMMCs), as
represented by SiC,/Al composites, have been widely used
in automobile, acrospace, and electronic packaging applica-
tions for their high specific strength and specific stiffness,
good heat conductivity, and low coefficient of expansion
[1-3]. While the addition of particle reinforcement greatly
improves the overall properties of composites, however, it
also introduces undesirable problems such as severe tool wear
and poor surface machining quality. In response to this
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problem, the machinability of PRMMC:s has been extensively
researched in order to develop better machining techniques.

The experiment is a powerful approach to investigate the
machinability of PRMMC:s, yet it is difficult to directly observe
the dynamic chip formation process in machining with exper-
iments [4, 5]. To solve this problem, finite element (FE) tech-
nique has been widely used [6, 7]. The multiphase (MP) model-
ing has been widely used to study the complex tool-particle
interaction during the machining of PRMMC:s [8, 9]. The me-
chanical property of SiC,/Al composites is affected by the size
and volume fraction of the silicon carbide (SiC) particles
[10—13]. Moreover, it was found that composites prepared from
SiC particles with fewer sharp corners possess better ductility
[14, 15], and less sharp-edged SiC particles are closer to spher-
ical shape, which provides a meaningful reference for the use of
round SiC particles in FE modeling, as they are already widely
used in the simulation of PRMMCs.

Regarding the machinability of SiC,/Al composites, nu-
merous studies [16—18] have shown that cutting parameters,
tool geometry, and preparation parameters of the composites
affect the cutting force, cutting temperature, chip morphology,
and surface quality. The addition of the SiC particle reinforce-
ment phase leads to complex tool-particle interactions during
machining, and further studies found that the mesoscopic non-
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homogeneous structure of PRMMCs causes inhomogeneous
stress-strain during machining [19-21]; and the random con-
tact between the cutting tool edge and particles during ma-
chining will lead to multiple relative positions between them,
which has important effects on particle damage, tool wear, and
damage to the machined surface [22-26]. Although many
scholars have conducted simulation studies on the machinabil-
ity of SiC,/Al composites, no intensive research has been
conducted on the chip formation mechanism and the forma-
tion of surface defects which are considering particle failure,
and the details of the stress-strain field in machining are still
less studied, so the investigation of the removal process of
composites needs to be further explored.

Compared to homogeneous materials, PRMMCs have
complex tool-particle interactions in machining. Given the
extremely high hardness of SiC particles, poor surface quality
and severe tool wear constitute two big challenges for the
machining of SiC,/Al composites. In this paper, the finite
element method was applied to simulate the dynamic chip
formation process of SiC,/Al composites to reveal the chip
formation mechanism and the evolution of surface defects,
and the validity was verified by comparing the chip shape,
cutting force, and surface topography obtained after milling
the composite material. This is of great significance to en-
hance the understanding of the deformation process of this
material, improve the machinability of PRMMCs, and pro-
mote the application of this material.

2 Finite element modeling process

Figure 1 shows the microstructure of the SiC,/Al composite. It
is certain that the addition of the reinforcing phase induces a
more complex stress-strain field in the machining, and the
single closure theory is not suitable for studying
complex-structured PRMMC:s, so finite element computation-
al micromechanics (FECM) has been widely used to simulate

Fig. 1 Microstructure of SiC,/Al composites
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their chip separation process [27-30]. With this strategy, not
only the overall response of composites can be derived, but
also details of stress and strain fields and tool-workpiece in-
teractions in the microstructure of multiphase materials can be
studied, so that the chip formation mechanism of the compos-
ites can be investigated in detail.

2.1 Geometric model

In this study, the particles were assumed to be uniformly dis-
tributed inside the composite, and the three-dimensional mill-
ing model was simplified to two dimensions by adopting the
assumptions of Teng [16, 17], and the two-dimensional SiC/
Al composite microscopic milling modeling was established
by using ABAQUS finite element simulation software and
composite construction scripts, as shown in Fig. 2. The size
of the workpiece was 0.5 x 0.2 mm, and the SiC particles
were simplified as round with a volume fraction of 45%. The
size and location distribution of the particles were prepared
using a python script, i.e., a normal distribution algorithm was
used to generate a list of particle sizes with a mean of 5 pm in
the interval [3.75, 6.25] um and to distribute them randomly
in the model. Other model setting parameters are shown in
Table 1.

2.2 Material constitutive model

The typical stress-strain response of the metal shown in Fig. 3
was adopted to describe the deformation and failure process of
the material in the finite element model. The OA section rep-
resents the elastic deformation stage; the AB section repre-
sents the plastic yield and strain hardening stage; the OABC
section of the curve represents the stress-strain response when
the material is undamaged; point B corresponds to the damage
initiation point, after which the load bearing capacity de-
creases and enters the stage of damage evolution; the BD
segment of the curve represents the damage evolution stage,
where the stress-strain response is governed by the stiffness
degradation in the region of strain localization; the point D
corresponds to the material fracture point, at which the ele-
ment will be removed from the calculation.

The Johnson-Cook [31, 32] constitutive equation, as
shown in Eq. (1), which well characterizes the viscoplastic
deformation of materials under high temperature, high strain,

Table 1 Model

parameters Cutting speed (v./(m/min)) 500
Feed rate (f/mm) 0.1
Rake angle (°) 10
Flank angle (°) 6
Average particle size (pm) 5
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and high strain rate conditions, is widely used in simulating
the cutting process of metal materials. The constitutive param-
eters are shown in Table 2 [32], and the remaining properties
parameters are shown in Table 3 [32, 33].
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where A is the yield strength under quasi-static conditions,
B is the hardening modulus, 2/ is the equivalent plastic strain,
n is the hardening coefficient, C is the strain rate sensitivity
coefficient, 27 is the plastic strain rate, €'y is the reference
plastic strain rate, T is the workpiece current temperature, Ty
is the material melting temperature, 7 is the room tempera-
ture, and m is the thermal softening coefficient.

2.3 Chip separation criteria

The chip-workpiece separation in the cutting simulation is based
on the deletion of the element, which can be described by a
damage initiation criterion and a damage evolution criterion.
The damage initiation of the matrix material was described by
Johnson-Cook damage model [32], as shown in Eq. (2).
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Fig. 3 The stress-strain curve with progressive damage degradation
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where o, stands for compressive stress, opises TEpresents
Mises stress, and d; ~ ds are material failure parameters. The
physical meanings of other parameters are the same as defined
in Eq. (1). The material failure parameters are shown in
Table 4.

In Abaqus, the criterion for determining that an element
meets the damage initiation is that the damage parameter ex-
ceeds 1, as shown in Eq. (3).

p
wey 3)

o

where w is the damage parameter, AZ” is the equivalent plastic
strain increment, and £} is the equivalent plastic strain at the
onset of damage.

The damage evolution law describes the degradation rate of
the material stiffness after satisfying the damage initiation
criterion, and the reduction in the stiffness factor is controlled
by the damage variable. In the stage of damage evolution, the
equivalent stress of the material is as follows:

7= (1-D)7 4)

where D is the overall damage variable and & is the undam-
aged stress tensor calculated in current increments.

To avoid the strong mesh dependence caused by strain
localization, an exponential evolution criterion based on ener-
gy dissipation was used to describe the damage evolution

Table 2 Johnson-Cook constitutive parameters of 2024Al
A(MPa) B(MPa) C m n To(K) Tner(K)
369 684 0.0083 1.7 073 293 795
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Table 3 Material parameters

Materials 2024Al SiC PCD tool
Density (kg/m*) 2770 3130 4250
Young’s modulus (GPa) 73 420 1174
Poisson’s ratio 0.33 0.14 0.07
Thermal conductivity (W/(m K)) 190 81 2100
Thermal expansion (°C ") 21%x107° 49x10° 40x10°
Thermal specific heat (J/(kg K)) 875 427 525

behavior of the aluminum substrate material. The fracture en-
ergy based on the stress-displacement response is as follows:

P P
z » @, P

Gr=I/Lodz =[;adu (5)
g0

where L is the characteristic length of the element and %’ and &

are the equivalent plastic displacement and stress.

The exponential evolution of the overall damage variable D
is expressed as:

D = 1-exp (—Iﬁ gfdﬁp> (6)

The crack initiation and post-cracking behavior of SiC ma-
terial were defined by the brittle cracking model. The Rankine
criterion based on type I fracture was used to assess the crack
initiation for SiC material, i.e., Eq. (7), when the maximum
principal stress exceeds the ultimate strength of SiC materials,
cracks develop and enter the post-cracking stage; the
post-cracking behavior was described by a cracking criterion
based on the fracture energy [34], in which the cracking stress
decreases with increasing crack normal displacement until it
reaches zero when the particle was fractured, and the crack
normal displacement u,,q at fractured is expressed in Eq. (8).

max(oy,07,03) = oy (7)
Uno = 2G]f/ (8)
T

Table 4 Material failure parameters

Material dl dz d3 d4 d5

2024Al 0.0071 1.248 —1.142 0.147 0.1

@ Springer

In Eq. (7), 01, 05, and o3 are the principal stresses, and o=
1000 Mpa [35, 36] is the ultimate strength of the SiC material.
In Eq. (8), fo is the type I fracture energy.

The initiation of cracking in the brittle cracking mod-
el is based solely on Mode I fracture, but Mode II
fracture also occurs during the post-cracking behavior
of SiC, so a shear retention model was implemented
to describe the variation of shear modulus with crack
opening strain during the post-cracking process [37],
as shown in Eq. (9):

eck P

Ge = p(el)G = (1—#) G 9)
max

where G¢ is shear modulus of post-cracking process, G

is the shear modulus of the uncracked material, p(et)

is the shear retention factor, e?* is the crack opening

strain, and p(=1) and €% (=0.001) [38] are material
parameters.

To describe the frictional characteristics of the
tool-chip interface, Zorev’s stick-slip friction model
[39] was adopted. The stress and temperature between
the tool-chip interface change sharply from the cutting
tool edge to the chip outflow point, so the sticking
friction will appear near the cutting tool edge, and the
equivalent shear stress is the ultimate shear stress of the
material, as shown in Eq. (10); and in the contact zone
far from the cutting tool edge, the contact stress and
temperature fall, the sticking friction changes to sliding
friction, and the equivalent shear stress is calculated
according to Eq. (11).

T = Tim When HO 2 Tlim (10)

T = po, when po, < Tim (11)

where T is the equivalent shear stress on the tool-work
interface, o is the normal stress, p (=0.35) [40] is the coeffi-
cient of friction, and 7y, is the limiting shear stress of the
workpiece material.

2.4 Meshing and boundary conditions

The model was meshed using CPE4RT elements with a
free meshing strategy. The lower and left ends of the
workpiece were restricted to all degrees of freedom to
simulate boundary conditions in the cutting. Considering
the high interfacial bonding strength of SiC to the metal
matrix [41, 42], the SiC particles were set to be tied to
the aluminum matrix in the model. The tool was set as
rigid without regard to deformation and wear due to the
low feed rate, high hardness of the PCD tool, and short
cutting time.
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3 Results and discussion
3.1 Chip formation process

The addition of the reinforcing phase results in an inhomoge-
neous structure, which has a non-negligible effect on the stress
fields. Most scholars used Mises stress to characterize the
stress field, but as the equivalent stress, it cannot identify the
specifics of the tension-compression stress. To solve this prob-
lem, the Max principal (abs) stress (the stress of the principal
stress with the largest absolute value) was chosen to describe
the stress field during chip formation, as shown in Fig. 4.

As illustrated by Fig. 4a, compressive stress exists near the
cutting tool edge at the beginning of the contact, and tensile
stress gradually appears in the inward transition, with an alter-
nating distribution of compressive and tensile stresses within
the material. The elastic-plastic deformation of the matrix is
not uniform in different directions due to the presence of par-
ticles, which can cause tensile or compressive stresses be-
tween the particles (Fig. 4a—b), and the extrusion of the com-
posites by the tool during machining shortens the transverse
distance between the particles inducing compressive stresses,
which can lead to particle fracture when the stress concentra-
tion caused by the matrix deformation exceeds the strength
limit of the SiC material (Fig. 4c). With the tool advance,
the material deformation becomes more severe, and continu-
ously broken particles cause small cracks and holes to appear
within the composites (Fig. 4d), and extreme shear deforma-
tion in the primary shear zone during chip formation causes a
large number of particles to fracture (Fig. 4e). It can be seen
that the chip formation of SiC,/Al composites involves not
only local shear deformation of the matrix material, but also
the expansion of microcracks and holes induced by particle
fracture, which make it easy to segment the chips along the
primary shear surface and display serrated shapes.

The SiC,/Al composite was milled according to the param-
eters in Table 1, and the chips were collected for inlaying and
polishing. The microscopic morphology of the chips was ob-
tained as shown in Fig. 5, where it can be seen that the chips
are serrated and that local shear deformation zones exist, lead-
ing to periodic chip fracture (Fig. Sb—d). The particles in the
local shear deformation zone are finer than those outside the
zone, indicating that particles in the local shear deformation
zone fracture more frequently and that fracture of particles
inside the chip makes it easier to produce and expand
microcracks to fracture the chip (Fig. 5d).

The peak cutting forces obtained from simulation and ex-
periment are shown in Fig. 6. The peak cutting forces predict-
ed by simulation in the X and Y directions are 302.25 N and
70.24 N, respectively, while the peak cutting forces obtained
by experiment are 321.7 N and 77.3 N. The error between
predicted and experimental cutting forces is less than 15%,
which can reflect the accuracy of the finite element model.

3.2 Analysis of the stress-strain field

The stress field of the composites during machining shows an
interleaved reticulation of tensile and compressive stresses, as
shown in Fig. 4. The reinforcing particles have a restraining
effect on composites deformation and stress propagation, and
there are different relative positions between the randomly
distributed particles, making the tensile and compressive de-
formation of the matrix material caused by tool extrusion to be
more significant between the particles, so that the stress fields
between adjacent particles are obviously different, as shown
in Fig. 7a-b. Here, we proposed three types of inter-particle
relative position distributions, summarized as shown in Fig.
7c: (a) particles with longitudinal relative position (particles
A-C-F, particles B-D-G, particles E-H), (b) particles with
transverse relative position (particles A-B-E, particles C-D,
particles F-G-H), and (c) particles with oblique relative posi-
tion (particles C-B, particles D-E), and these three relative
position distributions are prevalent in a large number of ran-
domly distributed particles.

During machining, the extrusion of the tool on the compos-
ites will cause the longitudinal elongation of the matrix mate-
rial along the cutting layer thickness direction, subjecting the
longitudinally distributed particles to tensile stress, while the
matrix material will be compressed along the cutting speed
direction, subjecting the transversely distributed particles to
compressive stress; meanwhile, shear deformation of the ma-
trix material will cause the particles along the oblique direc-
tion to have small displacements and lead to compression or
tension generation. When stress fields between particles with
different relative position distributions are interconnected, the
tensile and compressive stresses will show alternate distribu-
tions. When the stress concentration on the particles exceeds
the strength limit of the SiC material, it leads to particle frac-
ture, as evidenced by the fact that particle failure occurs main-
ly along the stress propagation path (Fig. 4d—e).

To further analyze the shear deformation pattern and chip
formation mechanism of the composites during machining,
the LE max principal (abs) strain field (corresponding to the
Max principal (abs) stress) in the composites was selected as
shown in Fig. 8.

The alternate reticulation of tensile and compressive strains
was visible in the strain field in Fig.8. In the process of tool
embedding in the composites, the extrusion of the tool on the
composites caused severe compressive deformation near the
tip of the tool, resulting in compressive strain between the
particles, and the strain field tended to expand in the direction
of'the cutting speed (Fig. 8a). With the further tool movement,
some of the particles affected by matrix material deformation
began to fracture (Fig. 8b—c); as the deformation increased,
severe shear deformation occurred in the main shear zone, and
a large number of particles in the deformation zone fractured
due to the compound action of tensile and compressive strains

@ Springer
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Fig. 4 Max principal (abs) stress field during chip formation

caused by the shear deformation (Fig. 8d). Finally, as a result
of the combined effects of matrix material local shear defor-
mation and SiC particle fracture, the chips have a serrated
shape (Fig. 8 e—f). The reasons for reticulation strain in
particle-reinforced composites are multiple; the SiC particles
distributed within the matrix produce a special microstructure;

@ Springer

S, Max. Principal (Abs)a

S, Max. Principal (Abs)
(Avg: 75%)
+1.603e+03

the difference in elastic modulus between SiC and the matrix
material causes localized inhomogeneous deformation of the
material even under uniform loading; and according to the RF
[43—47], stress relaxation occurs in the matrix material at the
near interface due to thermal mismatch, resulting in a gradient
distribution of dislocations and strains at the near interface,
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Fig. 5 SiCp/Al chip morphology

and this inhomogeneous microstructure usually leads to strain
localization during the deformation process. Therefore, taking
into account the microstructural characteristics of the compos-
ites and the differences in the properties of the two phases
materials, the composites are prone to non-uniform deforma-
tion at the microscopic level, resulting in a reticulated strain
field, which has a relevant report in the RF [19-21]. The
severe deformation of the primary shear zone causes particle
fracture and interfacial debonding, while the deformation
causes a local temperature increase that causes thermal
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softening, which will cause more local deformation in the chip
and make the chip appear serrated in shape.

3.3 Study of machined surface morphology

The simulated and experimental results of the machined sur-
face morphology are shown in Figs. 9-10, and it can be ob-
served from Fig. 10 that there are two major forms of damage
on the machined surface: (a) surface pits or scratches, which
are typically caused by particle fracture, debonding or pull--
out, and particle pull-out or debonding that usually causes
matrix tearing; (b) subsurface particle damage, which is pri-
marily caused by tool-workpiece interaction. Compared to
homogeneous materials, particle failure caused by cutting tool
edge-particle interaction significantly degrades the surface
morphology of SiC,/Al composites. Aside from the particle
failure caused by tool-particle interaction, the extrusion of the
flank face on the machined surface deforms the matrix mate-
rial and causes residual strain on the machined surface, as
shown in Fig. 9. Figure 10 also shows that some of the pits
on the machined surface are re-covered by the deformed ma-
trix (Fig. 10b—c). By comparing with the experimental results,
the simulation results can predict the machined surface mor-
phological defects.

The contact between the tool and the particle on the cutting
path is random during machining. To investigate the interac-
tion between the cutting tool edge and the particle, the relative
positions between the cutting tool edge and the particle in

@ Springer
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Fig. 7 Effect of the relative
distribution of particles on stress
and strain: a max principal (abs),
b LE max principal (abs), and ¢
relative position of particles

machining can be classified into three types (Fig. 11a): (a)
the particle is located in the lower part of the cutting path
(Type-1); (b) the particle is located in the cutting path
(Type-1I); and (c) the particle is located in the upper part
of the cutting path (Type-III). Different relative positions
between the cutting tool edge and the particles play dif-
ferent roles in particle failure, and particle failure can
occur in both direct and indirect modes. When the particle
is located in the lower part of the cutting edge (Type-I),
the particle will be extruded by the cutting tool edge and
pressed into the machining surface or broken to produce
sub-surface damage, and a small part of the particle frag-
ments will be removed with the chip to generate small pits
or cavities (area A in Fig. 11b). In the case of particles
located in the cutting path (Type-II), the particle tends to

LE, Max. Principal (Abs)

bl
Iressive

Fig. 8 LE max principal (abs) strain field during chip formation
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be cut off by the cutting tool edge, and part of the particle
fragments will be removed with the chip, resulting in
large pits or scratches, while the rest of the particle frag-
ments remain on the machined surface (area C in Fig.
11c). When the particle is in the upper part of the cutting
path (Type-IIl), it is easily fractured by the rake face
pushing, and the ploughing effect of the tool tends to
cause the particle to be pulled out, which is accompanied
by interface debonding or matrix tearing, and the majority
of the particle fragments under this path will be removed
with the chips, resulting in pits on the machined surface
(area B in Fig. 11b). The fracture caused by contact be-
tween the tool and the particle is classified as direct fail-
ure, whereas the particle fracture caused by shear defor-
mation of the matrix and mutual extrusion between the
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Fig. 9 Simulation morphology of
machined surfaces

Pit for
fracture

particles during machining is classified as indirect failure.
The particle failure shown in area A of Fig. 11 is caused
by direct contact under the Type-I path, in which the
cutting tool edge extrudes the particle, causing it to frac-
ture and expose the machined surface, actually damaging
to the surface topography. In the Type-III path, where
local plastic deformation of the workpiece causes the par-
ticles to extrude ecach other, leading to fracture or

Fig. 10 Experimental morphology of machined surfaces
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debonding, cases of indirect contact that lead to particle
failure are seen in areas B and D. As a result, the fine
particles in the chip local deformation zone in Fig. 5 are
caused by indirect damage. To summarize the preceding
discussion, particle failure caused by interaction between
the cutting tool edge and the particles is a significant
factor of surface morphological defects in SiC,/Al
composites.
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Fig. 11 Evolution of particle failure

4 Conclusion

To describe the microstructure of the composites, a multiphase
SiC,/Al composite cutting model considering material dam-
age was developed in this paper. The chip formation process,
stress-strain field, cutting force, and machining surface defects
during machining were investigated, and the accuracy of the
predicted results of the finite element model was validated by
corresponding experiments. The major conclusions of this pa-
per are as follows:

(1) The chip formation of SiC,/Al composites during ma-
chining includes local shear deformation of the matrix
material and particle failure. The shear deformation of
the matrix causes more frequent fracture of the particles
in the primary shear zone, which makes the primary
shear zone easier to destabilize causing the chip to ex-
hibit a serrated shape.

The inhomogeneous microstructure of SiC,/Al compos-
ites and the difference in material properties between the
two phases lead to non-uniform stress-strain fields. The
deformation of the matrix material is restrained by the
particles, which results in a compound deformation in
tensile and compression of the matrix in the local area
during machining, where compressive deformation ex-
ists between the particles along the cutting speed direc-
tion and tensile deformation along the chip layer thick-
ness direction.

Particle failure is influenced by the relative location of
the cutting tool edge and the particle on the cutting path,
and particle fracture can occur in both direct and indirect
ways. The majority of fractured particles in the cutting
path are caused by the direct way, while those in the main
shear surface are caused by the indirect way.

Failed particles can cause defects on the machined sur-
face such as pits, scratches, matrix tears, and subsurface
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particle fracture, compromising the machined surface’s
integrity.
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