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Abstract The machinability, including machined surface,
edge quality, and the distribution of the subsurface residual
stress, was studied during the orthogonal cutting of high-
volume fraction SiCp/Al composites by both finite element
analysis and experiments. The effect of cutting parameters
on surface roughness, sizes of edge breakout, and residual
stress were investigated. The elastic-plastic constitutive model
and Johnson–Cook damagemodel for the Al alloy matrix, and
the elastic-brittle failure for SiC particle were implemented in
the mechanical properties of composites during the cutting
simulation. The results indicate that the surface morphology
is primarily dependent on the fracture models of SiC particles,
and the formation of the negative shear plain is the main rea-
son of edge breakout. Due to the inhomogeneity in the com-
posites, the distribution of surface and subsurface residual
stress is not uniform, and the high residual stress was distrib-
uted in the interface between irregular particles and matrix.
The average value of residual stress of SiC particle is similar
to that of the matrix. The predicted machined surface mor-
phology and edge breakout sizes correlated well with the ex-
perimental observation. This study highlights the important
role of the fracture model of SiC particles on surface finish
and the edge quality. It provides useful information for better
understanding of the mechanics in machining of the SiCp/Al
composites.

Keywords Composites . Orthogonal cutting . Finite element
simulation .Machinability

1 Introduction

SiCp/Al composite possesses excellent combination of phys-
ical and mechanical properties, such as low density, high spe-
cific stiffness and strength, superior wear, and creep proper-
ties, and therefore is increasingly used in defense and aero-
space structures [1–3]. The traditional machining methods of
SiCp/Al composite are still very important in machining me-
chanical parts, although many new and improved production
techniques, such as precision casting and net shape forming,
have been used extensively [4]. Unfortunately, the heteroge-
neity and the abrasive nature of SiC particle reinforcement
make the machinability of these materials more difficult com-
pared to the conventional metals and their alloys. Thus, the
wider applications of SiCp/Al composites have often been
hindered due to the difficulty and high cost associated with
machining them into damage free composite parts with requi-
site tolerances and surface finish.

Machinability of work materials depends on their thermo-
mechanical properties, structure, and compatibility with tool
materials [5]. In the past decades, experimental machining of
SiCp/Al composites has been extensively carried out, and
most of them concentrated on the cutting force [6, 7], surface
roughness [8, 9], subsurface damage [10], the tool adaptability
[11–13], etc. Besides, numerical modeling has been used as a
tool to understand the mechanics associated with machining
processes. An experimental physical model on the cutting
characteristics of metal matrix composites was presented by
Davim et al. [14], and the chip compression ratio, chip defor-
mation, friction angle, shear angle, normal stress, and shear
stress were evaluated by using Merchant equation. A number
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of attempts have been made in modeling machining processes
of composites. Chinmaya et al. [15] developed a multistep 3-
D finite element model to investigate the cutting force and
subsurface damage for machining of A359/SiC/20p compos-
ite. However, in their work, the effect of particle morphology
on the machining properties of composite was not considered,
since the finite element model was established based on spher-
ical particle assumption. Furthermore, the two-dimensional
orthogonal cutting process was simulated using the finite ele-
ment method, and the tool–particle interaction was studied by
considering particles along, above and below the cutting path
by Zhu and Kishawy [16] and Pramanik et al. [17].

Surface integrity is one of the important factors for evalu-
ating workpiece quality as it influences the functional charac-
teristics of workpiece such as fatigue strength, corrosion resis-
tance, wear resistance, and compatibility [18]. Since the me-
chanical properties of SiC particles are completely different
from those of the Al alloy matrix, the machining mechanics
and damage mechanism of SiCp/Al composites are very com-
plicated. According to the literature, the SiCp/Al composites
subjected to machining investigations usually had SiC volume
fraction of 20 vol%, and there is very little literature regarding
the machining of higher volume fraction SiCp/Al composites.
Moreover, the cutting mechanism for SiCp/Al composites is
not fully understood.

In this study, a micromechanical model is presented to
characterize the relationship between the macroscopic behav-
iors and microstructure deformation and fracture properties by
investigating the surface and subsurface damage mechanics,

edge breakout, and residual stress. Additionally, the numerical
results were compared to the orthogonal cutting experiments
at different cutting depths and speeds to investigate the effects
of various cutting parameters on the surface roughness, resid-
ual stress, and edge breakout size.

2 Experimental details

The orthogonal cutting experiments were conducted on
55 vol% SiCp/6061Al composite, produced by powder met-
allurgy technique, and the average particle sizes of 60 and
20 μmwere used as the reinforcements. A typical microstruc-
ture of this material is shown in Fig. 1. From the figure, it can
be observed that both the large SiC particles and small SiC
particles are homogeneously distributed in aluminum matrix.
The experimental samples with dimension of 60 × 50 × 5mm3

were prepared by cutting in a wire electrical discharge ma-
chine. The orthogonal cutting tests were carried on a high-
precision vertical machining center EUMAME650 with poly-
crystal diamond (PCD) tool in dry conditions. The cutting
speed and depth were taken into consideration for factors
influencing surface integrity, corresponding to cutting speed
of 4, 8, 12, 16, and 20 m min−1, and cutting depth of 0.03,
0.06, 0.09, 0.12, and 0.15 mm. The total cutting distance and
cutting width were 60 and 5 mm, respectively. In order to
investigate the detailed surface morphology, fracturemorphol-
ogy, and the size of edge breakout, scanning electron micros-
copy (SEM) and a digital optical microscope (KEYENCE,
VHX-1000) were used to examine the surface of the samples.

3 Finite element modeling procedure

3.1 Finite element model

By imitating the real particle morphology from the typical
micrographs of SiCp/Al composites (see Fig.1), a
microstructure-based two-dimensional plane strain and ran-
dom particles model was built with the aid of Abaqus/
Explicit, as shown in Fig. 2. It can be seen that the morphol-
ogy of SiC particles was polygonal, and the particle size and

Fig. 1 Microstructure of SiCp/Al composite

Fig. 2 a Finite element model of
orthogonal cutting of SiCp/Al
composite and b local zooming of
a
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volume fraction are constant with the experimental data. Then,
the established model can be applied to analyze the effect of
reinforced SiC particles on the machinability of SiCp/6061Al
composites. In this model, the matrix and the particles are
modeled separately and the 4-node plane strain bilinear quad-
rilateral elements (CPE4RT) in ABAQUS were adopted to
mesh both the matrix and SiC particles. The surface of parti-
cles ties with the surface of matrix, and the particles and ma-
trix were bonded together by this way. In order to show the
mesh clearly, the upper left corner in Fig. 2a has been ampli-
fied as shown in Fig. 2b.

In this work, the workpiece was constrained in any direc-
tion on the bottom surface, and the tool moved at a specified
cutting speed and cutting depth, which was controlled by a

reference point and the machining forces were measured as
reaction forces.

3.2 Material constitutive equation

Traditionally, particle reinforced metal matrix composites is
modeled as homogeneous medium in classic continuum me-
dium, and such a modeling method does not take into account
the deformation and failure mechanisms during machining of
SiCp/Al composites. It is well-known that the mechanical
properties, deformation, and fracture models of SiC particles
are completely different from those of the Al alloy matrix. In
this work, during the machining process, the Johnson–Cook
constitutive equation was implemented to model the flow be-
havior of Al alloy. Here, the Johnson–Cook model can be
expressed as:

σ ¼ Aþ Bεn½ � 1þ Cln
ε
ε0

� �� �
1−

T−Tr

Tm−Tr

� �m� �
ð1Þ

where σ is the flow stress, ε is the plastic strain, ε is the strain
rate, ε0 is the reference plastic strain rate, A is the yield stress at
reference temperature and strain rate, B is the strain hardening
coefficient, n is the strain hardening exponent, C is the strain
rate sensitivity coefficient, and m is the thermal softening ex-
ponent. T is the workpiece temperature, and Tm and Tr are the
material melting and room temperature, respectively.

The material constants of 6061Al alloy matrix are obtained
from the split Hopkinson pressure bar (SHPB) test over wide
temperatures and strain rates by Fan et al. [19], and listed in
Table 1. Additionally, the SiC particles are modeled as an
isotropic perfectly elastic material following the generalized
Hook’s Law, and brittle cracking model was used. The cutting
tool was treated as a perfectly rigid body for its high elastic
modulus. Thematerial parameters applied in the finite element
computational analysis are listed in Table 2 [20].

3.3 Fracture model

Johnson–Cook damage criterion, available in Abaqus/
Explicit, was utilized to describe the chip separation behavior
for all the Al alloy matrix elements. Johnson–Cook criterion

Table 1 Material constants for Johnson–Cook constitutive model of
6061Al alloy

A (MPa) B (MPa) C n m

240 200 0.005 0.2 2

From [19]

Table 2 Mechanical properties applied in finite element computation

Materials properties Al alloy matrix SiC particles

E, Young’s modulus (GPa) 70.6 420

ν, Poisson’s ratio 0.34 0.14

Coefficient of thermal expansion (K−1) 23.6 × 10−6 4.9 × 10−6

ρ, Density (kg m−1) 2.7 × 103 3.13 × 103

k, Thermal conductivity (W m−1 K−1) 180 81

CP, specific heat (J kg
−1 K−1) 880 427

From [20]

Table 3 Johnson–Cook
damage parameters of Al
alloy matrix

d1 d2 d3 d4 d5

−0.77 1.45 −0.47 0.0 1.60

From [21]

Fig. 3 a Surfacemorphology and
b local zooming of a
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for damage initiation is met when the following condition is
satisfied [21]:

wD ¼ ∑
Δεp

ε f
¼ 1 ð2Þ

where

ε f ¼ d1 þ d2exp −d3ηð Þ½ � 1þ d4ln
εp

ε0

� �� �
1þ d5

T−T transition

Tmelt−T transition

� �� �

ð3Þ

Here, Δεp is the change in the equivalent plastic strain
during each integration cycle and εf is the fracture strain,
d1−d5 are the failure parameters, η= −p/qis the stress triaxi-
ality, p is the pressure stress, q is the von Mises equivalent
stress, εp and ε0 are the plastic strain rate and reference strain
rate, respectively, Tand Tmelt are the current temperature and
melting temperature, and Ttransition is the transition tempera-
ture defined as the one at or below which there is no

Fig. 4 Typical machined surface morphology of SiCp/6061Al
composites

Fig. 5 Various removal models of SiC particles by simulation and experiment: a, b crushing, c, d part crushing, e, f cutting through, g, h fracture, and i, j
pulling out
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temperature dependence on the expression of the fracture
strain εf. The failure parameters d1−d5 adopted in the simula-
tion are listed in Table 3.

4 Results and discussion

4.1 Surface topography

The surface topography of the cut specimens was exam-
ined to reveal the fracture behavior of the high-volume
fraction SiCp/6061Al composites induced by orthogonal

cutting. Figure 3 shows the typical topography of ma-
chined surface and fragmented chips by the FE model.
From the figure, it can be seen that the machined sur-
face is very irregular and the formation of machined
surface includes the ductile remove of matrix and brittle
fracture of the particles. At the same time, the edge
fracture and subsurface damage were clearly visible.
Due to the high localized stress generated during ma-
chining, the presence of plastic deformation at the sur-
face is inevitable, and the damage introduced into the
workpiece extends below the machined surface. It is
clear that the different failure mechanisms of particles

Table 4 Values of the surface roughness and edge defects sizes as a function of the cutting parameters

Cutting speed (m min−1) Cutting depth (mm) Surface roughness (μm) Edge defects size (μm)

Experimental Calculated Width Height

Experimental Calculated Experimental Calculated

4 26.5 21.3 123.1 114.2 78.5 71.6
8 29.2 22.1 132.5 121.3 87.4 68.4
12 0.09 26.8 21.7 129.3 118.5 90.5 74.1
16 25.9 20.6 145.5 126.2 89.2 75.2
20 28.3 21.5 150.4 121.4 88.9 76.9

0.03 26.5 22.1 123.8 114.1 78.1 71.4
0.06 29.4 27.6 146.7 125.8 84.2 74.1

12 0.09 38.8 30.3 152.1 134.4 89.3 79.3
0.12 45.9 40.2 168.2 144.9 97.7 89.6
0.15 62.3 47.4 184.4 165.2 102.1 90.5

Fig. 5 (continued)

Int J Adv Manuf Technol (2017) 91:1935–1944 1939



and matrix play an important role during the machining
of composites.

To obtain clearer view of the subsurface damage, the upper
left corner in Fig. 3a is zoomed in Fig. 3b. The figure shows
that fracture and crush take place in the particles, and voids
and cracks initiate around the particles due to plastic deforma-
tion in the matrix material. The subsurface damage is about
100μmbelow themachined surface, which is almost the same
reported previously by Gallab et al. [10]. A typical view of the
machined SiCp/6061Al composites surface topography is
shown through SEM images (Fig. 4). It is evident that the
surface defects appeared around the SiC particles, while the
ductile remove occurred in the matrix, which is consistent
with the experimental results.

Different removal models of SiC particles obtained from
numerical modeling are compared to orthogonal cutting ex-
perimental results, as shown in Fig. 5a–j. Analyzing the local
removal models, we found that the SiC particles are either
crushing (see Fig. 5a, b), part crushing (see Fig. 5c, d), cutting
through (see Fig. 5e, f), fracture (see Fig. 5g, h), or pulling out
(see Fig. 5i, j).

After machining, the machined surface roughness by FE
calculated is shown in Fig. 3a, and the values of the surface
roughness obtained for experimental and calculation are listed
in Table.4. Figure 6a, b shows the variations of measured

surface finish (Ra) from experiment and calculation with cut-
ting speed and depth. As expected, the influence of cutting
speed on surface roughness was not obvious, and the surface
roughness increased with the increase of cutting depth for both
experimental and calculated results. This agrees with the ex-
perimental results by Wang et al. [22], where the volume frac-
tion of SiC particles in composites was 65%, and the influence
of milling speed on surface roughness was also not obvious.

In general, the surface roughness slightly decreases with
the increase in cutting speed due to lower flow stress of Al
alloy matrix at higher cutting speed. In this study, the volume
fraction of SiC particles in the composite is very high, and the
thermal softening of aluminum matrix is not obvious with
increasing cutting speed. While increasing of the cutting
depth, the higher cutting force will induce the cutting action
tends to be more unstable during machining and results in
greater surface roughness values.

In addition, it is worth noting that there are some similar
phenomena in Fig. 6a, b, and the simulated values are smaller
than the experimental values. These can be explained by the
present simulation model. In this model, the material is as-
sumed to have no defects and the interface between the Al
matrix and the SiC particles has not been considered. In fact,
besides many microscopic material defects such as cracks or
pores, the tool wear has a strong influence on cutting force and

Fig. 7 a Crack initiates and propagates when the tool approaches the end of the workpiece and b local zooming of a
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surface roughness obtained from the experiments than that in
the calculation.

4.2 Edge topography

When the tool approaches the end of the workpiece, the neg-
ative shear plain is formed and the crack initiates and propa-
gates along the interface between the particles and matrix; in
the case of large particles, the crack will also occur in the
particles, as shown in Fig. 7. Figure 7b is the local amplified
figure of Fig. 7a. The distribution of stress reveals that during
the cutting process, the maximum cutting force is distributed
in the sharp corner of the SiC particles; after the crack initiate,
the stress relaxed.

Figure 8a shows that eventually the tool cuts through the
workpiece and the irregular edge morphology is formed.
Compared to the original microstructure in Fig. 8b, it can be
observed that the fracture of particles, interface debonding,
and the failure of matrix take place. Figure 9 gives the rough
edge morphology and SEM fractographs after machining of
SiCp/Al composite. Different from the ductile material, there
is an edge breakout with the width being larger than the height
for the composite (see Fig. 9a), and the height and width of the
edge defects are listed in Table 4. Figure 9b shows the
fractographs of the edge, and it can be seen that the brittle
fracture of the SiC particles occurred and some facets were

found in the larger SiC particle. In addition, debonded inter-
face and ductile failure of the Al matrix could be also
observed.

The influences of cutting speed and depth on the height
and width of edge breakout for simulation and experiment
are depicted in Fig. 10. It is observed that the height and
width of edge breakout increase when the cutting depth is
increased. However, the cutting speed has a very small effect
on the sizes of edge breakout. Similar trend has also been
observed with all the experimental machining parameters. In
addition, from Fig. 10a, b, it is clear that the simulated
values for both the width and height are smaller than the
experimental values. Our previous experimental results re-
vealed that the cutting force increases with the depth of cut
due to the increase of material removal rate. On the contrary,
the cutting speed has no significant effect on the cutting
force, which is attributed to the little thermal softening effect
of Al matrix during machining of the high-volume fraction
SiCp/Al composites. The edge breakout formation depends
significantly on the cutting force, and the change tendency
of edge breakout sizes with cutting parameters is quite sim-
ilar to that of the cutting force [23]. Therefore, in order to
obtain a fine surface and edge quality and precise machining
accuracy, a smaller cutting depth must be used in machining
of SiCp/Al composites; on the contrary, the cutting speed
can be adopted as high as possible.

Fig. 8 a Edge fracture of SiCp/Al composites by FE simulation and b original microstructure

Fig. 9 a Edge fracture of
SiCp/Al composites after
machining and b SEM
fractograph
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4.3 Residual stress

A total of two step analysis was performed to study the effects
of cutting depth and speed on induced residual stresses. In the
first step, the tool plows the workpiece surface which is ac-
complished in ABAQUS/Explicit, and the transient stress and
strain of the workpiece were computed in a dynamic analysis
processing. In the step 2, transient stresses were relaxed by
conversion constraint conditions, and then the residual stress
can be computed.

Figure 11 shows the calculated residual stresses after ma-
chining. It can be seen that the residual stress decreases with
the increase of the distance from the machined surface and is
induced up to 100 μm below the machined surface. In the
same time, due to the complex microstructure of the compos-
ite, the distribution of residual stress is uneven, and the local
stress concentrations appear at the interfaces between the ma-
trix and the particles, especially in the areas where two parti-
cles are close to each other. In addition, in this model, the
volume fraction of the particles is very similar to that of ma-
trix, and the value of residual stress in the particles is also
similar to that in the matrix, which can be explained by the
stress equilibrium condition of the microscopic [24]:

1−Vð ÞσM þ VσP ¼ 0 ð4Þ

where V is the volume content of the reinforcement, σMand
σPare the residual stresses of matrix and particle, respectively.

To obtain the distribution of the residual stress along the
depth direction, the residual stress profiles at three locations of
the machined surface (1, 2, and 3) were collected and the
average values were calculated, as described in Fig. 11.
Moreover, to obtain the residual stress at different depths,
the residual stress of 10 points at each position was extracted
in the depth direction as shown in Fig. 11.

Figure 12 shows the effect of cutting parameters on resid-
ual stress profiles at machined surface layer. It can be seen that
the more compressive residual stress occurs at the surface and
about 30 μm below the machined surface, which agrees with
the earlier results by Dabade et al. and Pramanik et al. [25, 26],
and the magnitude of the residual stress is close to the mea-
sured results obtained in [26]. Moreover, with the increase of
the distance from the machined surface, the compressive re-
sidual stress turns to tensile residual stress. The calculated
residual stress profiles are hook-shaped, and the similar trends
in machining induced residual stress profiles were observed in
machining of alloy materials [27, 28].
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In general, for monolithic metal or alloy materials, the re-
sidual stress profiles are beginning with a high tensile stress at
the surface due to thermal strain. Capello [29] divided the
mechanisms of residual stress generation into three categories:
mechanical (plastic deformation), thermal (thermal plastic
flow), and physical (specific volume variation). Tensile resid-
ual stresses are caused by thermal effects and compressive
stresses by mechanical effects related to the machining oper-
ation. The relatively small compressive stress measured on the
surface of SiCp/Al composite indicates marginally higher in-
fluence of mechanical factors compared to thermal factors.
These factors are the restriction of matrix flow due to presence
of particles and high compression of matrix in between parti-
cles and tool [26].

On the other hand, in this study, the cutting speed is very
low, and the cutting temperature is also low and thermal re-
sidual stress is much smaller than plastic residual stress, thus, a
lower compressive residual stress occurs at the machined sur-
face. Although the compressive stresses are introduced into
the machined surfaces, a number of defects such as fracture
and pull-out of particles were still present on the machined
surface, and a damage-free surface is very difficult to achieve
during machining of SiCp/Al composites. Meanwhile, from
Fig. 12a, b, it can be observed that the effects of cutting speed
and depth on residual stress are not significant, due to the
complex microstructural effects. The internal stress and defor-
mation mechanisms of SiCp/Al composites are more compli-
cated and different from those of a monolithic material, and
the mechanisms of residual stress generation are likely to be
more complex for the composites. As a result, the effect of
machining parameters on surface residual stress may not be
the similar when the reinforced particles are present.

5 Conclusions

A micro-finite element model and orthogonal cutting experi-
ment were carried out to study the machined surface, edge

quality, and the distribution of the residual stress. The elas-
tic–plastic constitutive model and Johnson–Cook damage
model for the Al alloy matrix and the elastic-brittle failure
for the SiC particle were implemented in the mechanical prop-
erties of composites during the cutting simulation. Good
agreement was found between the experimental and calculat-
ed results. The following conclusions can be drawn:

1. The formation of machined surface consists of the ductile
remove of matrix and brittle fracture of the particle, and
the surface morphology is primarily dependent on the
fracture models of SiC particles. The fracture model of
particles includes crushing, part crushing, cutting through,
fracture, and pulling out of SiC particles. The surface
roughness increases with the increase of cutting depth,
and the influence of cutting speed on surface roughness
is not obvious for both experimental and calculated
results.

2. Due to the brittle failure of SiC particles, the edge break-
out takes place near the final exit position of the work-
piece. The edge breakout size almost linearly increases
with increasing cutting depth, while cutting speed has
little effect on the sizes of edge breakout. Therefore, in
precision cutting of SiCp/Al composites, cutting speed
should be as high as possible, but not for the cutting depth.

3. After unloading, a lower compressive stress occurs at the
machined surface of SiCp/Al composite, and the state of
residual stress changes from compressive to tensile with
the increasing of the distance from the machined surface.
The effects of cutting speed and depth on residual stress is
not significant; this is due to the complexity of the rein-
forcement mechanisms of SiC particles.
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