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Abstract Finite element modeling for the machining of het-
erogeneous materials like particle-reinforced metal matrix
composites has not been much successful as compared to
homogeneous metals due to several issues. The most chal-
lenging issue is to deal with severe mesh distortion due to
nonuniform deformation inside the workpiece. Other prob-
lems are related to the modeling of the interface between
reinforcement particles and matrix and tool-reinforcement
particle interaction. In this study, different strategies are
adopted for finite element models (FEM) to cope with the
above issues and comparative analyses have been performed.
These 2D FE models are based on plane strain formulations
and utilize a coupled temperature displacement method. The
workpiece is modeled using reinforcement particle size and
volume fraction inside the base matrix. The interface between
the reinforcement particles and the matrix is modeled by using
two approaches, with and without cohesive zone elements,
and the chip separation is modeled with and without using a
parting line. This allows models to simulate the local effects
such as tool-reinforcement particle interaction and reinforce-
ment particle debonding. In addition, the models can predict
cutting forces, chip morphology, stresses, and temperature

distributions. The effects of different methodologies on the
model development, simulation runs, and predicted results
have been discussed. The results are compared with experi-
mental data, and it has been found that the utilization of
cohesive zone elements (CZE) with the parting line approach
seems to be the best one for the modeling of metal matrix
composite (MMC) machining.

Keywords Finite element models (FEM) .Metal matrix
composites (MMCs) . Cohesive zone elements (CZE)

1 Introduction

Metal matrix composites (MMCs), like all composites, consist
of at least two chemically and physically distinct phases,
suitably distributed to provide properties not obtainable with
either of the individual phases. Generally, there are two
phases, e.g., a fibrous or particulate phase, distributed in a
metallic matrix. MMCs are gradually replacing conventional
metals in many engineering applications due to their superior
properties like fracture resistance, higher stiffness, and ex-
tremely good strength to weight ratio. MMCs are being used
in transmission lines, aerospace and automobile parts,
and various cutting tools specially oil drilling inserts.
Some special physical properties make them an attrac-
tive choice for superconducting magnets and thermal
management applications [1, 2].

MMCs can be subdivided into three broad categories: (a)
equi-axes particle reinforced, (b) short fiber reinforced which
may be aligned or not, and (c) long fiber reinforced. The
development of a particular MMC for some specific applica-
tions depends on the methods of synthesis and fabrication for
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stock items. These issues are of particular interest to material
technologists and product development engineers [3].

The key issues in the processing of MMCs are the various
problems associated with machining, i.e., MMCs have poor
machinability as compared to conventional metals. This is
mainly due to nonhomogeneity and abrasive nature of rein-
forcement particles. Mostly, MMCs are fabricated with near
net shape processes, but some machining and finishing cuts
are indispensable for final dimensions and surface finishes.
Cutting tools such as high-speed steel, cast cobalt alloys,
cemented carbides, and cermets cannot be used for machining
of MMCs due to high wear rate. Diamond cutting tools are
found to be the best option for machining of MMCs, and they
are being utilized in the last 10 years for both particle- and
fiber-based MMCs [4–6].

Fiber-reinforced composites are anisotropic as fibers are
not equi-axes, whereas particulate-reinforced composites are
isotropic like conventional metals. The latter provide higher
ductility and their isotropic nature makes them a better alter-
native to conventional metals and alloys. The machinability of
particulate-reinforced composites depends on many factors
like particulate type, its orientation, tool material, tool geom-
etry, and cutting conditions like cutting speed, feed, etc.

Numerous studies exist in the literature to analyze machin-
ing of MMCs using experiments and mostly related to mea-
sure performance variables like tool wear, surface roughness,
subsurface damage, cutting forces, cutting temperatures, and
chip morphology [2]. It has been found that parameters related
to the structure of composites greatly affect the machinability.
These include reinforcement material, reinforcement type,
volume fraction of the particles, base metal properties, and
overall arrangement of constituent phases. Polycrystalline
diamond inserts (PCD) are commonly employed for their
machining [7, 8]. The use of other ceramic materials like cubic
boron nitride (CBN), alumina, and silicon nitride is also
reported but did not have a major success. The effects of
cutting parameters (speed, feed, and depth of cut) on machin-
ability of MMCs are almost similar to those found in machin-
ing of conventional metals with some differences due to the
abrasive nature of particles. A built-up edge is formed while
machining these composites at low cutting speeds [9, 10].
This built-up edge increases the rake angle and consequently
reduces the cutting forces compared to high cutting speeds.
However, some studies have shown a decrease in cutting
forces with an increase in cutting speed. Manna and
Bhattacharayya machined aluminum-basedMMCs reinforced
with silicon carbide particles (Al/SiC) using an uncoated
carbide tool. They showed that cutting and feed forces de-
crease with an increase in cutting speed [11]. The reinforced
particles tend to expel out from the base metal and slide in
front of the cutting tool edge. This results in plowing through
the newly generated machined surface and groove marks on it
[9, 12].

A lot of research has been done to model orthogonal
machining of MMCs using finite element (FE) methods.
Researchers used three approaches: (a) micromechanics-
based approach, (b) equivalent homogeneous material
(EHM) approach, and (c) hybrid approach, i.e., the combina-
tion of two [2]. The first two approaches have both advantages
and disadvantages [13]. Debonding of reinforced particle and
deformation mechanism can be best modeled by the
micromechanics approach. However, the approach is compu-
tationally very expensive as a very fine mesh is required in
contrast to conventional modeling. The EHM approach is
unable to predict local effects such as damage at the particle-
matrix interface [14, 15], but it reduces simulation time and
can predict some performance variables like cutting forces and
temperature with a reasonable degree of accuracy. The advan-
tages of both approaches can be obtained using a hybrid
approach. A combination of the micromechanical and EHM
models is developed by Rao et al. [16] to study orthogonal
cutting. The effects of fiber orientation on the cutting forces,
chip formation, and fiber damage were analyzed using this
approach. The EHM was used to model the overall phenom-
enon, while the micromechanical model was used near the
tool tip and tool-chip interface.

Machining of particulate-reinforced metal matrix compos-
ites (PRMMC) has been modeled by various researchers.
Except for a few, most of the studies are limited to 2D
modeling and plane strain formulation, which can be utilized
only for orthogonal machining. On the other hand, 3D model-
ing requires 3D stress formulation which is computationally
expensive as compared to plane strain formulation. In addi-
tion, 3D models are complex due to consideration of different
tool inclinations and movement of chip in three dimensions.
Monaghan and Brazil [17] utilized a 2D finite element code
FORGE2 to model failure at the particle-matrix interface and
the residual stresses while machining aluminum-based
MMCs. However, the interface modeling between particles
and matrix was not mentioned and failure was predicted based
on stress distribution. A similar study was done by Ramesh
et al. [18] to predict cutting forces, stress distribution, and
particle debonding. Stress distributions and cutting force re-
quirement were predicted for different tool positions with
respect to reinforcement particles. El-Gallab and Sklad [19]
developed a model for the machining of SiC-reinforced alu-
minum alloy. It was found that feed has the largest effect on
the subsurface damage and the residual stresses. Both subsur-
face damage and residual stresses increase with increased feed
rate. The study was limited to orthogonal machining and the
particles were assumed to be perfectly bonded. Other re-
searchers model the tool-reinforcement particle interaction
by considering particles on, above, and below the tool path
[3, 20]. Zhou et al. [21] utilized a model for modeling of
machining Al/SiC MMCs with a PCD tool. First, a 2D
EHM model was developed to predict stress distributions,
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and then later, it is applied to a micromechanics model to
simulate particle debonding. A similar approach was utilized
by Dandekar and Shin [22] to model subsurface damage
in Al/SiC MMCs. However, the latter model utilized
cohesive zone elements (CZE) to simulate debonding
of reinforced particles. The authors had also implement-
ed CZE to model fiber fracture and debonding in fiber-
reinforced metal matrix composites (FRMMC) [23].

In addition to finite element methods, some researchers
utilized particle methods or mesh-free methods for the model-
ing of machining of composites. The most common are dis-
crete element methods (DEM) and smoothed particle hydro-
dynamics (SPH). The major advantage of these methods is the
elimination of mesh distortion problems and mesh refinement
methods. Although DEM are developed for granular or
powder-based materials, Iordanoff et al. [24] showed that
DEM can also be implemented successfully for the modeling

of various metal forming and machining processes. In DEM,
the workpiece is supposed to consist of a set of discrete
particles that move under a force field. Particles kinematics
are obtained by using an explicit algorithm to integrate the
dynamic Newton’s law. This methodology had been imple-
mented by Iliescu et al. [25] to model orthogonal cutting of a
unidirectional carbon fiber-reinforced polymer. Cutting forces
and fiber debonding had been simulated and found to be in
good agreement with the experimental results. In comparison
to DEM, SPH methods are more commonly employed in
modeling of machining processes as they are developed for
continuum materials like FEM. However, except for a few
[26, 27], most of the studies are limited to homogeneous
materials and are unable to perform coupled temperature-
displacement analysis. In addition, the relationships between
many SPH parameters (e.g., numerical formulation and parti-
cle spacing) with chip morphology are still unknown and need

Table 1 Different studies for the modeling of machining of MMCs

S.
No.

Study MMC
type

Model
type

Method Interface
modeling

Output variables Remarks

1 Monaghan and
Brazil [17]

PRMMC 2D Hybrid No Matrix flow, tool wear, and
residual stresses

2 El-Gallab and
Sklad [19]

PRMMC 2D Micromechanics No Subsurface damage and residual
stresses

3 Zhu Y and
Kishawy HA [3]

PRMMC 2D Micromechanics No Temperature and stress distribution

4 Pramanik et al.
[20]

PRMMC 2D Micromechanics Yes Stress distribution and particle
debonding

Modeling debonding by
matrix element failure

5 Ramesh et al. [18] PRMMC 2D Micromechanics No Cutting forces and stress distribution

6 Zhou et al. [21] PRMMC 2D Hybrid Yes Cutting forces and stress distribution,
and tool-particle interaction

Modeling debonding by
matrix element failure

7 Dandekar
and Shin [22]

PRMMC 2D/3D Hybrid Yes Cutting forces, stress distribution,
and subsurface damage

Modeling debonding by
cohesive zone
elements

8 Dandekar
and Shin [23]

FRMMC 2D Micromechanics Yes Stress distribution, fiber damage,
and debonding

Modeling debonding by
cohesive zone
elements

Fig. 1 FE model without parting
line
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further investigations [28]. Table 1 highlights different model-
ing studies done in the past 20 years for machining of MMCs.

The aim of the present study is to investigate different
methodologies to model orthogonal machining of SiC
particle-reinforced aluminum-based metal matrix composites
using PCD tools. The reinforced particle average size is
around 20 μm and the volume fraction is 20 %. A heteroge-
neous workpiece model based on reinforcement particle size
and volume fraction is used to simulate the local effects such
as particle debonding and tool-particle interactions. The ex-
perimental results published in [22] have been used to verify
the different FE models.

2 Finite element models

FEmodels are developed using a general-purpose FE software
ABAQUS®. Explicit dynamic analysis with coupled temper-
ature displacement procedure is used for each model.
Lagrangian formulation is adopted in which the workpiece is
fixed and the tool moves with a constant speed. The chip
separation is realized by element deletion method using two
approaches, i.e., with and without a parting line. Similarly, the
interface between the reinforcement particles and the matrix is
modeled by with and without cohesive zone elements.
Undeformedmeshes for FEmodels with and without a parting

line are shown in Figs. 1 and 2. The workpiece and cutting
tool material properties are shown in Table 2, and the cutting
parameters are shown in Table 3.

For the aluminum matrix, the Johnson and Cook constitu-
tive model is used to include stress variations due to strain,
strain rate, and temperature. This relationship is frequently
adopted for dynamic problems with high strain rates and
temperature effects.

σ ¼ Aþ Bεnð Þ 1þ C ln
ε̇
ε̇0

� �� �
1−

T−T room

Tmelt−T room

� �m� �
ð1Þ

where ε is the equivalent plastic strain, ε the equivalent plastic
strain rate, and T the operating temperature. The Johnson and
Cook equation has five material constants, which are A for
yield stress constant, B for strain hardening constant, n for
strain hardening exponent, C for strain rate hardening con-
stant, andm for temperature dependency coefficient. Troom and
Tmelt are room and melting temperatures and are taken as 20
and 593 °C, respectively. The material constants are deter-
mined from experiment results and can include data over a
wide range of strain rates and temperatures. Due to the non-
linear dependence of the flow stress of the material during
plastic strain, an accurate value of stress requires expensive
iteration for calculation of the increment plastic strain. John-
son and Cook parameters utilized in the simulations are shown
in Table 4.

Fig. 2 FE model with parting
line

Table 2 Composition and properties of workpiece and cutting tool
materials

Workpiece
(aluminum
matrix A359
alloy)

Reinforcement
particles (SiC)

Cutting
tool
(PCD)

Density (kg/m3) 2700 4370 3500

Young’s modulus (GPa) 72 408 800

Thermal conductivity
(W/m/°C)

180 30 173

Specific heat (J/Kg/°C) 963 706 508

Table 3 Cutting parameters and tool geometry for FE model

Cutting parameters

Speed 300 m/min

Feed rate 0.1 mm/rev

Depth of cut 1 mm

Cutting tool geometry

Rake angle 5°

Clearance angle 5°

Edge preparation No
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The chip separation in the chip is simulated using the
Johnson and Cook damage law which takes into account
strain, strain rate, temperature, and pressure [29]. The damage
was calculated for each element and is defined by

D ¼
X Δε

Δε f
ð2Þ

where Δε is the increment of equivalent plastic strain during
an integration step andΔεf is the equivalent strain to fracture,
under the current conditions. Fracture is then allowed to occur
when D=1.0, and the concerned elements are removed from
the computation. The general expression for the fracture strain
is given by

ε f ¼ D1 þ D2exp D3σ
*

�� �
1þ D4ln

ε̇
ε̇0

� �� �
1−D5

T−T room

Tmelt−T room

� �m� �

ð3Þ

where ε̇o is the reference strain rate and σ∗ is the ratio of
pressure stress to von Mises stress. D1 to D5 are material
constants and determined by tensile and torsion tests. The
Johnson and Cook damage parameters for AISI H13 are listed
in Table 5.

Both the tool and reinforcement materials are modeled as
linear elastic without considering fracture.

The contact between the tool and workpiece is modeled
using sliding-sticking friction model. The division of the
sliding and sticking regions is determined by Eq. 4:

s ¼ μp when μp < Tmax

s ¼ Tmax when μp≥Tmax
ð4Þ

where s, p, and Tmax are the friction, normal, and maximum
equivalent shear stresses at the tool rake face. The second
approach is adopted in this analysis with a (coefficient of
friction) value of 0.15 [3].

The interface between the reinforcement particles and the
aluminum matrix is modeled by cohesive zone elements. The

cohesive zone element (CZE) works by defining a relationship
between interfacial force (traction) and crack opening dis-
placement (separation). The fracture zone is assumed to have
initially zero thickness and consists of two identical cohesive
surfaces. The separation between the two surfaces under a
prescribed load is given by a traction-separation law. The
stiffness of the cohesive elements degrades as the separation
increases, and finally, the elements are deleted upon a speci-
fied maximum value. In this study, cohesive element stiffness
and traction-separation behavior are implemented based on a
study done in [30]. The elastic and shear moduli for cohesive
elements are taken to be 180.6 and 76.6GPa, respectively. The
maximum stress for mode I and mode II loading is summa-
rized in Table 6.

The computational cost of these FE models is very high
due to severe deformation of matrix elements resulting in
smaller time increments. The problem is catered by using
mass scaling option available in ABAQUS/Explicit® [31].
The reduced characteristic distorted elements result in a

Table 4 The Johnson and Cook flow model’s parameters

JC parameters A (MPa) B (MPa) C n m

255 361 0.01 0.18 5.5

Table 5 Parameters for the Johnson and Cook damage law

JC parameters D1 D2 D3 D4 D5

0.071 1.248 −1.142 0.147 0.1

Table 6 Maximum stress corresponding to traction separation
behaviour for cohesive elements

No. Temperature (°C) Maximum stress
mode I (GPa)

Maximum stress
mode II (GPa)

1 23 3.77 2.76

2 200 3.30 2.41

3 400 2.42 1.76

4 600 1.90 1.40

Fig. 3 Deformed mesh for model A
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smaller global time increment. Scaling the mass of these
elements as required throughout the simulation can signifi-
cantly decrease the computation time. For cases in which the
compressed elements are impacting a stationary rigid body,
increases in mass for these small elements during the simula-
tion will have very little effect on the overall dynamic
response.

3 Results

The deformed meshes for the two models A and B are shown
in Figs. 3 and 4. Both models are developed without cohesive
elements. In model A, no parting line is used and a shear
failure criterion is applied to the whole workpiece, whereas in
model B, shear failure is only applied to the parting line. As
the explicit dynamic simulations are highly sensitive to exces-
sive mesh distortion, the use of parting line aligned the parti-
cles along the tool path in a horizontal fashion. This facilitates
tool penetration and corresponding shear failure of the ele-
ment before excessive distortion.

It has been observed that both the models are unable to
simulate reinforcement debonding at the initial stages due to
tool loading. However, debonding of reinforcement particles
in model A occurred due to material failure around the rein-
forcement particles, and the model is able to simulate tool-
particle interaction. In contrast, model B simulates a continu-
ous chip with severe material deformation around the rein-
forcement particles. Experimental studies done by Fathipour

et al. [32] showed serrated chips when machining the same
workpiece material at similar conditions.

Models C and D are developed using CZE around the
reinforcement particles to simulate debonding at the interface.
Shear failure is applied to the whole workpiece in both
models; however, model D utilizes a parting line to minimize
excessive mesh distortion. Also, elements are not being delet-
ed in all shear failure models and retain some stiffness
throughout the simulation time. Both models are successful
in modeling the debonding of the reinforcement particles due
to tool loading. Initial deformed meshes for model C are
shown in Figs. 5 and 6, simulating the debonding of the
reinforcement particle.

Cutting and thrust forces obtained from the experiments
[22] and FE model are shown in Fig. 7. Both models A and B
underestimate forces due to absences of cohesive forces
around the reinforcement particles. Cutting forces are lowest
for model A due to the application of shear failure model for

Fig. 4 Deformed mesh for model B

Reinforcement particle 

debonding 

Fig. 5 Debonding initiates

Debonded reinforcement 

particle 

Fig. 6 Debonding completed
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the whole workpiece in comparison tomodel B.Models C and
D predict higher forces due to the use of cohesive elements
and show minimal differences due to the use of parting line in
front of the tool tip.

Mises stress for the FE models are shown in Figs. 8, 9, 10
and 11.

The stress distribution pattern for all the models
appears to be very same. Due to the huge differences
in the stress level for the reinforcement and matrix, the
maximum stress is set to 700 MPa to better visualize
the stress variation in the workpiece matrix. Mises
stresses are lowest for model A due to shear failure
and utilization of no cohesive elements. The chip mor-
phology for all the four models can also be investigated
by these figures. The waviness pattern on the back of
chips can be seen for models with cohesive elements.
This is the result of debonding of reinforcement parti-
cles and high matrix deformation due to the developing

gaps. In model A, serration is mostly because of matrix
element failure and there is no mechanism of debonding
of reinforcement particles except complete material
damage around the particle. In C and D, serration is
due to gradual debonding of the reinforcement particles
and hence it is comparatively less due to the presence
of cohesive forces.

Model D performs better with regard to mesh distortion
problem and shows a realistic deformed chip thickness. Also,
shear localization can also be easily realized for model D. For
model C, the matrix elements along the chip interface are
failed and overlap with chip face. Hence, the cohesive models
work better with a predefined parting line.

The element library in ABAQUS® [33] does not support
temperature degree of freedom for cohesive elements. Hence,
models C and D are unable to predict temperature
distributions.
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Fig. 7 Cutting and thrust forces

Fig. 8 Mises stress for model A Fig. 9 Mises stress for model B
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Temperature distributions for models A and B are shown in
Figs. 12 and 13. As expected, temperatures are lower for
model A due to deletion of highly distorted elements. The
range of temperatures predicted by model B is in close
agreement with the results obtained by Zhu and
Kishawy [3] while machining aluminum-based MMCs
at similar cutting conditions. For both models, higher
temperatures are predicted corresponding to the region
of maximum deformation of the workpiece material
around the hard reinforcement particles.

4 Conclusions

& The developed 2D FE models are successful in
predicting the cutting performance variables like

chip morphology, cutting forces, temperature, and
stress distributions.

& Models with a cohesive element interface are able to
simulate debonding of the reinforcement particles from
the workpiece matrix.

& Models with cohesive elements show higher cutting forces
as compared to noncohesive models.

& The range of temperatures predicted by FE models in
agreement with the published results and high tempera-
tures is confined to the region of maximum workpiece
deformation.

& The FE model based on cohesive elements with a
predefined parting line performs better to simulate serrated
chips and shows shear localized regions around the chip
face.

Fig. 10 Mises stress for model C

Fig. 11 Mises stress for model D

Fig. 12 Temperature contour for model A

Fig. 13 Temperature contour for model B
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