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Abstract Metal matrix composites (MMCs) have become
common materials that are employed in different industrial
applications due to their outstanding strength and wear resis-
tance. However, machining MMC:s is considered to be a chal-
lenging process. This paper presents a micro-mechanical finite
element analysis developed for simulation of MMC machin-
ing. Unlike the previously developed FE models, this model
simulates the behavior of all main components that distinguish
the MMC, namely the matrix, particles, and the particle-
matrix interface, during the process. As a result, various as-
pects of the process, such as debonding and fracture in the
particles and different scenarios of tool-particle interactions
can be studied using the proposed model. The predicted forces
were compared to the measured ones and used to verify the
presented model. The developed model is successful in pro-
viding a broad understanding of MMC machining process.
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1 Introduction

Composite materials are defined as a combination of various
substances with different chemical and mechanical properties
that will not dissolve in each other. The matrix phase transfers
load and supports the integrity of the structure, while the par-
ticle phase provides the enhanced composite characteristics.
Among various types of composite materials, metal matrix
composites (MMCs) have become common materials that
are employed in many industrial applications due to their out-
standing strength and wear resistance [1]. Examples of MMC
applications include cylinder liners for internal combustion
engines, modern landing gears, ventral fins in fighter planes
and helicopter blades [2]. Even though near net shape
manufacturing is usual for composites, machining processes
are generally required for achieving the desired characteristics
on the final product [3, 4].

Existence of ceramic reinforcements in MMCs has its own
drawbacks; the reinforcing phases in these composites have
characteristics that are similar to those of the cutting tool ma-
terials. Consequently, machining MMCs can result in exces-
sive tool wear, which in turn causes various types of damage
in the machined product. Thus, machining MMC:s is consid-
ered to be a challenging process. In order to have a better
control over the MMC machining surface quality, it has be-
come clear that a comprehensive understanding of the behav-
ior of MMC materials during machining is required. Knowl-
edge related to the deformation mechanism of MMC during
machining is needed in order to attain the optimal process.

Various approaches were used for studying the MMC ma-
chining process [5, 6]. The numerical simulations approached
the problem at two levels; macro-mechanical models simulat-
ed the cutting process by treating the material as a macroscop-
ically anisotropic material, while micro-mechanical models
focused on the interaction between particles and matrix.
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Macroscopic models often disregard many fundamental char-
acteristics of the composite material and cannot determine the
details of material behavior. Microscopic models usually pro-
vide more details of the actual behavior of the matrix as well
as particle interaction with the tool during the cutting process
and offer a more realistic simulation of the interaction between
the tool and composite material.

An early model for predicting cutting forces during ma-
chining MMCs was presented by Kishawy et al. [7]. In their
research, an analytical force model for orthogonal cutting was
provided based on the total energy required for the cutting
process. Sikder and Kishawy [8] presented another analytical
force model for calculation of cutting forces during MMC
machining which considered several characteristics of the cut-
ting process, such as shear force, ploughing force, and particle
fracture force. Kishawy et al. [9] also proposed a model for
predicting tool wear during machining of MMC materials.
Their model took into account the effects of various types of
abrasion on the cutting tool in order to calculate the flank
wear.

An analysis of characteristics of machined surface of
MMCs was performed by Kannan and Kishawy [10]. Their
research investigated the variations of microhardness beneath
the machined surface and provided an understanding of the
effects of machining parameters and MMC properties on the
quality of the surface.

The new improvements in computer technologies have
empowered researchers to gain a better understanding of the
cutting process through complex numerical simulations. Fi-
nite element modeling is a major numerical technique utilized
by many researchers in this field [11-14].

Zhu and Kishawy [15] provided a thermo-mechanical fi-
nite element analysis for the MMC cutting process. Their fi-
nite element model managed to predict the cutting forces as
well as the distribution of stress and temperature in the work-
piece material. Later, Pramanik et al. [16] provided a basic
investigation of the tool-particle interactions during MMC
orthogonal cutting using finite element methods. A more re-
cent finite element investigation of the MMC cutting process
was conducted by Zhou et al. [17]. This research work pro-
vided a two-dimensional thermo-mechanical model of orthog-
onal cutting which is utilized in analysis of the removal mech-
anism of the particle from the matrix. Dandekar and Shin [18]
provided a multistep 3D model for prediction of subsurface
damage during the MMC machining process. They initially
simulated the process using a single-phase equivalent homog-
enous material (EHM) model and then applied the obtained
data to a local multiphase model. This model provided a better
prediction of debonding and particle fracture as well as the
depth of damage in the composite material during the cutting
process. Wang et al. [19] presented a simulation of formation
of defects during machining aluminum MMCs with high vol-
ume fraction of particles. Their study considered fracture in
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particles, though failed to account for the role of particle
debonding in formation of defects on MMC machined sur-
face. Nevertheless, none of the currently available finite ele-
ment models for MMC machining are able to simulate the
cutting and chip formation process on the actual three-phase
composite material.

This paper presents a novel micro-mechanical finite ele-
ment (FE) model of MMC cutting process. Model predictions
are validated by means of comparison with experimentally
measured data. This model contributes to the knowledge re-
garding machining MMCs through simulation of the behavior
of all phases of the composite, namely matrix, particle, and
particle-matrix interface, during cutting. This distinguishes the
developed model from the previously developed MMC cut-
ting FE models. Detailed modeling of the distinct phases of
the MMC workpiece enables the presented FE simulation to
provide a more comprehensive understanding of the behavior
of the composite material during machining.

Investigation of interactions between the cutting tool and
reinforcements is an important part of understanding MMC
machining. These interactions can cause fluctuations in the
cutting force, deterioration of machined surface quality, and
decline in the life of cutting tool. Tool-particle interactions
during MMC cutting can lead to cases of particle fracture,
particle debonding, or particle squeeze into matrix material.
The available literature, such as the model presented in [20],
does not offer a broad knowledge about this area, as the
models used in investigations could not provide a through
simulation of MMC behavior. On the other hand, the present-
ed model is capable of being utilized for analysis of all the
interactions between the cutting tool and particles.

2 Finite element model of the process
2.1 Problem description

Two-dimensional finite element modeling is performed for
simulation of orthogonal cutting of an aluminum MMC.
Workpiece material parameters are provided in Table 1. Sim-
ulation is performed in Abaqus/Explicit environment. La-
grangian modeling is employed as, unlike other types of anal-
ysis, it permits modeling the behavior of nonplastic reinforce-
ments as well as their interactions with the plastic matrix.

Table 1  Workpiece material parameters

Matrix material Aluminum Al6061
Particle material Alumina (Al,O3)
Particle volume fraction 10 %

Average particle diameter 15 um
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Table 2 Cutting

parameters for the Rake angle 30°

analysis Clearance angle 3°
Cutting speed 85 m min !
Depth of cut 0.1 mm
Width of cut 3 mm

Cutting process is performed using a tungsten carbide cut-
ting tool, and the cutting edge is assumed to be ideally sharp.
Tool geometry and cutting parameters used in analysis of the
process are listed in Table 2.

The analysis utilizes an elastic material model for the
tool. The behavior of the three phases of the composite
material is simulated. Matrix and particles are modeled
as thermal-elastic-plastic materials using quad thermal-
displacement plain strain elements. The particle-matrix
interface is modeled using cohesive zone elements
which are appropriate options for modeling the interface
with very small thickness.

The interface elements are tied to both matrix and
particle surfaces. A sacrificial layer of elements is de-
fined along the cutting path in order to simulate chip
separation using progressive damage model. This layer
consists of elements which will be deleted as soon as
damage accumulation in the material reaches the maxi-
mum value and material fracture occurs.

Contact is defined between rake and flank surfaces of
the tool and workpiece surfaces as well as the tool
surfaces and the particle nodes. This will enable the
model to simulate tool-particle interactions. The extend-
ed Coulomb friction model [21] is used in contact def-
initions. This model represents the frictional stress in
two distinct regions of sticking and sliding:

when puo, < Tpax
when 10,2 Ty

{Tf/wn (1)

Tf = Tmax

In Eq. (1), 7is the frictional shear stress on the surface,
0, 1s the normal stress, p is the coefficient of friction, and
Tmax 18 the maximum possible shear stress on the inter-
face. In this research, 7,,, is assumed to be equal to o,/

V3 where o, is the yield stress of the matrix material.
This value is considered as a reasonable upper bound
estimate for the maximum shear stress on the interface

[22].
2.2 Material modeling
2.2.1 Matrix material

Matrix material is modeled using a thermal-elastic-plastic con-
stitutive equation until fracture. Johnson-Cook plasticity

model [23] is employed for simulation of matrix material
behavior. This is one of the more commonly used con-
stitutive models for simulating materials subjected to
large strains, high strain rates, and high temperatures,
which are common characteristics of the cutting process.
The basic form of Johnson-Cook model for the von
Mises flow stress, o, is provided in the following equa-
tion [23]:

€ T_Ttransition "
O'Z(A—FBE") 14+ Cln| — 1-({———F—F——
€y T et T transition

(2)

In Eq. (2), € is the equivalent plastic strain, € is the
plastic strain rate, and €, is the reference strain rate. 7 and
Tmerr are the current temperature and the material melting
temperature, respectively. Tiansition 18 the transition tem-
perature defined as the temperature below which material
behavior will have no temperature dependence. The five
material constants, namely 4, B, C, n, and m, are obtained
using torsion tests, static tensile tests, and dynamic
Hopkinson bar tensile tests for various materials.

Chip formation is simulated using element deletion in the
sacrificial layer of elements. Element deletion is modeled
using Johnson-Cook’s model for progressive damage and
fracture [24]. According to this model, damage in an element
is defined as

D=y 2¢ 3)

where Ae is the change in the equivalent plastic strain
during each integration cycle and €’ is the equivalent
strain to fracture as a function of temperature, strain rate,
equivalent stress, and pressure. D is a parameter for quan-
tifying damage in the element, and fracture will occur
when D=1.0.

The strain to fracture can be calculated according to the
following expression [24]:

Ef = [D] +D2€XP(D30-*)} |:1 +D4ln<%>} |:1 +D5 (ﬁﬂ)}

0 melt™ Ttransition

(4)

In Eq. (4), o* is the dimensionless pressure-stress ratio
(stress triaxiality) defined as 0" = 0,,/@ where 0, is the av-
erage of three normal stresses and & is the von Mises equiva-
lent stress. Dy ...Ds are material constants which can be ob-
tained using the aforementioned materials tests. Matrix and
cutting tool material properties are provided in Table 3.
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Table3  Material properties for A16061 aluminum matrix and tungsten
carbide cutting tool

Tool modulus of elasticity (GPa) [25] 668.35
Tool Poisson’s ratio [25] 0.24
Tool conductivity (W m™' K™") [25] 173
Tool specific heat (J kg ' K™') [25] 250
Matrix modulus of elasticity (GPa) [26] 68.9
Matrix Poisson’s ratio [26] 0.33
Matrix conductivity (W m ' K™") [26] 167
Matrix specific heat (J kg' K™') [26] 896
Johnson-Cook model parameters [27]
A (MPa) 324
B (MPa) 114
C 0.002
n 0.42
m 1.34
Tinete (°C) 582
Ttransition (OC) 20
€, 1.0
D, -0.77
D, 1.45
D5 -0.47
Dy 0.0
Ds 1.60

2.2.2 Particle material

The alumina particles are modeled as perfectly elastic mate-
rials until failure. Particle fracture simulation is performed
using the brittle cracking model. Particle material properties
are provided in Table 4.

2.2.3 Particle-matrix interface

The interface between the particles and matrix in the work-
piece material is modeled using cohesive zone elements. For-
mulation of cohesive zone elements for utilization in finite
element models is provided by Foulk et al. [29]. This type of
elements has been used by Tvergaard [30] for simulation of
debonding in the fiber-matrix interface in a whisker-reinforced
aluminum metal matrix composite.

The particle-matrix interface in the current analysis is
modeled using a traction-separation law. Damage initiation

Table 4 Material properties for alumina particles

Flexural strength (MPa) 380
Conductivity (W m ' K'™") 33
Elastic modulus (GPa) 416
Poisson’s ratio 0.231
Coefficient of thermal expansion ®™ 46x10°°
Specific heat (J kg ' K'") 755

From Munro [28]
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in the interface is predicted using quadratic nominal stress
criterion. According to this criterion, damage in the cohesive
elements is initiated when the following quadratic interaction
condition is satisfied [31]:

(t) 2 AL 12
Uet +iet {7 = ®

In Eq. (5), t,, ¢, and ¢, are the normal, first direction
shear, and second direction shear (in a three-dimensional
problem) of the traction stress vector, respectively. £, fq,
and ¢ represent the maximum nominal normal, first di-
rection shear, or second direction shear stress. The
brackets <> demonstrate that a pure compressive stress
cannot initiate damage.

The progressive evolution of damage, which will re-
sult in failure of the cohesive element and its deletion, is
modeled using the energy approach. In this approach, the
energy dissipated as a result of damage in the element
until failure is a prescribed value. This value is entered
into the model as a material property. This property is
equal to the area under the traction-separation curve. El-
ement will be deleted after the dissipated energy reaches
the failure energy property. The interfacial failure energy
(®) for the Al/ALL,O5 interface is selected as $=50 J/m?.
This value is similar to the value used for simulation of
damage in interface elements by Dandekar and Shin [18].

2.3 Meshing

The matrix and the particle phases of the workpiece are
meshed using quad thermal-displacement plane strain ele-
ments. Similar elements are used for the cutting tool. For these
phases, free meshing technique is used. Meshing of the
particle-matrix interface is performed using zero thickness co-
hesive zone elements.

Dependence of the model results on the element size is
investigated by comparing the cutting forces obtained
from models with different mesh seeds. The average node
distances in different parts of the optimum mesh for the

Table 5  Average node distance in the optimum mesh

Average node distance

Edge of particles along the cutting line 2.00 pm
Edge of particles above the cutting line 2.36 um
Edge of particles below the cutting line 2.36 um
Matrix along the cutting line 4.00 um
Matrix above the cutting line 443 um
Matrix at the bottom 10.00 um
Cohesive particle-matrix interface 0.48 pum
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Fig. 1 Meshed parts for the finite
element analysis

model are detailed in Table 5. The meshed parts for the
model are shown in Fig. 1.

3 Results and discussion

The solution of the finite element model is performed using
Abaqus to obtain the distribution of various parameters in the
model. Validation of the model results is the first step in anal-
ysis of the model outputs.

3.1 Model validation

In order to validate the results of the finite element mod-
el, the obtained predicted values of the cutting force

140

120

Cutting force (N)
5§ 8 8 8

n
o
|

Average simulated force Experimental force

Fig. 2 Comparison of cutting forces obtained using FEM and
experimental data [15] (Al 6061/10 % 15 pm Al,O;, v=85 m/min, rake
angle=30°, width of cut=3 mm)

were compared with the experimental results from cut-
ting tests performed under the same cutting conditions
[15]. Comparison of the average cutting force during
the steady phase of cutting process from the FEM and
the one obtained in experiments is provided in Fig. 2. As
can be seen in this figure, the value of the cutting force
obtained in simulations is within the standard deviation
error range of the experimental value. The difference
between the average simulated and experimental values
is 8.3 %.

Figure 2 shows that the simulated cutting force is
slightly smaller than the experimental force. This is ex-
pected in the finite element model since the cutting tool
was assumed to be ideally sharp in the analysis, which is
not the case in the actual machining tests. Even if the
cutting tool is sharp at the beginning of the cut, the tool
wear around the cutting edge will soon increase the cut-
ting edge radius and thus the cutting force.

3.2 Analysis of cutting force during machining

Figure 3 shows the cutting force versus time obtained
during finite element simulation of the steady phase of
cutting process. Apparent in this figure are the peaks
and troughs in the cutting force which are associated with
the interactions between the cutting tool and reinforce-
ments. It is evident from this figure that initiation and
progress of crack in the particle can cause a decrease in
the cutting force. On the other hand, interaction of the
particle with the cutting tool before initiation of crack
results in an increase of the cutting force.
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Increase in force due to particle
squeeze without crack initiation

Decrease in force due to particle frac-
ture and debondin; in force

Drop in cutting force due to particle
fracture and crack growth in matrix

Fracture in particle causes rapid drop

Fig. 3 Cutting forces obtained 180
using finite element analysis (Al
6061/10 % 15 pm ALOs, v= 160
85 m/min, rake angle=30°, width
of cut=3 mm) 140
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3.3 Tool-particle interaction scenarios

The presented FE analysis in this research is unique in
terms of simulating the cutting process on the real com-
posite material with all its phases; this is in contrast to
the models available in the literature where either a
simplified composite model (i.e., without modeling the
interface) [16] or an equivalent homogeneous material
(EHM) model [18] is used for simulation of MMC ma-
chining. Utilization of a comprehensive model for MMC
behavior during cutting enables the FE analysis to pre-
dict fracture and debonding in the reinforcements. This
ability makes the developed FE model an appropriate
tool for studying various interaction scenarios between
the tool and particles.

Fig. 4 Different scenarios of
tool-particle interactions at three
different time steps: a particle on
the cutting line, fractured and
debonded; b particle above the
cutting line, pushed in the chip;
and c particle below cutting line,
fractured and attached to the
machined surface
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In this paper, interactions between the tool and particles are
studied for the particles along the cutting path. Different cases
of particle fracture and debonding can occur as the cutting tool
approaches the particles. The main three scenarios for parti-
cles located along, above, and below cutting line are depicted
in Fig. 4. These cases will be analyzed in this section.

Figure 5a shows the engagement of the cutting tool and a
particle located along the cutting line. The cutting line passes
through the central area of the particle. It is clear that as a result
of engagement between the tool and the particle, the energy
level has reached the critical value which is shown as deletion
of cohesive interface elements. This indicates that debonding
has started.

It is also apparent from Fig. 5a that debonding of the par-
ticle initiated before any contact with the tool. This can be
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Fig. 5 Interactions between
cutting tool and particle located
along cutting line (Al 6061/10 %
15 um Al,O5, v=85 m/min, rake
angle=30°, width of cut=3 mm)

+1.606¢+02
+2.084¢-01

(a) Stress (MPa) distribution during cutting tool engagement which results in particle debonding

Increase in plastic
deformation around particle

(b) Distribution of equivalent plastic strain around the debonded particle

attributed to the plastic deformations in the matrix around the
particle. Figure 5b shows the distribution of equivalent plastic
strain around the debonded particle, where an increase in ma-
trix plastic strain in the vicinity of the particle is observed.

Cavity formed on machined

Fig. 6 Stress (MPa) distribution during initiation and growth of crack in
the particle (Al 6061/10 % 15 pm Al,O3, v=85 m/min, rake angle=30°,
width of cut=3 mm)

As the tool continues moving along its path, initiation and
development of cracks become visible in the particle which is
demonstrated in Fig. 6. Moreover, it is evident in this figure
that as a result of debonding, cavities will be formed on the
surface, which will consequently deteriorate the machined
surface quality.

Figure 7a shows the interaction between the cutting tool
and a particle located slightly above the cutting line. In this
case, the particle is debonded from the workpiece but stays in
the chip material. The stress distribution on the particle shows
how the particle is pushed against the matrix material into the
chip as a result of interaction with the cutting tool. This can be
better understood by studying the pressure stress distribution
as depicted in Fig. 7b. In this figure, the increase in pressure
on the particles that are being forced into the chip material is
evident.

In Fig. 8, stress distribution during the interaction between
the cutting tool and a particle located below the cutting line is
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Fig. 7 Interactions between

S, Mises
(Avg: 75%)

cutting tool and particle located 113580103

above the cutting line (Al
6061/10 % 15 um ALOs, v=

85 m/min, rake angle=30°, width
of cut=3 mm)

(a) Stress (MPa) distribution during debonding of the particle while being pushed into the chip

(b) Pressure stress (MPa) distribution during debonding of the particle

shown. It is clear that in spite of the fracture of a small portion ~ scenario. Figure 8 also shows particles embedded in the chip
of the particle, the larger part of the particulate reinforcement  during cutting MMC.

stays bonded to the workpiece material. As a result, a massive In order to better analyze the scenarios of interactions
increase in surface roughness will not be expected in this  between the cutting tool and reinforcements, the plastic

Fig. 8 Stress (MPa) distribution

S, Mises

during crack propagation in a (Avg: 75%)
particle located below the cutting AEH
line (A16061/10 % 15 um ALO3, e

v=85 m/min, rake angle=30°,
width of cut=3 mm)
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Fig.9 Equivalent plastic strain in
the matrix material versus
distance along the perimeter
around the particle for various
tool-particle interaction scenarios
(A16061/10 % 15 um AL Os, v=
85 m/min, rake angle=30°, width
of cut=3 mm)
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deformation in the matrix material around the particles
is studied. Figure 9 shows the plastic strain in the ma-
trix material around the particle versus distance along
the particle perimeter. This graph is plotted for the three
cases of the particle lying on, below, or above the cut-
ting line. It is evident in this graph that high plastic
deformation in the matrix material adjacent to the rein-
forcement can cause debonding; the plastic strain around
the particle on the cutting line is the highest which
results in immediate debonding. On the other hand,
the low plastic strain around the particle below the cut-
ting line means that the particle stays bonded to the
matrix.

Figure 9 also clarifies the relation between particle location
with respect to the primary shear zone and plastic deformation
around the particle. It is clear in this figure that peaks of plastic
deformation around the particle are observed in the primary
shear zone.

The knowledge regarding tool-particle interactions present-
ed in this research is a great asset in studying the MMC ma-
chining system. This knowledge can only be achieved by
means of a comprehensive finite element model which simu-
lates all phases of a real composite. Hence, the developed FE
model is considered to be a step forward in understanding
MMC cutting process.

0.02 0.03
Distance along the perimeter (mm)

4 Conclusion

A micro-mechanical finite element model for simulating
the particle-tool interactions during machining of alumi-
num metal matrix composites was presented in this pa-
per. The presented thermal-displacement model included
three distinct phases including the matrix, particles, and
the particle-matrix interface. Thermal-elastic-plastic fail-
ure models along with cohesive zone models were
adopted and utilized for simulation of material behavior.
The model predictions were validated through compari-
son with experimentally measured data. The model’s
capability to simulate the behavior of all phases of the
real composite material during cutting has made it pos-
sible to successfully simulate the particle debonding and
fracture during cutting process. The model was also
used to study different scenarios of the interactions be-
tween the cutting tool and particles along the cutting
line. The analyses of the simulation have provided a
more comprehensive understanding of the machining
process of particle-reinforced metal matrix composites.
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