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Abstract

This paper investigates the deformation mechanisms of MMCs subjected to micro-indentation by a spherical indenter using a three-
dimensional finite element modeling. It was found that deformation behavior, hardness and work hardening of MMCs were highly
dependant on the location of indentation relative to particles, volume percentage of the particle, and the size ratio of indenter to particle.
The hardness of an MMC varied in a complex manner depending on the restriction on the matrix flow by reinforced particles and work
hardening of the matrix material. Hardness increased with the increase of volume percentage of reinforced particles and decrease of the
size ratio of indenter to particle. Matrix flow due to indentation was highly non-uniform which generated an inhomogeneous strain filed
in an MMC. These pose a question that the conventional definition of micro-hardness is not very appropriate for characterizing MMCs.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Composite materials have high performance in engineer-
ing applications [1]. Metal-matrix composites (MMCs),
particularly aluminum-based particle/fiber-reinforced
composites, have a high strength to weight ratio and wear
resistance [2-6], and therefore are increasingly used in
automotive and aerospace structures [7]. While the rein-
forced particles make MMCs different from monolithic
materials and induce superior physical properties to
MMC s, they also bring about very high tool wear and infe-
rior surface finish when machining MMCs [7]. Thus, in
manufacturing, difficulties associated with precision and
efficient machining of MMCs have become an important
issue [1].

Abbreviations: MMC, metal-matrix composite; FEM, finite element
method; LIRP, locations of indentation relative to particles; SRIP, size
ratio of indenter to particle; IAP, indenting exactly above a particle; IMP,
indenting at the middle of four particles
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In order to exploit the properties of MMCs, a deeper
understanding of their deformation behavior and the inter-
action between reinforcements and matrix is required.
While most of the research to date has been devoted to
the development and application of the MMC:s, there is lit-
tle knowledge on the basic mechanisms responsible for
their properties [8].

A micro-indentation test is particularly useful for identi-
fying the local effect of particles under complex stresses
similar to machining, one of the most important surfacing
techniques for MMCs. A cutting edge in precision machin-
ing is sharp and will not interact with many particles.
Hence, micro-indentation cannot be replaced by either a
traditional tensile or compression test, which generate
completely different stress field from machining, or a
macro-hardness test, which interact with many particles
at the same time and cannot give rise to the detailed
micro-interaction between a single particle and its sur-
rounding matrix.

Several studies have used indentation, to investigate the
deformation characteristics of MMCs [9-15]. For exam-
ple, Mussert et al. [16] used nano-indentation experimen-
tally to measure the hardness and elastic moduli profiles
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of aluminium alloy 6061 reinforced with Al,O; in three
different heat treatment conditions. Shen et al. [17]
explored the macro-indentation behavior of MMCs.
However, most of the investigations on the properties of
MMCs were experimental and did not provide a through
analysis of the deformation during loading/unloading for
different particle-matrix—indenter arrangements. Because
of the complexity of deformation of an MMC and the
interaction in the vicinity of contact zone between the
indenter and work material, an analytical or experimental
method is unable to predict the detailed deformation pro-
cess [18].

The present study will investigate the deformation
behavior of MMCs due to micro-indentation and its influ-
ence on hardness and strain development using the finite
element method. In particular, variation of hardness for
various loading conditions, size ratio of indenter to particle
(SRIP) and particle volume fractions during micro-inden-
tation of MMCs will be investigated for different locations
of indentation relative to particles (LIRP). In addition,
particle displacement and inhomogeneous deformation
behavior of MMCs will also be investigated.

2. Modelling

Two-dimensional FEM analyses on micro-indentation,
for instance the one reported in [8], was based on some
strong assumptions such as plane-stress deformation, with
which the effects of spherical reinforcements cannot be
explored. To overcome these limitations and achieve a dee-
per understanding of the effects of the reinforcement parti-
cles, this paper will use a three-dimensional finite element
model to investigate the influence of LIRP. Two types of
indentations will be carried out: (1) indenting exactly above
a particle (IAP) (Fig. 1a) and (2) indenting at the middle of
four particles (IMP) (Fig. 1b).
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2.1. Boundary and loading conditions

The authors’ previous analysis [8] has shown that the
development of stress/strain fields in a distance from the
indentation zone could be considered symmetric around
the indenter. Therefore, symmetric boundary conditions
were applied on the MMC workpiece to make the three-
dimensional model size manageable (Fig. 1). Particles were
assumed to be uniformly distributed and perfectly bonded
with the matrix. The indentation process was considered to
be quasi-static. The workpiece was fully fixed on its bottom
surface to eliminate rigid body motion. The workpiece
dimensions were greater than 3.5 times the indenter radius
to reduce boundary effects [18]. The workpiece (Fig. 1) was
37.5 um in height, width and length, and the indenter
radius was 9 um.

In the loading process, a series of downward increments
in the rigid body displacement was imposed on the indenter
to induce the indentation into the work material. Particle
fracture was not considered in this study.

2.2. MMC workpiece and indenter

The MMC work material was a 6061 aluminium alloy
reinforced with spherical silicon carbide particles. The rein-
forcements were treated as an isotropic perfectly elastic
material following the generalized Hook’s law. The mate-
rial properties of the particles were: Young’s modu-
lus =400 GPa and Poisson’s ratio =0.17. The 6061 Al
matrix followed a temperature-independent bilinear kine-
matic hardening material model and its associated flow
rule. The corresponding stress—strain curve given in
Fig. 2 was based on the data in [19,20]. The properties of
the matrix were: Young’s modulus = 71.6 GPa, yield
strength = 125 MPa, tangential modulus = 1.48 GPa and
Poisson’s ratio = 0.33. The diamond indenter was assumed
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Fig. 1. 3D model of MMC for micro-indentation.
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Fig. 2. The stress versus strain curve for 6061 aluminium matrix.

to be linear elastic with modulus of elasticity = 1147 GPa
and Poisson’s ratio = 0.070. The average coefficient of fric-
tion (i) obtained by Pramanik et al. [1] during their MMC
machining tests, u = 0.6, was used in the present analysis.

It was found from [8,17,21] that the micro-properties of
MMCs depend on the LIRP, SRIP, indentation load, vol-
ume percentage of particles, and properties of matrix and
particles. Hence, in the present investigation these factors
were varied to explore their effects. For the investigation
of volume percentage of particles, the diameter of the
indenter was kept 18 um and particle volume percentages
of 10, 20 and 30 were considered. The diameter of the
indenter was varied to obtain different SRIP (0.8, 1.0, 1.2
and 1.4) where particle diameter was 18 pm and reinforce-
ment volume fraction was 20%. A higher SRIP was
obtained by increasing the diameter of the indenter rather
than by reducing the size of particles in the MMC because
the latter will alter the properties of the MMC.

3. Results and discussion

This section will discuss the indentation force—displace-
ment behavior, hardness, strains and their dependence on
LIRP, volume percentage of reinforcements and SRIP.

3.1. Force—displacement behavior

The force—displacement curves of micro-indentation of
MMC s are presented in Fig. 3. The displacement represents
the total displacement of the indenter in the work material,
that is, elastic plus plastic. The load—displacement curves
are related to the elastic modulus and hardness of the work
material, but compared with a monolithic material it is
more difficult to interpret them in terms of hardness, tensile
strength, ultimate strength and modulus of elasticity [16].
For example, the gradient of the force—displacement curves
(Fig. 3) varies with indentation load, LIRP, SRIP, etc.

Fig. 3 shows that the load—displacement curves for [AP
and IMP bifurcate, and the IAP shows a higher gradient.
There are two obvious changes along the load-displace-
ment curves, at points A and B for IAP & A and F for
IMP. This phenomenon was experimentally observed by
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Fig. 3. Load-displacement curves for different LIRP (SRIP=1 and
particle volume % = 20).

Mussert et al. [16], attributed simply to the presence of par-
ticles. During unloading, curves for IAP and IMP followed
similar trend of springback though the gradient of IAP
curve is higher than that of IMP curve. At a given load
after complete unloading, the residual plastic deformation
for IAP is smaller than that of IMP.

Initially the effect of LIRP is negligible for both cases
(part OA along the curves). After point A, matrix between
indenter and particles experiences high deformation. This
results in a trend change of load—displacement curve. For
the IMP, the restriction to matrix flow by particle is less
and indentation displacement is higher than those for
IAP at the same indentation load. Hence, AB shows a
higher gradient than AF. At B and F, secondary indenta-
tion starts to take place, i.e. reinforcement particles start
to act as indenters. Consequently, the force—displacement
curves indicate a further increase of gradient.

Higher load bearing capacity of reinforced particles
reduces the deformation of the MMC under loading
[7,17]. The total deformation of the MMC for TAP is lower
than that of IMP at a given indentation load because in this
case particle is located closer to the indenter. For the same
reason, in case of IAP, particle carries higher load and
matrix deformation is lower than that of IMP. After
unloading, the elastic particle will return to its undeformed
form but plastic matrix will remain deformed. Hence,
higher plastic deformation is noted during IMP. These will
be further discussed below.

3.1.1. Effect of volume percentage of particles

Volume percentage of reinforced particles plays a very
important role in the properties of an MMC. Fig. 4a and
b presents the load—displacement responses during loading
and unloading for different volume percentages of rein-
forcements for both IAP and IMP. At the start of the
indentations, all the curves show almost the same trend
but with further loading, they indicate varying gradient.
The gradient increment depends on the volume percentage
of reinforcement and LIRP. The higher the volume per-
centage of reinforcements, the higher the gradient incre-
ment. After unloading, lower plastic deformation is noted
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Fig. 4. Effects of reinforced particle volume percentage on load—displacement curves (SRIP = 1).

for the MMC with a higher volume percentage of
reinforcement.

A loading curve with higher gradient indicates that a
higher load is required for a given depth of indentation,
i.e. higher resistance to deformation. Increase of volume
percentage of particle means decrease of volume percentage
of matrix material and an increase of particle number (for a
constant particle size). Hence, an increased number of
particles will take part in resisting matrix flow and carrying
loads in the composite. Thus it is clear that, with the
increase of volume percentage of reinforcements, resistance
to deformation increases, i.e. the loading curves show
greater gradient. The above mechanism will make an
MMC with a higher volume percentage of reinforcements
show lower plastic deformation. These are also affected
by LIRP due to variation of distance between indenter
and particle. It seems that the ceramic particles increase
the Young’s modulus and decrease plasticity of MMCs.

3.1.2. Effect of the SRIP

Particle size as well as indenter size has significant effect
on deformation behavior of MMCs during indentation.
The effects of these two parameters can be accounted by
considering the size ratio of indenter to particle. Fig. Sa
and b shows the effects of this ratio on the behavior of
load—displacement curves for the two types of LIRP. Sim-
ilar to the effects of volume percentage of reinforcements
discussed earlier, at the start of indentation, the gradients
of load—displacement curves are similar for each case.
But with the increase in indentation load, the curves start
to deviate at different stages of loading. A load—displace-
ment curve corresponding to a higher SRIP shows higher
gradient (Fig. 5a and b). Once again the load—displacement
curves for the TAP case show higher gradient compared to
those for IMP case. Thus it is clear that resistance of an
MMC to deformation increases with the increase of SRIP.

For the ranges of forces/displacements investigated,
after unloading, almost constant plastic deformation is
noted for all the SRIP considered (Fig. 5a and b) but plas-
tic deformation of MMC is higher for IMP than that of

IAP. This indicates that, for the tested range of loads,
etc. the size of indenter has negligible influence on plastic
deformation (depth) of MMC:s.

With the increase of indenter diameter, a larger contact
area and hence a higher resistance due to reinforced parti-
cles is encountered by the indenter at a given indentation
load. Therefore, total deformation of an MMC decreases
with the increase of SRIP (Fig. 5). Consequently load—dis-
placement curve shows higher gradient at higher SRIP. It is
noted that the variation of total deformation of an MMC is
low with the variation of SRIP considered in this investiga-
tion. Hence, there is not a significant variation of plastic
deformation.

3.2. Hardness
In the present study, the hardness was determined from
the relation [22]
P P

Hardness = @) (D Y dz) = D (1)

where P is the applied load, D is the diameter of indenter, d
is the diameter of the indentation mark after complete
unloading, and ¢ is the depth of the indentation mark after
complete unloading.

3.2.1. Effects of indentation load on hardness

Hardness of a material obtained by indentation is a
measure of its resistance to plastic deformation. Micro-
hardness of an MMC, compared to a monolithic material
may show greater dependency on indentation load because
of its inhomogeneous deformation behavior due to the
presence of reinforcement particles. For the two types of
LIRP, variation of hardness at various stages of loading
is obvious.

The indentation loads selected correspond to points A,
B, C, F and G on the load-displacement curves in Fig. 3.
These points were selected to investigate the effect of gradi-
ent changes of load—displacement curve on the hardness of



1308 A. Pramanik et al. | Composites Science and Technology 68 (2008) 13041312

0.35 7 Curve number SRIP
4 321
03 1 0.8
2 1.0
0.25 1 3 12
Z 02 - 4 1.4
&l
3 0.15 1
0.1 1
0.05 A
O A U T T
0 0.001 0.002 0.003
Displacement (mm)
(a) IAP

0.35 1 Curve number SRIP

03 - 1 0.8 43 2 41
2 1.0
0.25 1 3 1.2
;Zj 02 - 4 1.4
2
& 015+
0.1
0.05 1
0 T T T T 1
0 0.001 0.002 0.003 0.004 0.005
Displacement (mm)
(b) IMP

Fig. 5. Effects of SRIP on load-displacement curves (particle volume % = 20).

an MMC. Some high loads beyond points C and G were
also considered to observe hardness variation over a wider
range of loads. Indentations were performed with loads at
corresponding points and then it was unloaded completely
to obtain corresponding d and ¢ values. The hardness
values corresponding to these loads were then calculated
using Eq. (1). These results are shown in Fig. 6 where hard-
ness of the MMC is found to increase at different stages of
loading at different rates. The variation of hardness can be
explained as follows.

For indentation with a very low load, the effect of LIRP
is small (point A in Fig. 6). With the increase of indentation
load, the hardness of the MMC continues to increase due
to higher resistance to plastic deformation of matrix mate-
rial. For IAP, the resistance to plastic deformation is much
higher than that for IMP case due to the greater resistance
by the particles on the matrix flow in the former (described
in Section 3.1). Hence the rate of increase of hardness with
increase of indentation load is higher for the IAP case, i.e.
gradient of AB is higher than that of AF. At points B and
F, secondary indentation by particles near the indenter
takes place, which causes a further increase of hardness.

9000

ABCMN- For IAP
AFGPQ- For IMP

Hardness (MPa)

0 0.25 0.5 0.75 1 1.25
Load (N)

Fig. 6. Effects of indentation load on hardness of MMC (SRIP =1 and
particle volume % = 20).

The increase of hardness is much higher for IAP case
(BC) than that of IMP (FG). Then the matrix below the
particle (secondary indenter) starts to deform significantly
and secondary indentation occurs with the increase of load-
ing. The secondary indentation and associated additional
restriction on matrix flow further increases the hardness
(CM and GP in Fig. 6) depending on the matrix material
properties, particle concentration, size and shape [21].
After points M and P, constraint to matrix flow applied
by the particles around the secondary indenter becomes
significant. At this stage primary and secondary particles
(those below the primary particle) come closer. This further
restricts the matrix flow, resulting in an increase in the local
hardness [23]. Therefore, hardness continues to increase
with loading. Since the reinforcement particles are much
stiffer than the matrix, they carried a significant fraction
of load during indentation.

It is interesting to note that there are four stages of hard-
ness increase during an indentation of an MMC. These are
(i) initial resistance to indentation (AB, AF), (ii) start of
secondary indentation (BC, FG, until lower surface of par-
ticle completely takes part in indentation), (iii) secondary
indentation (CM, GP, where the strain field is not extended
to particles), and (iv) tertiary deformation or stabilizing
stage (MN, PQ, where the matrix flow is restricted by par-
ticles). Clearly the initial resistance to deformation is higher
for TAP than that of IMP (slope of AB > slope of AF) since
a particle is located near the indenter in the former. During
the secondary indentation, the rate of increase of hardness
is slightly higher for IMP, because for this case the matrix
between indenter and particles offers a greater resistance to
deformation (because of shorter distance between them
and higher MMC volume involved in deformation) com-
pared to the matrix between indenter to particles for
IAP. At the stabilizing stage, hardness for both cases
increases at a similar rate with the increase of indentation
load.

Leggoe et al. [15] experimentally showed that the pres-
ence of reinforcement particles restricts matrix flow in an
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MMC resulting in a higher hardness during indentation.
This phenomenon was also noted in the present investiga-
tion as described above. The higher the indentation
force/displacement, the higher is the particle concentration
underneath the indentation [23,24]. The increase of hard-
ness with the increase of load in the stabilizing stage for
a particle reinforced MMC can be attributed to the local-
ized increase in particle concentration directly underneath
the indenter during a hardness test [17].

3.2.2. Effects of volume percentage & SRIP

To investigate the effect of reinforcement volume per-
centage and SRIP on hardness, a constant indentation
load, 0.308 N, was used on the basis of sufficient deforma-
tion. Fig. 7 presents the effect of reinforcement volume per-
centage. It is clear that hardness of an MMC increases with
the increase of volume percentage of reinforcement for
both cases. But the rate of increase is much higher for
IAP. As discussed earlier, the hardness for IAP is higher.
It seems that further addition of reinforcement particles
top ups the hardness over that of IMP.

It was found from load-displacement curves described
in Section 3.1.1 that an MMC with a higher percentage
of reinforcements has higher resistance to deformation
and lower plastic deformation (Fig. 4a and b). Hence,
MMCs with higher percentages of reinforcements show
higher hardness.

Fig. 8 shows the influence of SRIP. With the increase of
SRIP, hardness is found to decrease. An interesting feature
is that the rate of decrease with SRIP is similar for the two
LIRP cases.

As discussed in Section 3.1.2, during indentation, with
the increase of SRIP, MMCs show little increase of total
deformation during loading but no significant variation
in plastic deformation (depth) after unloading. Since, with
the increase of SRIP, plastic deformation of an MMC does
not vary but the diameter of indenter increases and the
hardness decreases.

3.3. Development of strain fields

The contours of von Mises total strain at different points
on load-hardness curves (Fig. 6) are presented in Figs. 9
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Fig. 7. Effect of reinforcement volume percentage on hardness of MMC
(SRIP = 1, particle volume % = 20 and indentation load = 0.308 N).
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Fig. 8. Effect of SRIP on hardness of MMC (particle volume % = 20 and
indentation load = 0.308 N).

and 10. These explain the deformation mechanism of an
MMC and hardness changes over the range of loading con-
sidered. Strains developed in the indenter and reinforced
particles during indentation process are negligible com-
pared to those of matrix material because of high modulus
of elasticity of the indenter and particles. Hence, only the
strain development in the matrix material is considered
here. This will also include details at the particle-matrix
and indenter—-matrix interfaces.

3.3.1. Indentation above a particle

Fig. 9 depicts the variation of the von Mises total strain
in the MMC for IAP. At the start of loading, the strain dis-
tribution is not uniform but in a layered pattern with the
maximum strain zone near the contact interface (Fig. 9a).
There is no significant strain at the particle-matrix inter-
face and hence the effect of LIRP is small. This stage can
be compared with the situation at point A in Figs. 3 and
6. With further loading, the volume of strain field increases
and significant strains are noted at particle-matrix inter-
face (Fig. 9b). At this stage the maximum stain zone moves
down towards the particle and, the matrix between inden-
ter and particle is highly strained. This situation can be
compared with that of point B in Figs. 3 and 6. As the
loading continues, significant deformation of matrix under
the particle starts, which causes secondary indentation in
the matrix by the reinforced particle (Fig. 9¢c). The resulting
secondary deformation continues until the effect of second-
ary particle becomes significant. Fig. 9d represents the
strain state at point M in Fig. 6. The strain field during ter-
tiary deformation at a point between M and N is presented
in Fig. 9e. In this range the particle constrains the matrix
flow.

3.3.2. Indentation between particles

The contours of strain for IMP are presented in Fig. 10.
At the beginning of loading, the strain field is spherical and
in a layered pattern (Fig. 10a). The effect of LIRP is negli-
gible at this stage which can be compared to strain state at
point A in Figs. 3 and 6. Up to this stage, the mechanism of
strain field generation for this case is almost similar to that
described in Section 3.3.1; but the developed strains at the
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Fig. 9. Von Mises total strain in the matrix for IAP (SRIP = 1 and particle volume % = 20).
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Fig. 10. Von Mises total strain in the matrix for IMP (SRIP =1 and particle volume % = 20).

corresponding points are considerably lower than those of  strain field increases and reaches the boundaries of parti-
IAP. As the loading progresses, the volume covered by the  cles (Fig. 10b). It is interesting to note that the point with
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the maximum straining initially appears near the indenter
(Fig. 10a), but with continued loading it moves towards
the particle and reaches the particle-matrix interface. Sec-
ondary indentation then starts and the strain state corre-
sponds to that at point F (Fig. 10b). The same
phenomenon was noted for the IAP. With further loading,
matrix material passes through secondary and tertiary
deformation states as shown in Fig. 10c and d, respectively,
in a manner similar to that described in Section 3.3.1.
These results demonstrate the effect of reinforcement parti-
cles on deformation of matrix material and hardness of an
MMC.

From the above discussion, it can be concluded that ini-
tial yielding of matrix occurs near the indentation interface
and then extends to the particle-matrix interface(s)
through the matrix. The particles are well discerned in
the strain fields because no plasticity exists in highly elastic
particles. The presence of discrete particles dramatically
fragments the plastic field and causes extreme inhomoge-
neous deformation and flow of matrix in the MMC. Thus
localized deformation of the MMC can be expected after
indentation. The amount of deformation of matrix mate-
rial depends on the LIRP. These are in agreement with
the experimental observations [25].

Similar to a monolithic material subjected to indenta-
tion [26], yielding in an MMC also occurs first at a small
distance beneath the indentation interface (Figs. 9 and
10Db).

3.4. Work hardening during indentation of MMC

It is noted that considerable stresses develop in the
matrix due to significant, non-uniform deformation in
the vicinity of the indentation. At the initial loading,
(e.g. at point A in Fig. 3) the highest von Mises stresses
developed for IAP and IMP are 153 and 141 MPa, respec-
tively. The yield stress is 125 MPa for aluminum alloy
matrix considered in this investigation. Thus considerable
work hardening of matrix material occurs from initial
loading. The stresses and strains in the matrix continue
to increase with further loading which will cause further
hardening of the matrix material. The level of strain and
its rate of increase depends on LIRP, indentation load,
etc. and thus will influence work hardening. Higher strains
and higher work hardening occurs in the matrix between
indenter and particles (e.g. Figs. 9 and 10b and c¢) or
between particles near indentation (Fig. 9e), due to the
restriction of matrix flow by particles. The deformation
behavior of aluminium alloy (curve 1) and MMC with dif-
ferent volume percentages of reinforcements at various
loads are given in Fig. 4. These curves clearly show the
high work hardening rate of MMC (much higher gradient
of load/displacement curves) compared to aluminium
alloy. This is in agreement with the experimental observa-
tions by Li et al. [31]. These non-uniform strains and work
hardening cause the variation of hardness observed for
IAP and IMP in Fig. 6.

3.5. Reinforcement displacement and interaction

Figs. 9 and 10 reveal that, with the advancement of
indenter, particle(s) underneath are displaced with sur-
rounding matrix and the matrix in between the indenter
and particle is highly squeezed. It is noted that the inter-
particle spacing is reduced in the region below the indenta-
tion interface and the distance between indenter and parti-
cle is decreased which causes interaction between them with
further loading. As the particles are hard, frequent interac-
tions will cause abrasive wear to the indenter. This can be a
main reason for high tool wear during machining of
MMCs [27-30].

4. Conclusions

Due to the presence of reinforcements, MMCs behave
very differently compared to monolithic metals during
deformation. While micro-indentation is simple to carry-
out, the test results at low indentation loads should be
interpreted carefully because the microscopic deformation
processes are complex. The present investigation has
shown that:

(1) The ceramic particles increase the MMC'’s ability to
resist deformation, but this is highly dependant on
the location of indentation relative to particles, vol-
ume percentage of particles, size ratio of indenter to
particle and applied load. Consequently, these
parameters affect hardness of MMC:s.

(i) The mechanisms responsible for the anisotropy of
MMCs are: varied restriction to matrix flow by parti-
cles and non-uniform work hardening of matrix
material depending on the combination of above
mentioned parameters.

(iii) The micro-indentation test under low load cannot give
to a consistent measure of the hardness of MMCs.
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