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It is well established that the indentation hardness of metallic alloys shows a reasonable
correlation with their yield strength or ultimate strength. Experiments illustrate that such a
unique correlation is nonexistent for discontinuously reinforced metal matrix composites,
even when the indentation size is much greater than the reinforcement size. For aluminum
alloys reinforced with silicon carbide particles, the same composite yield strength and
tensile strength with different reinforcement fractions do not lead to similar hardness, or
vice versa. Finite element analyses are carried out to rationalize the experimental findings.
The modeling utilizes a two-dimensional plane-strain formulation. Discrete particles are
included in the material model, and the overall stress-strain response and the indentation
response are numerically simulated. The results confirm the lack of unique correspondence
between the composite hardness and strength. The alteration of local heterogeneity in the
composite is found to affect the indentation response. Effects of the geometrical
arrangement of particles and thermal residual stresses on the indentation response are
also investigated numerically. C© 2003 Kluwer Academic Publishers

1. Introduction
Hardness tests are routinely used as a simple and ef-
fective means of quantifying the mechanical strength
of materials. Although the indentation hardness in it-
self is not a well-defined material parameter, the cor-
relation between various hardness scales and tensile
strength has been compiled for a variety of metals and
alloys [1]. When a metal is discontinuously reinforced
with ceramic particles to form a metal matrix com-
posite, higher stiffness, higher ultimate strength and
lower ductility can be observed. The composite dis-
plays a stronger strain hardening behavior in the tensile
and compressive tests. The overall elastic-plastic nature
of the composite, however, possesses a qualitative re-
semblance to that of the unreinforced metals (see, e.g.,
references [2–4] for review). This may imply that the
composite, viewed as a continuum, is amenable to tra-
ditional hardness tests for characterizing its mechanical
properties, since we concern here only the cases when
the size of the indenter is much greater than the size
and interspacing of particles in the composite.

As metal matrix composites are generating increased
interest for industrial applications, the need for under-
standing the relationship between hardness and overall
strength has been recognized [5–9]. Careful analyses
of experimental data showed that the use of hardness
to predict the tensile flow stress of particle reinforced
aluminum (Al) matrix composites is prone to overesti-
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mates [6–9]. This is partially due to internal damage in
the form of particle cracking, which weakens the mate-
rial in the uniaxial tensile response but not in the hard-
ness response [6, 8]. However, in the case of compos-
ites with small reinforcement particles where particle
cracking is largely not of concern, a correlation between
hardness and overall strength is still not found [7, 8].
The hardness test consistently overestimates the yield
strength and ultimate tensile strength of the compos-
ites. This is especially true in cases where the strength
of the Al matrix is relatively low.

In the present work, we seek to provide a mechanistic
rationale for the experimental findings. Computational
modeling of uniaxial tensile/compressive loading and
indentation loading was carried out. The finite element
analysis takes into consideration the discrete particles
in the composite system. In the following sections ex-
perimental results are first summarized. The compu-
tational approach and results are then presented. The
correspondence between modeling and measurement,
as well as issues regarding indentation modeling of het-
erogeneous materials in general, are also discussed.

2. Experiments
The 2080 Al alloy (Al-3.6Cu-1.9Mg-0.25Zr), unrein-
forced and reinforced with 10 and 20 vol.% silicon
carbide (SiC) particles, were used in this study. All
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materials were processed by the powder metallurgy
route and extruded. The average reinforcement particle
size after extrusion is about 6 µm. Due to the relatively
small SiC particle size the fraction of fractured parti-
cles after extrusion is insignificant. A T8 thermome-
chanical treatment [10] was applied to the composites
and the unreinforced alloy. The materials were solution
treated at 493◦C, quenched in water, cold rolled to 5%
reduction in thickness, and aged at 175◦C for 24 h (to
the peakaged condition). The rolling step provides a
homogeneous distribution of dislocations that serve as
sites for heterogeneous nucleation of precipitates. As
a consequence, preferential precipitation in the matrix
immediately adjacent to the particles due to processing
induced thermal stresses can be avoided, which was mi-
croscopically confirmed [11]. The nearly identical mi-
crostructures in the composite and the monolithic alloy
make possible a valid comparison of material proper-
ties in the present study. Some peakaged materials were
heat-treated further to the overaged condition for 24 h
each at 200, 225 and 250◦C.

Tensile tests were conducted on a servohydraulic load
frame at a strain rate of 10−3 s−1. The yield strength and
ultimate strength values reported in this paper were
those averaged over three sets of tests. The standard
Rockwell B-scale test, featuring a 1.588 mm-diameter
spherical steel indenter, was used to characterize the
hardness [12]. The Rockwell B-scale hardness test
is commonly applied to quantifying the mechanical
strength of a wide variety of Al alloys. A minor load
and a major load of 10 kg and 100 kg, respectively, were
imposed on the specimen. The hardness value (HRB) is
directly determined by the depth of indentation beyond
the minor load. The hardness values reported in this
paper were those averaged over at least five readings;
different readings obtained from the same material had
a scatter range of less than 3 HRB. Fig. 1 shows a rep-
resentative micrograph of the hardness tested compos-
ite containing 20% SiC particles near the indentation

Figure 1 Optical micrograph of the composite containing 20% SiC particles, taken near the indentation site.
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Figure 2 Relationship between true ultimate tensile strength and Rock-
well B-scale hardness of the composites and unreinforced alloy obtained
from experiments. Data from the peakaged and three overaged states are
indicated.

site. More details of the experimental procedure can be
found in reference [8].

Fig. 2 shows the true ultimate tensile strength as a
function of hardness (HRB) for the composites (with
10% and 20% reinforcement concentration) and the
monolithic (0%) alloy. The points in the upper-right
end of the three curves correspond to the peakaged
materials, showing the increase in tensile strength and
hardness with increasing reinforcement volume frac-
tion. The tensile strength and hardness of the materials
decrease significantly with the severity of overaging
treatment. A very notable feature, however, is that the
data in Fig. 2 do no follow a simple relation as with typ-
ical metallic materials. With decreasing matrix strength
(increasing overaging) the difference in tensile strength
of the three materials is reduced, but the disparity in
hardness increases significantly. In the overaged condi-
tion, the composite with a higher reinforcement fraction
shows a much greater hardness value, although its ten-
sile strength is comparable to those with lower particle
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Figure 3 Relationship between true 0.2% offset yield strength and Rock-
well B-scale hardness of the composites and unreinforced alloy obtained
from experiments. Data from the peakaged and three overaged states are
indicated.

fractions. Equivalently speaking, when the strength of
the Al matrix is relatively low, a wide range of hard-
ness is found even when all materials exhibited similar
tensile strength. The hardness of the overaged compos-
ite appears to be dominated by the volume fraction of
reinforcement.

The results shown in Fig. 2 may be potentially influ-
enced by microscopic damage such as particle cracking,
which can occur when the composite is loaded to close
to its ultimate tensile strength. Tensile loading induced
damage is of much less concern if one compares the
yield strength, rather than tensile strength, with hard-
ness. Fig. 3 shows the true yield strength (0.2% offset)
as a function of hardness for all the materials and aging

Figure 4 A representative finite element mesh having a total of 100 regularly arrayed circular particles.

treatments included in Fig. 2. The trends for yield
strength and tensile strength are similar. Again, the data
do not follow a simple relation, which suggests that the
lack of unique correspondence between overall strength
and indentation hardness is an intrinsic behavior of the
composite.

It is noted that the hardness disparity caused by over-
aging observed in Figs 2 and 3 is not due to the higher
elastic modulus of the composite with increasing rein-
forcement concentration, because aging treatment does
not alter the elastic properties of Al matrix in the re-
spective composites. In attempting to rationalize the ex-
perimental results, numerical modeling was performed
as presented in the following sections.

3. Numerical modeling
3.1. Model
Two dimensional finite element analyses were carried
out to simulate the tension, compression and indenta-
tion loading conditions. A square computational do-
main (implicitly taken as 1 mm × 1 mm in size) con-
taining spherical particles embedded within the matrix
is used. A representative finite element mesh with a reg-
ular square alignment of particles is shown in Fig. 4.
Four noded bilinear elements were used. The SiC par-
ticles are assumed to be linearly elastic, with Young’s
modulus 450 GPa and Poisson’s ratio 0.17. The Al ma-
trix is taken to be elastic-plastic, with Young’s modulus
72 GPa and Poisson’s ratio 0.33. The plastic response
of matrix follows rate-independent von Mises plastic-
ity with isotropic hardening. There is a linear hardening
regime between the initial yield strength (σ0) and the
maximum strength (σu) taken at a plastic strain of 0.10;
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beyond σu a perfectly plastic response ensues. Three
different plastic properties are used in the current study:
(i) σ0 = 400 MPa and σu = 600 MPa, (ii) σ0 = 300 MPa
and σu = 500 MPa, and (iii) σ0 = 200 MPa and σu =
400 MPa; they were devised to simulate the matrix
material with increasing extent of overaging. Although
overaging generally results in decreasing ductility, a
fixed plastic strain value where σu is attained was still
assumed in all three cases. This is deemed appropriate
due to the facts that the modeling result is dominated
by the significantly different σu values and that our T8
treated materials showed very small strain hardening
beyond the beginning stages of plastic yielding [6, 8]
so the variation of strain at σu has a very small influ-
ence in the numerical result. The model composites
based on these three matrix properties are henceforth
referred to as “high strength, “medium strength” and
“low strength” materials, respectively.

In all calculations the thermal residual stresses are in-
cluded. Thermal residual stresses, generated from cool-
ing during processing, inevitably exist in metal matrix
composites due to the mismatch in coefficient of ther-
mal expansion between the ceramic reinforcement and
metal matrix. In the present study we incorporate a cool-
ing step by imposing a spatially uniform temperature
change from 500◦C (presumably the stress-free tem-
perature where the Al matrix undergoes solution treat-
ment) to 20◦C, prior to all forms of mechanical load-
ing. The coefficients of thermal expansion used for the
SiC reinforcement and the Al matrix are, respectively,
4.5 × 10−6 K−1 and 22.0 × 10−6 K−1. In the model-
ing of thermal cooling, the elastic, plastic and thermal
properties are those specified above and assumed to
be rate independent and temperature independent for
simplicity.

The plane-strain formulation is employed. The plane
strain approach is able to capture the qualitative features
of composite response and internal field evolution in
the actual three-dimensional layout [13–15]. Uniaxial
loading is simulated by prescribing relative displace-
ments on the top and bottom boundaries. Effectively
this was achieved by employing the commonly adopted
unit-cell model involving only one particle and appro-
priate boundary conditions [13, 14] for composites with
regularly aligned particles (Fig. 4). At any specified
strain the composite flow stress can be directly obtained
from modeling and later used for correlating with the
indentation response. Within the context of the present
approach, the composite tensile and compressive stress-
strain curves are largely equivalent [14, 16]. Therefore,
the results presented here are considered valid for both
situations.

Hardness indentation is simulated by pressing a rigid
circular indenter into the top face. Because of symme-
try the computational domain in Fig. 4 is treated as one
half of the structure with its left-hand boundary being
the axis of symmetry (see also Fig. 7 below). The ra-
tio of the indenter radius and the initial side length of
the specimen is taken to be 0.79. During indentation the
bottom boundary is allowed to slip tangentially. The top
boundary is not constrained except that when a contact
with the rigid indenter is established, a coefficient of

friction of 1.0 is imposed. The right-hand boundary is
free to move but was constrained to remain vertical.
Setting the right-hand boundary entirely free produces
only a slightly different indentation response [16]. Fur-
ther details of the indentation modeling are discussed
in Section 4.

The finite element code ABAQUS [17] was used for
the modeling with large deformation accounted for in
all cases. We consider four reinforcement area frac-
tions: 0%, 10%, 20% and 30%, each with three differ-
ent matrix properties as introduced above. To compare
the indentation response, a hardness measure within the
present modeling framework needs to be defined. We
use the formula H = 130–3,000d, which is similar to
that used in determining the Rockwell hardness, with
H being the presently defined “hardness number” and
d the penetration depth in mm. The hardness number
is calculated with an arbitrarily chosen constant load of
125 N. The combination of this load and the formula
chosen is such that the hardness numbers obtained from
our modeling are within the range from about 30 to
100, which roughly corresponds to the valid HRB val-
ues in reality. Note that our two-dimensional analysis
does not conform to the experimental requirement for
the Rockwell hardness test (or any other standard test).
Nevertheless, the objective here is simply to define a
reasonable numerical hardness measure to facilitate a
direct but qualitative comparison with the experimen-
tal results. When presenting the comparison of overall
composite response with hardness, two levels of com-
posite flow stresses, taken directly from the calculated
stress-strain curves, are used: the offset yield stress at
0.002 plastic strain and the stress at 0.10 total strain.

3.2. Results
Before the correlation between composite strength and
hardness is presented, we first show representative re-
sults of uniaxial stress-strain response and indentation
response. Fig. 5 shows the modeled tensile true stress-
true strain curves of the composites with a reinforce-
ment area fraction of 20%. The three different matrix

0 0.02 0.04 0.06 0.08 0.1

Strain

0

100

200

300

400

500

600

700

S
tr

es
s 

(M
P

a)

high strength

medium strength

low strength

20% Reinforcement Composite

Figure 5 Calculated tensile true stress-true strain curves of the com-
posites with reinforcement area fraction of 20%. Results from the three
different matrix plastic properties are included.
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Figure 6 Calculated indentation response of the composites with a rein-
forcement area fraction of 20%. Results from the three different matrix
plastic properties are included.

strengths give rise to distinctly different composite re-
sponse, as expected. Although within the strain range
considered in Fig. 5 the matrix material is treated as
elastic-plastic with linear hardening, the incorporation
of reinforcement leads to non-uniform local deforma-
tion in the matrix [4, 14] so a smooth stress-strain re-
sponse is obtained. The composites with other rein-
forcement concentrations show the same trend.

Fig. 6 shows the modeled indentation response of
the composites with a reinforcement area fraction of
20%, in the form of load vs. displacement (penetra-
tion depth). It is evident that a stronger matrix re-
sults in a harder indentation response. The composites
with other reinforcement concentrations show the same
trend. Fig. 7 shows the contours of constant equiva-
lent plastic strain for the 20% reinforcement composite
with the “high strength” matrix at an indentation dis-
placement of 0.05 mm. The particles in the left part of
the specimen are well discerned because no plasticity
exists in the purely elastic particles. The presence of

Figure 7 Contours of constant equivalent plastic strain developed during
indentation modeling when the indentation displacement is 0.05 mm.

discrete particles dramatically fragments the plastic
strain field and forces the plastic flow into a banded
structure. The large degree of plasticity, however, de-
cays quickly with increasing distance from the inden-
tation site. A notable feature in Fig. 7 is that the par-
ticles directly underneath the indentation are displaced
downward with the surrounding matrix, with the inter-
particle spacing along the vertical direction reduced
compared to other regions. Effectively this represents a
local increase in particle concentration. The local in-
crease in particle concentration “felt” by the inden-
ter, accompanied by the severe work hardening of the
mechanically constrained matrix, can lead to an arti-
fact that the composite becomes increasingly harder
(locally) as the indentation progresses.

Figs 8 and 9 show the relationship of modeled ten-
sile flow stress and modeled hardness number for all the
composites considered in this study. The two figures are
presented in the same form as the experimental results
(Figs 2 and 3) for the purpose of a qualitative but di-
rect comparison. For the overall composite strength, a
lower stress level (0.002 offset yield, Fig. 8) and a higher
stress level (at 0.10 total strain, Fig. 9) were chosen to
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Figure 8 Relationship between the modeled tensile flow stress and mod-
eled hardness number of the composites. The tensile flow stress is cho-
sen as the 0.002 offset yield stress. The hardness number is defined in
Section 3.1.
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Figure 9 Relationship between the modeled tensile flow stress and mod-
eled hardness number of the composites. The tensile flow stress is cho-
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Section 3.1.
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illustrate the generality of the numerical results. It can
be seen that both figures show the same trend. At low
composite strength a large disparity in hardness exists
for composites with different reinforcement concentra-
tions; at high composite strength the hardness numbers
tend to converge, meaning that the hard reinforcement
plays a less important role when the matrix material be-
comes stronger. The numerical results are in agreement
with experimental findings.

4. Discussion
4.1. Modeling vs. experiments
The lack of unique correspondence between hardness
and overall strength of the composite is due to the fun-
damental difference in deformation caused by the two
modes of loading. During a tensile or compressive test,
the material within the gage section undergoes nomi-
nally uniform deformation. In a hardness test, however,
severe plastic flow is concentrated in the localized re-
gion directly below the indentation, outside of which
the material still behaves elastically [18]. This is also
illustrated from the present numerical modeling. Al-
though plastic deformation itself is not responsible for
volume change, the superposition of very large hydro-
static pressure under the indentation (well exceeding
1 GPa locally in the matrix according to the present
modeling) can contribute to a greater volumetric con-
traction of the metal matrix compared to the ceramic
particles. For instance, for the 20% reinforcement com-
posite with the “high strength” matrix, the concentra-
tion of particles increases to about 22.2% at a distance
of two inter-particle spacing directly below the inden-
tation when the indentation depth is 0.05 mm. As the
indenter moves downward during the test, the pressure
is accommodated by the severely constrained matrix
flow along with the localized increase of particle con-
centration, which tends to increase the resistance to
deformation. Consequently, if there is an intrinsic cor-
relation between hardness and mechanical strength for
the metal matrix, then, for the composite, the hardness
reading will tend to overestimate the measured overall
strength. With a decreasing matrix strength the effect of
reinforcement becomes increasingly prominent (Figs 2,
3, 8 and 9).

A legitimate concern at this junction is if the present
two dimensional analysis is capable of capture the
three dimensional effects occurred in actual materials.
Since it will be extremely computationally demanding
to incorporate discrete particles in a three dimensional
model and still obtain mesh independent results, the
plane strain condition is adopted here. In a previous
attempt an indirect approach involving a plane stress
analysis was undertaken [8, 19]. The overall stress-
strain response of a particle-matrix system was first ob-
tained from finite element modeling. The stress-strain
response then served as the inherent properties of a
homogeneous material subject to indentation model-
ing. In a parallel fashion, indentation modeling was di-
rectly conducted on the two-phase composite system.
To avoid the complexities caused by plane strain when
carrying the simulated overall stress-strain response to
the homogenized material model due to the constraint

in the third direction, the plane stress condition was en-
forced in all calculations there. Although the two-phase
system and the homogenized system possessed exactly
the same overall stress-strain behavior, the two-phase
model consistently showed a significantly harder re-
sponse than the homogenized model under indentation.
The numerical finding, in agreement with the experi-
ments in essence, can also be explained by the local
increase in particle concentration discussed above. The
fact that both the indirect plane stress approach and the
direct plane strain simulation result in qualitatively the
same conclusions is a strong indication of the validity
of the current analysis.

4.2. Other modeling issues
Several factors which have not been addressed thus far
can potentially influence the indentation modeling re-
sults: the number of particles included in the numerical
model, the geometrical arrangement of particles, and
the effect of thermal residual stresses existent in actual
composites. Attention is devoted to these effects in this
section.

A simple question to ask is: were enough particles
included in the model so the indent size can indeed
be considered much greater than the particle size? To
answer this one can examine the convergence of nu-
merical results by varying the total number of particles
under a fixed particle concentration. Fig. 10 shows such
a comparison of load-displacement response during in-
dentation, with the area fraction of particles being 0.20
in all cases and the number of particles included in
the model being increased from one to 144. The “high
strength” matrix is used is this case. All particles are
regularly aligned, with the one-particle case having a
single large particle at the center of the square compu-
tational domain. The one-particle case has a softer re-
sponse owing to the fact that the matrix makes the most
contribution in resisting the indentation, especially at
the early stages. As the number of particles increases,
the indentation response soon converges. The curves
for the cases of 100 and 144 particles show essentially
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Figure 10 Calculated load-displacement response during indentation
for different total numbers of particles included in the model. The area
fraction of particles is fixed at 0.20.
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no difference. As a consequence, it is reasonable to con-
clude that the present numerical study is representative
of the “many particles” scenario.

The effect of reinforcement arrangement is inves-
tigated through several composite models containing
particles that have different spatial distributions. These
include two types of regular but staggered (rather than
square-packed as in Fig. 4) arrangements and four types
of random arrangements, all with a total of 100 particles
at a fixed particle area fraction of 0.20 [16]. The inden-
tation load-displacement curves all displayed very lit-
tle difference from those of regular square arrangement
(Fig. 6), except for very slight fluctuations from case to
case. Therefore, the effect of particle arrangement on
the indentation response is insignificant.

Lastly, there is a need to examine the effect of thermal
residual stresses on the indentation response. Previous
numerical modeling with thermal stresses accounted
for showed that, for discontinuously reinforced metals
with a matrix capable of strain hardening, the apparent
modulus and initial yield strength of the composite are
lowered but after a certain degree of yielding the flow
stress is elevated, compared to the case without any
thermal history [14]. Although all the numerical results
presented in this paper so far have the built-in thermal
history, we have also carried out modeling where the
thermal cooling step is ignored for the purpose of study-
ing the effect of thermal residual stresses on a theoreti-
cal basis. Fig. 11 shows a representative comparison of
the indentation load-displacement response. Here the
composite has 100 regular square-arrayed particles and
the matrix is of “high strength.” It can be seen that the
difference for the two cases is small. At the early stages
of indentation the presence of thermal residual stresses
renders a slightly softer response, but the two curves
soon approach one another at greater displacements.
It can be concluded that the effect of thermal residual
stresses on the indentation response is small. In actual-
ity, if thermal residual stresses are not accounted for in
all the calculations in this study, the hardness-strength
relationship shown in Figs 8 and 9 will only be affected
slightly with the trends remaining the unaltered.
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Figure 11 Calculated load-displacement response during indentation
with and without a prior cooling step. The composite has 100 regular
square-arranged particles with an area fraction of 0.20.

5. Conclusions
Experimental measurements of 2080 Al alloy discon-
tinuously reinforced with SiC particles showed that in-
dentation hardness does not scale with the overall com-
posite strength, even when the indentation size is much
greater than the reinforcement size. This is contrary to
that found in most monolithic metals and alloys. Hard-
ness testing tends to overestimate the composite tensile/
yield strength, especially in cases where the matrix
strength is relatively low. Finite element modeling, fea-
turing discrete particles embedded within the metal ma-
trix, of the composite stress-strain response and inden-
tation hardness was performed. The numerical analysis
showed the same trend as the experiment, rationaliz-
ing the lack of unique relationship between hardness
and composite strength. It is illustrated that the higher
hardness is associated with the localized increase in
particle concentration directly underneath the indented
region where severely constrained matrix flow occurs.
The thermal residual stress field in the composite plays
an insignificant role in the analysis. In addition, the
indentation response is not sensitive to the spatial dis-
tribution of particles in the numerical model.
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