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a b s t r a c t

Spark plasma sintering has been applied to the production of aluminium-based function-
ally graded material systems to be used in abrasive and high temperature conditions.
The overall mechanical properties of these metal matrix composites were determined dur-
ing the optimization phases of the production process by a fast and reliable identification
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1. Introduction

Functionally graded materials can be conceived as lay-
ered structures with progressively varying composition.
The material system under investigation is constituted by
a pure aluminium (Al) intermediate core coated by differ-
ent zirconia (ZrO2) and titanium diboride (TiB2) reinforced
layers, designed in order to present good wear characteris-
tics in the side with high TiB2 content and significant
mechanical resistance at high temperatures in the opposite
side, rich in ZrO2.

The material has been produced by spark plasma sinter-
ing (SPS); see Omori (2000), Ichikawa (2001), and Hulbert
et al. (2009). The target characteristics were obtained by a
x: +39 02 2399 4220.
lzon).
preliminary optimization of the production process of each
Al/TiB2 and Al/ZrO2 layer.

The overall mechanical properties of the single compos-
ite layers under investigation have been experimentally
determined during the optimization phase of the sintering
process. The reduced size of the specimens obtained during
the preliminary production steps prevented material char-
acterization by standard tests. A parameter calibration
methodology has been considered then, based on instru-
mented indentation and inverse analysis, according to a
spreading approach that combines measured and modelled
specimen response (Giannakopoulos and Suresh, 1997;
Bhushan, 1999; Venkatesh et al., 2000; Dao et al. 2001;
Capehart and Cheng, 2003; Bolzon et al., 2004, 2008;
Bocciarelli and Bolzon, 2007; Bocciarelli et al., 2008).

Experimental information gathered from conical inden-
tation brought input data to the material characterization
procedure, which returned the parameters entering the
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selected constitutive model at the macro-scale. Eventually,
the model selection and the identified parameter set were
validated by the prediction of the results of Vickers inden-
tation, further performed in the same material specimens.

Beyond the elastic limit, it is often assumed that the
overall response of metal-ceramic composites is governed
by the metal behaviour. Pressure-insensitive constitutive
laws, like the classical Hencky–Huber–Mises (HHM) mod-
el, are therefore mostly considered at the macro-scale; see,
e.g. the recent work by Giannakopoulos (2002), Gu et al.
(2003), and Bhattacharyya et al. (2007).

In the alternative proposal by Bocciarelli et al. (2008), vol-
ume fractions govern the transition from HHM model toward
the more general Drucker–Prager (DP) constitutive law, more
suitable to describe the mechanical behaviour of ceramics.

One purpose of the present research was to verify the
reliability of the above hypotheses for the aluminium-
based composites under investigation.

The effect of microstructure details on the overall
mechanical performances has been further investigated.
In the technical literature, in fact, constitutive parameters
at the macroscopic scale are mostly assumed to depend
on the local material properties of the primary composite
phases, neglecting the role of voids and defects as they
are confined to small volumes. Homogenization rules have
been then developed to relate the constitutive parameters
(mainly, elastic constants) of composites to the volume
content of their components only, e.g. by the classical Re-
uss and Voigt mixture laws or by popular modification of
these formulae, like the one developed for metal alloys
by Tamura et al. (1973) and thereafter applied to different
heterogeneous material systems; see e.g. Nakamura et al.
(2000) and Jin et al. (2003). Investigations carried out,
e.g., by Bruck and Rabin (1999) suggested instead that mi-
cro-structural details may play a major role as local dam-
ages like micro-cracking or particle debonding develops.
Therefore, the possible correspondence of the identified
mechanical properties with their prediction by classical
homogenization rules has been further discussed.

2. Production of the composite samples

The composite material samples considered in the pres-
ent investigation have been produced by Inasmet-Tecnalia
Fig. 1. SEM image of Al/TiB2 composite produced
(San Sebastian, Spain) in collaboration with CNRS at the
SPS National Platform (PNF2-CNRS) located at the Univer-
sité Paul Sabatier in Toulouse (France), where a Dr Sinter
SPS2080 equipment is available. The SPS process, used in
the case of conductive samples, let a pulsed direct current
pass through a graphite die containing a powder mixture
as well as the powder itself. Heat is thus internally gener-
ated and the reactions that lead to the formation of the
eventual compounds take place in few minutes. Fully com-
pacted metals and ceramics can be obtained by carefully
selecting the different starting materials. For the present
application, raw Al and ZrO2 powders of about 45 lm grain
size were considered, while TiB2 grain size was in the range
5–45 lm.

Fig. 1 shows a scanning electron microscope (SEM)
image of an Al/TiB2 layer containing around 50% weight
of TiB2 particles. The material has been produced in about
5 min at a processing temperature of 530 �C, under 50 MPa
pressure (2.5 kN force applied on a 8 mm inner diameter
graphite die). In the picture, lighter particles are TiB2 while
Al appears dark grey. Some individual boron particles (size
range 15–40 lm) and some porosity is left (black inclu-
sions), the estimated volume fraction of voids being less
than 3%. The large size range of the TiB2 particles is related
both to the initial size distribution of the TiB2 powder and
to the possible grinding of particulates during processing.

Fig. 2 shows a SEM image of the Al/ZrO2 layer with 40%
weight ceramic content, produced at 580 �C under
100 MPa pressure. Zirconia particulates appear as light grey
while aluminium is the dark phase. The microstructure is
quite homogeneous and the average porosity level, obtained
by measuring the actual composite density by Archimede’s
method and comparing the result with its theoretical value
for the given component content ratio, is lower than 1%.

The resulting random microstructure permits to assume
isotropic material response.

The characteristics of each metal matrix composite
layer influence significantly the overall mechanical proper-
ties of the target compound, but the small material vol-
umes obtained during the optimization of the production
process do not allow direct measurements of constitutive
parameters of interest like elastic modulus, yield limit,
hardening coefficient, internal friction angle of the de-
signed composites.
Boron particle, 
around 40 µm

by SPS at 530 �C under 50 MPa pressure.



Fig. 2. SEM image of Al/ZrO2 composite produced by SPS at 580 �C under
100 MPa pressure.
Instrumented indentation was then exploited to the
present identification purposes. This is a fast and flexible
experiment to be performed either directly on structural
components or in small material specimens, more and
more commonly employed in industrial environments to
return reliable estimates of several material parameters,
although the quantitative interpretation of this test results
is not always immediate. The informative content of the
experimental data collected during indentation can be
profitably exploited to material characterization purposes
by combined experimental-numerical procedures. The in-
verse analysis methodology developed by Bolzon et al.
(2004) and Bocciarelli et al. (2008) has been implemented
in the present case to recover material parameters con-
tained in the DP formulation and to verify the capability
of this constitutive model to represent the real behaviour
of the available Al/TiB2 and Al/ZrO2 composite specimens.
Results have been verified making use of independent
experimental information collected from different indenta-
tion tests.
3. Selected constitutive model

The mechanical behaviour beyond the elastic range of
metal matrix composites is often hypothesised to be essen-
tially governed by the spreading of plasticity into the metal
phase, and the material response is therefore described by
classical Hencky–Huber–Mises (HHM) plasticity, see e.g.
Nakamura et al. (2000) and Jin et al. (2003).

Bocciarelli et al. (2008) proposed to replace HHM mod-
el by the more general Drucker–Prager (DP) formulation,
which includes HHM as a special case but better describes
the mechanical behaviour of ceramics and, therefore, of
composites with high ceramic content. HHM constitutive
law, in fact, implicitly assumes the material response to
be the same in tension and in compression and to
be insensitive to hydrostatic stresses. These hypotheses
are well verified by metals but do not apply to most
ceramics.

DP yield criterion with linear isotropic hardening reads:
f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
r0ijr0ij

r
þ aI1 � k� hk � 0 ð1Þ

where r0ij denote the components of the deviatoric stress
tensor; I1 represents the first stress invariant, i.e. the trace
of the tensor collecting the stress components rij; k (>0) is
the cumulative multiplier of the plastic deformations,
which develop as f = 0 and _f � 0 (the superimposed dot de-
notes a rate quantity); a, k and h are material parameters
in this constitutive model.

The internal friction angle a and the initial cohesion k
depend on the initial tensile and compressive yield limits,
rt0 and rc0, respectively, as follows:

a ¼
ffiffiffi
3
p rc0 � rt0

ðrc0 þ rt0Þ
; k ¼ 2ffiffiffi

3
p rc0rt0

ðrc0 þ rt0Þ
ð2Þ

while h is a further material parameter, governing the pos-
sible hardening response beyond the initial yielding.

The plastic rate components _ep
ij of the strain tensor are

assumed to develop orthogonally to a potential surface
g(rij) as follows:

_ep
ij ¼ _k

@g
@rij

; gðrijÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
r0ijr0ij

r
þ bI1 ð3Þ

where b represents the dilatancy coefficient.
Associative plasticity results as a = b while HHM model,

typical of metals, is recovered as the internal friction angle a
and the dilatancy coefficient b are set equal to zero. Notice
that a = 0 implies assuming equal yield limit in tension
and compression, namely rc0 = rt0, see relations (2), besides
neglecting the volumetric contribution associated to I1.

For the metal matrix composites under investigation,
parameters a, b, k and h contained in the selected constitu-
tive law represent effective material properties to be
experimentally evaluated at the macroscopic scale to-
gether with the overall Young’s modulus E and Poisson’s
ratio m, which characterize the elastic response.

4. Mechanical characterization

The results reported in this Section concern the investi-
gations performed on an Al/TiB2 sample with 50% TiB2

weight content and on an Al/ZrO2 sample with 40% ZrO2

weight content, in their preliminary production phase.
The focus of the present research is in fact on modelling
and parameter calibration issues rather than on the final
material performances or on the production process. De-
tails of these latter aspects can be found in the papers by
Xie et al. (2003), Feng et al. (2005), and Gurt Santanach
et al. (2009).

4.1. Indentation measurements

Instrumented indentation represents a practical meth-
odology, extensively used for material characterization in
industrial environments. Local and overall material and
surface properties such as elastic modulus, yield strength,
scratch resistance can be inferred from the curves repre-
senting imposed force versus penetration depth, derived
from laboratory and in situ tests on various material



systems at different scale (Giannakopoulos and Suresh,
1997; Bhushan, 1999; Venkatesh et al., 2008; Dao et al.
2001; Capehart and Cheng, 2003; Bolzon et al., 2004,
2008; Bocciarelli and Bolzon, 2007; Bocciarelli et al., 2008).

The small available Al/TiB2 and Al/ZrO2 specimens
(about 4 mm maximum dimension) were subjected to
indentation under force control, up to 150 N load and then
unloaded. Figs. 3 and 4 visualise the results of Rockwell
test, where a rounded conical tip with 120� opening angle
is pressed against the investigated materials. The maxi-
mum penetration depth is of the order of 100 lm, so that
the response of the indented volumes can be considered
representative of the mechanical macroscopic behaviour
of the composites although some inhomogeneous distribu-
tion of micro-structural details, shown in Figs. 1 and 2, is
reflected by the scatter of the indentation curves.

Experimental data have been averaged, and the corre-
sponding mean values and variances used as input of the
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selected inverse analysis procedure, which combines the
experimental results with the simulation of the test to re-
turn reliable estimates of the sought constitutive
parameters.

The same material samples were subjected to pyrami-
dal Vickers indentation as well, in two subsequent inde-
pendent experimental campaigns. The so gathered
information has been however used to verification purpose
only, as reported in Section 5.

4.2. Inverse analysis

Quantitative calibration of parameters entering the se-
lected constitutive model can be returned by inverse anal-
ysis procedures, which combine experimental data and the
simulation of the laboratory test as shown, e.g., by Bui
(1994), Stavroulakis et al. (2003), and Mroz and Stavroula-
kis (2004). The inverse analysis problem can be formulated
60 90
h (µm)

al (Rockwell) tests on Al/TiB2 specimen.

90 120 150
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as the minimisation, with respect to the unknown param-
eters, of a norm that quantifies the overall discrepancy be-
tween the measured quantities and the corresponding
values computed through a mathematical or numerical
model.

In the present case, the indentation tests have been
simulated in the large deformation regime by a finite ele-
ment (FE) commercial code (Abaqus/Standard, 2006), as
in previous analyses; see e.g. Dao et al. (2001), Capehart
and Cheng (2003), Bolzon et al. (2004), and Bocciarelli
and Bolzon (2007).

A detail of the discretized material region considered
for the case of conical tip is shown in Fig. 5, account taken
of the expected axis-symmetric overall response of the
considered isotropic composites. Boundary conditions
have been selected in view of the problem symmetry and
Fig. 5. Finite element model of Rockwell indentation test exploiting the
expected axis-symmetry of the isotropic material response.

Fig. 6. Comparison between the experimental mean indentation curves obt
corresponding curves recalculated by the FE model, supplemented by the ident
of the assumption that outside the represented domain
the material behaviour is linear elastic, to preliminarily
perform condensation of the relevant degrees of freedom.
The conical (Rockwell geometry) diamond tip has been
modelled as perfectly rigid, while DP constitutive law with
linear hardening rule describes the overall material re-
sponse, see Section 3. Associative plasticity has been intro-
duced as reasonable hypothesis in view of the metal
content of the investigated samples, so that a = b in rela-
tions (2) and (3).

Poisson’s ratio has been a priori fixed to the value 0.25,
due to the expected low influence of this parameter on
indentation results (Bolzon et al., 2004). The unknown
overall material parameters to be returned by inverse anal-
ysis are, then: the elastic modulus E; the initial compres-
sion yield stress rc0; the internal friction angle a and the
hardening modulus h. Let the relevant values be collected
by vector z.

Let the indentation forces Fi ( i = 1,. . .,N; here N = 100),
selected in the range 0–150 N, sample the experimental
mean indentation curves visualized in Figs. 6 and 7, and
let dMi indicate the indentation depth corresponding to Fi.
For any given value Fi, the FE test simulation returns the
corresponding penetration depth dCi(z), as a function of
the input values given to the parameters contained in vec-
tor z. Here subscripts C and M mean computed and mea-
sured, respectively.

The discrepancy between quantities returned by the
experimental equipment and computed from the FE model
can then be defined by the norm:

xðzÞ ¼
XN

i¼1

dCiðzÞ � dMi

wi

� �2

ð4Þ

where wi represent weights on the displacement compo-
nents dMi, here assumed to coincide with the variances that
quantify the measurement dispersion, also visualized in
Figs. 6 and 7.

The optimum value of the sought parameters is repre-
sented by the entries of vector zopt, which corresponds to
ained from conical (Rockwell) tests on the Al/TiB2 specimen and the
ified material parameter set.



Fig. 7. Comparison between the experimental mean indentation curves obtained from conical (Rockwell) tests on the Al/ZrO2 specimen and the
corresponding curves recalculated by the FE model, supplemented by the identified material parameter set.

Table 1
Identified material properties after different initializations of the discrep-
ancy minimisation algorithm.

Elastic
modulus E
(GPa)

Initial yield
limit in
compression
rc0 (MPa)

Internal
friction
angle
a (�)

Hardening
modulus
h (MPa)

Al/TiB2 57.9 (±3.7) 240.4 (±36.5) 10.7 (±4.3) 1032 (±91)
Al/ZrO2 28.0 (±1.0) 74.3 (±12.6) 14.8 (±4.1) 838 (±102)
the minimum discrepancy. These values can be returned
by a number of numerical methods implemented in widely
available optimization tools (e.g. Matlab, 2004). For the
present application, the so-called Trust Region algorithm
(Coleman and Li, 1996) has been satisfactorily employed.
Details can be found in the reference manuals (Matlab,
2004).

In the present context, the discrepancy function x(z) is
expected to be non-convex and to admit multiple mini-
mum points, often practically equivalent from the engi-
neering point of view, in the sense that the
corresponding parameter values approximate to the same
extent the available experimental data and return compa-
rable representation of the real material behaviour, consis-
tently with the selected constitutive model. The
optimization algorithm is hence run several times, starting
from different initial parameter sets. Results are given in
Table 1 in terms of the average and of the standard devia-
tion of the converged values, which returned small similar
values of x(zopt). The dispersion on most identified mate-
rial parameter values is well below the scatter of the col-
lected experimental data. The biggest uncertainty is
observed for the internal friction angle, which however as-
sumes values far from zero in any case.

The accuracy of the selected material model and of the
optimal parameter set obtained from the present identifi-
cation procedure can be appreciated by the comparison
of the initial experimental information and of the corre-
sponding recalculated curves, also drawn in Figs. 6 and 7.
5. Validation

The capability of the selected constitutive model, sup-
plemented by the identified parameter values, to represent
the real material behaviour has been further verified mak-
ing use of experimental information collected from Vickers
pyramidal indentation of the same material specimens,
performed in two subsequent experimental campaigns.
These data, represented in Figs. 8–11, were not considered
in the former parameter identification phase.

It is worth noticing that the curves obtained from Vick-
ers tests are more scattered than in the case of Rockwell
indentation, especially for the second set of experiments.
One reason for this dispersion is the sharp pyramidal tip
which can promote the growth of existing material defects
and the consequent morphological changes at the micro-
structural level.

For Vickers indentation setup, the experimental appara-
tus automatically returns the so-called reduced modulus
Er, evaluated according to the popular formula by Oliver
and Pharr (1992, 2004):

Er ¼ c
Sffiffiffi
A
p ð5Þ

where the contact stiffness S represents the initial slope of
the unloading curve, c is a calibration parameter that de-
pends on the indenter geometry and A is the estimated
contact area at the applied maximum load.

The average value and the variance of the reduced mod-
ulus Er returned by the available equipment (Zwick/Roell
ZHU 0,2) are listed in Table 2 for both material specimens,
separately for each experimental campaign.

The reduced modulus Er is correlated to initial elastic
modulus E of the tested material by the expression:

1
Er
¼ 1� m2

E
þ 1� m2

i

Ei
ð6Þ

where Ei and mi represent the elastic moduli of the diamond
indenter tip (here assumed to be equal to 1140 GPa and
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same Al/ZrO2 specimen, and the corresponding FE simulation based on parameter values identified from Rockwell indentation data.
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Table 2
Reduced modulus Er returned by the indentation equipment and the corresponding initial elastic modulus E in the two subsequent experimental campaigns;
see Figs. 8–11.

1st Experimental campaign 2nd Experimental campaign

Er (GPa) E (GPa) Er (GPa) E (GPa)

Al/TiB2 101.8 ± 29.3 104.7 ± 28.2 32.7 ± 1.3 31.6 ± 1.2
Al/ZrO2 37.5 ± 4.8 36.3 ± 4.5 20.8 ± 3.9 19.9 ± 3.7

Fig. 12. Finite element model of Vickers indentation test exploiting the
symmetries of the pyramidal tip.
0.07, respectively, as in most literature), while m represents
the Poisson ratio of the indented material (here assumed
equal to 0.25, as above).

The resulting average E values and the corresponding
variances are also listed in Table 2 for both material spec-
imens. Fair agreement is found with the identification
results listed in Table 1 for the Al/ZrO2 compound, having
the quite homogeneous microstructure shown in Fig. 2,
while much bigger differences can be noticed for Al/TiB2

elastic modulus. In this latter case, however, the experi-
mental scatter is also rather high, especially for the values
concerning the first experimental campaign, which was
performed concurrently with the Rockwell indentation
tests. It is however worth to be remembered that Oliver
and Pharr (1992, 2004) approach is semi-empirical, based
on some data fitting concerning metals and, therefore, is
to be considered fully reliable for this material class only;
see also Bolzon et al. (2004).

A strong reduction of the elastic modulus (likely associ-
ated to similar deterioration of the remaining mechanical
properties) was observed in both material systems as the
investigation was repeated and the number of tests in-
creased. In fact, due to the small dimensions of the avail-
able specimens (about 2 � 4 mm2 free surface), it
becomes more and more difficult to find material portions
completely unaffected by previous indentations.

Vickers test has been simulated by the 3D FE model
visualized in Fig. 12. Also in this case, the assumed
isotropic overall material response and the symmetries
of the pyramidal tip allowed to reduce the modelled
material volume with some computing savings, though
much smaller than in the previous axis-symmetric
case.

The material parameters obtained from the previous
identification step, listed in Table 1, return the computed
indentation curves shown in Figs. 8–11 together with the
experimental results. A good matching is observed on
average for both metal-ceramic compounds, especially
with those relevant to the first Vickers test series (Figs.
8 and 10).



Table 3
Reuss (ER), Voigt (EV) and Coble–Kingerin (ECK) bounds on elastic moduli,
relations (7)–(9).

Vc Vm ER (GPa) EV (GPa) ECK (GPa)

Al/TiB2 38.5 61.5 104.6 235.4 28.2
Al/ZrO2 23.4 76.6 82.5 100.4 14.5
6. Theoretical bounds on material properties

Homogenization theories have been developed for com-
posites with the attempt of replacing experimentally-
based material characterization procedures, to be per-
formed at the macroscopic scale, by some correlation for-
mula based on average microscopic quantities weighted
by the spatial distribution of volumetric ratios; see e.g.
Sanchez-Palencia, 1980.

Lower and upper bounds to the overall values of the
elastic moduli can be given by assuming that either the
stress (Reuss model) or the strain (Voigt model) distribu-
tion remains uniform in uniformly loaded material sample,
thus leading to the estimates:

ER ¼
EcEm

VcEm þ VmEc
; EV ¼ VcEc þ VmEm ð7Þ

where Vc and Vm (=1 � Vc), Ec and Em represent volume
fraction and Young’s modulus of the ceramic and of the
metal phase, respectively, in the present application.

These simple classical bounds can be rather loose and,
in some situations, better fit with available experimental
data can be obtained by some modification of the above
classical rules; see, e.g. Tamura et al. (1973), Moon et al.
(2005), and Bocciarelli et al. (2008).

Bounds (7) and their main modifications are however
based on the (strong) assumption that the composite be-
haves as a two-phase continuum medium, with perfect
continuity across the interfaces between the different com-
ponents, neglecting any possible influence of micro-voids,
damages or defects on the effective material properties.

Ensuring good bonding between dissimilar metallic and
non-metallic particles is one of the main issues in the pro-
duction processes of sintered metal matrix composites, but
this goal is not easily and not always achieved, with strong
effects on the overall mechanical performances; see e.g. El-
Hadek and Kaytbay (2009) and references therein.

Damage evolution under loading of metal matrix com-
posites with interpenetrating network structure was also
reported, e.g. by Bruck and Rabin (1999). Consistently with
their observations, Bruck and Rabin (1999) suggested that
a lower bound to the elastic modulus of these material sys-
tems, more realistic than ER (7), could be derived by con-
sidering any detached or damaged material portion to
behave as an equivalent porous inclusion in the remaining
interconnected material system. An empirical formula
developed by Coble and Kingery (1956) for porous ceram-
ics was shown to satisfactorily correlate the overall elastic
modulus of the damaged composite to the so evaluated
amount of equivalent porosity and to the elastic modulus
of the completely dense matrix as

ECK ¼ Emð1� 1:9Vc þ 0:9V2
c Þ ð8Þ

or

ECK ¼ Ecð1� 1:9Vm þ 0:9V2
mÞ ð9Þ

depending on whether the connective function is accom-
plished by the metal or by the ceramic phase in the dam-
aging material system under investigation.
The results of these theoretical bounds are compared in
Table 3 for the considered ZrO2 and TiB2 composites.
7. Discussion

The purpose of the present research work was to verify
whether: (i) Drucker–Prager (DP) model, sensitive to
hydrostatic stress components, is more suitable than Hen-
cky–Huber–Mises (HHM) yield criterion, based on J2 flow
theory, to describe the mechanical response of the alumin-
ium-based metal matrix composites under consideration;
(ii) classical or modified mixture rules can be used to esti-
mate the values of the parameters entering these models
and representing overall material properties.

HHM criterion can be recovered from DP model as the
value of the internal friction angle a is set equal to zero.
In the present work, this parameter has been inferred from
the available experimental information gathered from con-
ical Rockwell indentation of the two metal matrix compos-
ite samples, see the results listed in Table 1. The scatter on
the value of the internal friction angle returned by the
exploited inverse analysis procedure is relatively large,
nevertheless a values were found much larger than zero
in all considered situations, thus indicating that hydro-
static stress components play some significant role in con-
trolling the mechanical response of these materials.

The appropriateness of DP material model has been fur-
ther verified against the results of pyramidal Vickers
indentation, also performed in the available material spec-
imens. A good matching between experimental results and
numerical predictions has been observed, on average, de-
spite the fact that the sharp corners of the pyramidal tip
can easily induce the formation and the propagation of mi-
cro-cracks, which change the microscopic material mor-
phology and lead to the deterioration of the overall
material properties, e.g. quantified by the reduction of
the effective elastic modulus listed in Table 2. These fea-
tures are reflected by the increased scatter of the experi-
mental results and by the progressively reduced material
stiffness and strength, reflected by the increasing penetra-
tion depths for the same applied load level as the tests
performed on the same small specimen are repeated and
the usually negligible far-field effect of previous indenta-
tion is enhanced.

According to classical homogenization theory, the over-
all elastic modulus of a two-phase composite roughly falls
within the range defined by Reuss and Voigt estimates, ER

and EV, respectively, relations (7). Table 3 reports these
bounds, evaluated for typical literature values of the Young
modulus of Al, ZrO2 and TiB2 (70, 200 and 500 GPa, respec-
tively), adopting material densities 2700, 5900 and
4320 kg/m3, respectively, to transform the considered



weight content (see Section 2) into the corresponding vol-
ume fractions. Notice that the Young modulus estimates
inferred from the performed indentation experiments,
either by inverse analysis (see Table 1) or by the classical
Oliver and Pharr formulae, relations (5) and (6) (values
listed in Table 2), are systematically smaller (even much
smaller) than the rough lower bound ER. This result evi-
dences the strong influence, on the overall mechanical
properties, of the material defectiveness resulting from
the production process and enhanced by local damaging
produced during material testing.

According to Bruck and Rabin (1999), the empirical for-
mulae (8) and (9), inferred from that developed by Coble
and Kingery (1956) for porous ceramics, correlate in a sat-
isfactory manner the overall elastic modulus of the dam-
aged composite to the elastic modulus of the completely
dense matrix, account taken of the amount of equivalent
porosity defined by the lack of continuity in the material
microstructure.

In the present context, the composite matrix is assumed
to coincide with the metal phase and the equivalent poros-
ity is identified with the ceramic volume fraction Vc in the
case of the Al/TiB2 composite, where ceramic particles are
poorly interconnected, see Fig. 2. The lower bound esti-
mate of the corresponding elastic modulus is then given
by relation (8). Fig. 3 shows, instead, a rather continuous
ZrO2 extension with some embedded Al zones. In this case,
the most appropriate lower bound estimate is therefore
defined by relation (9). These values are listed in Table 3
for both considered material systems. Notice that these
values are rather close to the average elastic moduli ob-
tained from the experimental information gathered in the
second campaign, which clearly induced some extensive
damaging in the material, evidenced by the shift toward
increasing penetration depth of the indentation curves
drawn in Figs. 9 and 11. Notice also that this drift is more
pronounced in the case of Al/TiB2 composite (3 out of 4
curves of this second set shift on the right of the computed
reference one), where elastic moduli listed in Table 2 are
closer to their corresponding lower bounds, Table 3.
8. Closing remarks

The present research was intended to verify whether
the classical Hencky–Huber–Mises (HHM) plasticity model
or the more general Drucker–Prager (DP) one, which in-
cludes HHM as a special case but more accurately de-
scribes the main features of the mechanical response of
most ceramics, were better suited to describe the overall
mechanical response of aluminium-based composites pro-
duced by spark plasma sintering (SPS). The results of the
performed experimental-numerical study show that the
material response is better represented when hydrostatic
stress components are taken into account by the constitu-
tive model also beyond the elastic range, as in DP
formulation.

It was further shown that embedded defects and local
damages play an essential role in defining the overall
material properties, as earlier observed for different mate-
rial systems by Bruck and Rabin (1999). Classical mixture
laws obtained from homogenization rules that neglect mi-
cro-structural details, fail in returning reliable quantitative
prediction of constitutive parameters of the investigated
metal matrix composites even in the elastic range.
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