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Indentation Plastometry of Particulate Metal Matrix
Composites, Highlighting Effects of Microstructural Scale

Rebecca Reiff-Musgrove, Marcus Gaiser-Porter, Wenchen Gu, Jimmy E. Campbell,
Peter Lewis, Andreas Frehn, Andrew D. Tarrant, Yuanbo T. Tang, Max Burley,
and Trevor William Clyne*

1. Introduction

Interest in particulate-reinforced metal matrix composites
(MMCs) became strong in the 1980s, and they have been in
significant commercial use for over 20 years. The particles are

normally ceramic, with SiC and Al2O3

being the most common. A range of metal-
lic matrices have been used, but aluminum
alloys of various types are among the most
popular. The addition of such reinforce-
ment offers potential for substantial
enhancements in the stiffness and strength
(resistance to plastic deformation) of
the matrix,[1–4] while retaining acceptable
levels of toughness. Such materials are
also attractive in terms of tribological
characteristics, commonly exhibiting major
improvements in resistance to various
types of wear.[5,6] For such enhancements
to be significant, reinforcement contents
are needed of at least about 10% (by
volume) and levels of 20% or 30% are
commonly employed. Commercial usage
of composite materials of this type has

extended to a range of applications, including several in the
aerospace industry.

It has always been clear, however, that the processing condi-
tions, and hence the details of the microstructure, are of critical
importance if optimum properties are to be obtained. While sev-
eral types of processing route have been employed to produce
various MMCs, powder blending and consolidation has in gen-
eral been the most successful one for particulate MMCs. In this
case, process optimization is usually aimed at producing a uni-
form spatial distribution of relatively fine particles that are well
bonded to the matrix, with little or no porosity. A number of
studies[7–9] have been aimed at clarifying the effects involved,
including those concerning powder size, blending techniques,
sintering, and consolidation conditions, etc. There have also been
studies[10,11] in which an inverse correlation has been established
between the degree of clustering (i.e., the level of inhomogeneity
of particle distribution) and the ductility. In contrast, it may be
noted that some effects, such as the creation of anisotropy from
alignment of “stringers” of reinforcement particles, could be ben-
eficial and should in any event be monitored and controlled.
Moreover, the microstructure of the matrix is likely to be affected
by the presence of particulate, so modifications to thermo-
mechanical treatments may be needed for optimization of age
hardening and other characteristics. For example, previous
work[12,13] has shown that recrystallization characteristics can
be sensitive to the level and type of reinforcement.

Another issue of potential significance for particulate MMCs
is the presence of internal residual stresses, largely arising
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Herein, it is concerned with the use of profilometry-based indentation plas-
tometry (PIP) to obtain mechanical property information for particulate metal
matrix composites (MMCs). This type of test, together with conventional uniaxial
testing, has been applied to four different MMCs (produced with various par-
ticulate contents and processing conditions). It is shown that reliable stress–
strain curves can be obtained using PIP, although the possibility of premature
(prenecking) fracture should be noted. Close attention is paid to scale effects.
As a consequence of variations in local spatial distributions of particulate, the
“representative volume” of these materials can be relatively large. This can lead to
a certain amount of scatter in PIP profiles and it is advisable to carry out a number
of repeat PIP tests in order to obtain macroscopic properties. Nevertheless, it is
shown that PIP testing can reliably detect the relatively minor (macroscopic)
anisotropy exhibited by forged materials of this type.
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from differential thermal contraction during the latter stages of
production. These have been studied in some depth.[14–18] They
certainly have the potential to be significant, since a typical dif-
ference in thermal expansivity between particle and matrix is
about 20microstrain K�1, so that a temperature drop of, say,
500 K will generate a (large) misfit strain of about 10millistrain.
In fact, since the resulting stresses are, on average, purely hydro-
static (compressive in the particles and tensile in the matrix), they
tend to have less effect on the behavior than for MMCs that incor-
porate directionality, such as aligned fiber composites. Residual
stresses in those have nonzero (average) deviatoric components
and those in the matrix can have pronounced effects on plasticity
(and creep) characteristics of the composite. Nevertheless, it
should be noted that relatively large residual stresses are in gen-
eral present in particulate MMCs. Moreover, on a local scale,
there are nonzero deviatoric components—for example, tensile
hoop stresses are present in the matrix immediately adjacent
to a (spherical) particle. These local stresses have the potential
to affect the way that plasticity develops under macroscopic load-
ing. In particular, it has repeatedly been suggested,[14–17] from
both modeling and experimental work, that one effect of these
local residual stresses is to make the macroscopic yielding more
progressive (transient), so that the yield point is less well defined.
This certainly tends to be a feature of many experimental tensile
stressstrain –curves of particulate MMCs.

One consequence of the sensitivity of microstructure and
properties to the processing conditions, including the level
and nature of the reinforcement, is a pressing need for a quick
and convenient method of characterising the mechanical prop-
erties, including any variations with location in the sample
and any anisotropy that may have arisen. There is therefore
interest in applying the recently-developed methodology of
profilometry-based indentation plastometry (PIP) to composite
materials of this type. This procedure is based on iterative
FEM simulation of the indentation process, with the plasticity
parameters (in a constitutive law) being repeatedly changed until
optimal agreement is reached between experimental and pre-
dicted outcomes. This is done by converging in parameter space
on the set of values for which the misfit between modeled and
measured profiles, characterized via a sum of squares parameter,
is a minimum. There are several constitutive laws that could be
used to capture the plasticity characteristics, but the one used in
the current work is that of Voce

σ ¼ σs � ðσs � σYÞe�ε=ε0 (1)

in which σY is the yield stress, σs is a “saturation” level, and ε0 is a
characteristic strain for the exponential approach of the stress
toward this level. It should be noted that the elastic constants
of the material (Young’s modulus and Poisson ratio) are required
as input parameters for the modeling. However, the outcome
does not have a high sensitivity to these values, which need only
be specified to an accuracy of about 10–15%. Simply knowing the
base metal is usually sufficient for this.

While the target outcome used in much early work on obtain-
ing stress–strain curves from indentation data via inverse FEM
modeling was the load–displacement plot, it has become clear
that using the residual indent profile offers major advantages.
These are explained in some detail in a recent review paper.[19]

In summary, these are (a) improved sensitivity of the experimen-
tal outcome to the stress–strain relationship, (b) a capability to
detect the presence and sense of any (in-plane) anisotropy in
the sample (via a lack of radial symmetry in the profile), (c)
improved experimental convenience and accuracy, by eliminat-
ing the need to make any measurements during the test or to
be concerned about the compliance of the loading train, and
(d) potential for obtaining further information by carrying out
indentation to more than one depth and measuring the profiles
for them. Detailed information is also available[19] concerning the
sources and likely magnitudes of errors that could arise in vari-
ous ways. The superior reliability of PIP to the (“Instrumented
Indentation Technique”—IIT) methodology of converting a
load–displacement plot directly to a stress–strain curve via ana-
lytic relationships has been clearly demonstrated.[20] Integrated
facilities are now available that allow stress–strain curves to be
obtained from a single indentation experiment within a timescale
of a couple of minutes or so.

Advantages of the PIP procedure, compared with uniaxial test-
ing, include minimal specimen preparation requirements and a
capability to map properties over a surface on a relatively fine
(�a mm) scale. These are also offered by hardness testing,
but hardness numbers are not well-defined material properties
and they should be regarded as no better than semi-quantitative
guides to the plasticity of metals.[21] There are several types of
sample for which the fine-scale mapping of material response,
including anisotropic effects, is a very attractive prospect.
A recent paper[22] covers its use for monitoring variations in
stress–strain relationships in the vicinity of welds. Similar attrac-
tions apply to the testing of MMCs, for which both local property
variations and the presence of anisotropy are of interest. The
present work is therefore aimed at comparing the outcomes
of PIP testing a range of particulate MMC materials with those
from conventional testing, and also correlating these results with
microstructural observations.

There have been a few studies[23,24] involving nanoindentation
of MMCs, but such testing cannot generate bulk properties. In
fact, while this is the case for most materials, partly because
nanoindentation commonly takes place within single grains, it
is particularly true of MMCs, since there is no possibility of
deforming a representative volume during a test (with a typical
lateral indent size of a fewmicrons and a depth of no more than a
micron). The PIP procedure involves deforming a region with
dimensions of the order of hundreds of microns, and this vol-
ume is expected to be a sufficiently large to be representative
for particulate MMCs, at least for cases in which the particles
are relatively small (no larger than a few tens of microns) and
homogeneously distributed.

Some previous indentation works on particulate MMCs have
been undertaken with similarly large (spherical) indenters,[25,26]

but these did not involve residual profile measurements or itera-
tive FEM simulation and did not lead to successful extraction of
stress–strain relationships from indentation data. There have
also been a few purely theoretical studies,[27] but confirmation
of the assumptions incorporated in such models is always prob-
lematic. One suggestion that has, however, been made[28] is that
(large-scale) indentation may cause “crowding” of the particulate
during the deformation and that this could affect the response.
This possibility is worth investigating, since it has certainly not
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been confirmed so far. The current work constitutes the first
reported application of PIP testing to MMCs, allowing compari-
son between indentation -inferred and uniaxially obtained
stress–strain curves.

2. Experimental Section

2.1. Materials

Particle-reinforced MMC materials were produced at Materion,
using powder blending and consolidation procedures. The
matrix was in all cases 6063 Al alloy, with an average original
powder particle size of about 70–100 μm. Two grades of SiC par-
ticulate were used, with the finer one having a size of up to about
0.7 μm and the coarser one up to about 3 μm. Four types of sam-
ple were produced, covering a range of combinations of rein-
forcement content and processing conditions—as listed in
Table 1. All four of these materials were produced in the form
of “slabs”, which were approximately 15mm thick (and with
lateral dimensions of at least about 30mm). No distinction could
be drawn between the two “in-plane” directions, and it was
expected that there would be no in-plane anisotropy. However,
the through-thickness direction could be distinguished from
the two in-plane directions. For the HIPed material, this
direction would be expected to be equivalent to the other two,
but for the forged materials (in which it was the direction in
which the forging force was being applied), some differences
might be expected.

2.2. Microstructural Examination

Optical microscopy was used mainly to obtain an indication of
the spatial distribution on the reinforcement particles on various
length scales. There is particular interest in how they are distrib-
uted on the scale of a few hundred microns up to an mm or so,
since this is the order of magnitude of the linear dimensions of
the region deformed during PIP testing. In fact, since the particle
size is approximately either 0.7 or 3 μm, they cannot readily be
resolved individually using optical microscopy. However, a clear
impression can nevertheless be obtained concerning their overall
spatial distribution. Samples were prepared by grinding and pol-
ishing to 3 μm finish and viewed using reflected light under
bright-field conditions.

Microstructures were also examined at higher magnification,
using scanning electron microscopy (SEM), after the same

sample preparation procedures. A Zeiss Merlin field-emission
gun scanning electron microscope (FEG-SEM) was used, with
images being obtained in both back scattered and secondary
electron modes, with an accelerating voltage of 15 kV. High-
resolution electron backscattered diffraction (EBSD) maps
were also acquired using a Bruker eFlashHR detector on the
XZ-orientation. The same sample was further fine polished
using a Gatan PIPS II precision ion polishing system (Model
695). Two Ar-ion guns were positioned at 8° to the sample surface
at 8 keV for 16min. The sample was rotated at 6 rpm in vacuum.
EBSDmaps were acquired using an accelerating voltage of 15 kV
with a probe current of 20 nA. The Kikuchi diffraction patterns
were stored at 320� 240 resolution with a step size of 223 nm.
ESPRIT 2.3 and HKL Channel 5 software were used for data
processing.

2.3. Uniaxial Testing

Tensile tests were carried out in accordance with BS EN/ISO
6892-1:2009 and ASTM E8M, using an Instron 3369 loading
frame with a 50 kN capacity. Cylindrical specimens were used,
with a 5mm diameter, 25mm gauge length, and surface finish
≤0.4Ra. Prior to testing, samples were put through a precycle to
remove slack from the loading train. Following this, the tests
were completed at a constant strain rate of about 10�4 s�1.
Strain was measured to failure, via a clip-on dual averaging exten-
someter with a maximum strain limit of 10%. For samples that
reached 10% strain without failure, the test was paused and
restarted to reach eventual failure. Samples were tested only
in “in-plane” directions.

Compression tests were also carried out using an Instron 3369
loading frame, with a 50 kN capacity. Samples were in the form
of cylinders (4 mm diameter and 4mm long). No lubricant was
used. Displacement was measured using a linear variable dis-
placement transducer (LVDT), attached to the upper platen
and actuated against the lower one. In addition, Techni-
Measure 1mm linear strain gauges were attached to both sides
of each sample. They have a range of up to about 2%. The average
value from these two was used to apply a compliance correction
to the LVDT data. This also removes the uncertainty associated
with the “bedding down” effect. Compression testing was carried
out in both “in-plane” and “through-thickness” directions.

2.4. Indentation Plastometry

Four steps are involved in obtaining a tensile (or compressive)
nominal stress–strain curve from a PIP test. These are (a) push-
ing a hard indenter into the sample with a known force, (b) mea-
suring the (radially symmetric) profile of the indent, (c) iterative
FEM simulation of the test until the best-fit set of (Voce) plasticity
parameter values is obtained, and (d) converting the resultant
(true) stress–strain relationship to a nominal stress–strain curve
that would be obtained during uniaxial testing. For tensile test-
ing, up to the onset of necking, this conversion can be done using
the standard analytical relationships. For accurate conversion to a
compressive nominal stress–strain relationship, or for a tensile
one after the onset of necking, FEM simulation of the test is

Table 1. Sample designations and processing conditions. (CWQ= Cold
Water Quench; PGQ= PolyGlycol Quench).

Designation Alloy Particle content Process Heat treatment

Fine-20-HIP 6063 20 vol% 0.7 μm SiC HIP of billet T6 CWQ

Fine-20-Forge 6063 20 vol% 0.7 μm SiC HIP, followed
by forging

T6 PGQ

Fine-30-Forge 6063 30 vol% 0.7 μm SiC HIP, followed
by forging

T6 PGQ

Coarse-30-Forge 6063 30 vol% 3 μm SiC HIP, followed
by forging

T6 PGQ
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required (with a friction coefficient required for a compression
test). Full details are provided in a recent review paper.[19]

Indentation was carried out into both top (x–y) and transverse
(x–z) surfaces. Penetration ratio (depth over indenter radius) val-
ues of around 15–20% were used. Most of the indentation was
carried out using a sphere of 1mm radius, with the indent pro-
files measured using a stylus profilometer. It became clear that,
while some of the indents appeared to be radially symmetric,
others exhibited a degree of asymmetry—i.e., variations in
pile-up height with scan angle. This is commonly taken to be
indicative of anisotropy in the material, with directions in which
the pile-up is higher being “softer” than other directions.
However, it became clear that what was being observed was more
complex than being due to consistent anisotropy. For example,
sometimes the two halves of a single scan were asymmetric.
This is suggestive of inhomogeneity in the sample, on a relatively
coarse scale (of the order of the indenter radius). Microstructural
examinations (§3) confirmed that such variations are indeed pres-
ent in these materials.

This was investigated further by more detailed study of the
Fine-20-HIP material, in which no overall anisotropy is expected.
A relatively large number of PIP tests were carried out, using
four different ball sizes—with radii of 0.5, 1.0, 1.5, and 2.0mm.
The profilometry was in this case carried out using an optical
interferometric system (NetGAGE3D from Isra Vision), facilitat-
ing the rapid examination of multiple scan directions. This work
was aimed at exploring statistical aspects of the outcome—
particularly related to the potential detection of local anisotropy
or inhomogeneity (apparent as differences in pile-up height in
different directions and locations).

3. Microstructure

3.1. Importance of Scale

To assist with interpretation of the mechanical testing outcomes,
it is helpful with these materials to have a clear picture of their
microstructures. This relates particularly to issues of scale.
While conventional uniaxial testing involves interrogation of
the material on a very coarse scale (of the order of several
mm in linear dimensions), the region deformed during PIP

testing is smaller—of the order of a few hundred μm to several
hundred μm in linear dimensions. For most materials, such a
region will be large enough to constitute a “representative”
volume—for example, it will commonly contain “many” grains
(capturing the effects of grain size and shape, texture, grain
boundary structure, etc). However, in these MMCs, there is a
possibility that the spatial distribution of the particulate could
be such as to create inhomogeneity and/or anisotropy on a
length scale of the order of hundreds of μm. If so, there could
be point-to-point variations and/or apparent anisotropy (even if
the material is macroscopically homogeneous and isotropic).

3.2. Scanning Electron Microscopy and Electron Backscattered
Diffraction Microscopy

The SEM is potentially helpful for studying the size and shape of
individual particles, as well as their spatial distribution on a local
scale. For example, Figure 1 shows the microstructure of the
Coarse-30-Forge material at two different magnifications.
This gives an impression of the homogeneity of the distribution,
which in general is good (at least on a scale of up to a few tens of
μm). The particulate in this material was sieved down to a few
μm, and there are no particles larger than about 3 μm, which
indeed was the target size for this processing route. There is also
a significant proportion of finer particles. These probably origi-
nated partly from fines in the powder sample and partly from a
certain amount of fracture of the larger particles during the
manufacturing process. A further point to note here is that
the material is apparently free of any porosity.

There is also interest in the matrix grain structure and the pos-
sibility of texture, which is most conveniently studied via EBSD
images and associated pole figures. An example can be seen in
Figure 2, which shows an x–z section from the Coarse-30-Forge
material. There are indications here of partial recrystallization,
probably with lateral growth inhibited (via Zener pinning) by very
fine oxide particles that have become aligned in the vertical
direction (normal to the forging direction). Such structures
are quite common in MMC materials of this type,[12,13] with
the oxide particles coming from the free surfaces of the original
aluminum particles. The pole figure in Figure 2 indicates that
some texture has developed during this process, although it is

Figure 1. SEM micrographs showing typical microstructures in the x–y plane of the Coarse-30-Forge sample at a) low and b) high magnifications.
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relatively weak. This is consistent with the recrystallization being
quite limited. Partial recrystallization of this type could contrib-
ute to local inhomogeneity in the material, with the recrystallized
grains being relatively soft. It may also be relevant in terms of
anisotropy that could be exhibited by this material, although the
distribution of particulate is also likely to influence this—see
below. The other forged materials also exhibit similar features.

3.3. Optical Microscopy

Optical microscopy is helpful for study of the particle distribution
on a relatively coarse scale. In the following micrographs, the

structures are shown (at two magnifications) for both in-plane
(x–y) and transverse (x–z) sections. Figure 3 relates to the
HIPed material. As expected, there is no clear directionality
on a macroscopic scale in this material. However, on the
scale of an indent—typically of the order of several hundred
microns in depth and perhaps a mm in width—there is in places
a degree of alignment of the particulate into “stringers”. The
regions that appear light in these micrographs are depleted of
particles, and these are indicative of such alignment in some
locations. Such variations could have the effect of giving
profiles—particularly pile-up heights—that vary in different
directions, or even of introducing a difference between the
profiles on the two halves of a single scan. The likelihood of
this is difficult to assess from such micrographs, partly because
the subsurface microstructure will also affect the behavior. It is
also unclear whether pile-up heights are in fact very sensitive to
the microstructure in the immediate vicinity of the pile-up or are
also affected strongly by the nature of material in deeper and
more central locations. Nevertheless, inhomogeneities of this
type, on this scale, have the potential to create apparent anisotro-
pies or anomalies. It might be expected that this would be more
apparent with smaller ball radii, although this is likely to depend
on the sensitivity of pile-up height to themicrostructure of local or
more remote regions.

The microstructures of the forged materials do appear to
show some overall directionality—see Figure 4 and 5. This takes
the form of alignment parallel to the x–y plane, which is apparent
in the x–z sections. However, they also show inhomogeneities
of a similar type to that apparent in Figure 3. This is clearer in
the x-y sections.

The material with the coarser particulate (Coarse-30-Forge)
also shows a similar type and degree of alignment
(Figure 6). There is also some evidence of clustering (variations
in local particle volume fraction), which can be seen more
clearly than with the finer particulate. In fact, this occurs on
scales ranging from a few tens of μm to a few hundreds of
μm. Overall, however, the level of macroscopic homogeneity
is good. It may be noted that this type of clustering is not
necessarily clear in higher magnification (SEM) micrographs,
such as those in Figure 1. It is potentially helpful to bear in
mind the nature of these effects when considering various
aspects of the PIP outcomes.

Figure 2. EBSD images from an x–z plane of the Coarse-30-Forge sample,
showing (top) that from the matrix, with a (111) pole figure, and (bottom)
the distribution of the SiC particulate.

Figure 3. Optical micrographs showing typical microstructures of the Fine-20-HIP sample in: a) x–y and b) x–z planes.
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4. Mechanical Characteristics

4.1. Uniaxial Test Outcomes

The four experimental tensile (nominal) stress–strain curves are
shown in Figure 7a, while the corresponding compressive curves
are shown in Figure 7b. Compression testing has been carried
out in both in-plane (x or y) and through-thickness (z) directions,

while the tensile test samples were all loaded in an in-plane direc-
tion only. Certain features can be noted at this point. First, all
curves have a noticeably transient shape during initial yielding.
This has been reported previously and is probably a consequence
of residual stresses in the matrix causing the yielding to take
place progressively. This shape makes it particularly important
to look at complete stress–strain curves, rather than trying to
extract specific values for the yield stress.

Figure 4. Optical micrographs showing typical microstructures of the Fine-20-Forge sample in: a) x–y and b) x–z planes.

Figure 5. Optical micrographs showing typical microstructures of the Fine-30-Forge sample in: a) x–y and b) x–z planes.

Figure 6. Optical micrographs showing typical microstructures of the Coarse-30-Forge sample in: a) x–y and b) x–z planes.
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The differences between the four MMC types look plausible.
Raising the particulate content (green v. blue curves) increases
the hardness and reduces the ductility, as expected. Also, using
finer particulate (green v. purple curves) has a similar effect. This
suggests that the finer (0.7 μm) particles are causing some inhi-
bition of dislocation mobility. Switching from forging to HIPing
(red v. blue curves) appears to raise the hardness slightly and
reduce the ductility. The ductility reduction could be due to lower
homogeneity in the HIPed material.

There is good consistency between tensile and compressive
curves. Of course, the shapes look different when presented as
nominal plots, but the onset of yielding is occurring at similar stress
levels in all four cases, with similarly transient behavior. To check
for consistency at higher plastic strains, both must be converted to
true stress–strain curves. Figure 8 shows the outcome of this oper-
ation, with the conversions made using the standard analytical
expressions. This can only be done up to the onset of necking
for the tensile curves. For the compressive curves, this simple
conversion takes no account of the effect of friction. Since this raises
the experimental (nominal) curves to higher stress levels, typically
by about 5–10%, the true stress in the compressive curves should be
correspondingly reduced. When this is done, the agreement in
Figure 8 between compressive and tensile plots is very good.

The other main point to be noted from the compressive curves
in Figure 7b is that they indicate that, macroscopically, all of these
materials are at least approximately isotropic. This is not unex-
pected, certainly for theHIPedmaterial and possibly for the forged
material as well. While the microstructures in Figure 4–6 suggest
that some anisotropy might be expected, it is not surprising that
this alignment of the particulate into “planes” of high particle
content apparently does not lead to any strong effects overall.

4.2. PIP Indent Profiles

Among the first points to be checked during PIP testing
is whether samples appear to exhibit inhomogeneity and/or

anisotropy. Inhomogeneity can be investigated by simply creat-
ing indents in a variety of locations (on a given plane, in a given
sample) and monitoring any variations in the corresponding
indent profiles. For these samples, it was found that there was
little systematic change, although there were certainly some
apparently fairly random variations. They can thus be taken to
be macroscopically homogeneous, although apparently with
some local variations in structure. This is broadly consistent with
the microstructural evidence.

Anisotropy is conventionally detected during PIP testing in
the form of a systematic lack of radial symmetry in the indent
profiles—particularly the pile-up heights. Such variations were

Figure 7. Typical plots of nominal stress against nominal strain for all 4 types of material, under a) tensile (x or y) and b) compressive (x or y and z)
loading.

Figure 8. Comparison between true stress–strain curves derived from the
two sets of experimental nominal plots (Figure 1): for compression, only
those for the in-plane (x or y) tests are shown.
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certainly detected in the current work, although they did not
appear to be entirely systematic. Typical profile scans (obtained
using stylus profilometry) from the HIP material, for both in-
plane and transverse surfaces, are shown in Figure 9. These
are not fully consistent with a general expectation of isotropy
for the HIPed material, and with the compression test results

in Figure 7b, although some of them do show sufficient radial
symmetry for a stress–strain curve to be inferred. These varia-
tions are apparently caused by local differences in particulate
content and distribution of a type that is apparent in Figure 3.

Some systematic anisotropy was detected in the forged sam-
ples. Typical scans can be seen in Figure 10, which shows indent

Figure 9. Typical measured PIP indent profile scans for HIPed samples on a) top (x–y) and b) transverse (x–z) planes, obtained using an indenter ball of
1 mm radius.

Figure 10. Typical measured PIP indent profile scans for forged samples on, a–c), top (x–y) planes and, d–f ), transverse (x–z) planes.
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profiles in both types of plane, for all three of the forged materi-
als. Many of those in the x–y plane do exhibit radial symmetry,
indicating the expected isotropy, but there were again some cases
where a degree of asymmetry was observed. In the x–z plane, the
asymmetry appeared to be much more systematic, with the z
direction being noticeably softer, suggesting that there is some
overall anisotropy. These observations are broadly consistent
with the local particulate distributions, as shown in Figure 4–6.
The presence of “layers” with higher particulate content, oriented
parallel to the x–y plane, will tend to make the in-plane directions
a little harder than the through-thickness (z) direction, as
observed.

For cases in which there is asymmetry in the radial profiles,
the standard PIP procedure cannot be used to obtain stress–
strain relationships (since it requires a single profile as the
target outcome, with radial symmetry assumed in the associated
FEM model). Indentation generates strains in all directions, so
any stres–strain curve inferred from such a test will tend to be a
direction-averaged one. Nevertheless, there were a number of
indents that exhibited radial symmetry, at least to a good
approximation, and these were used to obtain stress–strain
curves.

4.3. Optical Profilometry and Effects of Ball Radius

To explore the nature of these apparently rather random varia-
tions in the details of profile shape, several indents were made
in the Fine-20-HIP material, using balls with radii of 0.5, 1.0, 1.5,
and 2.0mm. The outcome can be seen in Figure 11, in which
pile-up height is plotted as a function of scan angle, normalized
by indent depth, for 2 indents with each ball radius.

The picture here is not a simple one. While there appears to be
a slight tendency for the variations to be smaller in amplitude
with the larger balls, this trend is certainly not consistent or
marked. Furthermore, the fluctuations appear to be completely

random, with it being relatively rare for the pile-up height to be
the same at both ends of a single scan (separated by 180° in scan
angle). These variations are evidently not caused by consistent
anisotropy in the samples and in fact it is clear that they are
due to inhomogeneities in microstructure. Moreover, similar
plots were obtained in the x–z plane (and indeed, for the
HIPed material, it is not possible to identify different directions
in terms of the processing conditions).

The diameters of these indents were about 0.7, 1.4, 2.1, and
2.8mm. The regions being deformed are increasing in volume as
the ball radius is raised, reaching levels that would certainly be
expected to smooth out the kind of microstructural inhomogene-
ities that are apparent in Figure 2 and 3. It follows that the pile-up
heights must be quite sensitive to the microstructure in their
immediate vicinity. Even for the largest ball used here, that
region may be just a few hundreds of microns in “width,” or pos-
sibly even less. The depth of the region that most strongly affects
the pile-up height is probably similar.

However, the data for the forged samples are more consistent
and do indicate the presence of overall anisotropy. A plot of the
same type as Figure 11, covering all the materials, is shown in
Figure 12. For indents in the x-y plane (solid lines), the picture
for the forged samples is similar to that for the HIPed sample—
i.e., there are some fairly random variations, although they are
less pronounced than in the HIPed material. In the x–z plane
(dotted lines), in contrast, a more consistent picture emerges
for the forged materials, with these plots approximating to the
expected shape—i.e., there is a well-defined direction in which
the pile-up height is appreciably higher (and virtually all scan
directions are symmetric about the central axis, so that heights
are similar for any two directions that are 180˚ apart). The mate-
rial is “softer” in this direction, which is the z (through-thickness)
direction. The “hardest” direction is expected to be normal to
this. This is consistent with the microstructures seen in
Figure 4–6 and the complete profiles in Figure 10. This

Figure 11. Representative variations in pile-up height, as a function of scan angle, for indents in the x–y plane of Fine-20-HIP, for 4 ball radii. Optical
profilometry was used for this work.
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demonstrates the high sensitivity of PIP for detecting such
anisotropy, which is not picked up by the uniaxial compression
testing.

4.4. Uniaxial and Profilometry-Based Indentation
Plastometry-Inferred Stress–Strain Curves

The standard PIP procedure involves converting a (radially
symmetric) indent profile to a (best-fit) true stress—true plastic
strain curve (in the form of a Voce constitutive relationship, with a
given set of parameter values). This has been done in the present
work for profiles that did exhibit such symmetry. Subsequent
checking with the optical profilometer confirmed that they were
at least approximately symmetric radially. It should perhaps be
noted that, while the scans in Figure 11 show that quite

significant pile-up height variations (of the order of up to a
few tens of microns) may be present, they can be smoothed
out and the differences between the averaged profile and the
“outliers” will in many cases be quite small.

The resultant true stress–strain curve can be converted to a
nominal one for uniaxial loading (tensile or compressive).
This is most easily done using the well-known analytical relation-
ships, although the points made above concerning these conver-
sions should be noted. Both the post-necking regime in tensile
testing and the effect of friction in compression can be obtained
from the true stress–strain curve via FEM modeling, although
this must be done for the specific sample dimensions (and fric-
tion conditions) of the test.

Since the experimental tension and compression curves are in
good agreement, it is logical to just compare the PIP-derived
curves with one of these sets. This has been done in Figure 13

Figure 12. Typical measured variations in pile-up height, as a function of scan angle, for indents in all of the samples, into both types of plane, created
using an indenter ball of radius 1 mm. Values are normalized by the indent depth.

Figure 13. Comparison between (nominal) tensile stress–strain curves from uniaxial testing and PIP testing for: a) 20% particulate MMCs and b) 30%
particulate MMCs.
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for the tensile (nominal) plots. A couple of points should be
noted. First, two of these materials—the Fine-20-HIP (red)
and the Fine-30-Forge (green)—fractured before necking. This
could be regarded as “premature” fracture, which cannot be
picked up by PIP testing. Second, the PIP procedure is relatively
insensitive to a transient nature in the onset of yielding, which
cannot be captured via a set of Voce parameter values. This is evi-
dent in the PIP-derived curves. Nevertheless, they do capture well
both the yield stresses and the general nature of the work hard-
ening (and give reliable UTS values, particularly if the curves are
curtailed at the fracture strain for the materials exhibiting
“premature” fracture). Among other points, this agreement sug-
gests that “crowding” (a proposed tendency for the volume frac-
tion of particulate to increase in certain locations as a result of
plastic straining—changing the stress–strain relationship)—is
not a significant effect. In any event, PIP clearly has the potential
for study of local inhomogeneities and anisotropy, and
this is likely to be of particular interest for testing of particulate
MMCs.

5. Conclusions

This study concerns the response of Al-based particulate MMCs
to profilometry-based indentation plastometry (PIP) testing.
Comparisons are made between outcomes from this type of test
and from conventional uniaxial (tensile and compressive) testing.
Four different types of MMC, with variations in particle size and
volume fraction, have been examined. The following conclusions
can be drawn: 1) In general, good agreement is observed between
the stress–strain curves obtained via PIP testing and via conven-
tional uniaxial testing. This indicates that the PIP testing involves
deformation of a volume that is large enough to be representative
of the bulk. This is potentially a concern for materials such as
MMCs, since a representative volume clearly needs to incorpo-
rate a relatively large number of reinforcement particles; 2) Even
with relatively large ball radii, significant (random) variations
have been observed in pile-up height, as a function of scan angle.
Such variations would normally be indicative of anisotropy.
However, with the MMC material produced by HIPing, no such
anisotropy is expected and indeed uniaxial testing confirmed that
it is isotropic. The variations are attributed to local differences in
microstructure – particularly in particle volume fraction – on a
fairly coarse scale (�hundreds of microns). PIP thus constitutes
a sensitive methodology for detecting such (relatively coarse)
inhomogeneities; 3) With the forged materials, in contrast, the
microstructure is such that some anisotropy is expected. The par-
ticles have become somewhat concentrated into planes lying nor-
mal to the forging direction, which is expected to lead to the
through-thickness direction being slightly softer than the in-
plane directions. Measured variations in pile-up heights for
directions within transverse planes are fully consistent with this.
The sensitivity of the PIP procedure to detection of such effects is
high, since this anisotropy was not strong enough to be detected
by conventional uniaxial testing; 4) These materials exhibit quite
strongly transient yielding. This cannot be picked up by PIP test-
ing, so the initial parts of the curves look slightly different for the
two types of test. Nevertheless, the values obtained for the yield
stress are in good agreement for all of the materials tested; and

5) A further point to note about these materials is that, while they
exhibit good toughness, there is a tendency for the strain to fail-
ure (ductility) values to be relatively low (�4–10%). In particular,
they may fracture before the onset of necking. If this happens,
then a (relatively small) discrepancy may arise between the UTS
value obtained by PIP testing (which corresponds to the onset of
necking) and that from a tensile test.
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