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Composites properties are often derived from the proper-
ties of the constituent phases measured in bulk forms.
However, in situ properties can be different from those
measured in bulk as a consequence of material processing
[1-3]. In ceramic composites, for example, spurious phases
can form due to the chemical interaction of different
powders. The knowledge of in situ properties would allow
a better characterization and tailoring of composites per-
formances. Many ceramic composites are particle-
reinforced composites so that the evaluation of in situ
properties involves measurements in very small volumes.
For some mechanical properties, this can be accomplished
by nanoindentation tests. By nanoindentation, single
microstructural elements can be tested as grains in poly-
crystals [4, 5] or single phases in composites [3, 6-8]. In
this work, a comparison between nanoindentation bulk and
in situ properties of some ceramic phases will be presented.
Generally, in situ properties are evaluated by imaging the
indentation marks, for example using a scanning electron
microscope (SEM), to detect which phase was indented.
Besides this traditional technique, which can be time
consuming especially when indentations are tiny as it
happens in hard phases like advanced ceramics, in situ
properties will be estimated applying a new type of anal-
ysis to nanoindentation data [9-11]. According to this new
analysis, the mechanical properties of the constituent
phases of a composite can be easily derived from a sta-
tistical analysis of nanoindentation results without having
to image where indentation marks were placed. Basically,
the analysis consists in fitting the experimental data
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according to a proper number of statistical distributions
whose central values correspond to the specific properties
of each phase. Constantinides et al. [10] called this analysis
indentation grid (IG). In this work, IG will be applied to
particle-reinforced ceramic composites, some based on
well-known phases, such as MoSi,, Si3Ny and TiN, and
some based on ultra high temperature ceramics (UHTC),
such as HfC and ZrB,, which are ceramics very difficult to
densify in monolithic form [12]. In this way, by IG we also
hope to extract properties from relatively dense UHTC
phases which cannot be otherwise tested in bulk form. In
our investigation, both Young’s modulus and hardness will
be considered.

The ceramic bulk and particle-reinforced composites to
be tested are listed in Table 1 along with some relevant
microstructural features. These composites were obtained
starting from commercial powders. Detailed information
on materials microstructure can be found in Ref. [18] for
bulk SizNy, Ref. [19] for HfC + 20 vol% MoSi,, Ref. [20]
for ZrB, + 15 vol% MoSi,, Ref. [21] for SizN, + 35 vol%
TiN and Ref. [22] for SisN4 + 35 vol% MoSi,. The bulk
MoSi, was specifically produced for this work. The mean
grain size of this ceramic material was about 3.0 um.
Specimens from the final pellets were cut, machined and
mechanically polished with diamond pastes down to 1 pum.
On these polished specimens, nanoindentation tests were
performed with a nanoindenter MTS mod. XP (MTS Sys-
tems Corporation, Oak Ridge, TN, USA) fitted with a
Berkovich indenter. Considering the microstructural scale
lengths of the composites to be discussed later on, after
some preliminary tests a common peak load of 5 mN was
chosen. Care was taken that the tip area function was
properly calibrated for the range of penetration depths
recorded both in hard and soft phases. This was accom-
plished by calibrating the area function on a standard fused
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Table 1 Some microstructural features and the Poisson ratio of the produced ceramic materials

Material Sintering route® Theoretical Minor phase Major phase Minor phase
density (%) mean area diameter ([tm) Poisson ratio Poisson ratio

Bulk MoSi, HP 99.0 - 0.15 [13] -

Bulk SizN4 HP 100 - 0.24 [14]

HfC + 20 vol%MoSi, PS 97.0 2.1 0.18 [15] 0.15 [13]

ZrB, + 15 vol%MoSi SPS 98.1 2.3 0.14 [16] 0.15 [13]

Si3N4 + 35 vol%TiN HP 99.8 3.0 0.24 [14] 0.20 [17]

Si3N4 + 35 vol%MoSi, HP 100 3.1 0.24 [14] 0.15 [13]

4 HP, hot-pressing; PS, pressureless sintering; SPS, spark plasma sintering

silica specimen. The loading cycle consisted in loading up
to the peak load in 15 s and then unloading without any
holding time. The contact stiffness was calculated on 90%
of the unloading curve. Indentation grids basically con-
sisted of indentations matrices with a space of 5 pm
between each indentation. For each material, at least 300
good tests were considered. Based on the analysis of Oliver
and Pharr [23], hardness and reduced Young’s modulus
were obtained by the usual equations from the nanoind-
enter software (TestWork ver. 4.06a) which automatically
corrected the raw load—displacement data for thermal drift
and machine compliance. For each material, the empirical
distributions of hardness and reduced Young’s modulus
were created by assigning the probability p; to the i-datum
of the ranked values [24]:

Pi=y (1)

where N was the total number of values for each property,
hardness or Young’s modulus. The empirical distributions
were then fitted with a sum of Gaussian cumulative
distribution functions (CDF). Even if in some cases our
composites had spurious phases besides the two principal
ones, the fitting function CDF was simply taken as the sum
of two CDF’s whose amplitudes, f;, were chosen to match
the nominal volumetric fractions of the main constituent
phases:

CDF = Zf \/_ / exp< %)du (2)

where y; and o; are the mean and the standard deviation of
the property, Young’s modulus or hardness, relative to the
i-phase [25]. In complex microstructures, IG analysis can
be forced to calculate both mechanical properties and
volumetric fractions [25]. However, this complication was
out of the main scope of the present article. In case of bulk
MoSi, and Si3;N4 only one CDF was considered. The non-
linear regression of the fitting function of the empirical
distribution was performed with the aid of a commercial
mathematical software (MATHEMATICA 6.0, Wolfram

Inc., Chicago, IL, USA). After the fitting procedure on the
reduced Young’s modulus results, the mean values of
the fitted Gaussian distributions were converted into the
Young’s moduli of the single phases using the Poisson
ratios shown in Table 1. In two composites, HfC +
20 vol% MoSi, and ZrB, + 15 vol% MoSi,, the properties
of the constituent phases were also evaluated by a more
traditional scanning electronic microscope (SEM) analysis,
i.e. by imaging the indentation marks to discern which
phase was indented in order to attribute the relative
indentation value.

Table 2 summarizes the Young’s modulus and the
hardness results calculated by IG and SEM analysis both
on composites and bulk materials. For the bulk ceramics,
the reported values are in agreement with published nan-
oindentation data for MoSi, [26] and SizN4 [27]. We will
now briefly discuss the IG and SEM results before coming
back to the comparison between bulk and in situ values.

The fundamental assumption of IG reflects the basic
idea of testing films on substrates: the measured Young’s
modulus or hardness are representative of the indented
particle if the penetration depth is smaller than 1/10 of the

Table 2 Mean values of Young’s modulus and hardness as a function
of tested phase and evaluation method

Phase Young’s modulus (GPa) Hardness (GPa)

IG* SEM IG SEM
MoSi, bulk 404 (44) - 20.7 (2.1) -
Si3Ny bulk 303 (19) - 22.0 (1.4) -
HfC 497 (13) 494 (41) 28.7(2.2) 324(1.9)
MoSi, 422 (12) 488 (39) 179 2.0) 18.9 (3.5)
ZrB, 569 (25) 575 (56) 29.0 (5.6) 334 4.0
MoSi, 369 (46) 491 (44) 18.4 (1.3) 21.7 (4.1)
SizNy 315 (18) - 235 (2.4) -
TiN 374 (19) - 20.9 (5.5) -
Si3Ny 334 (14) - 254 (2.3) -
MoSi, 376 (23) - 19.5 (2.2) -

The standard deviation is given in parantheses

? 1G, indentation grid; SEM, imaging of the indentation marks
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radius of an indented particle [10]. However, experiments
and finite element simulations have shown that 1/10 is a
safety limit for hardness [28]. For the Young’s modulus,
which is a long-range property [29], this value could be
much smaller [30]. Among our materials, composite
HfC + 20 vol% MoSi, had the reinforcement phase with
the smallest radius, see Table 1. On this composite, the
maximum contact depth recorded in our tests was about
100 nm, i.e. smaller than 1/10 of the radius of the rein-
forcement, so that the basic assumption of IG was in
principle fulfilled justifying the choice of 5 mN as peak
load. While this guarantees that the in situ hardness of a
phase was not affected by the neighbouring phase, the same
cannot be said for the in situ Young’s modulus. In the
following, however, it will be shown that also this property
was unaffected by the proximity of a phase with a different
stiffness. Two examples of fitted CDF’s are plotted in
Fig. 1. The use of CDF instead of frequency histograms
avoids the problem of fixing the histogram intervals which
can affect the fitting results [25]. As can be seen from
Table 2, the in situ IG properties of MoSi, and SizNy
changed to a more or less extent when passing from one
composite to another one. Due to the different histories of
the materials, some differences among the various com-
posites had to be expected in force of the different sintering
routes, the different spurious phases formed due to the
combination of different powders and the different final

densities (Table 1). However, also the neighbouring phases
could have affected the MoSi, and Si;N, results. To see if
this was the case, in Fig. 2 the IG Young’s modulus and
hardness of the MoSi, phase are plotted as a function of the
same IG property of the hosting matrix. If the neighbouring
matrix had affected the measured value of the indented
particle, the hardness and in particular the Young’s mod-
ulus of the indented particle would have shown a strong
correlation with the same property of the neighbouring
matrix. As can be seen, instead, there is no apparent cor-
relation between any of the property of the secondary
MoSi, phase and the corresponding property of the matrix
phase. In our case, therefore, it can be concluded that the
indentation scale length was small enough compared to the
microstructural scale length to avoid the influence of the
neighbouring matrix on the measured in situ IG properties
of the indented phase. The differences observed in MoSi,
and SizN, phases across the various composites should
therefore be attributed to a different microstructure, texture
or chemical composition, of these phases. In the HfC, ZrB,
and MoSi, phases, the in situ properties were also evalu-
ated by the traditional SEM analysis. As can be seen in
Table 2, the agreement between the IG and the SEM
analysis results was generally good even if the SEM values
were always higher than the IG values. The largest dif-
ference, about 33%, was observed for the Young’s modulus
of the MoSi, phase in the ZrB; + 15 vol% MoSi,
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composite. All the other differences between the IG and the
SEM values were less than 20%. When a same phase was
considered, the SEM results were apparently less influ-
enced than the IG results by the composite under
consideration, see in particular the almost identical value of
Young’s modulus evaluated for the MoSi, phase in the
HfC + 20 vol% MoSi, and ZrB, + 15 vol% MoSi, com-
posites (Table 2). The higher, and more constant, SEM
values can be a natural consequence of the fact that in the
1G analysis no filter is applied to the experimental values
while in the SEM analysis not well-placed indentations, i.e.
those close to pores or phase boundaries, were disregarded.
Moreover, by IG analysis spurious phases may have been
intercepted which were instead ignored, when indented, in
the SEM analysis. Some published bulk values for HfC,
ZrB, and TiN phases are the following: 461 GPa [15],
500 GPa [31] and 429 GPa [17] for Young’s modulus,
respectively, and 26.0 GPa [31], 25.3-28.0 GPa [31] and
18.9-21.1 GPa [32], in the same order for hardness. As can
be seen, these bulk values are close both to the in situ IG
and SEM values also considering that the bulk values were
evaluated with methods other than nanoindentation. IG can
be therefore considered an efficient and reliable method to
evaluate single phase in situ properties in ceramic
composites.

Table 2 clearly shows that bulk and in situ properties
were different. The differences between bulk and in situ
properties did not show a unique pattern: the bulk values
were in fact close, higher or even lower than the in situ
values. The Young’s modulus of bulk MoSi, was in the
range spanned by the in situ IG values, but significantly
lower than the in situ SEM values. The hardness of bulk
MoSi, was instead slightly higher than the in situ IG
hardness, but in very good agreement with the in situ
SEM hardness. In the case of SizN,, both the bulk
Young’s modulus and hardness were slightly lower than
the in situ values. In the worst cases, the largest differ-
ences between the bulk and in situ values were about 22
and 16% for the Young’s modulus and hardness, respec-
tively. Both these differences were observed in the
HfC + 20 vol% MoSi, composite. Similar discrepancies
between bulk and in situ values have been reported for
metal-ceramic composites [2] and polymeric composites
[3]. The in situ IG results were generally closer to the
bulk values than the in situ SEM results. However, this
remark does not imply that IG analysis can be intrinsi-
cally considered better than SEM analysis in the
evaluation of the in situ properties of a phase. More work
is necessary in order to ascertain this. At the simple level
the IG analysis was carried out for this work, it cannot be
ruled out the possibility that IG analysis could have
included results which were not related to the two main
phases of our composites, as for example results coming

from spurious phases, but which could have influenced
the final results.

Concluding, bulk MoSi, and Si3;N4 materials were tested
and compared to the same in situ phases in some particle-
reinforced ceramic composites. As expected, the bulk
properties were different from the in situ properties in most
cases even if the differences were generally not very large.
Indentation grid (IG) was used to evaluate the in situ
properties of the ceramic phases. It was shown that IG can
be considered a valuable tool in order to efficiently extract
properties from composites if the indentation length is
appropriately scaled to the microstructural dimension. In
the tested particulate ceramic composites, it was in fact
shown that both hardness and Young’s modulus of the
secondary phases were not influenced by the neighbouring
matrix. Some discrepancies were observed between the
results obtained by IG analysis and those obtained by the
more traditional SEM analysis.
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