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Abstract

Nanoindentation tests with a spherical tip were performed to analyze the stress—strain response on 3-mol%-yttria-doped tetragonal zirconia
polycrystals produced by spark plasma sintering (SPS) with porosities in the range 2—21% and nanometric average grain sizes in the range 65—120 nm.
Indentation stress—strain curves were obtained by using load (P)—displacement (/) data. Onset of elasto-plastic transition was determined by Hertz
fits on P—h curves. Elastic modulus obtained from spherical indentation was similar to the values obtained by Berkovich indentation, with a slight
difference with increasing porosity. Microstructural characterisation shows no cracks around and beneath the indentations. Raman spectroscopic
analysis of the residual indentation imprints reveals tetragonal to monoclinic phase transformation in the most porous material, whereas no phase
transformation was detected in the dense material in spite of its larger grain size. The results are discussed in terms of porosity, grain size and

tetragonal-monoclinic transformability.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Porous zirconia ceramics are attractive candidates for a wide
array of applications such as prosthetics, dentistry, environmen-
tal filters, and sensors '~ among other applications. Additionally,
porous zirconia ceramics are highly regarded materials as bone
scaffolds coated with hydroxyapatite (HA),*> where zirconia
is used as a load bearing component and the HA coating is
for promoting bioactivity. For load bearing applications, the
capacity of the material to absorb energy and sustain the defor-
mation becomes critical, so that mechanical properties such as
stress—strain behaviour and yield strength are of great interest in
order to assess the material deformation behaviour.

Given the quasi-plastic nature of zirconia ceramics, it is
important to quantify the deformation and yield behaviour as
these properties are critical in applications where the material
is under contact loading. Indentation studies are commonly
used for characterising fracture and deformation behaviour of

* Corresponding author. Tel.: +34 93 40 16701.
E-mail address: marc.j.anglada@upc.edu (M. Anglada).

0955-2219/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2011.07.037

brittle ceramics; more specifically, contact damage is analyzed
by Hertzian testing using spherical indenters.®” On the other
hand, the influence of porosity on indentation stress—strain
behaviour and contact damage response has severe implications
concerning the capacity of ceramics to sustain mechanical
damage and for improving reliability.®

Tetragonal polycrystalline zirconia doped with 3% molar
yttria (3Y-TZP) with typical average grain size around 300 nm
and density close to theoretical density, as well as zirconia
ceramics doped with Mg or Ce, have been studied by using
indentation in order to assess their deformation behaviour.”~'2
Indentation damage mechanisms have been discussed in areview
article by Lawn'? on spherical indentation of ceramics.

Nanoindentation with sharp indenters has also been used in
conventional 3Y-TZP to determine contact hardness and elastic
modulus. 415 By contrast, to the best of our knowledge, there is a
lack of information on the influence of nanometric grain size and
porosity on the indentation stress—strain behaviour and yielding.
The aim of the present study is to explore these points by using
spherical nanoindentation in 3Y-TZP produced by spark plasma
sintering with nanometric grain size, in which porosity is present
in a variable degree.
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mailto:marc.j.anglada@upc.edu
dx.doi.org/10.1016/j.jeurceramsoc.2011.07.037

124 R.K. Chintapalli et al. / Journal of the European Ceramic Society 32 (2012) 123—132

Fig. 1. Schematic representation of spherical indentation.

Nanoindentation is a powerful technique for measuring
mechanical properties with high resolution, which allows mea-
suring properties at the micro-nano scale.'® This technique is
based on the analysis of the indentation load—displacement
curves. The response of the material to contact loading will
depend on the geometry of indenter used, which generally are
sharp or blunt indenters. Sharp indenters produce an elasto-
plastic response from the beginning of the indentation. Blunt
indenters, on the other hand, produce an elastic contact dur-
ing initial loading and can be used to observe the elastic
behaviour as well as the elasto-plastic transition, which can-
not be obtained directly by sharp indentation.!”-!8 Additionally,
spherical indentations permit to probe larger volumes of material
at the beginning of the contact, and therefore are less sensitive
to heterogeneities in the material.

Several methods have been proposed'®-?° for determining the
mechanical properties by using instrumented spherical indenta-
tion and for converting the data into stress—strain curves.>! 2% In
the present work the CSM (continuous stiffness measurement)
technique was used to measure the contact stiffness for all further
analysis of the indentation data. The indentation stress—strain
curves and yield points of 3Y-TZP with different porosity and
grain sizes are presented and possible damage mechanisms are
discussed.

1.1. Theoretical model for spherical indentation

Fig. 1 schematically represents the interaction between a flat
surface and a spherical indenter. The response of the sample plus
indenter under spherical indentation is divided into elastic and
elasto-plastic regimes. The elastic regime can be described by

Hertz equations for small penetration depths!®-2>-26:
3 3/2
P=3 Eeev/Rhy (1)
1 _1—v2+1—v’2 o
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where P is the applied load, R is the indenter radius, A is the
total displacement into the surface, E. is the effective modulus
of indenter-sample system, E and E’ are the elastic modulus
of sample and indenter respectively. For a spherical indenter,

Sneddon?’ demonstrated that the elastic displacement is related
to the contact radius a as:

2
a
he = htotal = } (3)
Substituting Eq. (3) in Eq. (1) yields:
P 4 a
L _"F (7) 4
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The left-hand side of Eq. (4) is the Meyer hardness, repre-
sented as indentation stress and the parenthesis on the right-hand
side stands for indentation strain.>> During a nanoindentation
test, load—displacement data and contact stiffness (from the
CSM module) are recorded. In particular, the contact depth
is calculated from the direct stiffness measurement, S, for the

elasto-plastic regime as®:

3P
he = he— > 5)
48

Then the contact radius can be calculated as:

a = \/2Rhe — 12 ©)

Therefore, the nanoindentation test allows calculating the
contact radius a using Eq. (6). Then, it is possible to obtain
the indentation stress P/wa® and the indentation strain a/R.
Additionally, it has been shown?® that for an isotropic mate-
rial indented with a sphere, the contact stiffness is proportional
to the contact radius. This linear dependency was used in the
present work for tip calibration and to correct the zero contact
point:

S = 2E¢ta @)
2. Material and methods

Commercially available zirconia powder (TZ-3YSB-E,
Tosoh Co, Japan) with 3% molar of yttria was used to pre-
pare the samples. The powder was preheated to 750 °C and
then introduced in a graphite die and sintered by spark plasma
sintering (SPS FCT HP D251, FCT system GmBh). Samples
were sintered at three different temperatures under a pressure
of 100 MPa for a dwell time of 5 min. Discs of 20 mm diameter
and 4 mm in thickness were produced. Bulk density and appar-
ent porosity were measured according to the ASTM standard
C 20-00° and the results are shown in Table 1. Samples were
then ground and polished in different steps using 30, 6 and 3 pm
diamond paste and finally with 0.03 wm colloidal silica. Surface
roughness (R,) measured with a profilometer was in the range of
0.02-0.06 pm for the dense and the porous materials. Samples
were labelled after their apparent porosity as Zr21, Zr9 and Zr2,
which correspond to increasing sintering temperatures. Poros-
ity area fraction, average pore size, and mean grain sizes were
measured from SEM images by using Buehler OMNIMET 5.4
image analysis software and the results are shown in Table 2.
Hardness (HV1) of all samples was measured using a Vickers
indenter by applying a load of 1kg.
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Table 1
Sintering temperature and physical properties.
Material ~ Sintering temperature (°C) ~ Bulk density (g/cm?)  Relative density (%)  Apparent porosity (%)  Open porosity (%)  Closed porosity (%)
Zr-21 1100 4.79 78.52 21.26 4.52 16.74
Zr-9 1150 5.49 90.01 9.36 0.41 8.95
Zr-2 1175 5.98 98.03 1.91 - -
Note: Theoretical density of 3Y-TZP is 6.1 g/cm?.
Nanoindentations were made with an MTS Nanoindenter XP 3. Results

equipped with a CSM module. A diamond spherical indenter tip
with a nominal radius of 25 wm was used. Indentations were
made to a maximum depth of 2000 nm and under a constant
deformation rate of 0.05s~!. Arrays of 4 by 4 indentations
were carried out in each material with an inter-indentation
spacing of 50 wm. About 1200 data points (load, displace-
ment, stiffness and time) were collected for each indentation.
At maximum penetration, the contact area was very large in
comparison with the pore size and the average distance between
pores, so that for each material the measured elastic modulus
and hardness did not change significantly with the position of
the indenter. Additionally, contact hardness and elastic mod-
ulus were determined by nanoindentation with a Berkovich
tip up to 630mN load. Both spherical and Berkovich tips
were calibrated against a standard fused silica. The spheri-
cal nanoindentation imprints were later observed by an atomic
force microscope (AFM Dimension Veeco Inc.) in tapping
mode.

A triple monochromator spectrometer (T64000 Horiba/
Jobin—Yvon) with a coupled CCD detector (liquid nitrogen
cooled) was used to obtain Raman spectra on the residual
indentation imprints. An Ar-ion laser Innova 300 (Coherent
Laser Group) was used as a light source and excited at a
wavelength of 514 nm. Raman spectra were collected from the
centre and the border of the indent at 100x magnification
with a lateral resolution of 1 um, and the spectrum integra-
tion time was 60s, with the recorded spectra averaged over
four successive measurements. The sampling depth of the laser
for Raman spectroscopy was approximately 40 wm below the
surface.!’

Focused Ion Beam (FIB) cross sections were performed in
a Zeiss Neon 40 microscope. A platinum layer was deposited
before milling to protect the material. Trenches were milled with
decreasing Ga* currents at 30 kV down to 100 pA. Some curtain
effect appears in the pictures due to the interaction of the porosity
with the ion beam.

Table 2

Measurements of porosity and grain sizes.

Material Porosity area Average pore Mean grain
fraction (%) size (p.m) size (nm)

Zr-21 29.56 £ 2.95 0.24 £+ 0.13 65 + 20

Zr-9 11.19 £+ 1.16 0.14 &+ 0.09 90 + 30

Zr-2 - - 120 £ 20

3.1. Tip calibration

In order to check the correct calibration of the tip, tests were
firstly done on fused silica as a reference material. Fig. 2(i)
shows the obtained P-h curve, where it can be seen that the
unloading curve overlaps the loading curve, indicating that the
deformation is elastic. Fig. 2(ii) shows the A vs a curve which
reflects the tip shape. From the known elastic modulus of fused
silica and using Egs. (2), (6) and (7), the tip radius is calculated
as 23.9 £ 0.4 pm for depths equal or less than 1200 nm, which
is close to the nominal tip radius of 25 pwm.

3.2. Porosity

Table 2 displays the resulting microstructural parameters
measured on SEM micrographs. Fig. 3 shows the microstruc-
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Fig. 2. (i) P-h curve for fused silica (ii) A vs a, for spherical indentation on
fused silica.
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Fig. 3. SEM micrographs of (i) Zr21, (ii) Zr9 and (iii) Zr2.

tures of all materials. It can observed from Fig. 3 that in Zr21
pores are interconnected and elongated, in Zr9 they are closed
and nearly having spherical shape, while in Zr2 very few pores
were present. It is clear that pores become increasingly irregu-
lar in shape with the increase of porosity which corresponds to
the decrease in sintering temperature. This non-uniformity arises
from the sintering process which depends on dwell time, temper-
ature, and pressure applied and release conditions during spark
plasma sintering. This leads to incomplete densification leaving
the inhomogeneous submicron undensified zones in the material.

3.3. Determination of contact point

Atreduced length scales, determining the initial contact point
where load and displacement are zero is the key to plot the
correct material response. The contact point in nanoindentation,
especially with tips with a large radius of curvature, may be
incorrectly determined due to surface-tip interactions, such as
capillary forces or electrostatic interactions. Several different
methods to determine the contact point have been discussed in
literature.3%33 Moseson et al.>? used the S vs. a relationship (Eq.
(7)) to fit the curve through the origin and correct the contact
point. Fig. 4 (inset) shows the raw stiffness vs. contact radius;
here the apparent lack of linearity is clearly visible. A linear
regression analysis was performed in the apparent linear part of
the curves and the contact point was found by extrapolation to
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Fig. 4. Stiffness against contact radius and raw data before correction (inset).

zero, as shown in Fig. 4. The plot of S vs. a in all the range
studied shows a linear tendency with a slope corresponding to
2E.¢f, which is also an indication that contact stiffness S was not
affected by the plastic deformation.?!

3.4. Load—displacement curves

Fig. 5 shows the sample load—displacement curves for the
three materials. The indentations were force-controlled until a
maximum penetration depth of 2 wum was reached. The maxi-
mum load, Ppax, in each material was 1, 2.4, and 3 N for Zr21,
Zr9 and Zr2, respectively. The solid line represents the Hertzian
fit according to Eq. (1) by considering the determined spherical
nanoindentation modulus; details of how the elastic modulus
is obtained are given in next section. Fig. 5 displays the ini-
tial loading part of the curves, which can be satisfactorily fitted
with Hertz equations. Deviations from Hertz curve are attributed
to yielding, that is, the onset of elasto-plastic deformation in
all samples. At this stage, deformation is controlled by both
elastic and plastic processes. In each sample, yielding occurs
at different load and displacement due to the microstructural
dissimilarities and/or porosity in the samples. For instance, in
the porous Zr21, elasto-plastic response starts around ~100 mN
load and a depth of ~350 nm, whereas in the dense Zr2 it occurs
around ~400 mN load and a depth of ~450 nm. Fig. 5(iv) shows
a comparison of the load—unloading curve for the three materials
with different porosity. The load required for penetration depths
up to ~2 um is decreasing with increasing porosity. The area
between the load and unloading curves describes the amount of
irreversible deformation. The large area in Zr21 is attributed to
the large plastic response and low elastic recovery, and in Zr2
the small area is due to small plastic response and high elastic
recovery.

3.5. Indentation stress—strain curves

Fig. 6 illustrates the indentation stress—strain curves for the
different materials. These curves are the average for all indenta-
tions for each material and are presented with standard deviation
in both stress and strain. In spite of porosity, the curves for Zr21
and Zr9 exhibit low standard deviation in the elastic region, but
slight increase was observed after yielding. The increase in the
scatter in the elasto-plastic regime is believed to be caused by
the local inhomogeneties in porosity beneath each indentation
and/or associated deformation events. The dashed line is the fit
obtained by using linear regression analysis of the elastic part of
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Fig. 5. P-h curves with Hertz fit of (i) Zr21, (ii) Zr9, (iii) Zr2, and (iv) comparison of the three materials.

the curve. The elastic moduli were determined from this slope
and are presented in Table 3. Pop-in events (sudden disconti-
nuities in displacement due to cracking and other deformation
mechanisms) were not observed in the P-h curves. Therefore,
yield strength is obtained from the corresponding deviation point
of the Hertz fit of the load—displacement curve. The average yield
strength for all indentations together with the standard deviation
is given in Table 3.

Repeatability of the material behaviour under indentation
was not affected by the porosity because of very small pore
size ~0.24 pm compared to the contact radius. This is because
the used contact stiffness for determining the point of contact
by extrapolation from the linear behaviour, were selected from

measurements with a relative large contact radius of at least
~2 pm. Therefore many pores were pressed in the volume
affected by the contact during each indentation.

It can be observed that the indentation stress required for
yielding decreases with increasing porosity. After yielding, the
apparent stress required to cause further deformation increases
in all materials. The elasto-plastic transition is clearly observed
in Zr21 and Zr9, where in the case of Zr2, the deviation of
stress—strain curve from elastic line is less abrupt, and is closer
to the elastic trend. Spherical indentation modulus (Espyp,) is sim-
ilar to the values obtained by Berkovich nanoindentation (Eger),
except in the case of Zr21. The cause of this discrepancy is
discussed later.

Table 3

Elastic modulus, hardness and yield strength.

Material Fused silica Zr21 Zr9 Zr2 Ref. 39
Hardnessge; (GPa) 9.5+ 0.5 65+19 125+ 1.8 172 £ 2.4 17.5
Hardness (HV) (GPa) - 6.2 £ 0.5 114 £ 0.3 145 +£0.2 -
Yield stress, oy (GPa) - 2.1 +£03 6.7 £0.2 94 £ 04 -
Elastic modulusge; (GPa) 72 +1 121 £5 200 £+ 7 230 £ 3 250
Elastic modulusspn (GPa) 70 £ 2 89 £ 8 181 £ 6 223 + 4 -
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Fig. 6. Indentation stress—strain curves of (i) Zr21, (ii) Zr9, and (iii) Zr2.

3.6. Damage characterisation

Residual indentation imprints and depth profiles of the spheri-
cal indentations are displayed in Fig. 8. Permanent deformations
on the surface without any cracks were observed in all samples.
Residual indentation depths ranged from ~0.85 to ~0.25 pm for
Zr21 to Zr2 respectively. The indentation profiles (see Fig. 7(iv))
show no significant pileup around the indentations. Additionally,
the imprints were larger on the more porous materials.

Phase transformation was then locally analyzed by micro-
Raman spectroscopy on the nanoindentation imprints. Fig. 8
shows the spectra obtained in the centre and border of the
imprints, with the peaks labelled with the respective phase (t —
tetragonal, m — monoclinic). Additionally a spectrum obtained
from 2 mm away from the indentations indicates that the material
has tetragonal phase. In Zr21, a clear phase transformation from
tetragonal to monoclinic was observed at the centre and border
of the indentation. In Zr9 and Zr2, very low and no phase trans-
formation, respectively, was detected. All spectra are fitted with
Lorentzian functions on a linear background>* for quantification
of monoclinic phase. Monoclinic volume fraction was quanti-
fied using the model proposed by Katagiri et al.>> and it is found
to be 17 & 2% in Zr21. Quantifying monoclinic volume fraction
in Zr9 is complex due to the low amount of transformation (less
than 7%).

Focused ion-beam (FIB) cross-sections were prepared on
indention impressions in all materials. The FIB cut was made
from the centre of indentations. Sample surfaces were previously
protected with thin platinum coating for ion milling. Fig. 9 shows
the SEM images of cross-sections of indentations. In porous
materials, curtain effect can be observed due to the porosity and
the large cut area. The indentation imprint profile is highlighted
with a dashed line. In Zr21, the porosity is highly irregular and
often interconnected and the region under the indentation shows
some indication of compaction. High magnification views of the
dashed rectangles from Fig. 9(i) are shown in Fig. 10 with the
respective zones marked as 1 and 2. The main difference in zone
1 and zone 2 is that considerable shrinkage in pores is clearly
seen in zone 1, which is not the case in zone 2. Also it appears
thatin zone 1, some pores are closed forming a crack like appear-
ance, which are indicated by arrows. But with a clear observation
one can realise that these crack like lines are in fact formed by
pore faces which came together partially under the load. In Zr9,
the porosity is dispersed and the interaction between the pores
is minimal. In all materials, irrespective of porosity, no cracks
were observed under the indentations.

4. Discussion

The spherical tip radius is believed to be constant in spheri-
cal indentation analysis; however it has been previously reported
that the tip radius changes with depth.?>3¢ In this work, spheri-
cal indentation on a standard fused silica produced only elastic
deformation (see Fig. 2) within a penetration depth of 1200 nm.
Moreover, the indentation yield points in the studied materials
were between 350 and 450 nm, which is well below the test
range analyzed for fused silica. It can be observed in Table 3
that the values found for spherical and Berkovich indentation
elastic moduli of fused silica are quite similar. They are also
close to the standard value for fused silica so that it is justified
the validity of the tip radius for the spherical indenter within the
test range.

The elastic properties of porous ceramics depend of many
factors like total porosity and shape of the pores and of the
solid phase, but no universal model exists to describe the elastic
modulus.3” One simple empirical equation for the elastic modu-
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Fig. 10. High magnification views of marked zones in Fig. 9(i).

lus with a fitting parameter which can be related to the shape of
pores was used by Luo and Steven’® in conventionally sintered
3Y-TZP and it can be expressed as

®)

Ey corresponds to the elastic modulus of a pore-free material
(230 GPa) and P is the porosity volume fraction. The parameter
o has been related to the shape of the pores in 3Y-TZP33; for
spherical pores it has a value close to 1 and increases as the
spherical pores change to oblate spheroids. In the present case,
the values of « for fitting our measurements of the elastic mod-
ulus by spherical indentation are approximately 1 for P=0.02
and 0.09, and 5 for P=0.21 (see Fig. 11).

InZr21, the intersection of pores is significant (see Fig. 31), so
that actually the effective shape of the pores change; they appear
to be elongated and often interconnected. If we assume they are
spheroids, the average ratio between their radii (8) is about 0.02.
On the other hand, in Zr9 most of the pores have near spherical
shape and are dispersed with § close to the unity (0.86). Due
to this sharp contrast between the pore shape in Zr21 and Zr9,
the constant « in Eq. (8) for fitting should be different. It can be
seen that ¢ =1 for Zr9 is in full agreement with the measured
pore shape (8~ 0.86), but in Zr21 we find a=5 and this value
corresponds to spheroids that are more oblate (8~ 0.1) than
those measured (8 ~ 0.2). However, the result is consistent with
oblate spheroids and one has to take into account that porosity
in Zr21 is interconnected, which is not taken into account in the
model.

The values of hardness and yield strength decrease, as
expected, with porosity. Their reduction follows a similar trend
as the elastic modulus in the sense that they show a sharp reduc-
tion of properties in Zr21, which is attributed not only to the

increase in porosity but also to the pore shape and to its inter-
connected character.

The discrepancy between the elastic modulus measured by
Berkovich and spherical indentation is higher with increasing
porosity. In the dense sample Zr2, the elastic moduli measured
by both techniques are similar. The values of the elastic modulus
determined by spherical indentation are more representative of
the actual porosity than those measured by using a Berkovich
indenter. This is related to the indenter tip shape and the fact that
the modulus in spherical indentation is obtained from fitting the
elastic part of the stress—strain curve. In sharp indentation, plastic
deformation is produced from the initial contact which results in
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Fig. 11. Effect of pore shape and porosity content on elastic modulus.
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partial closure of pores and densification; but beneath the spher-
ical indenter, where the elastic—plastic transition is produced at
relatively high loads, the pore structure will be more intact dur-
ing the initial contact loads, and, therefore, the spherical elastic
modulus will be lower than in sharp indentation.

Gaillard et al.?° studied nanoindentation behaviour of fully
dense 3Y-TZP of larger grain size (300 nm) under sharp inden-
tation. They observed pile up around the indentation, which was
attributed to the increase in volume by phase transformation. In
the same work,3° but under spherical indentation, phase trans-
formation was clearly observed at 2.7 N with a similar indenter
to that used here. In our results for Zr2 of lower grain size
(120 nm), no phase transformation was detected at 2.9 N with
the same indenter radius. This can be attributed to the smaller
grain size that precludes tetragonal — monoclinic transformation
under contact loading. The tetragonal phase can remain stable
when the grain size is below a critical value, since the activation
barrier for +—m transformation increases when the size of the crit-
ical nucleus decreases.***! Along the same lines, it is interesting
to notice that the three materials studied do not suffer low temper-
ature degradation,*?> presumably because the stresses produced
during hydrothermal ageing are not large enough to activate r—m
transformation in the present nanometric grain sizes.

The fact that in the more porous material transformation is
observed under a load below 2.7 N, suggests that porosity has
a clear effect on phase transformation. The latter is associated
with a volume expansion in 3Y-TZP, which is seen as a pileup
around the indentation in dense zirconia of micrometric grain
size. However, since in Zr21 pileup was not observed in spite
of the presence of phase transformation as detected by Raman
analysis, it is suggested that the increase in volume due to phase
transformation has been accommodated by neighbouring poros-
ity. It is well known that #—m transformation with its associated
volume expansion is easier when tensile and shear stresses are
high and the volume expansion is not constrained. The presence
of large amount of porosity decreases the average components
of the stress but not necessarily the local stresses and reduces the
constraint for volume expansion. The stress distribution is a criti-
cal factor for transformation,*? stresses with the same si gn as the
component of transformation tensor are known to assist trans-
formation, so that shear and tensile are destabilizing, whereas
compression are stabilizing.**~*¢ In case of dense material (Zr2)
the volume in contact with the indenter is experiencing homo-
geneous higher compression stresses, but the material below the
indentation is highly constrained. In the more porous material
(Zr21) the average components of the stress are smaller, but they
change locally and may reach high values at the same time that
the constraint by the surrounding material is much less due to
the porosity. The fact that phase transformation acts as tough-
ening mechanism in zirconia ceramics could be beneficial in
case of nanocrystalline porous zirconia for resistance to surface
damage.

5. Conclusions

Spherical nanoindentations were made on porous nanocrys-
talline zirconia produced by SPS. The stress—strain curves and

indentation yield strength were obtained. Additionally, elastic
modulus was obtained and compared with that of sharp inden-
tation. Damage due to indentation was analyzed on the surface
and beneath. Results are summarised as follows:

i. Mechanical properties such as elastic modulus, hardness
and indentation yield strength were affected by the porosity.
Once the porosity becomes interconnected the decrease in
mechanical properties is more dramatic.

ii. Spherical indentation elastic modulus is comparable to that
of the Berkovich indentation modulus in all materials except
for a slight difference in the most porous material; this is
attributed to the densification during the Berkovich inden-
tation.

iii. No transformation is found in the dense nanometric materi-
als under spherical contact loading. However, the presence
of significant porosity promotes #—m phase transformation
under the indentation because of high local effective shear
stresses and reduction of constraint for volume expansion
close to the pores.
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