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A  combined  experimental-numerical  approach  is  used  to characterise  the  fracture  of a  porous  bulk
ceramic  material  (La0.6Sr0.4Co0.2Fe0.8O3)  with  porosities  of 5–45%,  undergoing  spherical  indentation.  The
Gurson  model  was  used  in  FEM  to describe  the  porosity  densification.  Indentation-induced  radial  cracks
were  observed,  when  the  applied  contact  pressure  exceeded  threshold  values,  with  no  Hertzian  ring-cone
cracks  found.  FEM  analysis  indicated  that the  cracks  propagated  mainly  during  unloading,  driven  by  the
tensile  hoop  stress  generated  near  the contact  circle.  The  stress  intensity  at the  crack  tip  was  estimated
orous ceramics
pherical indentation
inite element modelling
racking behaviour
racture toughness

using  an  approximate  analysis  of  the  FEM  stress  field  to derive  toughness  values  that  were  consistent
with  values  determined  by conventional  methods,  provided  that  the crack  length  is  sufficiently  large
compared  with  the  contact  radius  and  can  be  measured  accurately.  The  absence  of  ring-cone  cracks  dur-
ing  loading  is due  to  the  material’s  high  modulus-to-hardness  ratio  and  the  small  indenter  radius  as
predicted  by  established  theory.

© 2016  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under  the  CC  BY license
. Introduction

The development of porous ceramics is aimed at demanding
ngineering applications, such as insulation, filtering, catalysis,
icroelectronics, bioengineering and membranes [1–6]. Porous

ulk ceramics are generally prepared by the partial sintering of
owders at elevated temperatures. The influence of the resul-
ant microstructure on typical elastic properties of such porous
eramics has been widely studied [7–12]. Although the property-
icrostructure correlation is complex in detail [13], the elastic and

racture properties depend mainly on the volume fraction of poros-
ty [14].

Nanoindentation measurements, typically with the use of sharp
ndenters, have been extensively employed to characterise the

echanical properties (e.g. elastic modulus and hardness) of
ominally dense materials [15,16]. However, the application of

ndentation to the mechanical characterisation of porous materi-
ls is not so common. This is because the presence of the porous
icrostructure brings added complexity to obtaining and inter-

reting reliable data. The complication arises from collapse and

ensification in the compressive field of the indenter, as observed in
he indentation of highly porous silica foams [17] and ceramics [18].
evertheless, in previous studies we have used sharp indenters and
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E-mail address: chen@imperial.ac.uk (Z. Chen).
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955-2219/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article u
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conventional methods (single edge-notched beam) to measure the
fracture toughness of a typical porous ceramic used in solid oxide
fuel cell (SOFC) technology and found that the two approaches gave
results in acceptable agreement [19]. However, in many contact
situations the contacting component does not have a sharp profile
(like a sharp indenter), but is rather blunt and more like a spherical
indenter. For example, in SOFC technology this might be the con-
tact between a rib on a bipolar plate and the current collector layer
of the cell. Therefore it is important to understand contact damage
when a blunt (spherical) indenter is loaded into a porous ceramic.

In an earlier paper from this study, the influence of poros-
ity on the elastic and plastic properties deduced from spherical
indentation of a typical porous ceramic was investigated [20]. The
interpretation was  based on finite element modelling of the inden-
tation employing the Gurson model [21] to describe the collapse
and densification of the porous structure in the compressive plas-
tic zone under the indenter. In the present paper we  extend this
approach to investigate indentation-induced cracking of the same
porous ceramics when higher contact pressures are applied.

Very few studies are reported in the literature regarding spher-
ical indentation-induced damage in porous ceramics. For example,
Latella et al. [22] studied contact damage in porous and dense
liquid-phase-sintered alumina using large spherical indenters.

Their results showed that in the low porosity specimens (2.5%
porosity) the spherical contact induced classical Hertzian ring and
cone cracks penetrating below the surface with no detectable resid-
ual surface depression caused by the indenter, indicating negligible

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Properties of LSCF specimens and thresholds for radial cracking.

Sintering
Temperature (◦C)

Porosity (%) Threshold Load
(mN)

Threshold Depth
(�m)

Threshold
Pressure (GPa)

E below
Threshold (GPa)

E above
Threshold (GPa)

900 44.9 ± 0.3 600 5.33 0.88 ± 0.03 33.4 ± 1.2 28.9 ± 1.2
1.16 ± 0.06 52.7 ± 3.7 47.4 ± 2.3
3.28 ± 0.59 86.8 ± 3.1 84.1 ± 2.0
7.01 ± 0.21 178.2 ± 2.3 162.9 ± 2.2
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lastic deformation. Increasing porosity (up to 17.8%) induced a
ransition to a quasi-plastic response in which there was  collapse
f the porous material and formation of surface ring cracks in the
ndented region that did not penetrate appreciably below the sur-
ace. No radial cracks were seen in any specimen.

In the current study, spherical indentation at a wide range of
oads was carried out to generate cracks in the porous ceramic

aterial La0.6Sr0.4Co0.2Fe0.8O3-� (LSCF), which was sintered from
owder at different temperatures between 900 and 1200 ◦C, result-

ng in pore fractions between 45 and 5%. Contrary to the behaviour
f alumina observed by Latella et al. [22] indentation-induced
adial cracks were observed above a threshold contact pressure
nd their geometry was characterised using FIB-SEM. Numerical
nalysis (FEM) was performed to determine the stress field in the
bsence of cracks during both loading and unloading; using the
urson model to describe the collapse and densification of the
orous material. This stress field, together with the dimensions
f the cracks observed experimentally, was then used to estimate
he fracture toughness of the porous material. Finally, the values of
racture toughness obtained in this way were compared with val-
es obtained using sharp indenter (Berkovich) and notched beam
ethods.

. Experiments and simulations

.1. Indentation tests

The perovskite material La0.6Sr0.4Co0.2Fe0.8O3-� (LSCF) is used
idely as a porous cathode in solid oxide fuel cells (SOFCs).
ulk LSCF specimens with different porosities were prepared by
intering LSCF powders at different temperatures. The sintering
emperatures and the corresponding percentage porosities are
hown in Table 1. Indentation experiments over the load range
0–10000 mN  were carried out using a spherical diamond inden-
er (radius 25 �m).  Table 1 also shows the values of critical load,
ndentation pressure and depth of indentation when cracking was
rst observed (by microscopic examination after unloading). The
pparent elastic modulus (derived in the standard way  from the
nloading stiffness) was calculated for maximum indentation loads
elow and above the critical load and the results are also displayed

n Table 1. They show a small, but significant, reduction at loads
bove the critical value indicating that cracking has reduced the
ocal stiffness in the neighbourhood of the indentation. Focused ion
eam-scanning electron microscopy (FIB-SEM) was  used to study
he surface and cross-sectional microstructures of the specimens
efore and after indentation. Details of the specimen preparation,

ndentation and FIB-SEM procedure can be found in [18]. Technical
spects of the indentation process are fully described in [18] and
20].

.2. Finite element modelling
Axisymmetric finite element simulation of the indentation pro-
ess, taking into account the collapse and densification of the
orous material under the indenter, was developed in the earlier
art of the current study [20]. That work showed that the Gurson
Fig. 1. Experimental indentation load-depth curves generated at 1000 mN load
(beyond each corresponding threshold load) for LSCF bulk specimens sintered at
900 ◦C and 1000 ◦C.

model could provide a suitable description of densification in the
“plastic zone” of the indentation, despite the fact that the Gurson
model is normally applied to plastic deformation of porous metals
and is only strictly valid when the porosity is lower than approxi-
mately 10%. As a result, although application of the Gurson model
in the present study describes the densification behaviour accept-
ably, the critical materials parameter used in the Gurson model (the
yield stress of the fully dense material) has no fundamental sig-
nificance and is regarded as an adjustable parameter whose value
is determined by fitting to the experimental indentation curve. In
the present study, FE simulations were carried out using Abaqus
CAE 6.12 (Dassault Systemes, USA) for indentation loads (or the
corresponding indentation depths) equal to, or greater than, the
threshold values that were observed to trigger the radial cracks
found in the indentation experiments. The full description and
implementation of the models can be found in our earlier paper
[20].

3. Results and discussion

3.1. Crack characterisation

The LSCF specimens were subjected to spherical indentation
at a series of loads ranging from 50 to 10000 mN.  In addition to
the densification deformation (regarded as the permanent plastic
deformation) resulting from crushing of the particle-pore net-
works under indentation, as described in [20], indentation-induced
radial cracks were also found in the specimens when the applied
load surpassed a threshold value, determined by microscopic
characterisation after indentation. Below the threshold loads, per-
manent “pseudo plastic” deformation without any radial cracks was
observed in all samples.

Some typical experimental indentation curves are shown in

Fig. 1. In general, the loading-unloading curves did not show
any obvious evidence of long-range fracture events (such as
clear pop-in responses), and therefore microscopic inspection of
the specimens was  required to detect whether any fracture had
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Table  2
Specimen properties and condition for cone cracking.

Sintering temperature (◦C) E (GPa) HB (GPa) KIc (MPa m1/2) � (J m−2) p∗
m/H

900 33.4 0.57 0.57 8.9 20.6
1000  52.7 0.81 0.68 8.0 19.0
1100  86.8 2.26 0.74 5.7 8.5
1200  178 6.12 1.13 6.5 5.3

Fig. 2. Radial cracks in the specimens (with arrows showing cracks): (a) 900 ◦C-specimen after 2800 mN indentation, (b) 1000 ◦C-specimen after 3600 mN indentation, (c)
1 ndent
a g dow
s acks a

o
[
d
n

100 ◦C-specimen after 2400 mN indentation, (d) 1200 ◦C-specimen after 6000 mN i
fter  2800 mN indentation, showing no ring-cone cracks but a radial crack penetratin
howing possible fragmented ring cracks and coarse grains surrounded by micro-cr
ccurred. The FIB-SEM slice and view technique (described in
18]) was applied to study the microstructures in the plastically
eformed regions, and cracking of the material immediately under-
eath and in the vicinity of the indented areas.
ation. (e) is a cross-sectional view outside the contact circle of the 900 ◦C-specimen
nward, (f) magnified view of a 1200 ◦C-specimen surface after 5000 mN indentation
t the boundary of the contact circle.
Studies [23–25] of the spherical indentation of brittle dense
materials, including glass, silicon, alumina and other ceramics,
often show distinct cone cracks penetrating into the bulk, devel-
oping from ring cracks initiated on the contact area surface. Cone
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Fig. 3. Measured crack dimensions: (a) averaged residual contact radius, (b

rack formation is experimentally well documented and theoreti-
ally well understood. Cone cracks nucleate first as ring cracks at the
aterial surface from flaws just outside the contact circle, and then

ropagate as truncated cone cracks on further loading. In order to
roduce a cone crack the indentation contact must be elastic (neg-

igible plastic deformation). Evans and Wilshaw [26] studied and
nalysed cracking induced by spherical indentation in a range of
ense ceramic materials. They found that there is an interaction
etween plastic deformation and cracking behaviour that depends
n the radius of the indenter. Above a critical radius Hertzian ring
nd cone cracks are formed before the onset of plastic deformation.
or indenters with radius below the critical value, plastic deforma-
ion substantially modifies the stress field such that the conditions
or ring and cone cracking are not met  and a system of radial and
ub-surface lateral cracks is formed.

In the current study, microscopic observations of the residual
ndents (such as shown in Fig. 2) revealed significant radial cracks
n the surface of the specimens, when indented above the critical
oads. No ring and cone cracks were observed, nor was there any
vidence of sub-surface lateral cracks of the type described by Evans
nd Wilshaw. The conditions for the formation of ring and cone
racks have been analysed in detail by Frank and Lawn [27]. They
onclude that a penetrating cone crack will be formed at a critical
oad P* given by,

∗ = 1.17 × 105k�R (1)

here � is the fracture energy (twice the surface energy for ideal
rittle fracture), R is the indenter radius (25 �m in the present
tudy) and k is given by,

 = 9
16

((
1 − �2

)
+
(

1 − �2
i

)
E

Ei

)
(2)

n this equation E and � are Young’s modulus and Poisson’s ratio,
nd the subscript indicates the indenter material.

Inserting measured values of the required parameters from
able 2 into these equations (assuming a perfectly rigid indenter)
ives a critical load for the LSCF sintered at 1200 ◦C of 9.8 N which
s required to produce ring and cone cracking. This is much greater
han the threshold load of 0.8 N (Table 1) observed to initiate radial

racking in this specimen. Thus the critical load for ring and cone
racking cannot be reached without generating radial cracks. An
lternative way of describing this is to compare the critical mean
ontact pressure with the hardness bearing in mind that plastic
 

aged total crack length c measured from the contact centre to the crack tip.

deformation first initiates at the central point under the spherical
indenter when the mean contact pressure is approximately equal to
the plastic hardness. The mean contact pressure pm = P/(�a2) where
a is the contact radius and, for a perfectly elastic contact, is given
by,

a3 = 4
3
kPR

E
(3)

Hence,(
p∗
m

H

)3
= 1.17 × 105�

kR

(
9

16�3

)
E2

H3
(4)

The ratio p∗
m/H is evaluated in Table 2 for the LSCF specimens

using the experimentally determined parameters listed in Table 2.
(HB is the hardness measured using a sharp indenter; in this case
a Berkovich indenter.) The results in Table 2 show that in all cases
the mean pressure required to produce cone cracks is much greater
than the hardness and therefore the specimens undergo exten-
sive plastic deformation thereby preventing the condition for cone
cracking to be reached with a sphere of the radius used here.
Since pm*/H is proportional to R−1/3 much larger spheres would
be required to produce cone cracks.

In this study, on the surface of the specimens only radial cracks
were seen. The cross-sectional observations (such as Fig. 2(e))
showed that the radial cracks penetrated into the porous LSCF
specimens, consistent with a system of centre-loaded radial penny-
shaped cracks. No evidence was  found of any ring and cone cracks or
lateral cracks in the cross sections. However, the specimen sintered
at 1200 ◦C and indented at 5000 mN shown in Fig. 2 (f) does display
a more complicated cracking behaviour with a possible ring crack
at the circumference of the indented area in addition to the radial
cracks. Also it was  found that the spherical indentation generally
generated four radial cracks visible on the surface, at approximately
90◦ intervals, even though the indenter had no sharp edges to ini-
tiate cracks (as is the case for Berkovich or Vickers indenters). The
radial cracks are caused by a tangential tensile hoop stress and this
will be partially relieved by the formation of the first crack (visible
as a pair of half-cracks on the surface). The stress relief will be least
perpendicular to the first crack thereby permitting nucleation of a
second crack perpendicular to the first one at a slightly higher load.

The complete absence of radial cracks reported by Guiberteau et al.
[28] for alumina specimens undergoing spherical indentation can
be attributed to the relatively small plastic deformation (which is
the major driving force for radial crack growth) compared to elastic
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Fig. 4. Contour plots showing evolution of the hoop stress (S33 in GPa) during a simulated indentation cycle to 1200 mN maximum load (twice the threshold load), for the
specimen sintered at 900 ◦C, (a) fully loaded at 1200 mN,  (b) on unloading back to 600 mN,  (c) after full unloading. Compressive stress is shown negative and tensile stress is
shown positive. Here, all the regions of compressive stress are shown in grey for clarity. The dashed ellipse encompasses the surface region where radial cracks were observed
experimentally. Also shown in (c) are the schematic and variables used for numerical calculation of toughness described in the later section (with a being the residual contact
radius,  b the radius of the plastic zone inside which the hoop stresses are compressive, c the radius of crack, and �(r) is the hoop stress S33 (in GPa) at a radial distance r).
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ig. 5. Fracture toughness estimated using an analytical method and compared wi
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eformation. This is due to the higher hardness of alumina and their
se of much larger spheres with radii between 1.98 and 12.7 mm.

The resulting crack dimensions on the specimen surface were
easured after indentation using SEM and the results are plotted

n Fig. 3. The total crack length in Fig. 3 is the length of the crack on
he surface measured from the centre of the contact circle. In Fig. 3
a) it can be seen that after loads were increased above 1200 mN,  the
verage residual contact radii for the specimens sintered at 900 ◦C
xceeded 25 �m,  which is the radius of the indenter tip. It is possible

or this to occur because the indenter is not a sphere, but is actually a
emi-spherical diamond attached to a truncated conical metal stub.
herefore, the experiments in which the contact radius exceeded
5 �m were omitted from subsequent analysis. It is also interesting
ues measured using Berkovich sharp indentation and SEVNB experiments [19] for
 (c) 1100 ◦C specimen and (d) 1200 ◦C specimen.

that, for the specimens sintered at 1200 ◦C, cracks started to appear
at loads as low as 800 mN,  which is much smaller than the threshold
loads for the more porous specimens sintered at lower tempera-
tures. However, the threshold mean contact pressure (Table 1) is
seen to increase monotonically as the density increases and thus the
lower threshold load for the densest specimen is a consequence of
its greater hardness and modulus and lack of densification of poros-
ity under compression. Similarly, larger crack sizes were generated
in the specimens sintered at 1200 ◦C than were observed in the

specimens sintered at 1100 ◦C indented at the same load. This is
also a consequence of the lack of densification under compression
and does not indicate a lowering of toughness, as discussed in more
detail later.
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.2. Stress analysis

As mentioned earlier, the hoop stress (S33) normal to model
lane is responsible for the initiation and propagation of radial
racks. Fig. 4 shows the contour plots of S33 in the history of load-
ng and unloading steps during indenting to twice the critical load
1200 mN)  for the simulation corresponding to the specimen sin-
ered at 900 ◦C.

The FEM model is described in cylindrical coordinates r, z, and
. The radial and axial coordinates of a point on the original 2D
odel plane are denoted by r and z, respectively, and coincide
ith conventional Cartesian coordinates in this plane. Therefore

he cylindrical radial stress Srr is the same as the Cartesian S11, the
xial stress Szz is S22, and the hoop stress S�� is S33.

As can be seen in Fig. 4, the tensile hoop stress near the surface
egion (encompassed in the dashed ellipse) close to the contact area
s relatively low and has short range at the maximum load. How-
ver it increases in both magnitude and spatial extent due to the
lastic relaxation of the deformed material when unloading takes
lace. The FEM results thus show that the radial cracks intersect-

ng the surface propagate mainly during the unloading step when
he region of tensile hoop stress expands. However, they could have
nitiated in the tensile hoop stress below the surface during loading
s in Fig. 4 (a).

.3. Estimation of fracture toughness
In this study, both an analytical approach and a numerical
ethod are explored to calculate the fracture toughness of the

pecimens which displayed radial cracking in order to quantify the
racture process.
es, (a) 900 ◦C specimen, (b) 1000 ◦C specimen, (c) 1100 ◦C specimen and (d) 1200 ◦C

3.3.1. Fracture toughness estimated using analytical method
According to Lawn et al. [29], radial crack growth is due to

a residual field after unloading arising from plastic deforma-
tion underneath the indenter. An analytical formula (Eq. (5)) was
derived in [29] for evaluating the stress intensity factor for a pyra-
midal indenter:

KIc = §( E
H

)
1−m(

cot 
) 2

3 P

c3/2
(5)

where E and H are elastic modulus and hardness, P is the load and
c is crack length. m and §  are constants which can be taken as 0.5
and 0.032 respectively. 2  is the angle between the pyramid faces
and defines the strain in the material in contact with the indenter.

We modified this approach by adapting it to the strain generated
by a spherical indenter resulting in (Eq. (6)) for a spherical indenter:

KIc = §( E
H

)
1−m( �

12

) 2
3
[

3 tan
(
�

2

)
+ tan2

(
�

2

)] 2
3 P

c3/2
(6)

where, m = 0.5 and §  = 0.032, � = asin
(
a
R

)
,with a being the radius

of the contact circle and R the radius of the spherical indenter.
KIc values calculated using Eq. (6) are plotted in Fig. 5 as a func-

tion of maximum indentation load for each of the specimens and
compared with the results derived from other methods, i.e. the
Berkovich sharp indentation and the Single-Edge V-Notched Beam
(SEVNB) methods [19]. For the nominally dense specimens (which
were sintered at 1200 ◦C), the KIc values are reasonably close to
those measured by other methods. However, it is clear that, for the
porous LSCF specimens, the KIc values calculated using Eq. (6) are
significantly larger than those measured using the other methods,

which themselves are in good agreement. An important assump-
tion underpinning Eqs. (5) and (6) is that the material volume
is not changed during plastic deformation (i.e. constant volume
assumption). For a dense ceramic material this assumption is valid.
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owever, the assumption is no longer valid for porous ceramics
ue to the crushing and densification of the particle-pore networks
nderneath the indenter. The constant volume assumption would

ead to an overestimation of the plastic zone size and hence the
esidual field leading to an overestimation of KIc . The question then
rises regarding why the Berkovich sharp indentation gives val-
es of KIc in good agreement with those from the SEVNB method
ven though there is still collapse and densification under the sharp
ndenter. This is currently not understood and is probably fortu-
tous.

.3.2. Fracture toughness estimated using numerical method
Given the inadequacy of the analytical approach described

bove, we have used a numerical approach that explicitly takes
nto account the densification in the plastic zone and is quantified
n the FE simulations.

Based on the work of Lawn et al. [29], the opening mode
tress intensity KI for a half-penny (semi-circular) crack induced
y indentation and subjected to normal stresses distributed over
he crack faces can be expressed by Eq. (7),

I =
(

2
c

)0.5
c∫
b

r� (r)dr√
c2 − r2

(7)

n this expression b is the radius of the plastic zone inside which
he hoop stresses are compressive and c the radius of crack (i.e. the
rack length measured from the contact centre). �(r) is the hoop
tress, S33, after fully unloading in the absence of the crack, at radial
istance r from the centre of the contact on the original surface. The
eometry is illustrated in Fig. 4 (c). Eq. (7) is based on the known
olution for the stress intensity at the tip of a circular crack sub-
ected to a point load applied at its centre. For indentation the point
oad is approximated as the displacement caused by the irreversible
eformation of the plastic zone. Thus a necessary condition for Eq.
7) to be valid is that the crack length should be much greater than
he plastic zone radius, c » b ≈ a.

FE simulations were carried out using Abaqus with loads (or
quivalent indentation depths) corresponding to those shown in
ig. 3 for the different specimens. The hoop stress contours (e.g.
s shown in Fig. 4 (c) absent any crack) are approximately semi-
ircular in shape and therefore the stress distribution is suitable
or application of Eq. (7).

After each simulation was completed, circular paths with vary-
ng radius b ≤ r ≤ c were created to calculate the averaged hoop
tress �(r) over each path. In this calculation b was  taken as the
adius of the plastic zone deduced from the FE simulation, whereas

 was taken as the experimentally observed crack length for the
iven maximum indenter load. The values of the averaged hoop
tress �(r) were plotted as a function of the radial distance r, fol-
owed by polynomial fitting in the form B +

∑
Anrn, where B and

n are a constant and coefficients of variables, respectively. The
tted continuous function was then substituted into Eq. (7) to com-
ute the integral and hence the corresponding K was  calculated
s a function of the maximum indentation load and the results
re shown in Fig. 6 together with the corresponding ratio of crack
ength to residual contact radius, a, (contact radius at maximum
oad) which is approximately equal to the plastic zone radius. It
an be seen in Fig. 6 that there is a significant increase in calcu-
ated toughness with indentation load for the specimens sintered
t 900 and 1000 ◦C, but not for the specimens sintered at 1100 and
200 ◦C. This is probably partly due to difficulty in measuring the

rack length of short cracks, particularly in the porous materials.
he experimental crack length not only appears in the measured
atio c/a,  but also as an input parameter in the calculation of tough-
ess through the upper limit of integration in Eq. (7). In addition, Eq.
amic Society 36 (2016) 3473–3480 3479

(7) is only a reasonable approximation when c » a which introduces
additional errors when the cracks are short. Also shown in Fig. 6
are the toughness values measured using the Berkovich indenta-
tion and the SEVNB methods [19] for comparison. In general the
fracture toughness values derived by the numerical approach at
the higher loads tend to generate toughness values much closer to
the values measured by the other methods.

From Fig. 3 it is seen that for the specimen sintered at 1200 ◦C
the measured crack lengths deviated from expected sequence
exhibited by the specimens sintered at lower temperatures. Nev-
ertheless, the toughness results in Fig. 6 remained consistent with
the trend of toughness increasing as porosity decreases. The reason
for this apparent discrepancy is that the toughness also depends of
the elastic modulus and hardness in addition to the crack length.

4. Conclusions

In this study, a combined experimental and numerical approach
has been used to analyse cracking phenomena in porous bulk LSCF
ceramics induced by spherical indentation. It was observed exper-
imentally that radial cracks were generated in all specimens, with
porosity ranging from 5 to 45%, above a threshold indentation pres-
sure which varied with porosity. No Hertzian ring-cone cracks were
observed in any of the current experiments

Finite element simulation, including collapse and densification
of the porous structure in the compressive field of the indenter
during loading, shows that a tensile hoop stress field develops on
loading and increases and expands on unloading to generate the
radial cracks. The absence of Hertzian ring-cone cracks is partly due
to the small radius of the indenter and partly due to the relatively
low hardness of these materials. Both these result in significant
plastic deformation before the critical load required to produce
cone cracks is reached.

Adaptation of the standard theory for indentation toughness,
using sharp indenters, to the geometry of a spherical indenter does
not give accurate values for fracture toughness of the more porous
specimens. This is because the standard theory assumes conser-
vation of volume during plastic deformation which is not valid in
porous specimens. Since this also applies when using a sharp inden-
ter, it is unclear why the sharp indenter appears to give accurate
toughness results.

The fracture toughness was  calculated from the FE post loading
hoop stress field (in the absence of a crack and including the densi-
fication under the loaded indenter) using an approximate analysis
for the crack tip stress intensity in this field. The resulting toughness
was in acceptable agreement with values measured by other meth-
ods (sharp indenter and notched beam) provided that the loads
were sufficiently high to generate cracks of a length that could be
accurately measured and was  greater than a few times the radius
of the contact circle.

The Gurson model is useful for simulating the effect of densifi-
cation when assessing contact damage in porous ceramics.
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