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bstract

ense and cellular ceramics were produced from yttria partially stabilized zirconia powders by gel-casting, using agar as a gelling agent and
olyethylene spheres (125–300 �m diameter) as volatile pore forming agent to create 50–65 vol.% spherical macropores, uniformly distributed in
microporous matrix.
The mechanical properties of both dense and porous samples were investigated at the microscale by nanoindentation testing. The influence

f micro-porosity on the mechanical properties of samples was evaluated by the analysis of hardness and modulus depth profiles, coupled with
IB-SEM section observations of selected indentation marks. The intrinsic elastic modulus of the zirconia phase resulted to be of the order of
20 GPa. Mechanical characterization at the macroscale consisted of uniaxial compression tests and four point bending tests. Elastic moduli of
bout 170 GPa were measured for about 93% dense ceramics, lowering down to 44 and 13 GPa with the addition 50 and 65 vol.% macropores,

espectively. Digital image based finite element analysis (DIB-FEA) procedures were implemented in order to verify their applicability for the
rediction of mechanical behavior of this type of cellular materials: results confirmed that a very good match between measured and calculated
alues of elastic modulus can be achieved, provided that the effects of micro-porosity are considered by the proper choice of the elastic properties
o be assigned to each individual phase identified by Image Analysis.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Porous and cellular ceramic materials are the object of con-
iderable interest since specific competitive functionalities (such
s increased surface area, permeability, heat transfer capacity, or
aximized strength/density ratio) can be provided to the corre-

pondent solid materials by the presence of a controlled amount
nd distribution of “voids”.1 These properties are responsible for
ncreasingly wide application of these materials for a variety of
hemical, industrial or biological processes, such as molten met-
ls filtration, high-temperature thermal insulation, support for

atalytic reactions, filtration of particulates from diesel engine
xhaust gases and of hot corrosive gases, and bio-compatible
caffolds for bone substitution.2,3
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All mentioned properties, with particular reference to
echanical behavior and thermal properties of the porous

odies, are strongly affected by their specific microstruc-
ural features, the latter being determined by manufacturing
rocesses4,5: shape, dimension and distribution of cavities and
ores, together with their interconnection and orientation, play
or example a decisive role in determining strength, creep and
hermal fatigue resistance, thermal conductivity and expansion
oefficient and permeability of cellular or porous ceramic bod-
es. It is therefore extremely important to identify consistent
redictive models that can reliably assess the consequences of
icrostructural variations induced by modifications of the fabri-

ation process on the mechanical behavior of real components.
Mechanical behavior of cellular solids has been extensively
tudied and a variety of models have been proposed in order to
escribe it. Gibson and Ashby,6 in particular, have given the most
mportant contribution to the construction of the theoretical basis
or calculating the stress and strain fields inside cellular solids.

mailto:bartuli@uniroma1.it
dx.doi.org/10.1016/j.jeurceramsoc.2009.04.035
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The importance of all microstructural details including, not
nly the total amount of pores but also the shape of the cells,
he cell window opening, the number, shape and size of inter-
onnections between pores, the degree of anisotropy and the
urface/volume ratio, have been widely recognized. However,
he most commonly accepted approaches to the finite element

odeling of porous materials are based on the adoption of
umerous simplifying hypotheses. A comprehensive review of
ifferent methodologies to the mechanical modeling of cellular
olids is reported in Ref. [7]. The main general assumption is
hat of a uniform spatial distribution of cavities and pores: the
eal material is modeled as a repetitive spatial structure of ele-
entary cells (minimum volume), whose walls are commonly
odeled as beams or struts.8 That strategy, however, can only be

pplied when the shape and distribution of cavities is regular all
ver the total volume, but this hypothesis is not often verified,
o that the results obtained can provide only averaged values for
he parameters of interest.

A different approach, aimed to design a model able to reply
s accurately as possible the microstructure of porous materials,
s based on digital image based finite element modeling (DIB-
EA).9–11 The general idea is that of building up a finite element
odel that includes all the relevant microstructural features start-

ng directly from real micrographs of its cross-sections, and
arrying out structural and functional analyses on the designed
odel. Specific softwares have already been designed that can

ollow such methodology: one in particular, OOF (object ori-
nted finite element analysis)12,13 has been developed by NIST
nd has been used proficiently for predicting the mechanical
nd thermal properties of a large range of materials14,15: the
oftware is made freely available, along with the source code,
or scientific purposes.16

The possibility of taking into account the actual morphology
f the microstructural features for a reliable finite element sim-
lation is of particular interest in the cases where the response
f the investigated system is strongly dependent upon geometri-
al parameters, so that consistent process parameters → actual
hape → macroscopic properties correlations can be developed.
t is evident that the study of the mechanical response of ceramic
orous or cellular materials represents one of these cases, and
hat these materials can be assimilated to biphasic structures
here one of the phases, present in amounts of the same mag-
itude of the second phase, is represented by voids.

Even though DIB-FEA techniques are at present widely
dopted for the mechanical modeling of multiphase materi-
ls, several problems related to the assessment of reliability,
obustness and statistical validity of obtained results still remain
nsolved: in particular, the most critical point seems to be the
roper selection of the relevant microstructural features (i.e.
f the characteristic scale) to be considered in the finite ele-
ent model, in the optics of the optimization of computing

esources. Further work is still necessary in the definition of
he most appropriate procedure for the correct microstructural
odeling of inhomogeneous brittle materials and structures. The
resent paper proposes a multiscale integrated approach for the
echanical characterization of dense and porous ceramic bodies

roduced by gel casting, based on macro- and micro-mechanical

a

a
f
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esting and high resolution microstructural characterization,
oupled with OOF modeling of the produced structures.

Gel casting is a wet forming method based on the com-
ination of ceramic processing and polymer chemistry. This
rocess involves the dispersion of a ceramic powder into a
onomer solution and the casting of this suspension into a

on-porous mould. Polymerization is then promoted and con-
equently ceramic particles are entrapped into the rigid and
omogenous polymeric network.17 After gel formation, gel-
ast green materials can be easily demolded and are then dried
n controlled conditions. Gel-casting process can be modified
o fabricate porous ceramics by combining it with foaming
echniques, or replica methods, or even with the addition of a
acrificial phase.2,18

In this paper, a fugitive phase, made of commercial polyethy-
ene spheres in a size range selected by sieving, was added to
he ceramic suspension in agar before gelling and sintering. The
hape, size and size distribution of these spheres as well as their
olume fraction with respect to the ceramic content into the
lurry can allow a strict control of many porosity features of the
nal components.

Dense and porous (about 50–60% of theoretical density)
ttria partially stabilized zirconia samples were produced in the
hape of cylinders and prismatic bars.

Samples were characterized for microstructure and resistance
o compression and bending, evaluating both elastic modulus
nd modulus of rupture. Hardness and elastic modulus measure-
ents were also performed on both dense and porous specimens

y nanoindentation.
Results of mechanical and microstructural characterization

ere used to integrate and validate the DIB-FEA model, assess-
ng the influence of the level of detail adopted for the simulation
f the microstructure on the accuracy of the calculation, and
ssisting the final decisions about the degree of refinement of
he geometrical mesh.

. Materials and experimental methods

.1. Gel casting technique

Commercial stabilized zirconia with 3 mol% yttria (yttria
etragonal zirconia polycrystal, Y-TZP, grade TZ-3YS supplied
y Tosoh Co., Japan) was used for preparation of ceramic sus-
ensions. Particle size distribution was determined by means
f a laser granulometer (Fristch Analysette 22) in ethanol after
0 min of ultrasonication: the mean diameter of the zirconia
owder was about 0.6 �m, while the diameters corresponding to
0% and 90% of the particle size distributions were respectively
.33 and 1 �m.

Two different kinds of agar were chosen as gelling agents:
um agar Fluka 05040 and Sigma–Aldrich 07049; they were
issolved in hot water at about 90 ◦C and gelled on cooling.19

fter calcination, the declared residual ash fraction were ≤6%

nd 2%, respectively for Fluka and Sigma–Aldrich products.

A polyethylene (PE) powder (Clariant Italia SpA) having
density at 23 ◦C of about 0.92–0.94 g/cm3 was used as

ugitive phase. Its thermal decomposition is almost completed
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fter calcination at 550 ◦C.20 PE powder was made of almost
pherical particles, but irregular structures were also present.21

olyethylene spheres were sieved in the range 125–300 �m
efore dispersion into ceramic suspensions.

To set-up the gelling/sintering procedure dense components
ere produced. With the Fluka agar, suspensions having a
owder content of 55.35 wt.% were prepared in deionized
ater containing Dolapix PC 33 (Zschimmer & Schwarz,
.22 wt.% respect to zirconia powder) as a dispersant; with the
igma–Aldrich agar, suspensions having a higher solid content
f 58.82 wt% could be prepared in deionized water with the same
ispersant content. Part of the water was used to disperse the
irconia powder with Dolapix (45 min magnetic stirring, 15 min
ltrasonication). The agar was dissolved into the remaining part
f the deionized water at 90 ◦C for 1 h (2.38 wt.% of agar in this
uspension) and this solution was then cooled down to 60 ◦C and
dded to the ceramic suspension warmed at the same temperature
nder magnetic stirring.

Agar favors foam formation during preparation,22 therefore a
e-airing step was required to remove air bubbles entrapped into
he ceramic suspensions. Casting of the suspensions made with
he Fluka agar was carried out under vacuum (about 10−2 Pa).
lurries were poured into non-porous Plexiglas moulds at 60 ◦C.
ylindrical moulds having different dimensions (internal diam-
ter from 12 up to 18 mm and height in the range 30–55 mm)
s well as 10 mm × 10 mm × 90 mm bars were used. Cooling
own to room temperature promoted gelification.

To fabricate porous ceramics, PE spheres were added to the
owder suspensions after preliminary dispersion in water, in
uitable amounts to obtain zirconia bodies having about 40 and
0 vol.% porosity. The ceramic content of the slurries was the
ame adopted for the dense materials.

All cast samples were initially slowly dried at room tem-
erature under a controlled humid atmosphere; after demolding
rying was completed in static air. Final sintering at 1550 ◦C
as carried out for one hour (Fluka agar) or 2 h (Sigma–Aldrich

gar).

.2. Characterization procedures

.2.1. Morphological and microstructural characterization
Digital optical microscopy (DOM) was adopted for the mor-

hological characterization of porous bodies, using a purposely
eveloped procedure. Images acquired by Optical Microscopy
2560 × 1920 pixel resolution) were processed using a cascade
f filters according the following procedure: contrast equal-
zation, threshold, binarization, mean, ranking, morphological
losing. Detected voids were classified on the basis of their
rea and other geometrical parameters (mean porosity, porosity
istribution, circularity, mean shape factor, average chord, max-
mum Feret’s diameter) are then calculated. This procedure was
epeated on 5 different micrographs for an overall investigated
rea of 7 mm2.
Microstructural analysis and sub-surface micro-porosity
valuation were performed by focused ion beam (FIB) tech-
ique, coupled with FEG-SEM observations (FEI Helios
anoLab 600 Dual Beam). Cross-sections were obtained by

e

E
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IB milling after a preliminary in situ platinum deposition to
rotect surface layers during ion milling; the sectioning process
onsisted of a preliminary high ion current milling (9 nA) fol-
owed by a cleaning step of the section (0.9 nA) until the desired
ection was obtained.

Microstructural observation was performed both using the
on probe (maximum microstructural contrast) and the electron
robe (maximum morphological contrast), secondary electrons
n both cases.

.2.2. Mechanical characterization
Dense and porous specimens were characterized at the

acroscale by monotonic uniaxial compressive tests (elastic
odulus and compressive strength) and four point bending tests

elastic modulus and flexural strength) at room temperature.
Uniaxial loading tests were carried out according to ASTM

1424-99 specification using an INSTRON 8033 servo-
ydraulic testing machine on cylindrical specimens (aspect ratio,
ength/diameter = 1.7, to avoid buckling), precision-machined to
btain sufficiently planar and parallel faces.

Flexural strength and bending elastic modulus were evalu-
ted by four point bending tests performed according to ASTM
1161-02c specification using Zwick-Roell Z010 (for dense

pecimens) and Z2.5 (for porous specimens) electromechani-
al testing machines (Zwick-Roell, Ulm, Germany). Specimens
ere machined starting from gel cast forms in the shape of
mm × 4 mm × 50 mm parallelepipeds, with 45◦ chamfered
dges.

All specimens were instrumented for elastic modulus evalu-
tion with resistance strain gauges (HBM LY41-3/120, HBM,
armstadt, Germany), located in the centerline of the cylinder

nd thermally balanced by an identical strain gauge mounted
n a sample made of the same material (half-bridge config-
ration). In order to avoid any influence of the adhesive on
he final measurement, inductive displacement gauges were
sed to calculate the extrados sample deformation according
o the elastic line equation. All tests were carried out in dis-
lacement control, with a crosspiece velocity of 0.5 mm/min,
eading to the rupture in less than 1 min, as specified by the

entioned ASTM standard. Data relative to applied load and
easured displacement, sampled at 10 Hz, were elaborated for

he calculation of the maximum rupture load and of elastic
odulus.
Nanoindentation testing23 was performed by means of a

erkovich diamond indenter, using a Nano Indenter G200 (Agi-
ent Technologies), in a continuous stiffness measurement mode
CSM) under a constant strain rate of 0.05 s−1 and a maximum
oad of 650 mN, according to ISO 14577-1-2 standard. A Pois-
on’s ratio of 0.3 was adopted for modulus calculations. The
lastic contact stiffness S was dynamically measured during
ndentation and continuous hardness/depth and reduced mod-
lus/depth curves were obtained by the use of the following

quations23:

r =
√
π

2
· S√

A
(1)
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Table 1
Sets of samples produced by gel casting: volume percent of pore forming agents, type of agar (F = Fluka, SA = Sigma–Aldrich), shape of the specimens and density
(calculated as % of the theoretical).

Set Number samples Vol. % pore forming agent Agar Shape Density (%)

Dense 3 0 SA Cylindrical 96.0 ± 1.7
Dense 7 0 SA Prismatic bars 93.4 ± 1.2
P50-1 5 50 F Cylindrical 59.6 ± 1.2
P50-2 9 50 SA Cylindrical 63.3 ± 1.5
P
P
P
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by digital image analysis, are reported in Table 2: observing
the void volume fraction values for the three considered sets of
porous samples, it is clear how the Image Analysis based density
evaluation systematically under-estimates porosity in compari-

Table 2
Significant statistical parameters identifying microstructural features of repre-
sentative samples from different sets (average of 5 images per sample): pores
geometrical characteristics.

Parameters P50 set 1 P50 set 2 P65

Volume fraction 0.35 ± 0.08 0.31 ± 0.09 0.42 ± 0.12
50 13 50
65 6 65
65 6 65

= P

A
(2)

here A is the projected contact area, calculated after indenter
alibration on certified fused silica reference sample,23 and P is
he applied load measured during indentation.

The elastic modulus of the tested samples can be estimated
rom the measured reduced modulus by the following equation:

1

Er
= (1 − υ)2

E
+ (1 − υi)2

Ei
(3)

here Ei and υi are the elastic modulus and Poisson’s ratio of
he indenter.

In this way, reliable data can be obtained even for penetration
epth of the order of 50 nm, and the influence of the sub-surface
icro-porosity on the measured elastic modulus and hardness

an be determined.
Samples were polished before indentation by the use of dia-

ond lapping films, 15, 6, 3 and 1 �m grades, 1 min each.
In case of porous samples, indentations were performed on

lean areas, not affect by surface macroporosity.

.3. Digital image-based finite element analysis

The typical procedure for carrying out a digital image-
ased finite element analysis can be divided in the following
teps:

. choice of a representative cross-section;

. discretization of the domain corresponding to the imported
digital image;

. identification of the different phases and assignment of mate-
rial properties;

. setting of boundary conditions and loads, followed by solu-
tion.

The final target is to predict with a sufficient level of accu-
acy and reliability the properties of the material starting from a
igital image of its cross-section and the properties of the single
omponents.

Fields were computed with linear shape functions (element

dges with nodes only at the end points were used24). A reliable
imulation of the behavior of a 3D microstructure by means
f planar elements can only be assured for symmetrical struc-
ures. In the present case, all the characteristic elements of

A
C
F
S

SA Prismatic bars 61.6 ± 2.3
SA Cylindrical 49.2 ± 1.5
SA Prismatic bars 49.3 ± 0.8

he microstructure (sintering residual micro-pores, macropores
rom pore forming spheres) have central symmetry.

. Results and discussion

.1. Production of samples

Dense samples containing Fluka agar only reached a density
f 87%. Due to the poor densification of these samples and to
he difficult dispersion the PE spheres inside these slurries, only
ew porous pieces were produced using this gelling agent, and
hey were labeled as set 1. The samples obtained with the purer
gar (Sigma–Aldrich) reached much higher average densities.
able 1 resumes the main fabrication details and characteristics
f different sets of samples produced by gel casting. Density was
alculated as % of the theoretical density of yttria stabilized zir-
onia (6.05 g/cm3). A certain amount of residual micro-porosity
7% in average) is systematically observed for dense samples,
ikely due to incomplete de-airing and sintering processes, as
escribed in the previous chapters.

.2. Morphological and microstructural characterization

Digital images of representative cross-sections of macrop-
rous samples from three different cellular specimens (from sets
50-1, P50-2 and P65) are shown in Fig. 1(a), (c), and (e). The
orresponding binarized images are reported in Fig. 1 (b), (d),
nd (f).

Results of the statistical analysis of porosity, as calculated
verage chord (�m) 71.6 ± 33.1 67.5 ± 26.1 55.0 ± 25.4
ircularity 0.8 ± 0.2 0.9 ± 0.13 0.9 ± 0.2
eret maximum (�m) 135.2 ± 109.6 100.8 ± 51.9 87.8 ± 54.6
hape factor 1.3 ± 0.5 1.2 ± 0.4 1.3 ± 0.5
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ig. 1. Representative cross-sections of three cellular specimens (from P50 set 1
igital images (from P50 set 1 (b); from P50 set 2 (d); from P65 (f)).

on with results coming from the conventional weight/volume
ethod. This experimental evidence confirms that the binariza-

ion process cannot take into account the presence of pores at
icroscale and nanoscale coming from the de-airing and sinter-

ng processes.
The spherical shape of the PE particle used as fugitive phase

s maintained on sintering, and the average value of the macro-
orosity is very close to the initial volume percent of the pore
enerating agent. A strong tendency to sphere agglomeration
as observed in case of sample set P50-1. Despite the high level
f porosity resulting from a higher initial volume of pore form-
ng spheres, samples from set P65 are characterized by optimal
ispersion of the PE spheres.

Fig. 2(a)–(d) reports the FIB cross-sections microstructural
nalyses performed on both dense and porous samples. A

ommon microstructure, consisting of fine hexagonal grains
200–500 nm), and a similar amount of micro-porosity were
dentified for both samples, confirming that porosity at the

icroscale is essentially due to the densification and sintering

d
2
s
T

om P50 set 2 (c); from P65 (e); SEM micrographs) and corresponding binarized

rocesses, independently on the introduction of a pore forming
gent. As a further evidence, Fig. 2(b) and (d) clearly show that
he edges of the micro-pores are generated by the coalescence
f adjacent grains. It is also significant that the actual shape
f micro-pores is completely different from the spherical shape
sually assumed for predicting failure and damage mechanisms
f brittle materials.25 The radius of curvature at the apex of the
ores can be even lower than 20 nm: a significant local stress
ntensification factor with a direct influence on failure mecha-
isms and strength of both dense and porous bodies are therefore
xpected.

.3. Mechanical characterization

Results of mechanical tests performed on dense, P50 (pro-

uced by adding 50 vol.% pore generating agent, set 1 and set
) and P65 specimens (produced with 65 vol.% polyethylene
pheres in the same conditions of P50 set 2) are resumed in
able 3 for both uniaxial compression and four point bending.
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ig. 2. SEM micrographs of FIB cross-sections of a dense sample (a, b) and a
he ion probe and detecting emitted secondary electrons; (b, d) details acquired

Compression tests performed on cylindrical dense samples
ould not lead to reliable results, since the measured values
f the compression strength (an average of about 2 GPa) were
oo close to the maximum measurable strength of the employed

achine. Moreover, a partial penetration of the samples inside
he steel plates used for the loading was observed, so that the
eliability of the modulus measurements could not be guaran-
eed.
Very similar compressive strengths (230 and 235 MPa) and
moduli (46 and 43 GPa) were measured for P50 specimens

rom set 1 and set 2. Compression elastic modulus falls down to
1 GPa when macro-porosity is increased to 65 vol.%.

o
t

p

able 3
esults of uniaxial compression and four point bending tests carried out on dense and

trength, bending elastic modulus (average ± standard deviation).

Uniaxial compression

σcomp (MPa)

ense >2000a

50 Set 1 230.2 ± 25.7
Set 2 235.5 ± 79.6

65 38.3 ± 9.4

a This value can only be considered as a rough estimation (see text).
orous sample (c, d), showing subsurface micro-porosity: (a, c) acquired using
e FEG-SEM column.

During bending tests, dense material exhibited a perfectly
lastic behavior, and brittle fraction was evidenced by the total
bsence of plastic deformation: the maximum measured strain
as lower than 0.32%. An average value of 170 GPa was mea-

ured for the bending elastic modulus of dense specimens, with a
imited standard deviation, confirming the homogeneity of dense
amples. Average flexural strength is 413 MPa, with a larger
tandard deviation (110 MPa), as expected for brittle microp-

rous materials obtained by sintering processes (presence of
riple points).

For samples P50, fabricated in the same conditions of com-
ression samples from set 2, the value of the elastic modulus

porous samples: compressive strength, compression elastic modulus, flexural

Four point bending

Ecomp (GPa) σflex (MPa) Ebend (GPa)

– 413 ± 110 170 ± 6
45.6 ± 5.8 33 ± 11 44 ± 9
43.3 ± 15.4
10.7 ± 3.5 12 ± 5 13 ± 8



C. Bartuli et al. / Journal of the European Ceramic Society 29 (2009) 2979–2989 2985

Table 4
Results summary of nanoindentation tests: average ± standard deviation (Poisson’s ratio = 0.3).

Dense (density 96%) Dense (density 93.5%) P50 (density 62%)

Elastic modulus at penetration depth 100 nm [GPa] 219.00 ± 15.68 221.40 ± 30.62 238.10 ± 17.6
Elastic modulus at max penetration depth 1500 nm [GPa] 225.07 ± 6.35 177.28 ± 12.04 174.11 ± 6.6
H ± 1.66 14.6 ± 3.16 15.90 ± 1.4
H ± 0.77 12.82 ± 1.4 13.85 ± 0.53
R 4 0.878 0.871
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Fig. 4. Indentation hardness (left axis) and modulus (right axis) vs penetration
depth curves for a dense prismatic bar; the intrinsic properties of the ceramic bod-
ies and the influence of micro-porosity on indentation response can be evaluated
(statistical processing of 12 indentations).
ardness at penetration depth 100 nm [GPa] 14.15
ardness at max penetration depth 1500 nm [GPa] 14.06
atio between minimum and maximum measured hardness 0.99

as confirmed (44 GPa, about 26% of that of dense materials);
he dispersion of experimental data was higher than that experi-
nced by dense samples, due to the presence of a much higher
umber of possible crack origins. The load–deformation curves
uggest a different mechanical behavior, deviating from linear-
ty at higher loads and indicating the effect of collapse of the
xternal walls of the macrocells.

For macroporous P65 samples the elastic modulus decreases
own to 13 GPa (about 7% of the dense material), and the
ispersion of the experimental data is further increased. The
echanism of rupture is not different from that of P50 sam-

les, but the values of MOR decrease down to 12 MPa, probably
ndicating the effect of coalescence of macrocavities, and con-
rming that for very high porosities the thickness of the cell
alls becomes unsuitable to guarantee adequate mechanical
roperties.

.3.1. Microhardness and nanoindentation testing
Nanoindentation results for both dense and porous samples

re presented in Table 4 and Figs. 3–5, where hardness and
odulus vs penetration depth curves are reported.
In case of a dense cylindrical sample with 96% relative

ensity (Fig. 3) both hardness and modulus are constant with
enetration depth, and the measured values are close to those
ound in the literature for bulk zirconia, measured by the same
echnique.26

On the other hand, a decreasing indentation modulus and
ardness with penetration depth are observed in case of the

rismatic samples (both dense and porous, Figs. 4 and 5, respec-
ively). This apparent indentation size effect (ISE) is likely due to
he presence of sub-surface micro-porosity, which significantly
ffects the mechanical response of the system for a penetration

ig. 3. Indentation hardness (left axis) and modulus (right axis) vs penetration
epth curves for a dense cylinder (statistical processing of 12 indentations).

Fig. 5. Indentation hardness (left axis) and modulus (right axis) vs penetration
depth curves for a porous prismatic bar (set P50) (a); hardness vs plastically
deformed volume curve for the same sample (statistical processing of 12 inden-
tations) (b).
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ig. 6. FIB cross-sectioning of the indented zone of a P50 sample (FEG-SEM
icrograph): sub-surface micro-porosity is made evident.

epth higher than 500 nm. As a confirmation, the FIB cross-
ection of an indentation mark is reported in Fig. 6, where the
resence of micro-pores beneath the indentation area is made
vident. It is significant that the elastic modulus measured at
he maximum load for dense samples (177 GPa) is very close
o the one obtained by bending tests (172 GPa), suggesting that
he selected scale for nanoindentation (identified by the maxi-

um penetration depth, 1500 nm) is sufficient to take into the
ue account the effect of micro-porosity on the elastic properties
nd hardness of samples.

The observed consistency of data coming from nanoinden-
ation and macroscopic bending can be explained only after

careful evaluation of the characteristic interaction volume
etween sample and adopted mechanical probe in both cases.

To have an idea of the deformed volume in the case of
erkovich nanoindentation, it is useful to consider the plasti-
ally deformed volume beneath the indenter, which was found
o be approximately hemispherical27 for a bulk material tested
ith a pyramidal indenter, with a radius of the plastic zone Rp,
iven by27:

p = k ·
[(

E

H

)1/2

· cot1/3 ψ

]
· δ (4)

here k is an indenter specific geometric constant (equal to 3.64
n case of a Berkovich indenter), ψ is the effective indenter
ngle (70.3◦ for a Berkovich indenter), and δ is the plastic depth
easured during indentation.
In this way, the plastically deformed volume Vp beneath the

ndentation can be estimated as follows:

p = 2
πR3

p (5)

3

t is then possible to estimate directly the mechanical properties
s a function of the volume of interaction, which is found to be
uch greater than the average size of micro-porosity, as reported

o
v
m
t

eramic Society 29 (2009) 2979–2989

n Fig. 5(c), where a power law relationship was also found
etween measured hardness and deformed plastic volume.

It is important to note that hardness seems to be constant for
he highest values of plastic volume (Fig. 5(c)), confirming that
he hardness value measured at maximum load is representa-
ive of the “microporous” ceramic body, while the mechanical
roperties measured at the lowest penetration depths are repre-
entative of the intrinsic properties of zirconia.

This observation explains why data coming from nanoinden-
ation at high penetration depth are very close to the one obtained
y macroscopic bending, being the typical interaction volume
n both cases significantly higher than the mean size of micro-
orosity. As a consequence, by the knowledge of the hardness
radient a rough estimation of the sub-surface micro-porosity
mount is also possible, using a simple rule of mixture:

min = VZrO2

V
·Hmax (6)

here Hmax is the intrinsic hardness of the bulk zirconia, calcu-
ated at a penetration depth of 100 nm, and Hmin is the minimum
ardness value, calculated at maximum penetration depth.

A surface micro-porosity value of about 12% is estimated for
oth dense and porous samples, which is slightly higher than
he one estimated (7%) by weight/volume measurement on the
ense sample, meaning that micro-porosity is mostly concen-
rated near the surface during the densification and de-airing
rocesses. As a confirmation, the FIB section reported in Fig. 6
learly shows a wide presence of micropores beneath the sur-
ace, which has been roughly estimated of the order of 10% by
mage Analysis.

.4. Implementation of DIB-FEA

The binarized images of macro-porous samples, converted
nto a representation of a bi-phasic structure (consisting of “solid
SZ” and “pores”), were shown in Fig. 1. A computational
esh (initially entirely made of triangular elements) was gener-

ted from these binary maps and iteratively refined (introducing
maller and tetrahedral elements) to adapt it to the calculation
equirements.

The final value of homogeneity, defined as the ratio between
he areas occupied in each one of the elements by the two phases,
ives an indication of the suitability of the generated structure to
epresent accurately the actual microstructure. A computational
esh derived from the binarization of the digital image shown in
ig. 1(d) (P50 set 2), made of 17,256 elements and characterized
y a total homogeneity of 99%, is shown in Fig. 7.

Experimental values of the mechanical properties must be
ssigned to the individual phases to proceed to the calculation.
or the PSZ phase, the assigned value of elastic modulus for the
imulation of the application of a compressive load can either
e derived from the results of nanoindentation (provided that
he presence of the micropores is properly taken into account)

r from the results of macro-mechanical tests: considering the
ery good accordance between high load nanoindentation and
acroscopic bending tests, a value of 180 GPa was assigned to

he “microporous” PZS phase, even if neither of the two testing
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Fig. 7. Computational mesh (17,256 elements, 99% homogeneity) representing
the binary image in Fig. 1(d) (P50-2): the solid line confines the area that was
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Table 5
Elastic modulus of P50 and P65 cellular ceramics: comparison between exper-
imental results (from uniaxial compression tests) and calculated values (from
DIB-FE analysis).

Samples Density
%

Elastic modulus
experimental (±st.
dev.) GPa

Elastic modulus
calculated (±st. dev.)
GPa

P50 set 1 59.7 45.6 ± 5.8 50.7 ± 3.7
P
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4

ctually selected for the simulation of the mechanical behavior; realistic bound-
ry conditions were simulated by the presence of the area lying outside the solid
ine.

ethods reproduces exactly the loading conditions that have to
e simulated (uniaxial compression).

The boundary conditions were selected to minimize the influ-
nce of the border: only the central part of the micrograph was
onsidered for the simulation, so that the loading conditions
pplied to the border are physically realistic (see rectangular
rea in Fig. 7).

To simulate the application of the load, a fixed joint constraint
as assigned to the lower surface, while a length variation of
10% was imposed to the mesh. The model allows to calculate

n plane strain values (εx and εy) experienced in each node of
he mesh. By substitution of calculated strain components in the
ooke’s law for plane strain:

cellular = (σyy[(1 + ν)(1 − 2ν)])

(νεx + (1 − ν)εy)
(7)

here ν is the Poisson ratio, the elastic modulus Ecellular of the
ellular material can be obtained. For the examined case, a value
f Ecellular = 50.7 GPa was calculated.

Moreover, the distribution of the intensity of the stress, σyy,
ithin the structure can be evidenced (see Fig. 8), confirming
hat the areas that develop the highest stresses as a consequence
f the uniform application of an uniaxial load are those charac-
erized by the thinnest walls among cavities.

ig. 8. Results of the simulation of the application of an uniaxial compressive
oad to a P50-2 sample: colorimetric map of the σyy stress intensity distribution.

i

-

-

50 set 2 63.3 43.3 ± 15.4 44.2 ± 3.6
65 49.2 10.7 ± 3.5 12.6 ± 1.1

However, FIB-SEM microstructural analyses showed that
lso micro-porosity could play a fundamental role in determin-
ng the actual stress distribution within the porous structure.
herefore, the modeled stress distribution must be considered
s a qualitative estimation of the stress rearrangement due to
acroporosity.
Table 5 reports a direct comparison between the experimental

esults obtained from the mechanical characterization (uniaxial
ompression tests) and the results of the DIB-FEA implemen-
ation carried out on 5 different representative sections for each
xperimental set.

The following observations apply: (i) the dispersion of the
alculated E values is much lower than that of the correspond-
ng experimental data gathered from mechanical tests; (ii) a good
greement can be found between experimental results and pre-
icted values of elastic modulus: the highest difference (about
2% of the value) is relative to P65 samples, that are character-
zed by the highest dispersion of the results of mechanical tests;
iii) the simulations confirmed that samples P50 from set 1, char-
cterized by an uneven microstructure (with evident coalescence
f the large pores), that would hardly make them acceptable for
nal applications, exhibit, however, mechanical properties very
imilar to those of samples P50 from set 2, whose microstruc-
ural features, in terms of overall homogeneity, are certainly
uperior.

. Conclusions

The following conclusions can be drawn from gathered exper-
mental evidence and further elaborations:

ceramic materials obtained by gel casting of yttria par-
tially stabilized zirconia powders are characterized by about
7 vol.% residual micro-porosity from thermal degradation of
the gelling agent and subsequent sintering of ceramic pow-
ders; an elastic modulus of about 170 GPa and a modulus of
rupture of about 400 MPa were measured for samples obtained
without the addition of pore forming agents.
The amount, size and distribution of macroporosity of cellu-
lar ceramics can be strictly controlled by correctly selecting

the size of pore forming agents (polyethylene spheres for the
presented materials) and by optimizing their dispersion in the
gelling agent; about 50% and 65% porous cellular materials
were obtained, with very even distribution of mainly spherical
cavities with diameters ranging from about 120 to 350 �m.
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Nanoindentation testing was successfully applied for the eval-
uation of intrinsic properties of the PZS dense phase. A deeper
analysis of the modulus/depth curves, supported by FIB-SEM
microstructural characterization, also allowed to give a semi-
quantitative estimation of the influence of micro-porosity on
mechanical properties, and a very good accordance with elas-
tic modulus results from bending tests was evidenced.
The mechanical properties of cellular ceramics produced by
gel casting are mostly influenced by the total amount of pores,
rather than by the distribution of the cavities inside the solid
matrix.
DIB-FEA simulation of the mechanical behavior imple-
mented starting from SEM micrographs of representative
cross-sections gave rise to very reliable predictions of elastic
properties, provided that the influence of micro-porosity were
properly taken into account by assuming an average modulus
for the PSZ phase: elastic moduli only 5–10% different from
the corresponding measured values were calculated for cellu-
lar ceramics produced with different amounts of pores and in
different conditions.
Microstructural FIB-SEM analyses showed that the actual
geometry of pores at microscale and nanoscale was signifi-
cantly different from the spherical one, and a strong influence
of micro-porosity on damage mechanisms and failure modes
is expected. For these reasons, the implemented models could
not be used to produce reliable strength and/or toughness
predictions.

A present limitation of the simulation procedure can there-
ore be found in the practical impossibility (due to excessively
nerous computing effort and to the limits in the resolution of
igital images) of taking into account simultaneously, in one
ingle calculation, microstructural features of different orders
f magnitude, such as micropores deriving from incomplete sin-
ering and macropores or other macro-defects generated by the
resence of pore forming agents.

Positive advantages can be derived from the application of
IB-FEA methods to cellular materials by the possibility of

reating direct real correlations between specific microstructural
eatures and overall mechanical elastic properties, thus allow-
ng to reduce the number of material developing cycles and to
mprove the fabrication process minimizing safety coefficients
uring components design.
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