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Abstract: Y2O3 at 3% mol partially stabilized Zr2O3 (3YSZ) porous specimens with variable open
porosity, from fully dense up to ~47%, and their potential use as anode supports for new solid oxide
cell designs were fabricated by tape casting. The stiffness, strength and fracture properties were
measured to investigate the influence of porosity on mechanical properties. The evolution of Young’s
modulus and characteristic strength was evaluated by ball-on-ring tests. The variation of critical
plane stress Mode I stress intensity factor with porosity has also been investigated and modelled
from the results obtained from fracture mechanics testing. R-curve behaviour was observed in dense
3YSZ specimens and in porous 3YSZ compositions. The width of the transformation zone after
fracture mechanics testing and the variation with porosity were investigated. The phases existing
in the fracture zone were determined and quantified by Raman spectroscopy. It was found that the
width of the transformation zone increased with increasing porosity. A new general R-curve model
for 3YSZ based on the McMeeking–Evans equation is presented, which can be used to predict the
behaviour of the R-curve as a function of porosity, simply by knowing the properties of the dense
material and introducing in this equation porosity-dependent laws on the key properties that affect
fracture toughness.

Keywords: partially stabilized zirconia; transformation zone; Raman spectroscopy; R-curve behaviour

1. Introduction

Solid oxide cells are high temperature electrochemical devices that can either be oper-
ated as solid oxide fuel cells (SOFC) converting fuel to electricity or operated as solid oxide
electrolysis cell (SOEC) converting electricity and H2O and/or CO2 to fuel (hydrogen, CO
or synthesis gas). In the current designs of solid oxide cell structures, the electrochemically
active layers (anode, cathode) are processed to relatively thin geometries (~10 µm) to obtain
a high power density at the working temperature [1]. However, these thin ceramic layers
are intrinsically brittle and therefore should be integrated on top of a structural support
layer, which is either an extension of the fuel electrode or the electrolyte [2]. A commonly
used configuration for the manufacturing of SOFC and SOEC is the anode-supported
or fuel electrode-supported configuration (e.g., Ni/YSZ [1] or Ni/GDC) [3]. Other al-
ternative cell designs currently being developed are metal-supported cells [4], cathode
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or oxygen electrode-supported cells [5] and electrolyte-supported cells [6]. In the LSM
(oxygen electrode)-supported cell, the support is typically based on a thick LSM/YSZ layer
placed on the oxygen side of the cell. This later design presents the drawback that during
sintering above 1000 ◦C the reaction between LSM and YSZ into insulating zirconates may
lead to a detrimental effect on the electrochemical performance [7]. To avoid this, new
configurations based on a co-sintered porous support of YSZ into which a percolating
electronic conducting phase is infiltrated after sintering have been studied [5]. It is worth
mentioning that at such a high temperature, the so-called precipitation of impurities may
occur, affecting the transformation of the crystal structure [8]. These backbones of porous
3YSZ must have a suitable porous microstructure to allow the infiltration to introduce
sufficient electronic conductivity into the support structures [9]. Nevertheless, in addition,
these porous backbones must integrate sufficient mechanical robustness to also serve their
intended structural application [9]. Independent of the usage of porous 3YSZ—anode,
cathode or other purposes, it is of high importance to establish porosity effect on structural
performance of these porous backbones, especially bearing in mind the well-known effect
of pore density and orientation on the reliability and mechanical properties of ceramic
materials [10–12]. Apart from thermal expansion and compositional compatibility with
the functional solid oxide cells (SOCs) layers, backbones based on 3% mol Y2O3 partially
stabilized Zr2O3 (3YSZ) are characterized by the transformation toughening effect, which is
a characteristic increase in fracture toughness arising in a material due to a phase transfor-
mation occurring at a tip of an advancing crack [13]. However, there are a few requirements
that must be accomplished for a successful transformation toughening. First, there must
be a metastable phase present in the material and the transformation of this phase to a
more stable state must be capable of being stress-induced in the crack-tip stress field. Sec-
ond, the transformation must be virtually instantaneous and not require time-dependent
processes, such as long-range diffusion. Third, it must be associated with a shape and/or
volume change. It is this last characteristic, the deviatory character of the transformation,
which allows it to be stress-induced. It also provides the source of the toughening because
the work done by the interaction of the crack-tip stresses and the transformation strains
dissipates some of the energy that would normally be available for crack extension [13].
An alternative, but essentially equivalent, way of regarding the toughening process is as
a form of crack shielding, in which the transformation strains generate local stresses that
oppose further crack opening. It is well-known in the scientific community that transfor-
mation toughening occurring in dense partially stabilized zirconia (PSZ) can give rise to
rising fracture resistance with crack extension (R-curve behaviour) [14–20] caused by the
characteristic transformation toughening mechanism occurring in these materials. The
transformation toughening effect is due to the fact that at sufficiently high stress, metastable
particles undergo a transformation from the tetragonal to the monoclinic phase, which is
accompanied by a volume increase of 4% [21]. Since the transformation is stress-induced,
a zone of material containing transformed particles surrounds the crack tip after critical
transformation stress has been exceeded [22]. Subcritical crack growth (SCCG) is another
phenomenon observed in PSZ and often reported in the literature [19,23–27]. Generally, in
truly brittle ceramic materials, crack growth occurs at a velocity that is in the order of mag-
nitude of the speed of sound (fast fracture) after the applied energy release rate reaches a
critical value (GIc). However, in some materials, including ceramics, crack growth can occur
at lower velocities and this phenomenon is called subcritical crack growth (SCCG) [28–30].
SCCG can occur in reactive specimens due to the weakening of inter-atomic bonding at the
crack tip by chemical interaction with the environment or by the transport of molecules
to the crack front [27]. A higher concentration of water molecules in the environment
increases the crack growth rate by favouring the cleavage of Zr–O–Zr bonds at the crack
tip [23]. In this work, dense and porous Y2O3 partially stabilized ZrO2 (3YSZ) materials
were fabricated by tape-casting technique to prepare porous backbones for applications
in the field of SOCs. The main purpose of this article is to provide perspective on porous
structures with spherical pores and open porosity in the 1–47% porosity range prepared
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by using polymethylmethacrylate (PMMA) as pore former. Porous structures with the
highest pore volume-to-surface area ratio possible and with better mechanical properties
(limited notch-features) were selected to investigate the influence of porosity on mechani-
cal properties of 3YSZ. The tetragonal-monoclinic transition in 3YSZ was determined by
micro-Raman spectroscopy [31,32]. The aim of the work was to investigate the influence of
porosity on the mechanical properties of 3YSZ with different values of open porosity pre-
pared by tape-casting. To this end the elastic modulus, flexural strength, Young’s modulus
and fracture toughness of 3YSZ supports with different open porosity (<1 to 47%) were
deeply evaluated. The variation of transformation toughening effect as function of porosity
and the influence of transformation zone on R-curve behaviour and the possible occurrence
of SCCG was also investigated. Finally, a new model for R-curve behaviour based on
McMeeking–Evans equation and including the influence of porosity on transformation
toughening is proposed [14,33].

1.1. Theory
1.1.1. Increase in Fracture Toughness from Transformation Toughening

As mentioned above, the rising fracture toughness (KR) of zirconia ceramics is the
result of an increasing process zone of stress induced martensitic transformation from
tetragonal to the monoclinic structure at the crack tip region [9]. The stress-induced
transformation occurring at the crack tip produces a transformation zone of height 2 d,
where d is the width of the transformation zone at one side of the advancing crack [34]. In
most of the mechanistic models of transformation toughening, the formation of the initial
transformation zone at the tip of a stationary crack has no net effect on the toughness of the
material [13]. However, as the crack grows, material unloading occurs in the transformed
material behind the crack tip. It is the non-reversible stress–strain behaviour (the stress–
strain relation during unloading differs from the stress–strain relation during loading) that
a material point undergoes around the crack tip, which leads to an increase in fracture
toughness. The phenomenon of rising fracture toughness with increasing crack length is
called R-curve behaviour [14–19]. Hence, the size of the transformation zone at the crack
flanks is an important parameter, which depends on the temperature, the amount and type
of stabilizer used, and the size of tetragonal zirconia particles [35].

The maximum capability of a material to experience transformation toughening can be
expressed as a shielding stress intensity factor, ∆KRSS , which is a function of the transforma-
tion zone shape, as evaluated by the parameter η, and the zone size (d). Thus, the increase
in toughness from initiation KR0 to steady-state, KRSS , resulting from stress-activated trans-
formation, ∆KRSS , is commonly given by an expression of the form [14,33]:

∆KRSS =
η E eTVf d1/2

1 − ν
(1)

where η is a factor depending on the zone shape at the crack tip and the nature of the stress
field in that zone, E is the effective modulus of the material, eT is the dilatational strain,
Vf is the transformed volume fraction of particles, d is the width of the transformation
zone from the crack surface (i.e., the half-height of the zone), and ν is the Poisson ratio.
Different values for η have been proposed depending on the elongation of the zone ahead
of the crack tip [14]. The value of ∆KRSS in Equation (1) indicates the maximum increase
in the applied stress intensity factor K that a material can withstand by transformation
toughening mechanisms.

1.1.2. R Curve Models

Evans has suggested an arctan function to fit the R-curve behaviour numerically cal-
culated from the crack-shielding model [14,33]. The original equation, used to describe
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the fracture toughness as a function of the crack length, is the McMeeking–Evans formula-
tion [14,33]:

∆K(∆a) =
η E eTVf d

1 − ν
tan−1

(
∆a
a0

)
(2)

where Vfd the product between the transformed volume fraction of particles Vf and the
square root of the transformation zone width from the crack surface d0.5 (i.e., the half-height
of the zone), ∆a is the crack length and a0 is a normalizing parameter inverse of the zone
width (d) [14,33,36].

1.1.3. Our Model: Porosity-Dependent Model for R Curve Behaviour

With the aim to introduce a new generic model of R-curve behaviour, able to predict
the performance of porous materials by just introducing the properties of the dense material
and porosity-dependent laws for those properties affecting the R-curve behaviour, we have
proposed the approach explained below. The dependence of the elastic modulus on the
porosity has been introduced in the following terms [10,37,38]:

E(p) = Ee−bM p (3)

where E is the elastic modulus of the fully dense material, bM is a porosity dependence
constant and p is the porosity. The transformed volume fraction and width of the transfor-
mation zone are affected in two opposite ways by the porosity change. Vf is expected to
decrease linearly when the porosity grows; increasing the porosity of the material means
to reduce the total full volume as well as the transformed volume. The linear influence of
Vf is attenuated by the change of d, though; the transformation zone width sensibly rises
with porosity, as it is noticeable from the Scanning Probe Image (SPI) images obtained from
nano-indentation testing and reported in the Results section below but also quantitatively,
as determined by Raman spectroscopy. As the volume fraction of transforming particles
decrease with the porosity, the overall expected trend for Vfd is a function that decreases
with porosity as follows:

Vf d(p) = Vf d(1 − ps) (4)

where Vfd is the product between the transformed volume fraction of particles and the
square root of the transformation zone width (d) of the full dense material, p fractional
porosity and s a best fitting parameter, expected to be smaller than 1. Additionally, it
can be expected that the width of the transformation zone decreases with the stiffness of
the transforming zone, why we propose a similar porosity-dependent law was assumed
for d−1, the inverse of the transformation zone, as shown in Equation (5). The fracture
toughness trend, following an arctangent according to McMeeking–Evans formulation for
full dense materials, is also inquired through another fitting parameter m, exponent of the
tan−1 term [14,33,36]. Finally, the resulting correlation proposed here, which expresses
the fracture toughness as a function of the crack length, porosity and two best fitting
parameters is the following one:

K(∆a, p, s, m) =
η
(

Ee−bM p
)

eTVf d(1 − ps)

1 − ν

(
1 +

(
tan−1

(
∆a

d (1 − ps)

))m)
(5)

Therefore, by introducing the variation with porosity of the material properties in
Equation (5) a general model of the materials behaviour can be obtained.

2. Materials and Methods
2.1. Materials

Porous 3 mol% yttria stabilized zirconia (3YSZ) (hereafter also called backbones) with
different levels of open porosity (P0) (<1–47%) and closed porosity (Pc) were prepared
by tape casting. The porosity was modulated using PMMA as pore former at different
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concentrations, being 0 wt%, 25 wt% and 50 wt% for BB05, BB06 and BB07 samples,
respectively. Table 1 reports the pore characteristics, specifically open and closed porosities
and average pore size based on volume, as derived from the mercury intrusion tests. The
tape casting slurries where made using ethanol as solvent and contained PMMA as pore
former (PMMA 7–10 µm from Esprix) and an in-house binder-dispersant system added to
the 3YSZ powder (Tosoh Co.), as described in [1]. All the powders were used as delivered.
The dried tape cast layers were laminated together to obtain thicker samples to achieve a
better handling strength. Circular samples were punched out of the laminates to a diameter
of ca. 25 mm and a thickness of ca. 300 µm and sintered at a temperature of 1315 ◦C
(15 ◦C/h to 600 ◦C/4 h; 60 ◦C/h to 1315 ◦C/12 h; 100 ◦C/h to 25 ◦C end). For each type
of backbone, between 29–40 samples were fabricated for ball-on-ring testing. Samples for
other mechanical tests were made through the laser cutting of the sintered samples into the
appropriate size (sample sizes are reported below).

Table 1. Porosity and average pore diameter measured by mercury intrusion porosimeter. The
relative standard deviation (RSD) of porosity is 5%.

Sample Name Average Pore Diameter
(µm)

Open Porosity
(%)

Closed Porosity
(%)

BB05 - 2.8 -
BB06 0.32 13 11
BB07 0.85 47 5

2.2. Microstructural Characterization

Recently, several methods of research and analyses of pores to investigate their dynam-
ics and structure have been presented [39]. However, in this work, the porosity and pore
size distribution of the porous samples were determined by standard mercury intrusion
using an Autopore IV 9500V1.05 from Micromeritics Instrument Corporation, Norcross,
GA. Due to the uncertainty of the mercury intrusion porosimeter for highly dense materials,
the porosity of the dense sample was measured on an AccuPyc-1340 Helium Pycnometer.
Scanning electron microscopy (Hitachi TM1000tabletopSEM) was performed on the sin-
tered samples to investigate their microstructure. Prior to SEM investigation, the samples
were vacuum embedded in Epofix (Struers, Denmark), ground and polished to 1 µm and
coated with carbon to eliminate surface charging.

2.3. Nano-Indentation Testing

Nanoindentation experiments were performed on the smooth-cut surfaces of samples
with a TI-950 TriboIndenter (Hysitron Inc., Minneapolis, MN, USA). The tip is a cone
indenter with a nominal diameter of 5 µm. The machine compliance is 0.46 nm/mN. These
indentation experiments were conducted in a quasistatic mode by applying the same load
of 0.5 N in all samples. The tests were conducted under load control. The time for reaching
the maximum load was 5 s, then followed by a hold of 2 s and unloading in 5 s. The in-situ
SPM imaging mode was used to raster-scan the sample zone prior to the indentations and
to identify the spots most suited for the indentation experiment (smoothness and level).
The in situ SPM image was needed to identify the two distinct sample zones: the tetragonal
phase base material and the area of the tetragonal to monoclinic transformation zone. The
indenter used for the imaging procedure was a Cube Corner indenter geometry.

2.4. Raman Spectroscopy

Raman spectroscopy analyses were performed using either an optical micro-Raman
spectrometer (Model XY, DILOR, Lille, France) or a confocal Raman equipment (Alfa
300 from WITec GmbH, Ulm, Germany). The method relies on the differences in the lattice
phonon mode position and intensities of the corresponding Raman peaks for both tetragonal
and monocline phases [32]. The existence of relatively small amounts of monoclinic phase is
well established by the presence of the Raman double peak at 180 and 190 cm−1 between the
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150 and 260 cm−1 tetragonal zirconia Raman peaks [32]. The ratio between the intensities
of this double peak and that of the 150 cm−1 Raman peak of tetragonal t-ZrO2 can be used
to determine the relative amount of monoclinic versus tetragonal phase. In the present
case, the minimum monoclinic fraction that can be detected by this method is about 0.01. It
is also interesting to note that Raman peak positions change with composition and stress.
The measurements were taken along lines perpendicular to the fracture top surfaces. To
obtain reference spectra of the non-deformed ceramic, Raman spectra were also taken
perpendicular to the ceramic plate surface well far away from the fracture or notch surface.
In the case of the micro-Raman set up, spectra were excited with the 514.5 mm line of an
Ar+ ion laser and collected at room temperature in a backscattering geometry using a triple
0.5 m monochromator with a CCD detector coupled to an optical microscope with a spectral
resolution of 0.3 cm−1. A backscattering micro-Raman configuration with the objective
×100 was also used. The measured volume in this setup is of about 2 µm diameter and a
variable depth, depending on the sample transparency. Due to the scattering of the exciting
and collected light beam, the measured volume is larger and deeper in the case of the dense
and more transparent BB05 sample than in that of a porous, strongly scattering sample.
In addition, we performed measurements in the confocal Raman set up to obtain a better
spatial resolution. In this case, the measurement was performed with ×100 objective, and
a 25 µm pinhole selected a region of about 2 µm thickness, in the direction parallel to the
laser beam, around the focus position. An objective of ×50 that selected about 4 µm in
depth around the focus was also used. In this case, the excitation source was the 532 nm
green laser line.

Procedure

In order to select the signal coming from the near-to-surface volume, which is of critical
importance when it is necessary to measure a sample volume while remaining as close as
possible to the fracture surface volume, the procedure employed was as follows. The laser
was focussed into the sample to obtain a maximum Raman signal. Then it displaced the
focus upwards, away from the sample, until the signal intensity decreased to half. In this
condition, the spectra were accumulated until a good signal-to-noise level was obtained.
This corresponds to the spectra on the surface. Subsequently, spectra were also recorded
shifting the sample upwards by 2 or 4 microns (as indicated in the corresponding spectra)
so as to focus the exciting light and collecting objective inside the samples below the surface.
This distance by which the sample has been shifted with respect to the surface at focus is
used in the rest of the manuscript to identify the point of focus within the sample. The
actual focussing position should be somewhat larger due to refraction. Raman spectra were
measured in three different sample regions: (a) in the pristine untreated ceramic surface;
(b) in the surface left by the notch consisting of a thin resolidified crystalline layer; and
(c) in the fracture edge.

2.5. Flexural Strength by Ball-on-Ring

Flexural strength was determined by the ball-on-ring method by means of an Instron
testing machine (Model 1362 graded to 88R1632). The displacement was measured using
an LVDT (linear variable differential transformer, range ±50 mm, resolution ±2.5 µm)
located in the Instron drive unit. The diameter of the supporting ring was 16 mm, while
the diameter of the ball was 3.96 mm. The loading speed was 0.2 mm/min.

2.6. Fracture Toughness by Double Cantilever Beam (DCB)

Rectangular specimens of (10 × 60 × 0.3) mm3 with a central notch (25 mm long and
0.1 mm tall) along the biggest dimension where the tapes were laser cut. An additional
micro-notch, needed to ensure that initial cracking takes place in the middle of the ceramic
layer, was sawed at the laser-cut notch root with a steel blade. The experimental procedure
for sample preparation is reported in reference [19]. The ceramic layer was placed inside
the grooves of two steel beams and glued using Scotch-WeldTMDP460 from 3 M as two-
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part epoxy adhesive to form the test specimen. The height, H, of the steel beams was
5.95 mm and the width, B, 4.85 mm. The DCB specimens were loaded with pure bending
moments, using a special fixture that consists of grips that lies on a base fixture [19,26,40].
The DCB specimen loaded with pure bending moments is a steady-state specimen, as
under constant moments, the energy release rate (G) is independent of the crack length
(∆a), as seen from Equation (1) in reference [40]. The value of G was determined by the
measurement of the applied moment. The fixture was mounted on the XYZ stage of an
optical microscope (DeltaPix, camera Infinity X-32) and the crack growth was measured by
translating the stage in the specimen (XY). The magnification used in the optical microscope
was between 100–200 X. All the tests were conducted at ambient conditions. A detail
description of the loading procedure for the determination of the R-curve behaviour can
be found in references [9,19]. Briefly, the samples were loaded gently by applying pure
bending moments by the double cantilever rig until a crack appeared at the root of the
micro-notch. This crack propagated a length ∆a1 and then stopped due to the characteristic
resistance to crack propagation offered by 3YSZ materials. The energy release rate applied
for this initial crack growth or its associated fracture toughness value

(
KR0

)
was then

determined. A subsequent increase in the applied moment trough the DCB rig (hence in
the applied energy release rate or stress intensity factor) induced another crack of length
∆a2. At this point, the total length of the crack is ∆a = ∆a1 + ∆a2. Again, the values of
KR and ∆a were recorded. This procedure was subsequently applied up to a certain value
of applied moment, and the crack propagated without stopping until the total sample
breakdown. The recording and calculation of these values of applied moments and crack
lengths allowed the full R-curve behaviour of the material to be obtained. Clearly, the
value of applied stress intensity factor producing the catastrophic failure (KRSS ) and the
corresponding total crack length value ∆a, which is called critical crack length, were
also determined.

3. Results
3.1. Microstructural Characterization

A Scanning Electron Microscope (SEM) was used to investigate the microstructure
of broken samples after the Double Cantilever Beam (DCB) tests in areas at a side of the
catastrophic crack path. In particular, Figure 1a–f shows the SEM images of the selected
samples corresponding (a,b) to BB05, (c,d) to BB06 and (e,f) to BB07. The three materials
differ according to the percentage of open porosity, being 2.8%, 13% and 47% for BB05,
BB06 and BB07, respectively, as consequence of the PMMA amount added during the
sample preparation.
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Figure 1. SEM images of the investigated samples.

3.2. Biaxial Flexural Strength

Table 2 summarizes the results for the elastic modulus and biaxial flexural strength on
the prepared 3YSZ (BB) backbones measured at room temperature using the ball-on-ring
method. The elastic modulus was calculated from the load deflection curves given by the
ball-on-ring data. In reference [9], the experimental set-up used in the tests is described
in detail. Furthermore, a systematic description of the influence of porosity on flexural
strength of 3YSZ is also provided.

Table 2. Elastic and mechanical properties obtained by the ball-on ring tests of 3YSZ. Samples.

Sample Thickness
(mm)

Number of
Samples

σ0
(MPa) m E

(GPa)
Veff

(mm3)
σ0,corr

(Veff = 1 mm3)

BB05 0.3 ± 0.01 29 676 ± 55 5.5 214 ± 20 0.443 583 ± 47
BB06 0.34 ± 0.01 31 264 ± 44 6.2 112 ± 18 0.3505 223 ± 37
BB07 0.35 ± 0.01 40 143 ± 20 8 55 ± 8 0.214 118 ± 16

References [41,42] describe the procedure to calculate the Weibull characteristic strength
(σf), Weibull modulus (m) and the effective volume (Veff) for the different samples.

3.3. Double Cantilever Beam: R-Curve Behaviour Determination in 3YSZ Bodies

Figure 2 shows different images obtained during the double cantilever beam testing.
In Figure 2a, it is possible to see the laser-cut notch. An additional micro-notch was sawed
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at the laser-cut notch root to facilitate the crack onset and to ensure that the initial cracking
takes place in the middle of the ceramic sample (Figure 2b). Figure 2c shows the onset of a
crack after the initial loading propagating through the ceramic material starting from the
notch and then stopping, as indicated by the black arrows. Figure 2d shows the already
initiated crack propagating through the rest of the sample after an increase in the applied
load. Figure 2d shows a complete picture of a representative sample (BB05) before and
after the DCB testing and the path run by the propagating crack (Figure 2e,f).
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Figure 2. Images from double cantilever beam testing for a representative BB05 sample, (a) laser-cut
notch and (b) additional sawed micro-notch, (c) arrows indicate the crack initiation, (d) arrows
indicate the crack propagation and (e) sample before and (f) after catastrophic breakdown for
KR ≥ KRSS .

3.4. R-Curve Behaviour

The double cantilever beam technique, following the settings and procedure described
in the Experimental section and in references [19,26,43], was applied to determine the
variation of fracture toughness with crack extension for dense and porous 3YSZ sup-
ports. Figure 3 plots the R-curve behaviours for BB05, BB06 and BB07 in terms of fracture
toughness increase.
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Figure 3. R-curve behaviour of 3YSZ samples with different porosity (p) values (standard deviation is
also plotted). Dotted lines represent a family of curves of KI versus porosity obtained from Equation (5).

3.5. SPI Imaging: Nano-Indentation

Figure 4 shows the SPI images of the indentation tests for (a) dense (BB05) and (b,c)
porous (BB07) samples.
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Figure 4. SPI images from indentation testing (spherical cone indenter of 5µm of diameter) for
(a) BB05, (b,c) BB07 and (d–f) the enlargement of the microstructural damage due to indentation in a
BB05 sample. (d,e) shows an area of a BB05 sample before and after the indentation, while (f) is an
enlargement of the damaged area squared in red in (e).

3.6. Raman Spectroscopy
3.6.1. Raman Spectra Measured with the Micro Raman Equipment

Figure 5 shows the Raman spectra of pristine untreated and treated ceramic sam-
ples. The spectrum of the pristine untreated ceramic surface of a BB05 sample is observ-
able in Figure 5, line a. It consists of five broad Raman peaks at 150, 260, 325, 465 and
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640 cm−1, which are characteristic of the t-ZrO2 phase [44]. The faint structure between
370 and 425 cm−1 is luminescence probably due to some impurities present in the mate-
rial. Figure 5, line b) shows the Raman spectra measured with the micro-Raman setup
in the fracture surface of the dense sample (BB05). The two spectra are essentially the
same. In Figure 5, lines c,d the spectra corresponding to the samples with 13% (BB06) and
47% (BB07) porosity are displayed. In addition to the tetragonal peaks, two shoulders at
177 and 188 cm−1 are seen (marked with arrows), which correspond to two of the
18 symmetry allowed Raman-active modes that can be predicted for the monoclinic ZrO2
phase [44]. In samples with low m-ZrO2 content these are the only well-observed Raman
peaks as they are the narrower and more intense modes of this structure. In accordance
with the method reported in reference [45], this Raman signal is ascribable to presence of
about 1 vol% of m-ZrO2 in the explored volume.
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As a summary, micro-Raman technique detects the presence of monoclinic zirconia
near the fractured surface in the porous samples, but no monoclinic zirconia is evident in
the dense one.

3.6.2. Raman Spectra Taken with Confocal Raman Set Up

Figure 6 shows spectra measured with the confocal Raman in the fracture surface
of the dense sample (BB05) and focussing on the surface and, nominally, at 2 and 4 mi-
crons below (sample stage shift). m-ZrO2 is only detected clearly in the sample region at
less than 2 microns of the fracture surface with a concentration of about 4.7 vol% in the
explored volume.

Figure 7 shows the Raman spectra of the sample with 47% porosity (BB07). In contrast
with the behaviour observed in the dense sample, here m-ZrO2, is detected in all the
spectra taken in the surface and focusing nominally (sample stage shift) at 2 microns and at
4 microns deep below the surface. On the other hand, these spectra did not show variation
in the amount of m-ZrO2 detected changing the depth of focus. Moreover, only a tiny
amount, almost indistinguishable with the noise, was observed in all the spectra. In order
to detect monoclinic zirconia, we had to use the x50 objective that explores a sample volume
of about 4 microns depth around the focus position. Using the method outlined above the
amount of m-ZrO2 in this sample was estimated 2.9% with the focus on the surface, 3.6% at
2 and 4 microns from surface.
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depth (blue line) into the sample.

4. Discussion

The SEM images shown in Figure 1 indicates that sample BB05 is well structured and
homogeneous, while samples BB06 and BB07 are characterized by more discontinuities
since a fraction of their volume is occupied by empty spaces of different shapes and sizes.
Furthermore, it is possible to observe microstructural damage at the crack flanks. This
damage could be ascribed to the typical crystallographic transformation from tetragonal to
monoclinic phase. However, to validate and quantify this damage, a specific technique as
Raman microscopy was performed. Figure 1a, image corresponding to the dense sample
BB05, shows that the transformation width is very narrow, even at higher magnification
(Figure 1b). In sample BB06, it is possible to distinguish a slightly more marked damaged
area probably justified by the occurring of crystallographic changes. In sample BB07, the
microstructural damage is well distinguishable even at reduced magnification compared
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to previous ones. The PMMA was used as pore-former after sintering to obtain spherical
pores of various sizes differently distributed in the sample volume. Regarding the results of
the mercury intrusion tests reported in Table 1, sample BB07 shows the highest percentage
of porosity and compared to sample BB06; it shows an increase of 34% in open porosity
by adding 25 wt% more of the pore-former. If compared BB07 to the BB05 sample (with
the amount of pore-former at 50 wt% and 0 wt%, respectively), the difference in open
porosity achieved was 44.2%. These data indicate that the trend of the increase in porosity
as function of pore-former content is not linear but could be better approached by an
exponential growth. In addition, an increase in the average pore size as the porosity
increases can be observed. This behaviour could be explained assuming that different
PMMA concentrations favoured, in areas with a high content of pore-former, a physical
interaction between the pores: an interaction/fusion of these pores resulted in a single pore
of larger size. Table 2 reports the summary of the mechanical properties of the investigated
samples. The data suggest a clear decrease in characteristic strength of 3YSZ with increasing
porosity as expected [24,25,41,46,47]. In fact, the maximum characteristic strength value
of 676 MPa was found for the denser sample (BB05), while for the sample with a higher
porosity (BB07), equal to 47% porosity, the characteristic strength value was 143 MPa.
Figure 2 shows different stages of the crack propagation through a representative BB05
sample. Figure 2a illustrate the dimensions of the laser made notch, while Figure 2b displays
the additional micro-notch sawed to ensure that initial cracking take place in the middle of
the ceramic layer. Figure 2c shows a crack that had “popped in” to the material (when KR
is higher than KR0) from the notch due to the increasing pure bending moments applied
by means of the DCB rig. This crack propagated through the sample until the increasing
resistance offered by the material to the crack propagation stopped it. Subsequent increases
in the applied moments allowed the crack to propagate through the sample, as Figure 2c
shows. Then, when the applied KR was ≥ KRSS , a catastrophic crack propagation occurred,
leading to the total breakdown of the sample, as Figure 2e depicts. Figure 3 suggests that
this phenomenon may occur once the total crack extension reached a value in the order of
10–12 mm for the dense BB05 sample, as the R-curve finds its own asymptote, meaning
that the material does not offer any more resistance to the crack propagation. Figure 3
demonstrates that R-curve behaviour was observed in the dense 3YSZ specimens (BB05)
but also in the porous BB06 (13% porosity) and BB07 (46% p.) samples. It is worth noting
that in the 3YSZ backbones prepared in a previous investigation [9], with approximately
the same porosity level as the BB07 samples in the present work, subcritical crack growth
behaviour was observed instead of R-curve behaviour. This level of porosity (~50%) seems
to apparently be a particular transitional zone in which 3YSZ porous backbones may
show R-curve behaviour or subcritical crack-growth, depending on the raw materials,
the procedure carried out during the sample preparation and the sintering conditions.
Further investigations should be performed for a deeper understanding of the mechanical
behaviour of 3YSZ for this particular porosity range. It is evident that the dense sample
BB05 shows the higher initial fracture toughness (KR0) and this value strongly depends
on the total porosity. Furthermore, the ∆K(∆a) decreases with the porosity content. For
this reason, the steady-state KRSS values, which are the highest fracture toughness that the
materials can offer to contrast the crack propagation, also decrease with increasing porosity.
The SPI images of Figure 4 demonstrate the development of transformation-induced uplift
around the indents, which is in agreement with results reported in reference [48]. An
important observation is that for the same applied load, these transformation-induced
uplifts around the indents seems to increase for increasing porosities. This was later
quantitatively assessed by the Raman spectroscopy analysis, the results of which are
discussed below. Figure 5 shows the Raman spectra of pristine untreated and treated
ceramic samples obtained with Micro Raman equipment. Micro Raman technique detects
the presence of monoclinic zirconia near the fractured surface in the porous samples, but no
monoclinic zirconia is evident in the dense one. Regarding the Raman spectra taken with
confocal Raman set up, m-ZrO2 is only detected in the sample region at less than 2 microns
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from the fracture surface with a concentration of about 4.7 vol% in BB05 sample. In the
case of the porous BB07 sample, m-ZrO2 was estimated 2.9% with the focus on the surface,
3.6% at 2 microns from the surface and 3.6% at 4 microns. Interestingly, it has to be noted
that the porous sample has less of the m-ZrO2 phase than the dense sample and it is placed
at about 2–4 microns below the fracture surface, i.e., for increasing porosity a less intense
but a more widespread transformation zone is obtained. Summarizing, in the untreated
regions, m-ZrO2was never observed, which demonstrates that the original ceramics is
pure YTZ. m-ZrO2 was observed in the fractured porous samples to a depth of about
2–4 microns. m-ZrO2 was also observed in the dense samples but to a depth less than
1 micron from the fracture surface. In addition (results not shown here), in the melted
surface of the laser made notch, m-ZrO2 was always observed in the porous samples. This
monoclinic zirconia may have its origin in cracking, resulting from the fast solidification
of the debris produced by laser treatment. All in all, the results reported above obtained
from different experimental techniques, e.g., nano-indentation and Raman microscopy,
demonstrate the strong influence of porosity on the width of the transformation zone from
both qualitative and quantitative points of view and, as a consequence, on the mechanical
properties of the 3YSZ. It is clear that as the porosity increases, this transformation zone
increases as well. This can be explained considering that transformation takes place in the
grains in the stress field close to the fracture surface. In dense materials there is a higher
number of grains per volume unit and, taking into account that the phase transformation
takes place in the grains in the stress field close to the fracture surface, the presence of a
higher grain density at the crack flanks can contribute to better dissipate the stresses and,
as a consequence, the transformation width will be lower. After experimentally evaluating
the influence of the porosity on the toughness of 3YSZ, some empirical correlations from
the literature were used to model the observed behaviour. Correlations for toughness
calculations do not take in account the porosity of the material, however. Therefore, some
new porosity-dependent terms have been introduced in order to best fit the experimental
data and generate a new, porosity-dependent, model for the 3YSZ R-curve behaviour.
Equation (5) has been used in the best fit of the experimental data (Figure 3). It has been
implemented in MATLAB and optimized according to the least square method. For the
determination of Vfd, a value of 4.7% for Vf and a d value of 1.35 µm was assumed based
on the results of the Raman spectroscopy. The parameters, used in Equation (5) and listed
in Table 3, were taken from references [9,21,38] and from the experimental data obtained in
this paper (Vfh, d).

Table 3. Parameters used for modelling the R-curve behaviour by Equation (5) taken from [9,21,38]
and experimental data.

Parameter Value Unit Ref.

η
a factor depending on the zone shape at the crack tip and

the nature of the stress field in that zone 0.21 / [21]

E effective modulus of the material 220,000 MPa [21]
bM porosity dependence constant 2.3 / [38]
eT dilatational strain 0.05 / [21]
Vfh transformed volume fraction of particles 0.0015 m0.5 This paper
ν Poisson’s ratio 0.3 / [9]
d width of the transformation zone from the crack surface 1.35 × 10−6 M This paper

Figure 3 shows the variation of the experimental data and the theoretical models
obtained through Equation (5) for the obtained best-fitting parameters (m = 0.7 and
s = 2.2). It is evident that the obtained theoretical models present a very good fit with respect
to the experimental data: in fact, they fall within the margin of error of the experimental
data methods employed represented by the standard deviation. A Student’s t-test has also
been carried out to validate these theoretical models. The p values obtained are 0.01, 0.04
and 0.05 for BB05, BB06 and BB07, respectively. These low values confirm the validity of
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this approach and its effectiveness in predicting the influence of porosity on the fracture
toughness of zirconia materials.

5. Conclusions

In this paper, the influence of porosity on the fracture toughness of 3YSZ was in-
vestigated and modelled. Vibrational Raman spectra on fracture surface of dense and
porous samples were measured using two different techniques: micro-Raman and confocal
Raman techniques. Both techniques are complementary with the confocal Raman suitable
for dense and translucent samples, whereas in highly optically-scattering porous sam-
ples micro-Raman is more appropriated to obtain spectra from regions below the surface.
Martensitic transformation from tetragonal to monoclinic YSZ, induced by mechanical
stresses in the fracture region, was detected in all the YSZ-prepared samples. Interest-
ingly, the transformed region is shallower in the dense sample, less than 2 µm thickness,
being deeper in the porous regions, probably because the transformation takes place in
the grains in the stress field close to the fracture surface. The latter can be deeper in the
porous ceramics. Based on the results obtained by the Raman spectroscopy it was possible
to model the influence of porosity on fracture toughness through the implementation of
porosity depending on properties into the well-known McMeeking–Evans equation for
fully dense materials. The goodness of fit of these models was demonstrated by statistical
analysis (Student’s t-test). The importance of this general model is that the R curves of
porous samples can be completely described from theoretical models by just using the
experimental data of the dense material.

Author Contributions: Conceptualization, D.N.B., S.S. and V.G.; methodology, D.N.B.; investigation,
D.N.B., R.I.M. and V.G.; resources, J.G. and A.P.; data curation, D.N.B., M.C. and R.I.M.; writing—
original draft preparation, D.N.B. and M.C.; writing— review and editing, D.N.B., M.C., M.R. and
C.M.; visualization, M.R.; supervision, D.N.B., S.S. and C.M.; project administration, M.R.; funding
acquisition, D.N.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: D.N.B. would like to thank Ude Hangen and Jaroslav Lukes for their help
to perform the nano-indentation testing. Special acknowledgments to H.L. Frandsen for helpful
discussion. R.I.M. would like to acknowledge V.M. Orera for his contribution.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Klemensø, T.; Boccaccini, D.N.; Brodersen, K.; Frandsen, H.L.; Hendriksen, P.V. Development of a novel ceramic support layer for

planar solid oxide cells. Fuel Cells 2014, 14, 153–161. [CrossRef]
2. Charlas, B.; Schmidt, C.G.; Frandsen, H.L.; Andersen, K.B.; Boccaccini, D.N.; Hansen, K.K.; Roosen, A.; Kaiser, A. Influence of

pore former on porosity and mechanical properties of Ce0.9Gd0.1O1.95 electrolytes for flue gas purification. Ceram. Int. 2016, 42,
4546–4555. [CrossRef]

3. Gil, V.; Gurauskis, J.; Campana, R.; Merino, R.I.; Larrea, A.; Orera, V.M. Anode-supported microtubular cells fabricated with
gadolinia-doped ceria nanopowders. J. Power Sources 2011, 196, 1184–1190. [CrossRef]

4. Hagen, A.; Caldogno, R.; Capotondo, F.; Sun, X. Metal Supported Electrolysis Cells. Energies 2022, 15, 2045. [CrossRef]
5. Gil, V.; Gurauskis, J.; Deleebeeck, L.; Stamate, E.; Hansen, K.K. Cathode-supported hybrid direct carbon fuel cells. Int. J. Hydrogen

Energy 2017, 42, 4311–4319. [CrossRef]
6. Riegraf, M.; Bombarda, I.; Dömling, F.; Liensdorf, T.; Sitzmann, C.; Langhof, N.; Schafföner, S.; Han, F.; Sata, N.; Geipel, C.; et al.

Enhancing the Mechanical Strength of Electrolyte-Supported Solid Oxide Cells with Thin and Dense Doped-Ceria Interlayers.
ACS Appl. Mater. Interfaces 2021, 13, 49879–49889. [CrossRef]

7. Klemensø, T.; Chatzichristodoulou, C.; Nielsen, J.; Bozza, F.; Thydén, K.; Kiebach, R.; Ramousse, S. Characterization of
impregnated GDC nano structures and their functionality in LSM based cathodes. Solid State Ion. 2012, 224, 21–31. [CrossRef]

http://doi.org/10.1002/fuce.201300121
http://doi.org/10.1016/j.ceramint.2015.11.147
http://doi.org/10.1016/j.jpowsour.2010.08.093
http://doi.org/10.3390/en15062045
http://doi.org/10.1016/j.ijhydene.2016.11.049
http://doi.org/10.1021/acsami.1c13899
http://doi.org/10.1016/j.ssi.2012.07.011


Ceramics 2022, 5 548

8. Savoini, B.; Ballesteros, C.; Santiuste, J.M.; González, R.; Popov, A.I.; Chen, Y. Copper and iron precipitates in thermochemically
reduced yttria-stabilized zirconia crystals. Philos. Mag. Lett. 2001, 81, 555–561. [CrossRef]

9. Boccaccini, D.N.; Frandsen, H.L.; Soprani, S.; Cannio, M.; Klemensø, T.; Gil, V.; Hendriksen, P.V. Influence of porosity on
mechanical properties of tetragonal stabilized zirconia. J. Eur. Ceram. Soc. 2018, 38, 1720–1735. [CrossRef]

10. Boccaccini, D.N.; Boccaccini, A.R. Dependence of Ultrasonic Velocity on Porosity and Pore Shape in Sintered Materials. J.
Nondestruct. Eval. 1997, 16, 187–192. [CrossRef]

11. Boccaccini, D.N.; Maioli, M.; Cannio, M.; Romagnoli, M.; Veronesi, P.; Leonelli, C.; Boccaccini, A.R. A statistical approach for the
assessment of reliability in ceramic materials from ultrasonic velocity measurement: Cumulative Flaw Length Theory. Eng. Fract.
Mech. 2009, 76, 1750–1759. [CrossRef]

12. Boccaccini, D.N.; Maioli, M.; Cannio, M.; Dlouhy, I.; Romagnoli, M.; Leonelli, C.; Boccaccini, A.R. A lifetime prediction method
based on Cumulative Flaw Length Theory. J. Eur. Ceram. Soc. 2012, 32, 1175–1186. [CrossRef]

13. Kelly, P.M.; Francis Rose, L.R. The martensitic transformation in ceramics—its role in transformation toughening. Prog. Mater. Sci.
2002, 47, 463–557. [CrossRef]

14. McMeeking, R.M.; Evans, A.G. Mechanics of Transformation-Toughening in Brittle Materials. J. Am. Ceram. Soc. 1982, 65, 242–246.
[CrossRef]

15. Yu, C.S.; Shetty, D.K. Transformation yielding, plasticity and crack-growth-resistance (R-curve) behaviour of CeO2-TZP. J. Mater.
Sci. 1990, 25, 2025–2035. [CrossRef]

16. Perry, K.E.; May, G.B.; Epstein, J.S.; Okada, H.; Atluri, S.N. Experimental R-curve behavior in partially stabilized zirconia using
moiré interferometry. Acta Metall. Mater. 1993, 41, 361–368. [CrossRef]

17. Hom, C.L.; McMeeking, R.M. Numerical results for transformation toughening in ceramics. Int. J. Solids Struct. 1990, 26,
1211–1223. [CrossRef]

18. Marshall, D.B. Strength Characteristics of Transformation-Toughened Zirconia. J. Am. Ceram. Soc. 1986, 69, 173–180. [CrossRef]
19. Goutianos, S.; Frandsen, H.L.; Sørensen, B.F. Fracture properties of nickel-based anodes for solid oxide fuel cells. J. Eur. Ceram.

Soc. 2010, 30, 3173–3179. [CrossRef]
20. Kendall, K.; Alford, N.M.; Tan, S.R.; Birchall, J.D. Influence of toughness on Weibull modulus of ceramic bending strength. J.

Mater. Res. 1986, 1, 120–123. [CrossRef]
21. Hannink, R.H.J.; Kelly, P.M.; Muddle, B.C. Transformation Toughening in Zirconia-Containing Ceramics. J. Am. Ceram. Soc. 2004,

83, 461–487. [CrossRef]
22. Budiansky, B.; Hutchinson, J.W.; Lambropoulos, J.C. Continuum theory of dilatant transformation toughening in ceramic. Int. J.

Solids Struct. 1983, 19, 337–355. [CrossRef]
23. Chevalier, J.; Olagnon, C.; Fantozzi, G. Subcritical Crack Propagation in 3Y-TZP Ceramics: Static and Cyclic Fatigue. J. Am. Ceram.

Soc. 2004, 82, 3129–3138. [CrossRef]
24. Radovic, M.; Curzio, E.L. Mechanical properties of tape cast nickel-based anode materials for solid oxide fuel cells before and

after reduction in hydrogen. Acta Mater. 2004, 52, 5747–5756. [CrossRef]
25. Atkinson, A.; Selçuk, A. Mechanical behaviour of ceramic oxygen ion-conducting membranes. Solid State Ion. 2000, 134, 59–66.

[CrossRef]
26. Kumar, A.N.; Sørensen, B.F. Fracture Resistance and Stable Crack-Growth Behavior of 8-mol%-Yttria-Stabilized Zirconia. J. Am.

Ceram. Soc. 2000, 83, 1199–1206. [CrossRef]
27. Lawn, B. Fracture of Brittle Solids, 2nd ed.; Cambridge University Press: Cambridge, UK, 1993.
28. Wiederhorn, S.M. Crack Propagation in Soda-Lime Glass. J. Am. Ceram. Soc. 1966, 50, 407–414. [CrossRef]
29. Freiman, S.W.; Mulville, D.R.; Mast, P.W. Crack propagation studies in brittle materials. J. Mater. Sci. 1973, 8, 1527–1533. [CrossRef]
30. Michalske, T.A.; Bunker, B.C. Slow fracture model based on strained silicate structures. J. Appl. Phys. 1984, 56, 2686. [CrossRef]
31. Riva, V.; Boccaccini, D.; Cannio, M.; Maioli, M.; Valle, M.; Romagnoli, M.; Mortalò, C.; Leonelli, C. Insight into t->m transition of

MW treated 3Y-PSZ ceramics by grazing incidence X-ray diffraction. J. Eur. Ceram. Soc. 2022, 42, 227–237. [CrossRef]
32. Kim, B.K.; Hahn, J.W.; Han, K.R. Quantitative Phase Analysis in Tetragonal-Rich-Tetragonal/Monoclinic Two Phase Zirconia by

Raman Spectroscopy. J. Mater. Sci. Lett. 1997, 16, 669–671. [CrossRef]
33. Evans, A.G. Toughening Mechanisms in Zirconia Alloys. In Advances in Ceramics, Science and Technology of Zirconia 11; Claussen, N.,

Riihle, M., Heuer, A.H., Eds.; American Ceramic Society: Columbus, OH, USA, 1984; Volume 12, pp. 193–212.
34. Kelly, J.R.; Denry, I. Stabilized zirconia as a structural ceramic: An overview. Dent. Mater. 2008, 24, 289–298. [CrossRef] [PubMed]
35. Khajavi, P.; Hendriksen, P.V.; Chevalier, J.; Gremillard, L.; Frandsen, H.L. Improving the fracture toughness of stabilized zirconia-

based solid oxide cells fuel electrode supports: Effects of type and concentration of stabilizer(s). J. Eur. Ceram. Soc. 2020, 40,
5670–5682. [CrossRef]

36. Shetty, D.K.; Wang, J.S. Crack Stability and Strength Distribution of Ceramics That Exhibit Rising Crack-Growth-Resistance
(R-Curve) Behavior. J. Am. Ceram. Soc. 1989, 72, 1158–1162. [CrossRef]

37. Boccaccini, D.N.; Boccaccini, A.R. Effect of pore shape on the ultrasonic velocity-porosity correlation in sintered materials. J.
Mater. Sci. Lett. 1997, 16, 623–625. [CrossRef]

38. Sprigs, R.M. Expression for Effect of Porosity on Elastic Modulus of Polycrystalline Refractory Materials, Particularly Aluminum
Oxide. J. Am. Ceram. Soc. 1961, 44, 628–629. [CrossRef]

http://doi.org/10.1080/09500830110057254
http://doi.org/10.1016/j.jeurceramsoc.2017.09.029
http://doi.org/10.1023/A:1021891813782
http://doi.org/10.1016/j.engfracmech.2009.03.008
http://doi.org/10.1016/j.jeurceramsoc.2011.11.042
http://doi.org/10.1016/S0079-6425(00)00005-0
http://doi.org/10.1111/j.1151-2916.1982.tb10426.x
http://doi.org/10.1007/BF01045759
http://doi.org/10.1016/0956-7151(93)90066-2
http://doi.org/10.1016/0020-7683(90)90057-3
http://doi.org/10.1111/j.1151-2916.1986.tb07402.x
http://doi.org/10.1016/j.jeurceramsoc.2010.07.028
http://doi.org/10.1557/JMR.1986.0120
http://doi.org/10.1111/j.1151-2916.2000.tb01221.x
http://doi.org/10.1016/0020-7683(83)90031-8
http://doi.org/10.1111/j.1151-2916.1999.tb02213.x
http://doi.org/10.1016/j.actamat.2004.08.023
http://doi.org/10.1016/S0167-2738(00)00714-1
http://doi.org/10.1111/j.1151-2916.2000.tb01354.x
http://doi.org/10.1111/j.1151-2916.1967.tb15145.x
http://doi.org/10.1007/BF00754886
http://doi.org/10.1063/1.333789
http://doi.org/10.1016/j.jeurceramsoc.2021.09.054
http://doi.org/10.1023/A:1018587821260
http://doi.org/10.1016/j.dental.2007.05.005
http://www.ncbi.nlm.nih.gov/pubmed/17624420
http://doi.org/10.1016/j.jeurceramsoc.2020.05.042
http://doi.org/10.1111/j.1151-2916.1989.tb09700.x
http://doi.org/10.1023/A:1018507030829
http://doi.org/10.1111/j.1151-2916.1961.tb11671.x


Ceramics 2022, 5 549

39. Klym, H.; Karbovnyk, I.; Piskunov, S.; Popov, A.I. Positron Annihilation Lifetime Spectroscopy Insight on Free Volume Conversion
of Nanostructured MgAl2O4 Ceramics. Nanomaterials 2021, 11, 3373. [CrossRef]

40. Sørensen, B.F.; Horsewell, A.; Jørgensen, O.; Kumar, A.N.; Engbaek, P. Fracture Resistance Measurement Method for in situ
Observation of Crack Mechanisms. J. Am. Ceram. Soc. 2005, 81, 661–669. [CrossRef]

41. Frandsen, H.L.; Ramos, T.; Faes, A.; Pihlatie, M.; Brodersen, K. Optimization of the strength of SOFC anode supports. J. Eur.
Ceram. Soc. 2012, 32, 1041–1052. [CrossRef]

42. Frandsen, H.L. The small displacement elastic solution to the ball-on-ring testing method. Mech. Mater. 2012, 55, 33–40. [CrossRef]
43. Sørensen, B.F.; Brethe, P.; Skov-Hansen, P. Controlled crack growth in ceramics: The DCB specimen loaded with pure moments. J.

Eur. Ceram. Soc. 1996, 16, 1021–1025. [CrossRef]
44. Feinberg, A.; Perry, C.H. Structural disorder and phase transitions in ZrO2-Y2O3 system. J. Phys. Chem. Solids. 1981, 42, 513–518.

[CrossRef]
45. Baudín, C.; Gurauskis, J.; Sánchez-Herencia, A.J.; Orera, V.M. Indentation Damage and Residual Stress Field in Alumina-Y2O3-

Stabilized Zirconia Composites. J. Am. Ceram. Soc. 2009, 92, 152–160. [CrossRef]
46. Selçuk, A.; Atkinson, A. Elastic properties of ceramic oxides used in solid oxide fuel cells (SOFC). J. Eur. Ceram. Soc. 1997, 17, 1523–1532.

Available online: http://www.sciencedirect.com/science/article/pii/S0955221996002476 (accessed on 27 January 2014). [CrossRef]
47. Faes, A.; Frandsen, H.L.; Pihlatie, M.; Kaiser, A.; Goldstein, D.R. Curvature and Strength of Ni-YSZ Solid Oxide Half-Cells After

Redox Treatments. J. Fuel Cell Sci. Technol. 2010, 7, 051011. [CrossRef]
48. Alcalá, J. Instrumented micro-indentation of zirconia ceramics. J. Am. Ceram. Soc. 2000, 83, 1977–1984. [CrossRef]

http://doi.org/10.3390/nano11123373
http://doi.org/10.1111/j.1151-2916.1998.tb02387.x
http://doi.org/10.1016/j.jeurceramsoc.2011.11.015
http://doi.org/10.1016/j.mechmat.2012.07.007
http://doi.org/10.1016/0955-2219(96)00021-0
http://doi.org/10.1016/0022-3697(81)90032-9
http://doi.org/10.1111/j.1551-2916.2008.02813.x
http://www.sciencedirect.com/science/article/pii/S0955221996002476
http://doi.org/10.1016/S0955-2219(96)00247-6
http://doi.org/10.1115/1.4001019
http://doi.org/10.1111/j.1151-2916.2000.tb01500.x

	Introduction 
	Theory 
	Increase in Fracture Toughness from Transformation Toughening 
	R Curve Models 
	Our Model: Porosity-Dependent Model for R Curve Behaviour 


	Materials and Methods 
	Materials 
	Microstructural Characterization 
	Nano-Indentation Testing 
	Raman Spectroscopy 
	Flexural Strength by Ball-on-Ring 
	Fracture Toughness by Double Cantilever Beam (DCB) 

	Results 
	Microstructural Characterization 
	Biaxial Flexural Strength 
	Double Cantilever Beam: R-Curve Behaviour Determination in 3YSZ Bodies 
	R-Curve Behaviour 
	SPI Imaging: Nano-Indentation 
	Raman Spectroscopy 
	Raman Spectra Measured with the Micro Raman Equipment 
	Raman Spectra Taken with Confocal Raman Set Up 


	Discussion 
	Conclusions 
	References

