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Abstract

Thin, porous zirconia-based ceramic components are of high interest in energy application
devices where they are used as structural ceramics. Mechanical reliability of such devices is not only
dependent on the fracture toughness of the ceramic components, but also on their sensitivity to slow
crack growth (SCG). In this work, the fracture toughness and SCG behavior of porous (4.5 to 45.5%)
and thin (~ 0.25 mm) 3Y-TZP ceramics are investigated using the Double Torsion method. The
analysis of the double torsion data, previously developed for dense materials, was here assessed and
adapted. The compliance of the samples was observed to change linearly with crack length and the
measured stress intensity factor was dependent on crack length, as for dense materials. This
dependency decreased by increasing the sample porosity. For all materials, the ratio of the SCG
threshold to fracture toughness was of 0.56 + 0.06.
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1. Introduction

Ceramics are brittle materials: they fail before plasticity, at low strains and they are sensitive to
the presence of defects. Such brittleness needs careful attention when a porous ceramic component
with low thickness is desired, as it is the case with thin ceramic membranes and in solid oxide fuel
and electrolysis cells (SOCs) [1-3]. Zirconia is one of the most interesting materials in this context
due to its excellent combination of fracture toughness and strength [4]. In addition to its use in dense
structures, zirconia and zirconia-toughened materials are thus promising alternatives for use in thin
porous components, where a material with high crack resistance is required.

Crack resistance is often described in terms of fracture toughness, Kic, which represents the
critical stress intensity factor at which fast fracture occurs. Nevertheless, the mechanical reliability of
zirconia like many other oxide ceramics is affected by the Slow (also referred to as Subcritical) Crack
Growth (SCG), which represents slow-crack propagation at stress intensity factors below the critical
value for fast fracture (Kc). This influences the long-term reliability and lifetime of the ceramic, since
it may cause delayed failure. Fortunately, there is a threshold stress intensity factor, Ko, below which
the crack propagation rate tends to zero [5,6]. Hence, judicious material selection for a given
application requires evaluation of Ko alongside Kic. For SOCs the stresses are to a high degree
determined by thermal gradients, which are sustained over thousands of hours, making Ko highly
relevant [7].

SCG is especially promoted in water-containing environments, due to the interaction of water
molecules with cracks surfaces. This process has been studied in different environments containing
water molecules, such as humid air, water and body fluid. The studies have focused mostly on dense
systems [8-12]. The measured threshold intensity factor has been reported to be considerably lower
than the fracture toughness. For example, De Aza and co-workers [8] measured the fracture threshold
of dense 3Y-TZP as approximately 44 % lower than its fracture toughness. In other words, crack
propagation can occur at stress intensity factors of 56 % of the toughness in such ceramics, which
shows the importance of having the full picture of the crack rate, V, versus applied stress intensity
factor, K (V-K; curves), including Kio. The susceptibility to SCG is also of great importance in porous
zirconia ceramics. Boccaccini and co-workers [13] studied the mechanical properties of porous 3YSZ
ceramics and observed the threshold intensity factor of 49 and 54 % porous samples to be
approximately 45 and 52 % lower than their fracture toughness, respectively. Radovic and co-workers
[14] investigated the SCG behavior of porous Ni-8YSZ samples. The authors reported a decrease of
the threshold intensity factor with porosity and temperature.

For most oxide ceramics in their dense form, including zirconia and zirconia-toughened
ceramics, the V-K; curves observed in air typically consist of three distinct stages and the threshold
value (Kio) [5,15], as schematically shown with the curve a in Figure 1.

The first stage (stage 1) corresponds to a regime where the rate of crack propagation is limited
by the reaction rate between corrosive molecules (e.g. water) and atomic bonds at the crack tip. In the
second stage (stage Il), the crack growth is controlled by the transport rate of the corrosive molecules
and in the third stage (stage Ill) higher ranges of crack velocities are witnessed, where the crack
propagation is relatively independent of the corrosive environment [15,16].

In each stage, the relation between the crack velocity, V, and stress intensity factor, K;, can be
represented by a power law:

V=AK} 1)
where A and n are slow crack growth parameters.
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The values of A, n and Ko depend not only on the material but also on the type and concentration
of corrosive agents and the temperature. The variation of these factors can lead to changes in the V-
Ki curves. For instance, for zirconia and zirconia-toughened ceramics it has been shown that
increasing the concentration of water molecules and the temperature shift the first and second stages
to higher crack velocities [11], as schematically illustrated in Figure 1. For crack propagation in water
(curve d), only one stage is observed as the crack rate is no longer limited by the diffusion rate of
water molecules from the crack mouth to the crack tip.

V (log)

Figure 1: Typical crack velocity versus stress intensity factor (V-KI) curves observed in (a) air and (d) water.
Increasing humidity and temperature of the environment will shift the first and second stages to higher crack
velocities as schematically shown by curves (a) to (d).

Double torsion is a simple yet powerful method to measure fracture toughness and study the
slow crack growth behavior of brittle ceramics. Using the double torsion method, the V-K; diagrams
can readily be obtained through load relaxation experiments. Analytical analysis of double torsion
specimens indicates that the stress intensity factor is independent of crack length [17,18]. However,
it has been shown that for an accurate determination of stress intensity factor, crack length needs to
be considered [19-22]. Different corrections are thus suggested to obtain a more accurate evaluation
of the stress intensity factor, Ki. Chevalier and co-workers [20] showed experimentally that the stress
intensity factor is dependent on the crack length with the following equation:

a\Y
K; = Kl(analytical) (_) 2)
Qo
where Kianalyticary is derived from an analytical solution (introduced in the experimental section),

and ao and a are the notch and crack length, respectively. The y value for a 2 mm thick 3Y-TZP
sample was found experimentally to be 0.18 [20]. Using a three dimensional finite element analysis
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(FEA), Ciccotti and co-workers [23,24] concluded that crack length and geometrical parameters
should also be considered in the calculation of stress intensity factor. This was mainly attributed to
the non-linear compliance to crack length relationship. A similar conclusion is also drawn by Becker
and co-workers [25]. Application of these corrections has also been considered in later studies. Becker
and co-workers [25] showed that the Chevalier’s correction overestimates the stress intensity factor,
while it is underestimated when employing the Ciccotti’s correction. Madjoubi and co-workers [26]
reported that applicability of the analytical model, the corrected model by Chevalier and Ciccotti are
all restricted to specific geometries and a general correction cannot be applied. The aforementioned
studies highlight the importance of the samples geometry to the dependency of stress intensity factor
on the crack length and indicate that the evolution of K, versus crack length should be assessed for
any new sample geometry.

In this work, the applicability of the double torsion technique to study the slow crack growth
behavior of thin porous zirconia samples was thus assessed, since this, to the best of authors’
knowledge, has not been reported before. The study was performed on three mol% yttria stabilized
zirconia (3Y-TZP), as it is one of the most studied tetragonal zirconia ceramics - being material of
interest for porous support in asymmetric ceramic membranes and the support layer of solid oxide
fuel and electrolysis cells [1,13,27]. SCG behavior of porous samples, ranging from 4.5 to 45.5%
porosity with thickness of ca. 0.25 mm was then investigated, as zirconia ceramics used for such
applications are not dense. Variation of fracture toughness and threshold stress intensity factor with
porosity is also reported.

2. Experimental
2.1. Sample preparation

The samples studied in this work were prepared from commercial 3 mol% yttria doped zirconia
(3YSZ) powders, (TZ-3Y, TOSOH Corporation) by tape casting [28,29]. The manufactured tapes
had a thickness of approx. 300 um after drying, and were cut into different sheets. The green sheets
were sintered for 15 h at different temperatures, i.e. 1060, 1200, 1300 and 1340°C.

The sintered samples were laser cut to the size of 20x34 mm?. On all specimens, a 500 um width
notch with a length of 8 mm was also laser cut. To obtain a sharp notch tip, the last two millimeters
were cut with a V-shape. The sample and notch configuration is shown in Figure 2. Some of the
samples were also cut to the dimension of 20x40 mm? (and a 10 mm long notch). The results of
compliance analysis and toughness measurements on the 34 and 40 mm long samples were
completely consistent.

2.2. Characterization

The microstructure of the samples was examined using field emission scanning electron
microscopy (FE-SEM, Merlin, Carl Zeiss, Germany). The samples were polished and thermally
etched at 50°C below their corresponding sintering temperature for 0.5 h, with heating and cooling
rate of 8 °C/min, to reveal the microstructure. The sample sintered at 1060°C was thermally etched
at 1150°C as the grain boundaries could not be delineated after etching at 1010°C. Grain size
distribution and average grain size of the samples were estimated by measuring the size of 150 grains
in each sample.

The crack lengths of the samples after relaxation tests were evaluated using electron and optical
microscopy. Porosity of the specimens was measured considering their mass and geometric
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dimensions and the theoretical density of 3YSZ (6.05 g/cm?®). X-ray diffraction (XRD, Bruker D8)
was used to study the crystalline phase of the sintered samples. The crystalline phase of fractured
surfaces after toughness measurement was investigated by Raman spectroscopy (Renishaw InVia
spectrometer).

2.3. Mechanical testing

The loading configuration of the double torsion test is presented in Figure 2. The V-K; curves
were determined by the load relaxation method as first suggested by Williams and Evans [18]. In our
experiments, samples were loaded with a displacement rate of 0.6 mm/min. When the load (P)
reached approximately 0.95 of the critical load for failure (Pic), the crosshead was stopped. Under
this constant displacement condition, the load relaxation occurs because of the crack propagation.
The load versus time curve was monitored and used for the analysis.

Crack front

T

\ Crack (tensile)

Crack (compressive)

L g

P/2

Figure 2: Loading configuration of the double torsion measurement, specimen and notch geometries; the
typical curved crack front in double torsion experiments is shown schematically.

The stress intensity factor at the crack tip is first calculated using the analytical equation of the
stress intensity factor for the double torsion specimen (without considering its variation with crack
length) [17,18]:

Kl(analytical) = 2 \W(,w)

where Wp, is the moment arm, and W and t are the width and thickness of the specimen,
respectively. v is the Poisson ratio and Y (t, W) a thickness correction factor given by [30]:

Y, W) = 1-1.2604(t/y,) + 2.4(8/y )exp(WT/,,) (4)

PW,, [ 3(1+v) )2
m( ) 3)
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Eq. 3 gives the stress intensity factor for a plane stress condition assuming that K; is independent
of crack length. The applicability of this equation was next assessed experimentally on the specified
samples.

The compliance (C) of the double torsion specimen, defined as the ratio of the specimen
deflection (4) to the load, was obtained for samples with different porosities from the slope of load-
displacement curves at different crack lengths.

The initial analysis of double torsion, as proposed by Williams and Evans [18] considers that
compliance is a linear function of crack length (a)

A
C=—==Ba+D (5)
P
where B and D are constants depending on the material and geometry. Theoretical analysis of
the compliance of double torsion specimens gives the following analytical expression for B:
_ 6WRA(L+v)
CEWE3Y(t, W)

where E and v are the Young’s modulus and Poisson’s ratio, respectively.

(6)

To check for linear behavior, compliance versus crack length curves were therefore
experimentally obtained for samples with different porosities.

During a load relaxation tests, the crack growth rate, V, can be determined using the compliance
analysis. If the compliance follows Eq. 5, the crack velocity at constant displacement (4=const.) can
be derived to be

v=(5), =l (5), O

In Eq. 7, Pitand ajrare the load and crack length, respectively in the initial (i) or final (f) stages,
and t refers to time. Use of final values is usually preferred, as the initial crack length might not be
accurately determined due to the possible crack propagation at the end of the loading stage before the

relaxation experiments [26]. P and (%)Aare determined from the load-relaxation experiments. Since

P and (Z—i)Avary with time (as the crack propagates and the compliance changes), both K; (from eq.
3) and V also vary with time, thus this method enables plotting V-K| curves.

The fracture toughness of the samples was obtained by performing the tests using a fast
displacement rate (6 mm/min) in N2 atmosphere (to avoid the possible SCG effect caused by air
humidity), both at room temperature and 800°C. In addition, the double torsion tests were carried out
in ambient environment with a displacement rate of 0.6 mm/min, and the apparent toughness of the
samples under these conditions was determined.
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3. Results and discussion
3.1. Characteristics of the samples

The porosity, thickness and average grain size of the samples are summarized in Table 1. The
samples are denoted as 3Y-TZP-X, where X represents the average porosity in percentage. The XRD
patterns of the samples sintered at different temperatures showed that all the materials are in the
tetragonal crystalline form. The grain size distribution of the 3Y-TZP-45.5% is consistent with the
particle size of the starting powder (as reported by the supplier to be around 40 nm). This indicates
that the sintering process at 1060°C is in the initial stage of sintering, before the grain growth [31]. It
also assures that the short thermal etching of the 3Y-TZP-45.5% at 1150°C (slightly higher than its
sintering temperature) did not cause grain growth.

Table 1: Dimensions, porosity, and grain size of specimens. The numbers in parentheses show the standard
deviation.

Sample name Sintering . Porosity Thickness Grain size
temperature [°C] [%] [um] [nm]
3Y-TZP-4.5% 1340 4.5 (1) 261 (4) 238 (84)
3Y-TZP-8% 1300 8 (1.5) 262 (2) -
3Y-TZP-25% 1200 25 (1) 237 (5) 149 (34)
3Y-TZP-45.5% 1060 455 (1) 310 (7) 40 (10)

The SEM micrographs of the 3Y-TZP-45.5%, 3Y-TZP-25% and 3Y-TZP-4.5% (Figure 3) show
the very small grain size of the sintered materials. A 3Y-TZP ceramic with a fine grain microstructure
can be considered as a brittle polycrystalline material that will show R-curve behavior only over very
small crack lengths (5-10 pum) [32,33]. Consequently, the effect of the R-curve behavior on the V-K;
curves evaluated in this work can be neglected.

Figure 4a,b illustrates the notch tip and the crack as propagated from the notch after a load
relaxation experiment carried out on 3Y-TZP-25%. The notch radius is approximately 50 um. Figure
4c shows the SEM micrograph of the crack tip.
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Figure 3: SEM micrographs of the polished and thermally etched samples (a) 3Y-TZP-45.5%, (b) 3Y-TZP-
25% and (c) 3Y-TZP-4.5%.
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Figure 4: (a) SEM and (b) optical microscopy images of the notch tip and the propagated crack from the notch
and (c) SEM image of the crack tip in the tested 3Y-TZP-25%. The crack path and crack tip in (c) are shown
by the black and red arrows, respectively.

3.2. Compliance analysis

Figure 5 shows the results of the compliance analysis for samples with different porosities. The
samples vary not only with respect to porosity, but also (unintendedly) with respect to thickness. To
exclude the effect of thickness, enabling a better comparison, the compliance values were multiplied
by the cube of thickness (C.t%) in the plot versus the crack length (see Egs. 5 and 6). As seen, variation
of the compliance of all the porous 3Y-TZP samples with crack length in the investigated range (up
to 30 mm) can, to a very good approximation, be considered linear. In addition, clearly, the slope of
the curves decreases by increasing sample porosity.
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Figure 5: Compliance analysis of samples with different porosities; a and t refer to the crack length and
samples thickness, respectively. The data at a = 8 mm correspond to the compliance analysis for the notch
(i.e. before any crack growth).

The experimental B and D values (Eq. 5) calculated from the linear regression of the compliance-
crack length data are presented in Table 2. The Young’s modulus (E) of the samples at different
porosities (derived based on the Eq. 6) are compared with literature values of 3Y-TZP [34] and are
in a good agreement with the previously reported values. Thus, the linear regression approach
provides trustworthy results, although the sample geometry is complex.

Table 2: Results of the compliance analysis for samples with different porosities and dimensions.

Sample name Experim_(fntal B | Experimental D E_(GPa), E (GPa),
[N-] [mm/N] this work | from ref. [34]
3Y-TZP-4.5% 8.2x10° 5.2 %1073 189.4 189.9
3Y-TZP-8% 8.3 x 107 1.93 x 1072 183.6 170.9
3Y-TZP-25% 2 x10? 5.44 x 1072 101.2 102.5
3Y-TZP-45.5% 2.01 x 1072 1.89 x 10! 44.5 56.1

Toughness and SCG of Porous Zirconia, Khajavi et al., JECS 2020
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3.3. Fracture toughness and toughening effect

Table 3 presents the fracture toughness of the 3Y-TZP samples. The apparent toughness of the
samples, measured in ambient air with a displacement rate of 0.6 mm/min is also provided in Table
3. It is clear that the stress corrosion caused by the air humidity has a significant effect on the
measured toughness, as the toughness values in air are approximately 5-20 % lower than when
measured in Na.

The toughness of 3YSZ-4.5% is slightly lower than the value reported for a dense 3Y-TZP (6.1
MPa.m¥?) [11]. Also, the toughness of the samples with higher porosities is significantly lower. In
addition to the effect of porosity, the lower fracture toughness could be a consequence of the very
small grain sizes of the studied samples that reduce the tendency of the tetragonal grains to transform
to the monoclinic phase hence decrease the effect of phase transformation toughening.

Table 3: Fracture toughness (measured in N, using a displacement rate of 6 mm/min), apparent toughness
(measured in ambient air with a displacement rate of 0.6 mm/min) and slow crack growth parameters of the
samples at different porosities. All the measurements except the high temperature fracture toughness reported
for 3Y-TZP-8% are done at room temperature. The numbers in parentheses show the standard deviation

Eracture touah A ¢ toudh Slow crack growth
racture toughness pparent toughness arameters
Sample name (MPa.mi’?) (MPa.m'?) P
n A
3Y-TZP-4.5% 4.27 (0.06) 3.94 (0.10) 42.3 (1.9) 7.8 x 1028
3.95(0.12)
3Y-TZP-8% 3.74 (0.02) 33.9(2) 5.2 x 1023
[1.62 (0.05) at 800°C]

3Y-TZP-25% 1.93 (0.15) 1.68 (0.06) 46.3(1.7) | 3.8x10"

3Y-TZP-45.5% 0.71 (0.00) 0.58 (0.06) 35.6 (2.5) 2x10°

In a tetragonal zirconia ceramic, the transformation toughening mechanism is facilitated if the
size of grains is close to the critical grain size for the tetragonal to monoclinic phase transformation.
If the grains are much smaller than this critical grain size, the tetragonal phase is over-stabilized, i.e.
it does not have the potential to transform to the monoclinic phase upon an applied stress. For a dense
3Y-TZP, the critical grain size for the tetragonal to monoclinic phase transformation is approximately
1 micron [35] (though higher values have also been reported [36]). The effectiveness of
transformation toughening in 3Y-TZP ceramics having grain size below approximately 300 nm has
been questioned in literature [36,37]. The average grain size of the samples studied in this work varies
from 40-238 nm. It is thus questionable if there is any phase transformation toughening in the tested
samples.

Raman spectroscopy analysis of the samples studied in the current work (at different porosities)
showed no monoclinic phase on the fractured surfaces. A similar observation is also reported by
Theunissen and co-workers [38], where no monoclinic phase could be detected in the fractured
surfaces of 2.5YSZ samples with grain sizes of 180 and 300 nm. This might suggest that the
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transformation toughening mechanism is not effective in the samples studied in this work. However,
the measured values of toughness are significantly higher than 8YSZ cubic zirconia samples reported
in literature, where no transformation toughening effect is present. For instance, fracture toughness
of 8YSZ ceramics having pure cubic phase, 97.6% of the theoretical density and average grain size
of 295 nm is reported to be 3.16 MPa.m? [39]. Nevertheless, the 3Y-TZP-8% has 25% higher
fracture toughness (3.95 MPa.m?), despite its higher porosity. Furthermore, the fracture toughness
of 3Y-TZP-8% at 800°C was measured to be 1.62 MPa.m2 (see Table 3); this is approximately 60%
lower than the room temperature value (3.95 MPa.m¥?). The high fracture toughness in the porous
3Y-TZP samples is unlikely to be a consequence of ferroelastic domain switching, as this toughening
mechanism has not been reported in fine grained TZP ceramics [40,41]. In addition, ferroelastic
toughening is temperature invariant [42], so its effect should not decrease at 800°C, in contrast to the
toughness results obtained in this work.

The increased fracture toughness compared to the cubic 8YSZ sample as well as the observed
decrease in toughness with increasing temperature, which is a typical characteristic of the
transformation toughening mechanism [43], therefore suggests that there is some transformation
toughening even in the fine grained samples studied here. Note, the tetragonal to monoclinic phase
transformation zone in a tetragonal zirconia ceramic under fracturing can be very small. For instance,
Zhang and co-workers [44] have observed this transformation zone in 3Y-TZP with average grain
size of around 300 nm to be 1 micron. This very small transformation zone can therefore make it
difficult to detect any monoclinic phase using Raman spectroscopy in the fractured surfaces of porous,
fine grained ceramics studied in this work.

Increasing porosity will usually lower the critical grain size due to the lower levels of strain
energy. Furthermore, in a porous material the tetragonal grains can more easily undergo the stress
induced transformation resulting from the lower stiffness of the neighboring matrix [45]. Thus, the
tetragonal to monoclinic phase transformation may take place for smaller grain sizes in a porous
material compared to a dense one, as is hypothesized in the present work. Nevertheless, detailed
crystalline phase analysis of the fractured surfaces would be required to confirm this hypothesis.

3.4. Slow crack growth behavior

Figure 6 shows typical load relaxation curves for the studied samples. Having very thin and
porous specimens, the measurements entailed working at small loads (in the range of ~ 0.4-2.5 N)
and monitoring very small load drops (= 0.1-0.7 N) under the relaxation. The low noise level
compared to the systematic variations indicates that the measurements can be considered reliable.
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Figure 6: Typical load relaxation curves obtained in this work.

Figure 7 shows the V-K; curves obtained from the successive relaxation tests for samples with
different porosities. For each porosity, the successive relaxation tests were carried out on the same
sample. For the 3Y-TZP-4.5% and 3Y-TZP-8%, a clear shift to lower intensity factors and higher
crack velocities is observed. This indicates a clear dependency of the stress intensity factor on the
crack length in the test, even with the very thin samples studied (t: W : L~ 1 : 75 : 130). The disparity
between the two V-K; curves reduces for the samples with higher porosities, i.e. 3Y-TZP-25% and
3Y-TZP-45%.

The geometry of the samples investigated in this work is very different from those studied by
Ciccotti and co-workers [23,24]. Applying the Ciccotti’s correction would thus require extrapolation
to very long ranges, which is not recommended by the authors. Here, we followed the strategy
proposed by Chevalier et al. [20] and considered variation of K, versus a given by Eq. 2, but with an
experimental re-evaluation of the y component. The corrected V-K; curves are accordingly presented
in Figure 7. For each porosity, an exponent providing the best result in reunifying the different curves
was determined. The y exponent for 3Y-TZP-4.5%, 3Y-TZP-8%, 3Y-TZP-25% and 3Y-TZP-45.5%
was calculated to be 0.22, 0.21, 0.1 and 0.08, respectively. As seen, the empirical correction primarily
obtained for samples with dimensions of t : W : L = 1 : 10 : 20 [20] can be applied for the porous
samples studied in this work, after a modification in the value of exponent. That is, by increasing
porosity, a lower exponent value is required for the reproducibility of successive V-K; curves.

To explain the change of stress intensity factor in samples with different porosities, the crack
length in the tensile and compressive sides of the 3YSZ-4.5% and 3YSZ-25% was accurately
measured using SEM. The difference in crack length for the 3YSZ-4.5% was 1.94 mm, while the
corresponding value in the 3YSZ-25% was 0.23 mm. This means a lower curvature of crack front
(see Figure 2) in the sample at higher porosity.
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Figure 7: V-K, curves for successive relaxation tests in (a) 3Y-TZP-45.5%, (b) 3Y-TZP-25%, (c) 3Y-TZP-8%
and (d) 3Y-TZP-4.5%, without (solid symbols) and with (open symbols) correction.

As discussed by Chevalier and co-workers [20] the dependency of stress intensity factor on crack
length cannot be due to the change of crack surface area as the crack propagates, neither can it be
explained by the corrections considering the effect of curved crack front on crack velocity. However,
the buildup of differences in crack length on the tensile and compressive sides, that leave relatively
more and more unbroken ligaments on the latter, is a plausible explanation to account for the
dependency of the stress intensity factor on crack length. Our work supports this hypothesis; we see
a lower dependency of the stress intensity factor with crack length for samples with high porosity,
i.e. samples that display smaller differences in crack length, than samples with low porosity. This
decreased dependency manifests itself as a lower coefficient in Eq. 2.

V-K; curves for samples with different porosities, calculated using the above-obtained correction
coefficients, are shown in Figure 8. The typical three-stages SCG behavior of zirconia ceramics in air
is distinguishable in the V-K; curve of the 3Y-TZP-4.5%. The second stage occurs at a crack velocity
of approximately 5x10* m/s. 3Y-TZP-8% also shows the three typical stages but with a very narrow
second stage. For 3Y-TZP-25% and 3Y-TZP-45.5% samples, only one stage is seen in the crack
velocity range of 10-10° m/s.
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Figure 8: V-K; curves for the samples having different porosities.

Crack propagation in the first stage of the V-K, diagram (curve a, Figure 1) is basically controlled
by the rate of reaction between the corrosive molecules and chemical bonds of the ceramic at cracks
tips. This stage is highly affected by the chemical concentration, temperature and applied stress. Stage
I1, corresponds to the state where the crack growth is controlled by diffusion of corrosive species to
the crack tip. Here, the crack velocity is basically constant. Stage Il connects stage | to the stage I,
where the crack velocity increases rapidly with the applied stress. The crack propagation rate in the
third stage is usually higher than the transport rate of corrosive species to the crack tip. Consequently,
the separation of crack surfaces happens without a necessary interaction of reactive species with
ceramic bonds. This is similar to the crack propagation without the presence of corrosive species,
such that stage I11 can be approximately corresponded to the fast fracture (K, = Kic) [15,16].

Although the SCG experiments in the present study are only carried out in laboratory air,
assuming that the stress-corrosion is caused by water molecules present in air is realistic, as the water-
assisted crack propagation in zirconia has well been reported in literature [9-12]. Chevalier and co-
workers [11] reported the slow crack growth behavior of dense 3Y-TZP in ambient air and water. In
air, the typical trimodal behavior was observed, and the second stage occurred at the crack velocities
of around 10 m/s. In water, however, only one stage was seen, with a slope close to the slope of the
first stage obtained in ambient air. The reason can be explained considering that the transfer of water
molecules to the crack tip is increased at higher concentration, indicating that the water molecules
can interact with the crack tip even at higher crack propagation rates. Accordingly, the second stage
shifts to higher crack velocities, as seen in Figure 1. In liquid water, in particular, the water molecules
can diffuse and interact with the ceramic bonds even at high crack velocities.

In this work, we evidence a clear role of the porosity on the features of the V-K; curves, which
can be explained on the basis of the ability of water molecules to access the crack tip. In the 3Y-TZP-
4.5% and 3Y-TZP-8%, the second stage occurred at higher crack velocities than previously reported
for dense samples (10 m/s, reported for example in [11] and [44]), as water molecules have easier
access to the adsorption sites at the crack tip because of residual porosity. In 3Y-TZP-25% and 3Y-
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TZP45%, only one stage was observed, due to the highly connected porosity of the materials,
providing a full percolation (the corrosive species can always reach the crack tip, without any crack
rate limitation even in air).

The slow crack growth parameters (n and A) were determined for the first stage of the V-K|
curves of 3Y-TZP-4.5% and 3Y-TZP-8% and the entire V-K, curves of 3Y-TZP-25% and 3Y-TZP-
45.5%. The results are presented in Table 3.

The fracture thresholds, Kio, for 3Y-TZP samples were estimated by extrapolating the first stage
of the corresponding V-K; curves to the crack velocity of 10"t m/s. Figure 9 presents the estimated
fracture threshold together with toughness of the samples at different porosities. The ratio of fracture
threshold to fracture toughness (Kio/Kic) of the samples at different porosities is also presented in
Figure 9.

7
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Figure 9: Fracture toughness and threshold of 3Y-TZP samples as a function of porosity, (m) obtained in the
current work and (®) reported by Chevalier and co-workers [11].

As seen, Kio/Kc ratio for all samples is found to be around 0.56 + 0.06. The crack growth in the
samples can therefore occur at stresses as low as 50% of the fracture stress.

The relatively similar Kio/Kic ratio for samples at different porosities can be explained
considering the basic Griffith criterion for brittle fracture [46]: The critical stress for fracture in a
brittle material (oc) is proportional to:

o, o« \JEy (®)

where E is the Young’s modulus of the material, and vy is the surface energy.
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In fact, the intrinsic surface energy of a given material is specified considering a fracturing in
vacuum, corresponding to the fracture toughness of the material. In a corrosive atmosphere, the
surface energy decreases resulting from the interaction of corrosive molecules with the material at
the crack tip; the reason why under SCG condition the material can fail at stress intensity factors
below its fracture toughness [6,16]. Consequently, the Kio/Kc ratio is correlated to the difference in
surface energy under vacuum and in a reactive environment, and hence it should be independent of
the porosity of the material.

From Figure 9, it is seen that at porosities above ~ 25%, which is the range of interest for many
energy applications of the material, the Kio drops to very low values, well below 1.5 MPa.m¥2. These
significantly low ranges of fracture thresholds thus need to be considered when designing thin and
porous zirconia based ceramics for energy devices, to fulfill their long term mechanical reliability.

Conclusions

In this work, the slow crack growth behavior of thin (~0.25 mm), porous 3Y-TZP samples,
having a porosity in the range from 4.5 to 45.5%, were studied. The fracture toughness, fracture
threshold and slow crack growth parameters of the samples were determined, highlighting:

e The compliance of the specimens was concluded to be a linear function of crack length.
Previous analyses of the double torsion specimen could be applied here, with some
calibration on the K versus crack length equations. The K (a) dependency decreased with
increasing the porosity of samples. This was explained by the lower extent of unbroken
ligaments in samples at higher porosities.

e The V-K| curves of the sample with the lowest porosity exhibited the typical trimodal
SCG behavior, as shown in previous works for dense 3Y-TZP. As porosity increased, the
length of the second stage decreased. In samples with 25% porosity and higher, only one
stage was observed, because of the easier access of water molecules to the crack tip.

e No monoclinic phase could be detected on the fractured surfaces of the samples.
However, some transformation toughening was hypothesized to take place to account for
the results even in the fine grained samples studied.

e The Kjo/Kic ratio for porous 3Y-TZP samples was determined to be consistent with
previous works on dense materials, with a value of 0.56 + 0.06.

e The SCG experiments in the present study were conducted in ambient air and at room
temperature. The results can well be applied when e.g. the handling, storage or room
temperature use of the components are concerned. However, a full picture of the SCG
behavior of the materials is drawn when the phenomenon is also studied under other
relevant conditions of use for a given application. For instance, for SOCs applications
the SCG studies at 800°C (i.e. the typical operating temperature of the cells) would add
complementary information and should also be considered.
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