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ARTICLE INFO ABSTRACT

Keywords: High temperature electrolysis (HTEL) has several advantages compared to other types of solid oxide cell
3YSzZ (SOC) technologies, including an increased efficiency at high temperature when combined with an exothermic
Tensile process. To reduce costs, increase lifetime and improve scale up production of electrolyte supported SOCs, an
SH?C}:l temperature important property is the mechanical stability of the cell, which is provided by the ceramic electrolyte. In
Ultgrathinp this work, the tensile mechanical properties of ultrathin (t = 90 pm) 3% yttria-stabilized zirconia electrolytes

were measured at room and operating temperature (T = 850 °C). In-situ nanoindentation was also performed
to study the 3YSZ local mechanical properties at room and high temperature. The calculated characteristic
tensile strength and Weibull modulus allowed the evaluation of mechanical properties with improved reliability
compared to the previously reported values in the literature, deriving from the substantially larger tested
material volume. An extensive fracture analysis revealed porosity or particle inclusions at the fracture origin.
The defect size and strength relation showed a deviation from linear elastic fracture mechanics, identifying
the presence of subcritical crack growth.

1. Introduction material costs are contributing to more than 29 % of the stack costs [2],
it is easy to understand how important material research is for ef-
ficiency. A correct dimensioning of parts based on reliable strength

values is also essential to minimize material waste.

In the pursuit of carbon neutrality by 2050, hydrogen production
via water electrolysis is a fast growing market. Together with electrifi-

cation, it represents a key technology for decarbonization, with a world
goal electrolysis capacity of 230 GW by 2030. [1-5]. High temperature
electrolysis (HTEL) is a very promising technology to produce green
hydrogen [6] at about T = 850 °C as it has a higher efficiency compared
to the state-of-the-art low temperature electrolysis technologies [7,8].
Some important technological and economical challenges are, however,
hindering HTEL from expanding the electrolysis capacity, namely long-
term stability, degradation [9] and material costs [2]. Fundamental
research on the materials is therefore determining the cost-efficiency
of solid oxide cells (SOCs) [6,10,11].

Compared to electrode-supported cells, electrolyte-supported cells
(ESCs) are more robust and have the ability to withstand thermal
cycling. These qualities can extend the stack lifetime compared to
electrode-supported cells and are more relevant than the maximum
power density [7]. On the other hand, ESCs material costs are more
than 50 % higher compared to electrode-supported SOCs when scandia-
stabilized zirconia (SSZ) electrolytes are implemented [2]. As SOCs

* Corresponding author.

For ESCs, the electrolyte is the load bearing component, and the
overall mechanical strength relies on it. To improve the cells’ per-
formance, it is desirable to reduce the electrolyte thickness, as the
total ohmic losses are proportional to the resistance ionic sheet of the
electrolyte [12]. Mechanical evaluation of cearmic thin tapes and thin
multi-layer components such as electrolytes and SOCs is technically
challenging due to the problematic machining and the high material
flexibility. To overcome the problem of inefficient machining, which
would invalidate a standard bending or tensile test ending up in an
evaluation of the machining and not of the materials itself, ring-
on-ring (RoR), ball-on-three-balls (B3B) or similar tests are generally
implemented [13-31]. However, especially for ultrathin tapes (t < 60
pm), these tests are not able to evaluate a significant and represen-
tative effective volume, leading to an overestimation of the material
strength [15,19,25]. With the aim of testing a significant effective vol-
ume, a method to test thin tapes (t = 90 pm) in tensile was previously
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developed by the authors [32]. The same testing setup was adapted in
this work to allow the evaluation of tensile mechanical properties of
ultrathin (t = 90 pm) 3 mol % yttria stabilized zirconia (3YSZ) tapes at
operating temperature (T = 850 °C). The mechanical properties at room
temperature with the same effective volume were then also determined
as means of comparison and, for the room as well as for the high
temperature tests, a statistically relevant number of samples (n = 30)
was assessed. In order to measure the local mechanical properties of the
electrolyte at high temperature, in-situ nanoindentation was performed
on 3YSZ tapes.

The material properties of monolithic ceramic materials are strongly
related with the defect size and distribution [33-37]. For this reason,
a fracture surface analysis was attempted to determine the critical
defect size for high as well as for room temperature tests. With the aim
of linking the strength to the defect size, the fractographical analysis
was performed on every sample. The extensive fractographic analysis
allowed the identification of the crack-inducing defects for almost
all of the valid samples. All of the measured defects were classified
based on the size, nature and position [38-41]. The comparison of
the fractographic analysis between room and high temperature tests
delineated the conformity of the defect size between the two categories
and an important difference in the defect positions. It was finally
possible to correlate the strength with the defect size for at least 24
samples for each tested temperature. Most of the defects were evaluated
as sub-critical, denoting the presence of sub-critical crack growth. Only
a few defects were considered critical, as the relation between strength
and measured defect size followed the linear elastic fracture mechanics
(LEFM) theory.

2. Materials and methods
2.1. Mechanical characterization

The 3YSZ foils (90 pm nominal thickness) were produced via tape
casting, sintered (T = 1400 — 1500 °C) and laser cut by the company
Kerafol (KERAFOL Keramische Folien GmbH, Germany) [42], whereas
all of the material belonged to the same production batch. The ma-
terial was analyzed via X-ray diffraction (XRD) using CuKa radiation
(D8 Discovery A25, Bruker GmbH, Germany) and Rietveld analysis
was performed to determine the phase composition (TOPAS software,
Bruker GmbH, Germany). The tensile sample geometry was chosen
based on previous studies [20,43-45], with a sample length of 50 mm
and 160 mm respectively for the room and high temperature tests.
The sample preparation was based on the authors’ past work [32].
The first step after the sample lasering was the grinding of the sample
edges with a 5-axis grinding machine (Ultrasonic 20 Sauer DMG Mori
GmbH, Germany) using a grinding 2 mm diameter diamond tool (Schott
Diamantwerkzeuge GmbH, Germany, D25 FEPA diamond grain size).
The multistep wet grinding was performed on samples with 4 mm width
up until the reaching of the width of 2.5 mm. The tool rotation was
24000 rot/min, the tool velocity was 400 mm/min, resulting in 0.1 mm
material removed for each step, which was repeated four times for each
sample. Fig. 1a shows the final sample geometry, with the ground edges
marked in yellow. The smaller width compared with our previous work
was chosen to reduce the risk of invalid failure corresponding to the
maximum temperature gradient, which was located in a laser cut edge
for the high temperature sample geometry.

A custom made setup was implemented for the tensile testing, as
described in detail in our previous work [32], with the help of a
swivel head (GAL8-UK, Scheffler GmbH, Germany) to minimize mis-
alignment [46,47]. Steel cap stripes and pins were glued to the samples
with the help of a steel reinforced epoxy resin glue (JB Weld, USA),
for a moment-free coupling with the tensile test setup. The tests were
performed with a high temperature universal testing machine (Z050
TEW ZwickRoell Testing Systems GmbH, Austria) and a 5 kN load cell.
The sample deformation was recorded with a laser extensometer with 1
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Fig. 1. (a) Sample geometry after grinding for the room temperature (left) and
high temperature (right) tensile test; the yellow line indicates the edges which were
ground; (b) High temperature tensile test setup with cold gripping system including
the thermocouples for local temperature recording and the laser-extensometer for
deformation measurements. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

pm precision (laserXtens 7-220 HP, ZwickRoell Testing Systems GmbH,
Austria). For the high temperature tests, a cold gripping concept was
realized, as shown in Fig. 1b, utilizing the same grips used with the
room temperature test. The hot area was about 100 mm in height, and
the sample length (160 mm) was sufficient to prevent the glue at the
gripping to start degrading due to heat. The room temperature tensile
tests were performed at T = 23 °C and 51 % relative humidity, with
a F = 10 N preload and a test velocity of v = 1 mm/min. The high
temperature tensile tests procedure was the following: application of a
F = 10 N preload, heating up phase until T = 850 °C (heating rate
25 °C/min), holding of the goal temperature for t = 5 min, testing
until failure with a test velocity of v = 1 mm/min, cooling down.
Thanks to two thermocouples (Fig. 1b) in the sample vicinity, the
testing temperature was determined with a good precision (+ 5 °C). A
sample size of 30 for each temperature was chosen for a total amount
of 60 tested samples. The samples which did not fail in the smaller
cross-sectional area were excluded and considered as invalid [43]. In
order to carry out the microstructural analysis of the crack initiation,
the room temperature tests were carried out with a scotch tape (Tesa
SA, Switzerland) glued on one side of the sample. The obtained data
were analyzed with one-way analysis of variance (ANOVA).

2.2. Microstructural characterization

The microstructure was analyzed with a scanning electron micro-
scope (SEM) (Sigma 300 VPB, Zeiss, Germany) with a backscattered
electron detector, moreover an energy dispersive X-ray analysis (EDX)
was performed. Before the analysis, all the samples were cleaned with
the help of an ultrasonic bath and burned with a gas burner. For
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Fig. 2. (a) Schematic view of a sample after the high temperature test. The y axis was the direction of load application and the xz axis indicated the fracture plane; (b) SEM
overview of the whole crack surface of a sample after the test at room temperature. Here it was possible to identify the crack initiation point due to the presence of hackle lines;
(c) magnification of the crack initiation point for a near-surface defect where the crack Hackle lines can be identified; (d) further enlargement of the defect. The two white profiles
traced are corresponding to the defect perimeter and to the semicircle that includes the complete defect and has the diameter on the sample surface.

each valid test (n = 27 for high temperature and n = 27 for room
temperature), the two broken pieces were analyzed and the location
of crack initiation was identified in almost every sample [38,48,49].
In total, 108 crack surfaces were analyzed, and the extensive analysis
allowed the identification of the crack initiation point for all the 27
room temperature samples and for 24 out of 27 high temperature
samples. In Fig. 2 it is shown how the crack surface was analyzed and
the critical defects observed. The defects, which consisted in porosity or
particle inclusions, were measured using the software ImageJ (National
Institutes of Health, USA). The defects dimensions were characterized
by measuring the Feret maximum diameter [50] and the diameter
for semi-circular surface defects and circular bulk defects [39]. For
each particle inclusion defect, EDX was performed to characterize the
particle chemistry. The material grain size was determined with the
linear intercept procedure [51,52] using the software ImageJ on an
area of about 80 pm?. The micrographs were realized at the SEM
with a backscattered electrons detector after embedding (Technovit
5071, Kulzer GmbH, Germany), grinding and polishing with SiC paper
(Tegramin, Struers Struers ApS, Denmark), de-embedding and thermal
etching (T = 1250 °C, 1 h).

2.3. In-situ nanoindentation

Nanoindentation was performed with an in-situ picoindenter (Hysi-
tron PI 89 SEM Picolndenter, Bruker, USA) in the scanning electron
microscope (SEM), using a cubic boron nitride (cBN) indenter tip in
Berkovich geometry. The tests were carried out at room temperature
and high temperature: T = 250, 450, 650 °C and 850 °C. Due to
technical reasons, the test at T = 850 °C was considered invalid. The
sample, which consisted of a rectangular (size about 4 x 3 mm?2) laser-
cut 3YSZ tape, was clamped to the stage with a Al,05 disc (diameter
6 mm) between the sample and the stage. In this way, the machine
compliance was minimized and it was possible to test the as-fired
sample surface. For each temperature, a series of 10 cyclic indents was
performed. Before each series of indents, a temperature calibration was
executed, making sure that the indentation tip and sample temperature
were constant. Each cyclic indent test consisted of 20 steps of loading
and unloading with increasing force until the maximum of 250 mN was
reached. The values of hardness and Young’s modulus were calculated
based on the method of Oliver and Pharr [53].

3. Results and discussion
3.1. Mechanical characterization

The mechanical tests at room and high temperature resulted in an
excellent (90 %) validity rate, with 27 valid samples out of 30 total
samples tested. All of the samples after the test are shown in Fig. 3.
To prevent the sample breaking in multiple pieces, in order to allow
the localization of the crack initiation point, a tape was glued on the
room temperature samples on one side. However, the high temperature
tested samples did not break in many pieces. Therefore it was possible
to find the sample fragments for the fractographical analysis for 24
out of 27 samples without the tape application. The difference in
amount of broken pieces comes from the discrepancy of energy released
after the crack, which is higher at room temperature. To consistently
compare the high and room temperature strength, samples from the
same batch were chosen, and the sample geometry was designed to
obtain the same effective volume tested V.g. The values of thickness,
width and sample volume are reported in Table 1. In the table, the room
temperature tensile test data from our previous work is included for
means of comparison [32], where samples had a slightly higher width.
The mechanical properties in terms of characteristic strength, mean
strength, median strength, Weibull modulus and Young’s modulus for
the three groups of data are outlined in Table 1. The characteristic
strength is the strength corresponding to the probability of failure
p ~ 63.2 % [36]. The Weibull plots are depicted in Fig. 4.

As it can observes from the results, the characteristic strength at
T = 850 °C was about 50 % lower compared to the strength at room
temperature. The strength values and differences between room and
T = 850 °C were comparable with previous studies [19,54], which
reported a difference of 43%. It is very important to specify that
the type of test can affect the strength estimation. In particular the
bending tests are conceived to have the maximum stress concentrated
at the sample surface. Therefore the mechanical bending properties
are largely influenced by the sample surface quality. Tensile testing
is an evaluation of the whole sample volume. As it is plausible that
the bulk defect distribution varies from the surface, the mechanical
properties can then vary consistently. The Young’s modulus was higher
for room temperature compared to high temperature tests, which is in
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Table 1
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Mechanical properties of the 3YSZ samples tested at room and high temperature. For thickness, width, effective volume (V.4) and Young’s modulus (E) the mean and standard
deviation are reported, while for the characteristic strength the 90% confidence interval is specified.

Tested Thickness (mm) Width (mm) Characteristic Mean Median Weibull Vg (mm®) E (GPa)
/valid strength o, strength strength modulus m
samples (MPa) (MPa) (MPa)
T=25°C 27/30 0.086 + 0.03 2.55 + 0.02 1174 1129 1151 13.6 41+ 0.2 198 + 12
(964|1251)
T =25°C" 30/33% 0.085 + 0.03* 3.25 + 0.07% 1104 1068* 1060° 14.2% 51+ 0.2° -
(986[1202)*
T = 850 °C 27/30 0.085 + 0.03 2.55 + 0.03 576 556 561 14.8 41+ 0.1 170 + 9
(507|600)

2 Results from our previous work [32].

Fig. 3. Overview of the complete set of tested samples. On the top of the picture
are positioned the 30 samples tested at room temperature and on the bottom the 30
samples tested at high temperature. The invalid samples are marked with an orange
cross. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

agreement with previous studies [54]. The decrease of strength and
Young’s modulus from room to high temperature can be explained with
different factors, one of which is the 3YSZ toughening transformation,
which is temperature dependent. As for the sample analyzed, 3YSZ is
in the tetragonal metastable phase, the mechanical stresses induce the
phase transformation (tetragonal to monoclinic) leading to a local grain
expansion and a crack closure. At medium temperatures (T = 450 °C),
the toughening mechanism becomes less relevant as the energy for
the tetragonal to monoclinic phase transformation is lower [55]. At
T = 850 °C, the toughening mechanism is not relevant as the tetragonal
phase is stable [56,57]. The lack of toughening mechanism, the absence
of stable growth crack regime at T = 900 °C compared to room temper-
ature [57] and the plasticity observed at higher temperatures [58] are
the mechanisms which contributed to the lower mechanical properties
observed at high temperature.

Concerning the difference between the two sets of results at room
temperature, the ANOVA Tukey means test indicated a significant
means difference at the « = 0,05 level. This result states the statistical
means difference between the two groups of strength data at room
temperature, and it can be attributed to the tested volume difference,
which is small but not negligible. The samples, which had a smaller
volume tested resulted in having a higher average strength, which is in
accordance with the Weibull theory. The Weibull plot for the room and
high temperature tests is presented in Fig. 4. As it can be seen from the
graph slopes and m values, the Weibull moduli did not differ relevantly.
The Weibull modulus is, in theory, an expression of the flaw size and
frequency, therefore this result could suggest that the critical defect
distribution did not vary between the high and room temperature
tests. However, this assumption was only partially confirmed with the
fractographic analysis (see next paragraph). The characteristic strength
was also plotted as a function of volume tested, and an estimation for

the strength was calculated based on the Weibull theory given in the
following equation [59]:

o1(RMV | = o (RMV (€8]

where o (R) is the stress corresponding to the reliability R (in case
of the characteristic stress R = 63.2%), V; is the effective volume
tested, m is the Weibull modulus measured, and the right term of
the equation corresponds to the stress with the same reliability, same
Weibull modulus but different effective volume. The plot for the char-
acteristic strength and for the 90 % reliability range is shown in Fig. 5.
This plot is essential for the dimensioning of ceramic parts. Since the
volume tested in tensile was higher than the one tested in B3B and RoR
tests, it was still smaller compared to the complete size of cells in the
stack. Considering a 100 x 150 mm? cell and a t = 90 um thickness,
the electrolyte volume is about 1350 mm?, which is about 330 times
the tested volume during tensile testing (Table 1). It was estimated
that the 3YSZ electrolytes with the size of a complete cell size had a
characteristic strength of 6y gr ~ 700 MPa and o, g5o o¢c & 370 MPa.

3.2. Fracture analysis

The analysis of the fracture surface after the test allowed the iden-
tification of the crack initiation point, as illustrated in Fig. 2. As it can
observed from Fig. 2b, the crack initiation area was recognized due to
the presence of a flat area, where thanks to a greater magnification
(Fig. 2b, c) fracture hackle lines were visible. The hackle lines were
described as lines on the surface running in the local direction of the
cracking [38]. These lines pointed to the defect and end up in the so
called fracture mirror, which was the flatter concentric semi-circular
(or circular in the case of a bulk defect) area closest to the defect.
These areas are not exactly definable for ceramics, but are usually
clearly visible in the case of glass materials [38]. For this reason, a size
evaluation of the mirror was not attempted even if this value can be
useful for the evaluation of the crack propagation velocity. What was
rather identified unmistakably is the defect size, which was outlined
by a thin white line in Fig. 2c. The outlined circular perimeter was
instead the semicircle which had the diameter on the sample surface
that completely included the defect.

As mentioned in Section 2, a tape on one sample side allowed the
fracture surface analysis, preventing the sample from breaking in many
splinters due to the releases high energy accumulated before fracture.
For the high temperature tests, this expedient was not needed, as the
stress at which the samples broke was not high enough to fragment
the samples in many pieces. Therefore the fractured surface was easily
recognizable. The fractographic analysis distinguished a wide range
of defect types: secondary particle inclusions, large porosity, porosity
regions (regions with high density of small porosity), as well as surface
defects. The nature of the defects did not differ substantially between
room and high temperature tests. Thus, examples from both samples
are depicted in Fig. 6, with the aim of clarifying at first how the defects
were measured and classified. Some defects were found at the sample
surface, others in the sample bulk. The defects were distinguished in



I. Bombarda et al.

985 T=850°C 5 ¢
99+
& V=41 mm3A i
90,—m =148 A
o, =576 MPa
63.2 ;
ASO,
X © Vg =5.1mm?
o m=14.2
3 o, = 1104 MPa
©
&
E 3
o 10- o Ve =4.1mm
o m=13.6
o o, = 1174 MPa
5_
A
1,

400 600 800 1000 12001400
Tensile fracture strength (MPa)

Fig. 4. Weibull plot of all the tensile tests performed at T = 25 °C and at T = 850 °C
which are summarized in Table 1: the high temperature tests curve is on the left part of
the graph, indicating a lower tensile strength, while the two sets of room temperature
tests are on the right. A slight shifting of the room temperature tests with lower effective
volume tested on the right is visible. The Weibull parameter m corresponds to the line
pendence.
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Fig. 5. The characteristic strength as a function of the effective volume is shown for
the three sets of data, at room and high temperature; the bars indicate the 90 %
interval, which was also calculated for higher effective volume utilizing Eq. (1).

two groups: near-surface defects (Figs. 2 and 6a) and bulk defects (Fig.
6b). The definition of a near-surface defect is, according to the litera-
ture, a particle where the distance from the sample surface is less than
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the maximum diameter. In order to classify these defects consistently,
the maximum and minimum Feret diameters were measured for each
defect, which are, respectively, the maximum and minimum calliper
diameters measurable in a two-dimensional particle. In Fig. 6¢, d, two
bulk defects are shown, and the maximum Feret diameter (Dgp,,,) and
minimum Feret diameter (Dg,;,) are determined. They were measured
after delineating the defect, as shown in the figures from the orange
line. Thus, the definition of near-surface defect is the defect where
Dgmax < Dp.g, Where Dy g is defined as the minimum distance from the
defect to the sample surface, and it can be seen in Fig. 6b.

The particle inclusion defects were analyzed via EDX. Only two
elements were found, which were aluminum and oxygen. It is very
reasonable to presume that the particles were Al,05; which was most
likely an impurity from the production process. In Fig. 6e the fracture
surface correspondent to a bulk particle inclusion defect is represented:
the EDX analysis of the inclusion allowed the identification as Al,05
particle, including the clearer round portions, which appear like melted
parts. In Fig. 6f, an inclusion defect was observed, where the Al,04
particle was not in its original place. The empty space left matched
exactly the particle shape. Because of this important evidence, it was
very difficult to state if, originally, a porosity defect did not have a
particle inclusion in the cavity. This is the reason why in the further
data interpretation, the difference between pore and inclusion defect
was not taken into account. In Fig. 6g, a porosity defect in a high tem-
perature test was magnified and it is clearly visible how the fractured
surface differed from the pore area. Some of the grains were cleaved
on the fractured surface, testifying a partial inter-granular fracture. As
some entire grains are also present, the fracture micromechanism was
described as mixed, meaning partly inter-granular and partly trans-
granular. On Fig. 7, the fracture surface at higher magnification is
shown for the room and the high temperature test. The room tempera-
ture sample showed a similar fracture surface conformation compared
to the high temperature sample, where some grains were complete
and some grains were cleaved. Yet a difference could be noticed, as
at high temperature the amount of cleaved grains was lower than
for the room temperature case. The difference was attributed to the
increased atom mobility and decrease in boundary phase viscosity at
high temperature. Both phenomena facilitate the inter-granular fracture
at high temperature [38] and were the reasons for the lower strength
and Young’s modulus at high temperature.

A summary of the defects classification and measurement is reported
in Table 2. A main difference between the room and high temperature
fracture analysis was the defect location. For the high temperature tests,
the crack starting defect was in the bulk material or at the near-surface,
while for the room temperature tests all defects were found to be near-
surface defects. The slight difference in defect size between room and
high temperature (Dg,,x and area) can be associated to the defect
location, as the surface defects are more critical [60,61]. As it will be
explained later in this paragraph, the equivalent crack size parameter
aq Was calculated to compare surface and bulk defects independently
from their location. To compute aq, the flaw fracture origin diameter
d was measured [39]. The d parameter was assessed as reported in
Fig. 6a-b, and listed in Table 2. In Table 2, the defect elongation is
expressed as Dgay / Dpmin, Showing that the most defects were rather
elongated.

The Feret diameter distribution is plotted in Fig. 8a. It is clear
that the defects analyzed for room and high temperature samples had
slightly different mean values but overlapped when considering the
standard deviation. No trend was observed for the defect elongation
(Dgmax 7 Dpmin) and Feret maximum diameter. In Fig. 8b it is depicted
how the defect location changed with temperature. For the room
temperature tests, only near-surface defects were detected, while for
high temperature tests the majority of defects (59 %) were found in
the bulk. It is relevant to notice that even if there was undoubtedly a
difference in the defect location between room and high temperature
tests, this did not cause a measurable change in the Weibull parameter
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Fig. 6. SEM fractographic analysis details: (a) room-temperature sample with near-surface defect (inclusion): the schematics on the right top shows how the defect diameter was
measured [39]; (b) high-temperature sample with bulk defect (inclusion) where the defect diameter is indicated according to the scheme on the top right corner [39], while Dy
is the distance between the defect and the sample surface; (c) and (d) magnification of, respectively, a bulk inclusion defect and a pore defect (both high-temperature samples):
the orange line as the delineation of the defect perimeter and the Feret maximum and minimum diameter are indicated; (e) magnification of c. At the border between 3YSZ and
the inclusion: the particle was identified as Al,O5 (EDX), and the clearer spots on it was molten Al,O5 portions; (f) inclusion defect which was detached from its original position
(g) enlargement of picture d. Only unbroken grains are visible on the porosity surface, whereas both intact and cleaved grains are visible on the fracture surface. This indicates a

mixed fracture micromechanism, including both trans-granular and inter-granular propagation.

Table 2

Fractographical analysis summary for room and high temperature. The maximum and minimum Feret diameters (Dgp.y, Dpmin), together with the defect area were measured as
described in Fig. 6. The crack diameter d was measured as illustrated in Fig. 2. The values are expressed as mean and standard deviation.

Samples (n) Bulk defects Near-surface Dgpax (pm) Dppin (pm) Dimax 7/ DEmin A (pm?) Diameter of flaw
(n) defects * (n) d (um)
T =25°C 27 0 27 10.7 + 4.3 5.7 £ 2.6 22+ 1.6 44.4 + 40.1 23.4 + 6.7
T =850 °C 24 14 10 13.8 + 3.1 6.4 + 1.6 2.2 + 0.6 57.5 + 15.2 15.2 + 3.3

2 Where the defect to sample surface distance Dy g (depicted in Fig. 2) is less than D, [38].

m which is a statistical expression of the flaw size and frequency [59].
It is reasonable that the defect location could cause a difference in the
m parameter if a larger amount of samples would be tested.

Assuming that the defect population was identical for all samples,
which is surely true as they were coming from the same exact batch, it
is challenging to explain the defect location difference between room
and high temperature tests. Excluding the hypothesis that the results
were not representative, which is very unlikely for a minimum of
24 samples analyzed, several factors could have contributed to the
difference. The first factor is the 3YSZ variation of phase composition
between room and high temperature. The tetragonal to monoclinic
stress induced phase transformation is absent at high temperature but
relevant at room temperature. The toughening mechanism of 3YSZ has

different features at the surface compared to the bulk materials. For
the room temperature stress-induced tetragonal to monoclinic transfor-
mation, not only the local stress level is relevant, but also the grain
orientation. Thus, the transformation is more likely to happen at the
surface [62]. The sample surface was therefore subjected to trans-
formation at lower stresses making the surface defects more critical
than the bulk ones. The high temperature tests were, on the contrary,
not affected from the toughening transformation, as the tetragonal
phase is stable at T = 850 °C. Therefore the finding of defects also
in the bulk. The second factor which could have led to a difference
in defect distribution is the fracture micromechanism. As observed in
Fig. 7, the fracture micromechanism differs with temperature, which
could lead in a different crack development and, consequently, to a
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Fig. 7. SEM pictures of two fracture surfaces at high magnification. In both cases
(room and high temperature) a mixed fracture micromechanism was observed, as both
cleaved grains and entire ones are present. For the room temperature test, the amount
of cleaved grains is higher than for the high temperature test.
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22 %

24% 3 959 %
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Fig. 8. (a) Maximum Feret diameter for room and high temperature tests, which
indicates the defect elongation in terms of Dy, / Dgpin; (b) location of defects in
the sample fracture surface for room and high temperature. Near-surface defects were
the only type of defects observed for room temperature tests, while they represent 41 %
of the defects for the high temperature tests.

higher relevance of the bulk defects at high temperature. Another
possible reason for the difference of crack starting point location was
the sample geometry, as the eventual misalignment was perhaps less
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critical for longer samples [63]. The overall length was higher in the
high temperature sample ( Fig. 1) which could lead to less critical stress
concentrations at the surface. In our previous work [32], the crack
initiation was reported at the sample edge, which was in contrast with
the results of this work. However, the amount of samples for which
the fractographic analysis was performed was confined to four samples
with qualitative description aims. On the contrary, the present work
data presents a much higher reliableness because of the number of
samples analyzed.

In order to correlate the defect size with the tensile strength, the
defect location has to be considered. For this reason, the equivalent
defect size was calculated [39,40]. For near-surface defects, the equiv-
alent defect size is defined as a,q = 0.25 d, and for bulk defects as
8,q = 0.2 d, as illustrated in Fig. 6a-b and in Fig. 9. For ceramics
containing flaws, the defects have to be large enough to cause the
immediate material fracture without sub-critical crack growth. These
materials follow linear elastic fracture mechanics (LEFM, third gen-
eration materials [39]), where the local stress intensity factor (K;)
equals the critical stress intensity factor (K;.). The smaller the defects,
the more relevant the material itself in terms of grain size, as the
first stage of crack development includes sub-critical crack growth.
Determining for the crack development is the comparison between the
flaw equivalent size a.q and the grain size. The average grain size of
the tested material was ¢ = 246 + 94 nm. The LEFM criterion is valid
if aeq> 150 ¢ [39]1, which was not true in this case. According to this
criterion, the defects analyzed were sub-critical, which means that the
defects were the starting points for the fracture, but the actual sample
failure occurred subsequently to a sub-critical crack developing. For
sub-critical defects, the local stress intensity factor (K;) is not equal to
the critical stress intensity factor (Kj.) at the crack starting point. Sub-
critical crack growth is not uncommon for many type of ceramics [59],
and in this case it is relevant to mention that even if the defects may
seem large, an important role was the material grain size.

To check if the tested material corresponded to the sub-critical
interpretation, the strength as a function of the equivalent crack length
aeq Was reported in Fig. 9, where the values of Kj. at room and high
temperature are reported [25,54]. Almost all the data points for room
and high temperature were located in proximity or on the left part of
the K. line. For both temperature data, it can be seen how the smaller
defects deviated from the K;. line and tended to a direction which was
parallel to the x-axis. The theoretical parallel line to the x-axis would
be the region where flaws are so small that they are irrelevant for the
final strength and the only contribution is attributed to the material
grain size. This type of materials is classified as first generation [39].
For larger defects a,q > 4 pm, the room and high temperature data
points were located in the LEFM region, in proximity of the Kj, line.
The defects smaller than a.q = 4 pm were rather separating from the K;,
line. This observation allows the assumption that from defects bigger
aeq = 4 pm the material follows the LEFM theory where the local stress
intensity factor equals the critical stress intensity factor (K; = K;.) and
the defects are considered critical. In this condition, the sub-critical
crack growth had a negligible effect and the main contribution to the
strength was provided by the defect size. For a,q < 4 pm, instead,
the strength was determined by a combination of the defect size and
the grain size. Sub-critical crack growth occurred close to the bigger
defects in the beginning (K; # Ki.). In the following stage, the crack
expanded in the material depending on the grain size, up until the
sample failure as the defect reached the critical size. The observed
behavior is largely known and was reported in the literature for various
ceramic materials [64], however the correlation between defect size
and strength for 3YSZ thin tapes was determined for the first time in
the present work. These findings are relevant to set a limit for allowable
defect sizes in 3YSZ tapes with similar grain size (¢ = 246 + 94 nm).
The material analyzed was therefore not following the LEFM theory
from 24 = OL = 16. The found value restricts the limit previously
set in tﬁe literature [39] describing more precisely the specific material
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Fig. 9. Fracture strength as a function of equivalent crack size for room temperature and T = 850 °C in logarithmic scale, on the x-axis the corresponding flaw diameter calculated

as from the right scheme. The K, values are reported from the literature [25,54].

analyzed. Fig. 9 shows that the equivalent crack length of a,, = 4 pm
corresponds to a diameter of d, e, surface = 16 pm for near-surface semi-
circular defects and a diameter of dy;, = 20 pm for bulk circular
defects. For smaller defect diameters, the strength measured was never
below opr = 1000 MPa for room temperature and ogsg oc = 500 MPa
for high temperature. In Fig. 9 it can be noticed that for the high
temperature tests the defects corresponding to lower strength values
were near-surface ones. This remark indicates the importance of surface
defects more than bulk defects not only at room temperature but also
at operating temperature.

3.3. In-situ nanoindentation

To evaluate the local mechanical properties of the 3YSZ electrolyte,
in-situ nanoindentation was additionally performed at room and high
temperature and the results are summarized in Table 3. After the tests,
SEM recordings of the indents were carried out and are shown in Fig.
10. The projected contact area and indentation depth values increased
with a higher temperature. The SEM indents area showed an equally
increment of projected contact area, which supported the validity of
the nanoindentation measurements. The room temperature hardness
was comparable with the literature data of similar materials [65-67].
At T = 650 °C, the hardness decreased by 62 % compared to room
temperature. Even if high temperature indentation was not yet per-
formed on 3YSZ dense electrolytes, a decrease in indentation hardness
by temperature increase was previously observed on porous zirconia
coatings [68], and single crystals [69]. The Young’s modulus measured
at high temperature had a high standard deviation, indicating a lower
measurement precision. However, the value measured is compatible
with the one determined with the tensile testing at higher temperature
( Table 1). At T = 250 °C, The Young’s modulus decreased, then
increased again until T = 650 °C. The local Young’s modulus of cubic
zirconia was previously measured with nanoindentation [70] showing
a decrease from room temperature to T = 300 °C and then a stabiliza-
tion until T = 500 °C. An increase of Young’s modulus was reported
with the utilization of the micro indentation technique between room
temperature and T = 500 °C [71]. The high temperature Young’s

Fig. 10. SEM images of representative indents after the test at different temperatures
with maximum load of 250 mN.

moduli measured in this work by nanoindentation are not matching the
impulse excitation technique (IET) data on 3YSZ tapes [54], which is
not a local measurement technique. The discrepancies of hardness and
Young’s modulus between the different methods show the challenges
which characterize these measurements, especially at high temperature.
Nevertheless, an increase in plasticity by temperature increase was
proved by the reduction of hardness and Young’s modulus. The finding
was confirmed by the visual examination of the indent imprints after
the test as shown in Fig. 10. In the surface indented at room temper-
ature the blurred grain boundaries are clearly visible, as reported in
the literature [67]. At higher temperatures, the grain boundaries start
become less noticeable indicating an increase of plastic behavior.
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Table 3
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Nanoindentation test results in terms of hardness, Young’s modulus, projected contact area and maximum indentation depth
at room and high temperature. The values are expressed as mean and standard deviation.

Temperature (°C) Hardness® (GPa) Young’s modulus® (GPa) Projected contact Indentation

area” (pm?) depth® (um)
25 16.3 + 2.1 230 + 48 16 + 2 0.94 + 0.07
250 10.2 + 0.9 166 + 13 25 + 2 1.16 + 0.04
450 7.5+ 05 175 + 8 35+ 2 1.29 + 0.03
650 6.2 + 0.3 196 + 13 42 +2 1.40 + 0.02

2 Average of 10 cyclic loading indentation tests from 20 to 250 mN.

b Calculated on the maximum load of F = 250 mN.
4. Summary and outlook

The tensile strength of 3YSZ ultrathin (t = 90 pm) tapes for solid ox-
ide cells was evaluated at room and operating temperature (T = 850 °C),
showing a 50 % lower strength at T = 850 °C compared to room
temperature. The 90 % (n = 27/30) test validity confirmed the test re-
liableness at high temperature. The characteristic strength and Weibull
modulus were measured, resulting in oy gr = 1174 MPa, mgy = 13.6,
00,850 °c = 576 MPa and mgsy oc = 14.8. The effective evaluated
volume was Veg = 4.1 pm®, which was 330 times smaller than the
estimated electrolyte volume in the cell. However, the test owns a
better reliability than the bending tests where the stress is surface-
concentrated and not representative of the material’s bulk. An estima-
tion of the strength for the complete electrolyte size was computed
based on these values and the Weibull theory. As a result, for an
electrolyte 100 x 150 mm large and with a thickness of t = 90 pm, the
strength was estimated as ¢ gy ~ 700 MPa and o g5q o¢c ~ 370 MPa.

A fractographic analysis was performed for each of the valid samples
and the defects observed included particle inclusions as well as large
pores and regions with agglomerated small porosity. The defects were
mainly located at the sample surface for the room temperature tests
and at the sample surface or in bulk for the high temperature tests.
This difference was attributed to several factors including the stress
induced toughening mechanism and the fracture micromechanism. To
measure the defects, the maximum Feret diameter was determined:
Dpmax, rt = 10.7 + 4.3 pm and D,y gsp oc = 13.8 = 3.1 pym. The
strength at room and high temperature as a function of the defect size
was plotted. It was observed that the material analyzed deviated from
the linear elastic fracture mechanics (LEFM) for smaller defects. The
surface defects with diameter d, e, .surface > 16 pm, or the bulk defect
with diameter dy,; > 20 pm were evaluated as critical, which means
their size was the main factor influencing the sample strength. The
strength of the samples with smaller defects deviated from the linear
elastic fracture mechanics (LEFM) theory. These were evaluated as sub-
critical and sub-critical crack growth was assumed to occur before the
sample failure. For the sub-critical defects, the strength depended not
only on the local stresses but also on the material grain size distribution.

In-situ nanoindentation was performed on the 3YSZ tapes to de-
termine the local mechanical properties at high temperature for the
first time. At the maximum temperature reported, T = 650 °C, the
hardness and the Young’s modulus showed a decrease of 62 % and
15 % respectively compared to room temperature. The high standard
deviation in the Young’s modulus and the discrepancies between differ-
ent methods from the literature denoted the challenges in investigating
the local mechanical properties of these materials, especially at high
temperature. Yet, the increase of plasticity by increasing temperature
was observed with the nanoindentation test and was also proved by the
SEM examination of the indents after the test.

The results presented are a significant step forward in understanding
the failure mechanisms of 3YSZ tapes for SOCs operating at high
temperature. The evidence of different types of defects on the fracture
surface raise the questions of how high their density is in the specimens
and to what extent are the electrochemical properties affected from
it. The demonstrated presence of sub-critical crack growth brings up
the possibility that this phenomenon may play a role in the long-term
stability of the 3YSZ electrolyte during the cell operation.
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