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ARTICLE INFO ABSTRACT
Keywords: Following a literature review to address the existing gaps, this study analyzes the mechanical behavior of the
Protonic ceramics proton-conducting ceramics BZY20 (BaZrogY0203-5) and BCZYYb7111 (BaCeg7Zro1Y01Ybo103-5), in pristine

Mechanical properties
Hydration

Fracture toughness
Elastic modulus

and fully hydrated states. Key mechanical properties, including elastic modulus, fracture stress, and fracture
toughness, are evaluated together with the statistical variability of fracture stress, to assess material reliability
and the influence of processing-induced defects. The results highlight distinct mechanical responses between the
two compositions with BZY20 exhibiting superior mechanical properties compared to the cerium-rich compo-
sition. However, hydration reduces fracture stress and toughness in BZY20, associated with lattice expansion,
and a partial shift toward intragranular fracture. In contrast, BCZYYb7111 displays hydration-induced tough-
ening behavior, driven by a transition from predominantly intergranular to intragranular fracture. Overall, these
findings suggest that the mechanical performance of proton-conducting ceramics is governed by an interaction
between composition, crystal structure, microstructure, and hydration. The results also provide insights for
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mechanically robust protonic ceramics and support the development of durable, scalable materials for long-term

energy applications.

1. Introduction
1.1. Protonic ceramic cells

The rising energy consumption, coupled with the goal of reducing
greenhouse gas emissions, has driven the adoption of renewable energy
sources (RES) as a sustainable alternative. However, the intrinsic
intermittency and unpredictability of RES pose challenges for grid sta-
bility and energy management. To address these issues, innovative
technologies, such as the electrochemical routes, are promising options
to balance electricity production, storage, and consumption, also
allowing the sustainable production of chemical compounds for hard-to-
abate sectors [1].

In this context, protonic ceramic cells (PCCs) have collected signifi-
cant attention. PCCs are presented as an interesting alternative to solid
oxide cells due to their lower operating temperatures (400-600 °C),
faster reaction rates, and direct production of dry hydrogen without the
need for downstream water separation. Additionally, PCCs exhibit
higher theoretical efficiency, reduced Balance of Plant (BoP) re-
quirements, and enhanced resistance to contaminants like H,S, making
them suitable for integration with alternative fuels. However, challenges
such as material stability, durability, scalability, and mechanical
strength persist, particularly due to their low technological readiness
level, which has been tackled in recent years [2].

In the presence of steam, protonic ceramics incorporate protons (or
protonic defects) according to the hydration or Stotz Wagner equation,
Eq. (1) [3]. Water reacts with oxygen ion vacancies (vb) at the surface in
the vicinity of neutral oxygen sites (Og), forming two protonic defects
(OHy):

H,0 + v} + Og=20H, (€Y

Chemical expansion is observed upon hydration as the protonic de-
fects are larger than the oxygen vacancies they fill [4].

Current research on PCCs focuses on electrolyte material optimiza-
tion, particularly through doping strategies involving barium cerate
(BaCe;.xMx03.4, M being the dopant) and barium zirconate (BaZr;.
xMx03.4) to adjust conductivity and stability, sintering aids to improve
manufacturability, as well as focusing on air electrodes [2,5]. Recent
advancements, such as yttrium and ytterbium doping, have enhanced
ionic conductivity and sinterability, enabling power densities of up to
1098 mW/cm? at 600 °C for more [6] traditional materials and close to
1600 mW/cm? for more specifically tuned materials [7], with sensitivity
on the gas composition. Nevertheless, technological bottlenecks, such as
chemical instability, thermal expansion mismatches, scaling challenges,
and the improvement of faradaic efficiency through reduction of elec-
tronic leakage, remain critical barriers to commercialization. Despite
these complications, PCCs show promising cost-effective hydrogen
production, ammonia and methane synthesis, and innovative sensing
applications [8-11].

In this work, in order to account these challenges and fill the gap
between laboratory performance and industrial deployment, a
comprehensive analysis of the mechanical properties of protonic
ceramic materials is performed to ensure reliability, durability, and
scalability for real-world applications, focusing on investigating the
mechanical properties of BZY20 (BaZrpgY203-5) and BCZYYb7111
(BaCep7Zro1Y01Ybo103_5), with a particular emphasis on parameters
such as elastic modulus, fracture stress, and fracture toughness deter-
mined. The results are analyzed using a Weibull distribution, which
statistically models the variability in fracture stress data, providing a
robust assessment of the materials' reliability and durability throughout

the manufacturing process and supporting the development of robust,
high-performance protonic ceramic technologies, accelerating their
integration into sustainable energy systems and hard-to-abate industrial
sectors.

1.2. Literature review and gaps

When surveying the literature, Mercadelli et al. prepared
BaCeo.652r0~20Y0.1503,5-Ce0‘8Gd0,202_5 (BCZY-GDCQ) membranes by tape
casting and aged them at 750 °C under different atmospheres (Hg, CO3,
and Hz + CO3) [12]. Four-point bending tests at high temperatures,
Vickers microhardness, and nanoindentation with a 5 mN peak load
were performed. The pristine samples showed a flexural strength of
approximately 70 MPa, which decreased after exposure to Hy due to
structural embrittlement and microcracking of the GDC phase (chemical
expansion and cerium reduction). On the other hand, CO; exposure led
to an increase in fracture strength and hardness due to the formation of
BaCOs and Zr-doped ceria (ZDC) phases. When a combination of Hy and
CO, atmospheres was employed, only limited mechanical variations
were observed, with traces of BaCO3 formation. Overall, the study re-
ported negligible changes in elastic modulus, but the effect of hydration
was not assessed.

Hydration and dopant ionic radius effect on the elastic properties of
BaZrOs-based materials were considered by Makagon et al. [13]. They
studied samples prepared by solid-state reactive sintering and subse-
quently hydrated in a pure steam atmosphere, following a stepwise
temperature decrease to ensure full hydration of the 1-2 mm-thick
samples. The number of measurements performed for each case study
and hydration level is not specified, with therefore uncertainty on the
statistical reliability, but overall hydration shows a slight decrease in the
elastic modulus for different BaYyZr; 4O3.x/2sH2s, with X =Y, Sc and
0.05< x < 0.2, upon hydration.

In a study from Yang et al., the pristine mechanical properties of Ba;.
xKxCep.6210.2Y0.203.8 (BKCZY) pellets produced via a citrate-EDTA
sol-gel route and pressing, were simply investigated using nano-
indentation [14]. The resulting samples exhibited some residual
porosity due to volume shrinkage associated with the release of struc-
tural water and residual organics. A total of 20 indents per sample were
collected to ensure statistical reliability. The effect of dopant concen-
tration and sintering temperature, accounting for the reduced modulus
due to larger interatomic distances and Hall-Petch behavior, has been
considered. Overall, despite only pristine materials being evaluated (no
hydration study), results showed that Ce-containing compositions
exhibited lower absolute hardness and modulus values than Zr-rich
counterparts.

Theoretical approaches, based on machine learning, show that hy-
dration is supposed to have negative effects on Young's modulus and
strength, but are again limited [15].

Different results, due to only partial hydration, have been observed
in recent work by Ueno et al., where yttrium-doped barium zirconate
ceramics (BaZrpgpYo.2003.5) were subjected to hydration treatments
under variable and controlled water vapor partial pressures and dura-
tions [16]. Temporary hydration-induced strengthening can be reached
due to surface-limited hydration. This can be pointed out by indentation
showing hardness values which decrease down to the pristine value
when the indentation load is increased. From an electrical perspective,
hydration-induced strengthening did not compromise proton conduc-
tivity. Similarly, Sazinas et al. reported properties under hydration and
dehydration cycles, on samples with three different compositions
(BaZr0,80Y0‘2003_g, (BZYZO), BaZro'goYo.loog_s (BZY10) and
BaCe.20Z10.70Y0.1003-5 (BZCY721)) produced in this case by solid-state
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reactive sintering, with and without sacrificial powder [17]. The spec-
imens were studied using the Vickers micro-indentation technique,
despite the inaccurate results of this technique observed for the absolute
values being pointed out. Superficial hydration was found to enhance
the fracture toughness with a transition from intragranular to inter-
granular fracture when cerium was present, which was recovered upon
dehydration. Overall, the study established that hydration-induced
mechanical improvement is reversible, microstructure-dependent, and
primarily governed by grain-boundary chemistry rather than bulk lattice
expansion.

According to this literature survey, different, and even contradicting,
results are observed, with most of the issues found in these studies
related to the hydration test protocol: too short hydration dwell time
and/or too fast cooling rates do not allow for complete hydration.
Therefore, the results are not representative of the operating condition.
Another limitation of some of these studies is the limited number of
tested samples, which does not provide statistically reliable values.

2. Experimental
2.1. Sample preparation

BZY20 (BaZrpgY(203-5) samples were prepared by two different
methods: Solid-State Reactive Sintering (SSRS) and Pechini sol-gel
method.

For SSRS, barium carbonate (Alfa Aesar, 99.8 %), zirconium oxide
(Alfa Aesar, 99 + % metal basis), and yttrium oxide (Thermo Fisher
Scientific, 99.9 %), were milled in ethanol in a jar roller for 24 h with
YSZ rod media with a 1:5 wt ratio and then pan dried and manually
ground.

For the Pechini sol-gel method, barium nitrate (Sigma-Aldrich, ACS
reagent, >99%), zirconium(IV) oxynitrate (Sigma- Aldric, technical
grade), and yttrium(III) nitrate hexahydrate (Sigma- Aldric, >99.8%
trace metals basis) were employed. The nitrate precursors were mixed in
a distilled water solution and continuously stirred at 60 °C. Citric acid
was added to form the complex precursor. 5 min later, ethylene glycol
(ThermoScientific) was added and then heated up to 80 °C while
keeping it under agitation. When most of the water was evaporated, the
solution was heated up at 220 °C in a heater overnight and the product
was then ball-milled and calcined at 1100 °C. The powder was ball
milled for 24 h and sieved to 200 pm particle size to eliminate the ag-
glomerations of particles on the powder and obtain uniform materials.

BaCe7Zr01Y01Ybo103_s (BCZYYb7111) was procured by CerPo-
Tech AS, Trondheim, Norway). In all scenarios, 1%wt NiO (Alfa Aesar,
78.5 % Ni) was used as sintering aid.

The bars for the mechanical tests were prepared using the polymer
clay technique: the precursors or fine ceramic powders were mixed with
PVA wood glue, mineral oil, and glycerin, with the ratios summarized in
Table 1 [18].

The mixed polymeric clay was manually molded and pressed into
PVA molds, 3D printed using a commercial Prusa™ printer. The sam-
ples, dried in air for a couple days, were sanded to achieve, after sin-
tering, the sizes required by the ASTM C1161—18 standard for Type A
samples, consisting in a 25 mm length, 2 mm width and 1.5 mm
thickness.

The sintering for all the samples was performed as follows: heating
step at 0.7 °C/min from room temperature to 450 °C followed by a dwell

Table 1
Composition of the polymer clay.

Component Weight percentage [%]
Solid content 68-73

PVA wood glue 20-25

Mineral oil 3-7

Glycerin 2-5
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of 90 min for debinding and organics burnout, additional heating step at
3 °C/min up to 1550 °C followed by an 8 h dwell, and a final 3 °C/min
cooling step down to room temperature. The samples were set on a
sintering bed and covered by sacrificial powder of the same composi-
tion, to reduce barium depletion.

It is acknowledged that while a sintering temperature of 1550 °C is
more appropriate for BZY20, it may be higher than those typically re-
ported for BCZYYb7111 i.e. closer to 1450 °C [19]. However, in this
study, identical sintering conditions were employed to enable a direct
comparison of the mechanical properties under consistent processing
conditions. The potential effects of this choice are discussed in the
following results sections.

2.2. Hydration

Half of both BZY20 and BCZYYb7111 rectangular samples was hy-
drated for comparison with the pristine samples. The hydration was
performed with humid gas obtained by flowing N3 through a heated
bubbler to produce 50% humidification with a controlled molar mass
composition of 50 mol% Hy0 and 50 mol% Ng, corresponding to a water
vapor partial pressure of approximately 0.5 atm at atmospheric total
pressure. The hydration was performed for 24 h at 600 °C, with heating
and cooling steps respectively at 3 °C/min and 0.2 °C/min both under
steam. This specific test protocol is expected to guarantee complete
hydration. The 24-h dwell at 600 °C is largely superior to the expected
transient variation of the defect concentrations of 3-4 h determined in
literature [20], and the cooling rate is sufficiently slow to guarantee the
hydration at lower temperatures as also performed in other studies [21].

2.3. Drying

After hydration, a drying step was carried out under a dry Ny at-
mosphere, using the same thermal profile as the hydration protocol
therefore using identical dwell time and heating/cooling rates.

2.4. Thermal cycling treatment

A control treatment was also conducted by applying the same ther-
mal cycle used for hydration, in terms of rates and dwell, while
continuously flowing dry Na throughout the entire process, therefore
reproducing the identical temperature history in the absence of water
vapor.

2.5. Materials and mechanical characterization

Some of the sintered bars were ground in a mortar and the powder
was analyzed by X-ray powder diffraction (XRD) using CuK,; radiation
recorded with a 20 between 20° and 80°.

The hardness and reduced elastic modulus were determined via
nanoindentation using a diamond indenter (Hysitron TI-950 Tri-
bolndenter). The test protocol consisted of a loading at 2 mN/s up to a
maximum of 10 mN, followed by a 2-s dwell before releasing the load.
For each sample, 25-30 measurements were carried out, depending on
the measurement deviation, and at least 20 measurements per sample
were retained after removing outliers.

The reduced modulus is used to assess the elastic one according to
the equation:

E, E E;

171—v2+1—vi2

(2

with v; = 0.07 and E; = 1141 GPa for the diamond indenter
andv = 0.247 considered from the literature for both materials in both
pristine and hydrated form [13].

This measurement was performed on polished samples (to a 0.05 pm
finish using a diamond suspension).
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Fracture stress and fracture toughness were evaluated with 4-point
bend test using a Mark-10 as a loading device and a fixture A (Wyom-
ing Test Fixtures), according to the standards ASTM C1161—18 and to a
modified ISO 23146-2008 with samples slightly smaller than the spec-
ified ones and consisting of 25 mm length, 2 mm width and 1.5 mm
thickness, respectively.

For the fracture stress, at least 30 samples were tested to obtain a
Weibull distribution, while for the fracture toughness, a minimum of 5
samples was required to extract the average and standard deviation.

The test protocol for the fracture toughness assessment was identi-
fied following a modified ISO 23146-2008 with sample size equal to the
ASTM C1161-18.

The fractured surfaces were analyzed using a Scanning Electron
Microscope (FEI Quanta 600i Environmental SEM) in high vacuum on
gold-coated samples. This analysis was employed to determine the mode
of crack propagation, differentiating between inter and intragranular,
and to assess the grain size and porosity of the material.

Finally, the sizes and geometric characteristics of the notches were
assessed using a digital microscope (Keyence VHX-5000).

2.6. 8YSZ comparison

For all the assessed properties, tests on 8YSZ haven't been experi-
mentally collected by the authors, but several papers from literature
have been used [22-31], with approximately 10 references to get sta-
tistically reliable values. It should be noted that since the studies were
collected from literature, the experimental approaches, starting with
manufacturing down to characterization, may differ.

3. Results
3.1. XRD

The diffraction patterns in Fig. 1 show some impurities or secondary
phase for the BZY20 samples produced from SSRS, while pure single-
phase perovskite structure is obtained for BCZYYb7111. The Ce-rich
composition exhibits a shift of the main reflections toward lower 20
values compared with BZY20, indicating increased d-spacings and,
therefore, a larger lattice parameter. This trend is expected because of
the lattice expansion upon Ce substitution, as highlighted in the litera-
ture for materials with different cerium content [32].

Hydrated BZY20 shows a slight shift towards lower theta after hy-
dration, mostly due to cubic lattice expansion, while the opposite trend
is observed for BCZYYb7111. The interpretation of the XRD for
BCZYYDb7111 is less straightforward due to a distortion-driven expan-
sion or contraction of certain plains [33].

3.2. Nanoindentation and elastic modulus

The Elastic modulus (E), which represents the material's stiffness,
was determined for the different materials studied, both in the pristine
and hydrated conditions. A higher modulus indicates a stiffer material
and therefore smaller strain when the same load or stress is applied, and
vice versa.

This mechanical property is strongly related to the microscopic
behavior of the material and especially to its atomic level. Elastic strain
from the load application, in fact, derives from changes in interatomic
distance and related stretch of the bond. Therefore, the value of the
elastic modulus reflects the strength of interatomic bonding forces and is
proportional to the slope of the interatomic force-distance curve at the
equilibrium spacing [34].

The loading and unloading curves obtained in every case study
through nanoindentation are represented in Fig. S1 of the Supplemen-
tary Information of this work. The few outliers observed can be attrib-
uted to the indenter penetrating pores present in the samples, mostly due
to organics burnout, and therefore provide measurements that do not
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Fig. 1. (a) XRD patterns for BZY20, BCZYYb7111 pristine and hydrated, shifted
vertically for clarity, (b) zoomed 28°-32° range to highlight shift.

accurately represent the material's properties. As 25 to 30 measurements
were collected, these outliers could be removed with the criteria of
having at least 20 data points for each studied material to get statisti-
cally reliable results of the reduced elastic modulus.

The reduced elastic modulus derived from these plots could be
converted to the Elastic modulus using Equation (1) and is plotted in
Fig. 2.

The outliers were removed from the calculations according to the
interquartile range method. The slope of the unloading section of the

Box Plot Comparison of Elastic modulus
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Fig. 2. Elastic modulus box plots comparison.
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nanoindentation plots allows the extraction of the hardness of the ma-
terials and the elastic moduli, which are summarized in Table 2.

The comparison of these BZY20 and BCZYYb7111 dataset allows us
to get an insight into the interaction between the perovskite B-site cat-
ions. Firstly, for a coordination number of 6 with oxygen, zirconium
(Zr4+) and cerium (Ce4+) exhibit ionic radii respectively of 0.72 A and
0.87 A. These values differ from those of yttrium (Y3+), equal to 0.868 A
and ytterbium (Yb3+), of 0.900 10\, which are instead more closely
aligned [35].

Increasing the cerium content and substituting half of the yttrium
with ytterbium, in BCZYYb7111 is therefore expected to increase the
bond length and lattice parameter, supposedly introducing greater
structural distortion and weaker overall bonds [14]. In addition to
different bond length, adding cerium renders the bond a slightly more
ionic (slightly higher electronegativity difference is than with zirconium
[36]). As a result, BCZYYb7111 exhibits a more deformed lattice and
weaker bonds than BZY20, with a Zr-rich network that is expected to
provide greater mechanical properties [17]. As ytterbium and yttrium
have similar radii, the effect of substitution is negligible. Regarding
electronegativity, instead, ytterbium shows values lower than yttrium
and very close to the cerium one, leading therefore again to slightly
more ionic bonds. Furthermore, the crystal structure for dry samples is
cubic for BZY20 [37] and orthorhombic, or monocyclic, for
BCZYYb7111 at low temperatures, such as at room temperature here
studied [33,35,38]. After hydration, the cubic structure is expected to
remain for BZY20, with a shift in crystal structure for BCZYYb7111 [33].
It should be noted that the bond length in the orthorhombic structure
can vary considerably due to increased octahedral tilting [33,39].

In addition to the trend observed when comparing pristine BZY20
and BCZYYb7111, another important assessment concerns the effect of
hydration. Several phenomena take place, some leading to improved
and others to worsened mechanical properties.

The first effect involves the filling of oxygen vacancies with protonic
defects (reaction 1), which restores some missing bonds, resulting in
positive effects on the elastic modulus and an increase in stability and
lattice reinforcement [13]. Conversely, the introduction of protonic
defects lowers the charge from -2e to -1le, weakening the electrostatic
bonding and therefore having a negative effect [13]. Another negative
impact is associated with the lattice chemical expansion and the corre-
sponding bond weakening. This is caused by the introduction of hy-
droxyl groups (1.37 A), which are larger than oxygen vacancies (1.18 A)
[4]. Considering that dehydrated structures contain one oxygen va-
cancy, while the hydrated structures contain two hydroxyl ions [40], the
chemical expansion upon hydration is given by the following equation

Pryar = zﬁoz-zo - ﬁv;, 3
The resultant chemical strain can be expressed as follows:

a—ap
—

€c @
and is equal, at 600 °C, to 0.0034 for BZY20 [37] and to 0.00197, with a
maximum of 0.00295, for BCZYYb7111 [35].

As found for similar materials in literature [12], elastic modulus
variations are minimal, due to a trade-off between the competing effects
detailed in the previous paragraph. It is important to point out that the
trend is non-unique between BZY20 and BCZYYb7111.

Table 2
Elastic modulus and Hardness for all case studies.

Case study Elastic modulus [GPa] Hardness [GPal
Pristine BZY20 249.4 +£15.9 11.9+05
Hydrated BZY20 264.8 + 8.0 11.8 £ 0.5
Pristine BCZYYb7111 143.1 £ 2.6 7.5+0.2
Hydrated BCZYYb7111 130.6 £ 5.8 7.3+0.2
8YSZ 215.0 £ 21.1 11.0+1.4
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Elastic modulus of dry BZY20 shows, in fact, an increase upon hy-
dration due to the filling of oxygen vacancies with hydroxide ions, which
restores missing bonds and reinforces the lattice [13], whereas in
BCZYYb7111 the modulus decreases upon hydration. This second result
seems to be consistent with the destabilizing effect of multiple dopants,
the presence of lattice strain on an asymmetric structure different from
the cubic of BZY20, and weaker Ce-O interactions [41]. Hardness values
show a similar trend, with BZY20 having higher values in both dry and
hydrated form, and BCZYYb7111 significantly lower values, further
confirming the remarkable mechanical robustness of Zr-based compo-
sitions. These results also suggest a minimal role for hydration on the
elastic modulus.

3.3. Fracture stresses and Weibull distributions

If the elastic modulus is a significant indicator of mechanical prop-
erties and performance of a material, especially on a microscopic level,
the need for a better descriptor of the bulk properties leads to the study
of the fracture stress using 4-point bending; it provides accurate absolute
macroscopic values also compared to other techniques such as Vickers
indentation [16,17]. The tests were performed on at least 30 samples per
case study to obtain statistically reliable results.

3.3.1. Pristine BZY20 vs pristine BCZYYb

The Weibull distributions of pristine BZY20 and pristine
BCZYYb7111 are shown and compared in Fig. 3, with shape parameters
of 2.35 and 2.27, and scale parameters of 63.02 and 22.66, respectively.

The fracture stress of BZY20 is higher than that of BCZYYb7111,
consistent with trends observed in the hardness, and it is attributed to
differences in intrinsic material properties, processing routes, and
microstructural features such as grain size and porosity.

It is also important to note that the BZY20 and BCZYYb7111 bars
were prepared using different starting materials. The SSRS route (used
for BZY20) was already reported in literature for other perovskite-based
ceramics to achieve intrinsically superior mechanical performance [13]
and is also confirmed in the following sections of this study. Further-
more, since the precursors’ particle sizes used in SSRS are larger, a
smaller amount of organics was needed compared to the sub-micron
single-phase BCZYYb7111 powder (30 wt% versus 36 wt%). This has
a direct effect, especially on the presence of internal pre-cracks and of
pores, resulting from the organics burnout [14]. Also, despite the higher
porosity of the BCZYYb7111, pores were more homogenously distrib-
uted throughout the whole bar, since thinner powder makes mixing
easier. Regarding the processing method it should be noted that NiO as
sintering aid was also employed, which has been reported to be bene-
ficial for densification and therefore to the mechanical properties [42].
Under certain operating conditions, tough, it may lead to long-term
mechanical degradation, particularly through grain-boundary weak-
ening and chemical instability effects [43]. In the present study, the use
of a small amount (1 wt%) of NiO is expected to predominantly
contribute to densification, with expected limited impact on intrinsic
mechanical properties.

Finally, grain size further differentiates the two systems. The lower
intrinsic sinterability of BZY20 [13], leads to a finer microstructure due
to the presence of Zr, despite the use of SSRS which typically leads to
larger grains compared to conventional sintering due to accelerated
atomic mobilities [44]. This enhances fracture resistance through
Hall-Petch strengthening, whereas the coarser grains of BCZYYb7111
promote crack initiation and propagation, ultimately lowering me-
chanical robustness [29]. The validity of this effect for ceramic materials
has long been discussed in literature: some materials also show a
maximum as a function of grain size, especially for non-cubic materials
due to microcracking and R-curve effect, with limited or no effect on
cubic materials [45]. In contrast, other studies for materials such
alumina or zirconia confirm the validity of the Hall-Petch effect [46]. At
the same time, this effect is expected to have a lower sensitivity on the
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Fig. 3. (a) Weibull distribution and (b) Box Plot of Pristine BZY20 and BCZYYb7111.

mechanical properties with respect to other aspects such us the samples
porosity, for which a more detailed focus is carried out in Section 3.5
and is therefore expected to give deeper insights [47].

The more remarkable fracture stress of BZY20 compared to
BCZYYDb7111 can therefore be justified by two effects: (1) the intrinsi-
cally stronger bond for BZY20, and (2) the processing method with
larger BCZYYb7111 grains and different crack propagation, associated
with the extrinsic contribution.

In addition to the difference in the average value of the fracture
stress, a different data scattering can be observed, which is expected to
be influenced by their sensitivity to porosity and fracture mechanisms.
BCZYYb7111, with a higher grain-to-pore size ratio (r/R) and more
uniform pore distribution, is less affected by pores acting as critical
flaws, resulting in more consistent fracture behavior. In contrast, BZY20,
with finer grains and a more heterogeneous defect distribution, is more
sensitive to pore-induced stress concentration, leading to greater vari-
ability in fracture stress [48]. This is further amplified by its mixed
intergranular-intragranular fracture mode, which introduces multiple
crack propagation paths, whereas BCZYYb7111 exhibits more stable and
uniform crack propagation.

These results establish a groundwork for further discussing how
manufacturing approaches influence the mechanical reliability of
proton-conducting perovskites as also discussed and assessed in the
following paragraphs.

3.3.2. Pristine vs hydrated BZY20

The Weibull distributions of pristine and hydrated BZY20 are rep-
resented and compared in Fig. 4 with shape parameters of 2.35 and 1.95,
while scale parameters of 63.02 and 38.93, respectively. The average
values and standard deviations for the fracture stresses in pristine and
hydrated conditions are 76.4 + 25.9 MPa and 59.9 + 18.7 MPa,
respectively, corresponding to a decrease of approximately 22%.

Fracture stress comparison
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0.020 Hydrated BZY20
—— Pristine BZY20 Weibull
—— Hydrated BZY20 Weibull
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Four-point bending measurements on BZY20 show a reduction in
fracture stress upon hydration, which seems to disagree with most of the
results found in literature, as already presented in Section 1.1, especially
when partial hydration was reached. In the present study, the hydration
protocol was designed to allow for complete hydration, which removes
such beneficial ionic and stress gradients and instead results in a net
degradation of mechanical performance. The fracture surfaces, shown in
Supplementary Information in Fig. S2, highlight an increase in the
intergranular propagation after hydration compared to pristine condi-
tion. This may be attributed to strengthened grain boundaries through
hydroxide incorporation into oxygen vacancies, restoring lattice con-
nectivity and strengthening grain boundaries, promoting a shift toward
the intragranular crack propagation [17] and reducing the crack-wake
shielding, such as bridging and deflection [45]. The crystalline struc-
ture was reported to remain cubic [37], the decrease in fracture stress is
supposed to be associated with lattice expansion and bond strength
variations induced by hydroxide incorporation in addition to the change
in bridging effect. As already described in Section 3.2, this can weaken
B-O interactions despite filling oxygen vacancies. Overall, these results
indicate that hydration in BZY initially stabilizes the structure by filling
oxygen vacancies due to the production of hydroxide ions [13]. At the
same time, though, an extended hydration and lattice expansion weaken
bond strength and reduce mechanical robustness. The fracture response,
though, shows strong dependence on the hydration state (partial vs full)
and the resulting distribution of residual stresses within the ceramic, as
also highlighted from literature.

3.3.3. Pristine vs hydrated BCZYYb

The Weibull distributions of pristine and hydrated BCZYYb7111 are
shown in Fig. 5, with shape parameters of 2.27 and 3.09, and scale
parameters of 22.66 and 32.96, respectively. The average values and
standard deviations for the fracture stresses in pristine and hydrated

Box Plot Comparison of Fracture stress
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Fig. 4. (a) Weibull distribution and (b) Box Plot of Pristine and hydrated BZY20.
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Box Plot of Fracture stress
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Fig. 5. (a) Weibull distribution and (b) Box Plot of Pristine and Hydrated BCZYYb7111.

conditions are 31.0 £ 9.5 MPa and 33.6 + 10.9 MPa, respectively.

The first observation highlights the opposite effect of hydration, both
compared to BZY20 and to the elastic modulus. In this scenario, the
hydration is shown to improve the mechanical strength. It should be
noted that, also since the starting values are already not that high, the
variation is only equal to approximately +8.5%

In addition to the explanations provided in the previous paragraphs,
especially regarding microscopic effects of hydration, a more detailed
description of the macroscopic phenomena, especially linked to the
change from intergranular to intragranular fracture, shown in the Sup-
plementary Information in Fig. S3, occurring is provided in the fracture
toughness section.

3.3.4. Overall comparison

Fig. 6 summarizes all the fracture stresses Weibull distributions and
average values for easier and more complete representation. The out-
comes on the fracture stresses can be highlighted.

Among the analyzed specimens, the dry BZY20 sample exhibited the
best overall mechanical performance, ranking as the most reliable of the
measured materials. In contrast, the dry BCZYYb7111 sample displayed
the lowest fracture stress, indicating a comparatively weaker mechani-
cal resistance. Furthermore, BZY20 and BCZYYb7111 exhibited distinct
behaviors under dry and hydrated conditions, suggesting that hydration
differentially affects their structural integrity and fracture mechanisms.

Overall, these findings suggest that both compositions can meet the
mechanical requirements for electrolyte applications, provided that
processing yields a dense, uniform, and crack-free microstructure [49].

Fracture Stress Comparison
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Fig. 6. Fracture stresses overall comparison.

3.4. Fracture toughness

This parameter is an intrinsic property that reflects the material's
resistance to crack propagation, independent of external flaw size or
geometry of a material's resistance to fracture when a stress concen-
trating defect is present in the sample, which is important for materials
since it is nearly impossible to manufacture objects without defects [34].

A flaw of known size was manually induced in the samples, allowing
for a reduction of one of the uncertainties introduced already in Section
3.3. Furthermore, this property is employed in this work to further
separate between the intrinsic toughness, already discussed previously
and mainly governed by covalent or equivalent bond strength, and the
extrinsic contributions [50].

Some of the variability is still due to different porosities, which,
though, don't show high variability as highlighted afterward in Fig. 8-b.

The fracture toughness results further reinforce the mechanical
trends observed from nanoindentation and four-point bending. As
shown in Fig. 7, BZY20 exhibits superior resistance to crack propaga-
tion, except for the state-of-the-art 8YSZ. This resistance decreases only
slightly after hydration, with an average variation of around 4%. In
contrast, BCZYYb7111 displays substantially lower fracture toughness,
with average values increasing only slightly, approximately of 9%, when
hydrated. In addition to the box plots shown in Fig. 7, numerical values
for averages and standard deviations are also summarized in Table 3.

The corresponding critical energy release rates, calculated through
the following equation

G[ = L (5)

for pristine and hydrated BZY20 and BCZYYb7111, confirm that
zirconium-rich compositions possess higher fracture energy and overall

Box Plot Comparison of Fracture Toughness

18
16 —_—
14
S
2 12
S — —
2
o 10
v
0.8 B o
: —
Pristine Hydrated Pristine Hydrated 8YSZ
BZY20 BZY20 BCZYYb7111 BCZYYb7111

Fig. 7. Box plots for fracture toughness.
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Fig. 8. Effect of manufacturing process (a) SSRS vs single phase powder (b) Dry pressing and shorter sintering for BZY20 and BCZYYb7111 respectively.

Table 3

Fracture toughness for pristine and hydrated samples.

Case Study Fracture toughness [MPa \/m]
Pristine BZY 1.32 £0.17
Hydrated BZY 1.33 +£0.17
Pristine BCZYYb 0.56 + 0.05
Hydrated BCZYYb 0.61 +0.11
8YSZ (literature) 1.61 + 0.09

damage tolerance.

Critical energy release rates are summarized in Table 4.

The microstructural observations of several samples indicate that
fracture in dry BZY20 occurs primarily as a combination of intragranular
and intergranular pathways as shown in the supplementary information
in Fig. S2, favored by the presence of residual pores and grain-boundary
defects typical of solid-state reactive sintering. The effect of the hydra-
tion, on a relative and absolute point of view, agrees with the results
already derived from the prior section and from what was found in
literature, further confirming and validating the explanations previously
provided.

Conversely, in BCZYYb7111, hydration yields a strengthening of the
material, confirming what was obtained in Section 3.3 even when un-
certainties related to the flaw size are removed. Some of the microscopic
effects taking place during the hydration process have already been
described in Section 3.2. The filling of oxygen vacancies through hy-
dration with variation in bond strength and length, is expected to in-
fluence the local lattice distortion of orthorhombic perovskite lattice
BCZYYb7111 [51] also due to enhanced tilting of BOg octahedra [33,
35]. However, the effects on mechanical properties are not straightfor-
ward. On one hand, vacancy filling and local bonding rearrangement
can enhance intrinsic lattice cohesion, potentially increasing fracture
stress and toughness. On the other hand, hydration-induced chemical
strain and structural distortion may counterbalance this effect. Indeed,
hydration in proton-conducting perovskites is not limited to isotropic
lattice expansion but also involves anisotropic strain and distortion,
particularly in noncubic structures [35,51]. Consequently, hydration
does not necessarily reduce structural asymmetry; instead, it may pre-
serve or even enhance local distortions through mechanisms such as

Table 4
Critical energy release rate for pristine and hydrated samples.

Case Study Critical energy release rate [J/m?]
Pristine BZY 7.2

Hydrated BZY 6.4

Pristine BCZYYb 2.3

Hydrated BCZYYb 2.9

8YSZ 12.4

octahedral tilting and bond rearrangement. Similar hydration-driven
structural modifications and lattice expansion have been reported for
BCZYYb7111, highlighting the strong coupling between proton incor-
poration, crystal structure, and the resulting material properties [35]
[52].

From a macroscopic point of view, another common effect described
in literature for brittle materials is the toughening by grain bridging [50,
53] associated to the shift from intragranular to intergranular fracture.
The grain bridging process can be partitioned into the five regimes of
propagate, kink, arrest, stall, and bridge and to reach this final step,
higher driving forces (J) are required, with normalized driving,
compared to the one to propagate (Jo4p) up to values of 7.

It is also interesting to highlight from Fig. S5-a in the Supplementary
information, that even after a drying step, carried out with the same
rates and dwell as the hydration process but in dry Ny atmosphere, the
fracture surface still shows intragranular fracture. At the same time,
when the same thermal cycle as the hydration one is performed, but
flowing continuously dry Ns, no change in the fracture surface can be
observed as shown in Fig. S5-b, confirming the cause being associated
with the water and not simply with the temperature change.

3.5. Effect of manufacturing approach
Focusing on the samples’ manufacturing effects, Fig. 8 compares.

- BZY20 bars prepared by SSRS and Pechini sol-gel method,
- Effect of porosity from manufacturing on BZY20 and BCZYYb7111.

The box plots for BZY20 Pechini show similar deviation with a lower
median value, as well as showing lower average values, respectively
equal to 76.4 + 25.9 and 65.9 + 33.0 A two-tailed, independent-samples
t-test (0 = 0.05) was also used to evaluate whether the mean values
differed between the two conditions. The resulting p-value <0.05 allows
rejection of the null hypothesis of equal means, supporting a statistically
significant decrease in the BZY20 Pechini values.

Fig. 8-a shows the difference between SSRS and single-phase BZY20
powder. This can be attributed to the combination of phase formation,
densification, and grain growth processes with highly negative Gibbs
free energy for densification and possible evolution of eutectic mixture
from the multiphase compacts with transient liquid phase formation
[44].

The last part of the study focuses on the aspects related to the effect
of porosity. The effect of grain size is not specifically studied here since
all samples show approximately the same values, about 6 pm for BZY20
and 60 pm for BCZYYb7111. For each sample used to study the fracture
toughness, the porosity and relative densities have been extracted using
ImageJ software, and a regression has been calculated according to a
power law [54]. In addition to the different absolute K¢ values, the two
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materials show a different porosity sensitivity, as indicated by the
different slopes. Literature relates the normalized toughness to the
grain-to-pore size ratio (r /R), which increases as r/ R increases since
pores become less effective and more impactful.

In our case, BCZYYb7111 is less sensitive to porosity because it
shows smaller pores, likely due to finer starting powder and a more
uniform distribution of organics and a larger grain size, leading to a
higher effective r/R and thus a reduced porosity effect compared to
BZY20 [48].

4. Conclusions

This study provides the first comprehensive assessment of the me-
chanical properties of protonic ceramics BZY20 and BCZYYb7111, both
in pristine and fully hydrated states. It bridges the gaps in the literature
regarding statistical reliability, through the study of at least 150 sam-
ples, and test protocols used for testing and hydration. The results
highlight the markedly different mechanical properties of proton-
conducting perovskites. Several factors have been emphasized,
including their chemistry, crystal symmetry, crystal structure, porosity,
and grain size.

This study has identified that BZY20, due to the presence of zirco-
nium, exhibits superior mechanical performance for all the evaluated
properties. In addition to the bond differences, microstructure,
manufacturing-generated defects, and manufacturing routes (Solid-
State Reactive Sintering vs conventional sintering) also affect the me-
chanical properties. Hydration was shown to weaken BZY20 mechanical
properties due to lattice expansion and bond strain, and a slight
reduction of intragranular fracture, resulting in a fracture stress and
toughness reduction. BCZYYb7111 shows, instead, an improvement post
hydration, mostly linked to the orthorhombic structure and the change
from inter to intragranular fracture, taking advantage of grain bridging.

Compared to the more standardized 8YSZ, BZY20 demonstrates
promising robustness, making it a strong candidate for scaling up in
protonic ceramic fuel cells and electrolyzers. However, BCZYYb7111's
hydration-induced toughening suggests potential for optimization and
material engineering.

According to these observations, obtaining a mechanically strong
material requires a combination of compositional and microstructural
control. First, a high-zirconium-content perovskite is beneficial, as it
enhances bond strength and elastic stiffness. Second, controlled doping
should be employed to minimize lattice strain and avoid excessive
structural distortion. From a processing perspective, achieving a fine,
homogeneous microstructure with low porosity is essential to improve
strength. Finally, grain boundaries can be engineered to promote crack
deflection and grain bridging, thereby enhancing the effective fracture
resistance. Coupling all these properties would unify the intrinsic stiff-
ness of BZY20 with the toughening mechanisms observed in hydrated
BCZYYb7111, yielding the highest possible mechanical resilience for
proton-conducting ceramics. In particular, if a fully dense, homoge-
neous, and defect-free electrolyte with an optimized microstructure is
obtained, the mechanical properties are expected to be sufficient to
resist to the internal stresses arising from thermal and chemical expan-
sion in normal operating conditions. It should also be noted that,
although this study is especially valid when electrolyte-supported cells
are used, the findings of this research provide insights also for
negatrode-supported cells, further strengthening the results and con-
clusions of this work.
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