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A B S T R A C T

This work investigates the mechanical properties of BaZr0.65Ce0.2Y0.15O3-δ/NiO (BZCY/NiO) fuel electrode 
supports processed via tape casting and sintered at varying temperatures (1400–1500 ◦C). Bending strength and 
elastic modulus were evaluated using the ring-on-ring testing method. A strong inverse correlation was observed 
between porosity and both bending strength and elastic modulus, well described by exponential decay functions. 
Weibull statistical analysis further highlighted increased strength variability at higher sintering temperatures due 
to heterogeneous microstructural defects. Post-reduction samples exhibited significant mechanical degradation, 
raising concerns for their structural integrity in practical applications. High-temperature testing showed no 
strength deterioration at 500–600 ◦C, indicating stable performance under operating conditions. Comparative 
analysis with yttria-stabilized zirconia (YSZ)/NiO fuel electrode supports emphasized the mechanical short
comings of the current BZCY-based systems. This work provides foundational insights for improving mechanical 
robustness of proton-conducting ceramic electrochemical cell electrode supports.

1. Introduction

In the context of the urgent global need for energy transition and 
carbon neutrality, solid-state fuel and electrolysis cells, which can 
reversibly convert electrical energy and chemical energy, have gained 
increasing attention for their vital role in sustainable energy systems. 
Proton-conducting ceramic electrochemical cells (PCCs) are an 
emerging and highly attractive technology that can operate at lower 
temperatures (<600 ◦C) compared to oxide-ion conductors 
(~700–850 ◦C) [1–3]. This lower-temperature operation enables the use 
of more cost-effective materials, improves system durability, and en
hances integration with intermittent renewable energy sources. As a 
result, PCCs are seen as a key pathway toward high-efficiency, flexible, 
and decentralized energy conversion technologies.

Most cell configurations still employ the strategy of using fuel elec
trode supports [4–6]. This approach has a significant advantage in that it 
allows for the fabrication of thinner electrolyte layers, consequently 
enabling the electrolyte to retain high ionic conductivity at lower 

temperatures. In this design, the fuel electrode support provides the 
mechanical strength for the entire cell. A robust support layer is 
necessary since the cell faces many mechanical strength challenges 
throughout its fabrication and operational life, including thermal 
cycling, and long-term service [7–10]. To ensure reliability and dura
bility, the cells must possess sufficient mechanical strength from the 
outset - capable of withstanding the rigors of stack integration and 
long-term deployment. During operation, the cells (single or in stack) 
need to withstand stresses caused by high temperatures, thermal gra
dients, thermal cycling, and other related factors. Even minor cracks can 
propagate over time, ultimately leading to the failure of the entire stack 
and compromising overall system performance. To address these chal
lenges, it is crucial to enhance the mechanical strength of the substrate 
to increase the maximum tolerable stress threshold. However, this pre
sents a demanding design trade-off for the fuel electrode support layer, 
which must maintain sufficiently high porosity to ensure effective gas 
diffusion.

The fuel electrode support typically has the same composition as the 
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fuel electrode, consisting of a certain proportion of electrolyte material 
and NiO (reduced to Ni during operation). For example, in the case of 
oxygen ion conductors, the fuel electrode support is composed by yttria- 
stabilized zirconia (YSZ) and NiO. In the research conducted over the 
past decades, YSZ/NiO(Ni) compound has proven its reliable mechani
cal performance as a support layer for solid oxide cells (SOC), even 
during extended operational periods [11]. However, in the case of PCCs 
utilizing BaZrxCeyY1-x-yO3 (BZCY)/NiO(Ni)-based fuel electrode sup
ports, which remain at a relatively early stage of research and devel
opment, mechanical failures are frequently observed during laboratory 
handling, including sample transfer and test assembly. Despite the 
substantial increase in research on PCC in recent years, the focus has 
primarily been on their material development and electrochemical 
performance [12–15]. In contrast, studies addressing the structural 
integrity and mechanical properties of BZCY/NiO(Ni)-based fuel elec
trode supports remain limited and relatively underexplored [16,17].

Bending strength is an important indicator of a material’s capacity to 
withstand mechanical loads [18,19]. It represents the maximum stress 
that a component can endure during a bending test before fracture or 
failure occurs. It is a highly relevant metric for assessing the mechanical 
reliability of PCCs. There are several methods for testing bending 
strength, such as traditional three-point or four-point bending tests [20,
21]. However, these techniques all face issues with stress concentration 
effects, making them less suitable for thin-sheet samples. In contrast, the 
ring-on-ring test offers significant advantages when testing thin-sheet 
PCC samples [22,23]. By applying load through ring-shaped supports, 
this method provides a more uniform stress distribution, making it 
particularly well-suited for thin, circular samples.

In this work, we systematically investigate the mechanical proper
ties, particularly the bending strength and elastic modulus of BZCY/NiO 
fuel electrode supports, examining the effects of varying sintering tem
perature as well post-reduction conditions. Considering the superior 
thermochemical stability of high Zr content BZCY compositions and the 
reduced risk of secondary phase formation at moderate Y substitution 
levels [24–26], BaZr0.65Ce0.2Y0.15O3-δ was selected as the focus of this 
study. The influence of porosity on mechanical performance was 
analyzed through scanning electron microscope (SEM) image analysis 
and quantitatively modeled using exponential decay relationships. 
Fracture origins and microstructural failure mechanisms were further 
revealed through SEM-based fractography. Finally, we evaluated the 
mechanical reliability of the supports by Weibull statistics analysis and 
benchmarked their performance against conventional YSZ/NiO-based 
systems. This study aims to address the knowledge gap in the mechan
ical reliability of BZCY-based fuel electrode supports and provide 
practical insights and guidance for future structural optimization and 
material design.

2. Experimental procedure

2.1. Samples preparation

The BaZr0.65Ce0.2Y0.15O3-δ/NiO (BZCY/NiO) fuel electrode supports 
were fabricated via tape casting, followed by de-binding and sintering. 
Commercial NiO (Vogler, Netherlands) was used as received, while 
BZCY powder was synthesized in-house through a conventional solid- 
state reaction method. Raw powders of BaCO3, ZrO2, CeO2, and Y2O3 
(Sigma Aldrich, purity grade of 99 %) were accurately weighed and 
homogenized in ethanol using a tumbler mixer for 24 h. The resulting 
slurry was subsequently dried at 80 ◦C for 24 h to obtain a uniform 
precursor powder. The dried powder was collected and calcined at 
1100 ◦C for 10 h to ensure phase formation. Prior to paste preparation 
for tape casting, the powder was sieved using a 100 μm mesh. For the 
casting slurry preparation, 40 wt% of BZCY and 60 wt% of NiO were 
mixed. An appropriate amount of dispersant, binder, and plasticizer was 
added, and the mixture was thoroughly homogenized using a centrifugal 
planetary mixer. The prepared slurry was then tape cast, and the 

resulting dried tape with thickness of 450 μm was punched into round 
specimens with a diameter of 18 mm. De-binding was carried out at 
900 ◦C for 1 h. The samples after de-binding were subsequently sintered 
at 1400 ◦C, 1450 ◦C, and 1500 ◦C for 3 h on sacrificial powder in the 
Al2O3 crucible, respectively, and are hereafter denoted as 1400, 1450, 
and 1500, respectively. The samples sintered at 1450 ◦C were further 
subjected to a reduction treatment in an Ar + 3 vol% H2 atmosphere and 
denoted as 1450_re.

2.2. Characterization techniques

Phase composition of the sintered samples was analyzed using a 
Bruker D4 Endeavour X-ray diffractometer with Cu-Kα radiation. The 
microstructure of both polished specimens and fracture surfaces was 
observed using a scanning electron microscope (SEM, TM3000, Hitachi, 
Japan). Porosity analysis was conducted using ImageJ/Fiji software, 
which identifies pores based on distinct grayscale contrast between 
pores and solid phases (particles), and calculates the area fraction of 
pore regions.

Elastic modulus and bending strength were evaluated using a ring- 
on-ring test configuration (Instron 1362-DOLI, Warren, USA). Disc- 
shaped samples with a diameter of around 14.5 mm were tested using 
a loading ring and support ring with diameters 3.43 mm and 9.99 mm, 
respectively. The loading rate was set to 100 N/min and a Poisson’s ratio 
of 0.24 was assumed for the calculation. For each sample series, 25 
samples were tested at room temperature to determine the average 
elastic modulus, average bending strength, characteristic strength, and 
Weibull modulus via linear regression analysis. Additionally, three 
samples per condition were tested at elevated temperatures (500 ◦C and 
600 ◦C) in both air and a reducing atmosphere (3 vol% H2/Ar) to 
determine average fracture stresses. For further details on the setup 
used, data analysis procedure, and calculation methods, the reader is 
referred to previous studies [27,28].

3. Results and discussion

The XRD patterns of the fuel electrode supports sintered at different 
temperature and post-reduction are shown in Fig. 1. Analysis of the 
diffraction patterns confirms that all samples, regardless of the sintering 
temperature, predominantly consist of the cubic perovskite phase BZCY 
alongside the NiO phase. No secondary or impurity phases were 

Fig. 1. XRD patterns of BZCY/NiO fuel electrode supports sintered at 1400 ◦C, 
1450 ◦C and 1500 ◦C. The sample labeled 1450-re refers to the 1450 ◦C-sintered 
sample after reduction in 3 vol% H2/Ar at 900 ◦C.
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detected, indicating high phase purity. The sample sintered at 1450 ◦C 
was selected for further reduction. Post-reduction XRD analysis reveals 
that NiO is successfully transformed into metallic Ni, with no significant 
formation of any additional phases. This confirms that all samples 
maintain their structural integrity and can be classified as “XRD-pure”.

Fig. 2 shows the SEM-BSE (backscattered electron) images of the 
BZCY/NiO(Ni) fuel electrode supports after various thermal and chem
ical treatment processes. In backscattered mode, regions with elements 
of higher atomic numbers appear brighter. Accordingly, in these mi
crographs, black areas represent pores, bright areas correspond to BZCY 
phases, and the intermediate gray areas indicate NiO or metallic Ni 
phases, depending on the treatment.

It can be observed that with the increase in sintering temperature, 
the porosity gradually decreases. At these three sintering temperatures, 
there is no significant difference in the size and morphology of the NiO 
particles. The BZCY particles seem to exhibit a better connection 
(enhanced necking) and densification at higher sintering temperatures, 
suggesting improved interparticle bonding. Furthermore, the porosity of 
1450_re increases compared to the unreduced 1450 ◦C sample due to the 
reduction-induced phase transformation of NiO to metallic Ni, associ
ated also with volume shrinkage.

Given the significant impact of porosity on mechanical performance, 
accurate quantification of porosity is crucial. In each SEM image, the 
pores on the right half are highlighted in red, illustrating the process by 
which ImageJ/Fiji identifies the pores based on grayscale contrast. The 
software then calculates the area fraction occupied by pores, and de
termines porosity level. Porosity values were statistically evaluated by 
analyzing 10 randomly selected regions from SEM images of each 
sample, with the results summarized in Fig. 3.

Fig. 4a shows the average bending strength and elastic modulus 
values derived from 25 room-temperature bending tests for each BZCY/ 
NiO fuel electrode support subjected to different heat treatment his
tories. A clear trend emerges from these results, with both average 
bending strength and elastic modulus showing significant increase as the 
sintering temperature rises. This enhancement in mechanical properties 
is attributed primarily to the corresponding reduction in porosity 

observed at higher sintering temperature, which leads to a denser and 
structurally more robust material.

Conversely, the sample sintered at 1450 ◦C followed by reduction at 
900 ◦C demonstrates a notable decrease in both bending strength and 
elastic modulus. This decline is attributed to the introduction of porosity 
due the reduction of NiO to Ni, thereby weakening the overall structure 
and compromising the mechanical strength of the support. The related 
mechanical data are listed in Table 1.

Fig. 4b illustrates a strong correlation between the magnitude of 
bending strength and elastic modulus with the level of porosity. 
Although various microstructural changes can occur with increasing 
sintering temperature, porosity appears to be the dominant factor 
influencing the mechanical performance across the investigated sample 

Fig. 2. SEM images of BZCY/NiO fuel electrode supports sintered at 1400 ◦C, 1450 ◦C, and 1500 ◦C (a–c), and after reduction at 900 ◦C following sintering at 
1450 ◦C (d). In each image, the right half is highlighted in red to indicate the pore regions identified by ImageJ/Fiji software during porosity analysis. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. Porosity variation of BZCY/NiO fuel electrode supports under different 
thermal treatment histories.
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set. To visualize this macroscopic trend, the porosity dependence of the 
Young’s modulus and bending strength was described by Equations (1) 
and (2) [29,30]: 

E= E0⋅exp(− a ⋅ P) (1) 

σb = σ0 ⋅exp(− b ⋅ P) (2) 

where E0 and σ0 are the elastic modulus and bending strength when the 
porosity is 0. The experimental data can be fitted with E0 = 149 GPa, a =

0.05, σ0 = 163 MPa and b = 0.05. This empirical fitting is not intended to 
serve as a detailed physical model but rather to capture a general trend 
observed in the experimental data. It emphasizes the strong influence of 
porosity on mechanical strength while acknowledging that other 
sintering-related factors, e.g., grain connectivity or local composition 
changes, may also play a secondary role.

Strength is commonly employed as the critical design criterion for 
the mechanical limits of brittle ceramic materials. However, the 
measured strength values exhibit significant statistical scatter due to the 
influence of flaw size distribution. This inherent variability can be 

Fig. 4. (a) Bending strength and elastic modulus variation of BZCY/NiO fuel electrode supports under different thermal treatment histories. (b) The dependence of 
bending strength and elastic modulus on the porosity.

Table 1 
Result of the ring-on-ring test at room temperature. E is the elastic modulus. σb is the average bending strength. σc and m are characteristic strength and Weibull 
modulus with confidence interval obtained from Weibull analysis.

Porosity (%) E (GPa) σb (MPa) σc (MPa) m No. Of test

1400 25.6 ± 1.9 39 ± 7 50 ± 7 5356
51 7.69.3

5.5 25
1450 8.5 ± 1.4 87 ± 30 106 ± 24 116124

108 5.36.5
3.8 25

1500 1.7 ± 0.7 149 ± 51 158 ± 41 174189
159 4.35.3

3.1 25
1450_reduced 29.0 ± 1.4 35 ± 9 54 ± 12 5963

55 5.46.7
3.9 25

Fig. 5. Weibull plots with confidence intervals. (a)1400, (b) 1450, (c)1500 and (d)1450_re.
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effectively characterized by Weibull statistics [31], which has become 
one of the most prevalent statistical tools for analyzing fracture strength 
in ceramic materials, particularly for defect-dominated failure mecha
nisms. The two-parameter Weibull distribution is mathematically 
expressed as [32]: 

Pf =1 − exp
[

−

(
σ
σc

)m]

(3) 

where Pf represents the cumulative failure probability at applied stress 
σ, σc denotes the characteristic strength corresponding to 63.2 % failure 
probability, and m is the Weibull modulus quantifying strength distri
bution uniformity. A higher m value indicates superior reliability 
through narrower strength distribution, while lower m values reflect 
increased strength variability caused by diverse critical flaws.

Fig. 5 presents the Weibull statistical analysis with 90 % confidence 
intervals for the bending strength of BZCY/NiO(Ni) fuel electrode sup
ports processed under different sintering conditions. The failure proba
bility (Pf) was logarithmically transformed according to classical two- 
parameter Weibull methodology for linear regression analysis. The 
derived Weibull parameters in Table 1 reveal an inverse correlation 
between sintering temperature and Weibull modulus. Specimens sin
tered at elevated temperatures exhibited decreased Weibull moduli, 
indicating broader strength distributions.

This trend suggests fundamental microstructural differences that 
1400 ◦C-sintered specimens demonstrated relatively uniform porosity 
distribution acting as stress-concentrating failure origins, resulting in 
tighter strength clustering. Conversely, higher temperature processing 
appears to promote anomalous critical flaws, potentially through 
exaggerated grain growth or heterogeneous pore coalescence. These 
irregular defects create weak links in the microstructure, introducing 
greater strength variability and consequently reducing the Weibull 
modulus.

To investigate the critical flaws responsible for strength degradation 
and elucidate the origin of increased strength dispersion in high- 
temperature sintered specimens, the fracture surface was character
ized by SEM, as illustrated in Fig. 6. The fracture surface of specimens 
sintered at 1400 ◦C (Fig. 6a) reveals agglomerated BZCY particles 
without detectable macroscopic pores. When the sintering temperature 
increased to 1450 ◦C (Fig. 6b), elongated continuous pores were 
observed along the periphery of these BZCY agglomerates. This phe
nomenon became more pronounced with further temperature elevation 
to 1500 ◦C (Fig. 6c), where extensive pore networks developed.

The formation mechanism can be attributed to differential sintering 
rates between the BZCY agglomerates and surrounding matrix particles 
during thermal processing. This mismatch induces heterogeneous 
shrinkage, generating localized stress concentrations that evolve into 
elongated pores. Such pores act as preferential stress concentrators 
under mechanical loading, serving as critical failure initiation sites. 
Crucially, the stochastic spatial distribution of these pores introduces 

inherent variability in strength-limiting flaw sizes and geometries. This 
microstructural heterogeneity provides an explanation for both the 
widened strength distribution and reduced Weibull modulus observed in 
higher temperature sintered specimens.

To evaluate the operational reliability of BZCY/NiO fuel electrode 
supports, the high-temperature fracture strength of specimens sintered 
at 1450 ◦C was investigated at protonic ceramic fuel cell operating 
temperatures. Mechanical testing was conducted at 500 ◦C and 600 ◦C as 
well as on reduced-state specimens. Due to the time-intensive nature of 
high-temperature testing, a limited dataset of three samples per condi
tion was acquired. The measured bending strength and elastic modulus 
values are summarized in Table 2, with comparative analysis against 
room-temperature performance.

Notably, both bending strength and elastic modulus exhibited no 
degradation across the evaluated temperature range compared to 
ambient conditions. There appears to be even a tendency towards a 
slight improvement. This anomalous behavior may originate from two 
potential factors: (1) statistical uncertainty inherent to small sample 
amount, and (2) thermally induced hydration or dehydration of the 
BZCY phase that could potentially influence the mechanical perfor
mance [33,34]. However, the mechanistic relationship between hydra
tion kinetics and mechanical response remains ambiguous and warrants 
further investigation. Nevertheless, the results show that the BZCY/NiO 
substrate is not expected to exhibit special high temperature mechanical 
failures in the operating condition.

A comparison of the characteristic strengths between 1450 ◦C-sin
tered BZCY/NiO and conventional YSZ/NiO oxygen-ion conductor half- 
cells is summarized in Table 3. Specimens sintered at 1450 ◦C were 
selected for this comparative analysis due to their optimal porosity for 
fuel electrode support applications and compatibility with commonly 
used co-sintering temperatures for electrolyte integration. Notably, the 
BZCY/NiO system demonstrates significantly lower bending strength 
than YSZ/NiO counterparts, particularly in the reduced state. This me
chanical deficiency poses twofold challenge: the pre-reduction weakness 
increases susceptibility to structural failure during manufacturing and 
stack assembly, while the post-reduction strength degradation raises 
concerns about long-term operational stability. These observations align 
with prior reports highlighting low mechanical properties in BZCY/NiO 

Fig. 6. SEM images of the fracture surface of BZCY/NiO fuel electrode support sintered at (a) 1400 ◦C, (b) 1450 ◦C and (c) 1500 ◦C. The yellow circles in (a) mark the 
agglomeration of BZCY particles, and the arrows in (b) and (c) mark the elongated continuous pores around the BZCY material phase. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2 
Comparison of the room-temperature and high-temperature mechanical prop
erties of pre-reduction and post-reduction samples sintered at 1450 ◦C.

Testing temperature (◦C) E (GPa) σb (MPa) No. Of test

1450 RT 87 ± 30 106 ± 24 25
500 121 ± 12 137 ± 26 3
600 87 ± 13 121 ± 6 3

1450_reduced RT 35 ± 9 54 ± 12 25
500 33 ± 5 61 ± 13 3
600 41 ± 12 65 ± 14 3

Y. Zeng et al.                                                                                                                                                                                                                                    Ceramics International 51 (2025) 46728–46734 

46732 



substrate [16,17,35]. The bending strength of 50 MPa in our 1400 ◦C 
sample and 106 MPa in our 1450 ◦C sample is reasonably consistent with 
the 58.5 MPa reported by Huang et al. [17] and 55.3 MPa reported by 
Wang et al. [35], given differences in porosity and testing methods. 
Despite the growing interest in scaling up BZCY-based protonic ceramic 
electrochemical cells, mechanical reliability remains an under addressed 
issue that could hinder their technological advancement.

Fractographic analysis in Fig. 6 suggests potential optimization 
pathways through microstructural engineering. Improved composi
tional homogeneity achieved via optimized processing parameters may 
mitigate heterogeneous shrinkage-induced defects. Furthermore, tuning 
of the Zr/Ce ratio in BZCY could influence sintering behavior [25,36], 
possibly leading to enhanced mechanical properties, although this re
mains speculative and requires validation. An alternative approach 
proposed by Huang et al. [17] involves a bilayer architecture combining 
YSZ/NiO as the structural support and BZCY/NiO as the functional 
electrode layer. This hybrid design improves mechanical robustness 
compared to BZCY/NiO systems while maintaining comparable elec
trochemical performance.

4. Conclusion

This study presents a comprehensive mechanical evaluation of 
BZCY/NiO fuel electrode supports for proton-conducting ceramic cells. 
Both bending strength and elastic modulus increased with higher sin
tering temperature, primarily due to reduced porosity and improved 
densification. However, significant mechanical degradation was 
observed following reduction, attributed to the formation of internal 
pores resulting from the NiO-to-Ni transformation. Weibull statistical 
analysis revealed that higher sintering temperatures led to more het
erogeneous flaw distributions, reducing mechanical reliability. SEM 
analysis of fracture surfaces confirmed that abnormal pore networks 
acted as critical stress concentrators in high-temperature specimens. 
Despite recent advancements, the mechanical strength of BZCY/NiO 
remains notably inferior to that of conventional YSZ/NiO systems, 
particularly in the reduced condition, posing serious challenges for 
scale-up to stack-relevant sizes and long-term structural stability and 
reliability. Future efforts should focus on microstructural optimization, 
compositional tuning (e.g., Zr/Ce ratio), and the development of hybrid 
support architectures to enhance mechanical robustness in real-world 
applications.
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