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A B S T R A C T

Solid oxide cells (SOCs) need to be robust to withstand high thermo-mechanical stress inside the stacks at 
temperatures longer than 800 ◦C during operation. To determine this robustness of SOCs, it is necessary to 
investigate key mechanical properties of the electrolyte and electrodes as well as the interfacial adhesion within 
the membrane electrode assembly (MEA). Without adequate adhesion between the electrolyte and the electrodes, 
the cell performance might degrade, leading to reduced stack performance. In the present study, the key me
chanical properties such as hardness and elastic modulus of the gadolinium doped ceria oxide (GDC) barrier layer 
along with the nickel oxide (NiO) and GDC based fuel electrode (NiO/GDC) as well as the air electrode composed 
of lanthanum strontium cobalt ferrite (LSCF) and GDC (LSCF/GDC) were determined by means of micro- 
indentation tests. Subsequently, the interfacial adhesion strength between the GDC barrier layer and the 3 
mol % yttria stabilized zirconia (3YSZ) electrolyte as well as the interfacial adhesion strengths between the 
electrode composites and the 3YSZ electrolyte in ultrathin SOCs (140–150 μm) were evaluated by scratch tests. It 
was observed that the GDC barrier layer had ~80 % higher interfacial adhesion strength with the 3YSZ elec
trolyte than the electrode composites. Additionally, a relation was found that with the increase of hardness of the 
electrode materials, the interfacial adhesion between the electrode materials and electrolyte increases. The 
obtained results might contribute to the further optimization of the manufacturing process and long-term op
erations of SOCs.

1. Introduction

Solid oxide cells (SOCs) are one of the most promising technologies 
for highly efficient sustainable energy systems and green hydrogen 
production [1,2]. However, there are still some challenges to operate 
these cells during long-term operation as the cells work above 800 ◦C 
and face degradation problems [3,4]. During operation, these cells in
side the stacks go through high thermo-mechanical loading scenarios 
such as thermal gradients due to difference in thermal cycles as well as 
mismatch of thermal expansion coefficients of different components. 
Several studies were performed to simulate these types of 
thermo-mechanical loading scenarios by testing at both cell and stack 
level [5–9].

Apart from thermo-mechanical testing, most of the studies were 
focused on the strength of both electrolyte and the cells for fuel electrode 

supported and electrolyte supported cells. The strength of the electrolyte 
was mostly determined by ring-on-ring tests (RoR) and ball-on-three- 
balls (B3B) tests [10–12]. The strength of both types of solid oxide 
cells was investigated by RoR tests [13], tensile tests [14,15], B3B tests 
[16,17] and four-point bending (4-PB) tests [18]. Recently, a tensile test 
with a novel gripping system for ultra-thin 3YSZ electrolytes (≤90 μm 
thick) was presented to test more volume of the specimen [19]. More
over, studies such as tensile and shear joint strength tests [20–23] and 
4-PB tests [24] were performed to determine the adhesion between 
metallic interconnectors and glass ceramic sealants. Furthermore, the 
interfacial fracture energy between the glass-ceramic sealant (V11) and 
Crofer 22 APU interconnects was evaluated by means of four-point 
bending tests [25] to measure the interfacial adherence at sealings in 
solid oxide cells. Later, a modified 4-PB test was developed to determine 
the adherence of the contact layer with the interconnector for better 
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electrical contact in solid oxide cells [26]. In another study, a three-point 
bending test was carried out based on the 
Schwickerath-crack-initiation-test as per ISO 9693 to determine the 
bonding strength and to understand the bonding mechanism (cohesio
n/adhesion) at the interface of electrode and interconnectors in solid 
oxide fuel cells [27]. The above-mentioned tests were applied to the 
interconnectors, where the thickness of specimens were more than 1 
mm, which is not suitable for the interfacial adhesion testing of the ul
trathin SOCs.

A key factor to extend the lifetime of the SOCs at the cell level is to 
improve the mechanical properties of the electrodes and the electro
lytes. Thus, methodologies such as cross-sectional nano-indentation 
tests were introduced to calculate the elastic modulus and the hardness 
of NiO/YSZ based fuel electrodes, yttria stabilized zirconia (YSZ) and 
gadolinium doped ceria oxide (GDC) electrolytes and lanthanum 
strontium manganite (LSM) based air electrodes [28–31]. Surface 
micro-indentation and surface nano-indentation tests were intensively 
performed on the lanthanum strontium cobalt ferrite (LSCF) and 
LSCF/GDC based air electrodes to determine their elastic modulus and 
hardness [32–35].

Another key factor for the robustness of the cells is the interfacial 
adhesion between the electrode and the electrolyte for the robustness of 
the cells. The interfacial adhesion within the cell assembly needs to be 
sufficient to provide not only better electro-chemical performance but 
also improved mechanical strength during operation [36–38]. Hence, 
several studies were also carried out to evaluate the interfacial adhesion 
properties between electrodes and electrolytes. For that purpose, the 
interfacial fracture toughness between the air electrode and the elec
trolyte was determined by the four-point bending tests [39,40]. In 
another study, the Rockwell indentation tests were performed in the fuel 
electrode supported cells to calculate the interface adhesion between the 
fuel electrode and substrate as well as the interface toughness between 
the fuel electrode and electrolyte [41]. Furthermore, micro-scratch tests 
were performed to evaluate the interfacial adhesion of LSCF/GDC based 
air electrodes to YSZ electrolytes in an electrolyte supported cell where 
the electrolyte was 1 mm thick [35]. In that study, a progressive load up 
to 40 N was applied to detach the electrode coating from the electrolyte. 
Since the air electrode was sintered at 900 ◦C, which was lower than the 
typical sintering temperature of 1000–1300 ◦C, it did not demonstrate 
any detachment from the electrolyte, unlike typical brittle coatings.

Until so far, no work was reported to evaluate the interfacial adhe
sion within the membrane electrode assembly (MEA) of ultrathin elec
trolyte supported SOCs (140–150 μm). Thus, the aim of this study was to 
evaluate the hardness and elastic modulus of the porous electrode ma
terials in as-sintered conditions by performing micro-indentation tests at 
different loads to get reliable values. Since it is difficult to extrapolate 
mechanical properties based on the dense materials for the porous 
electrodes where the porosity is more than 30 %, the instrumented 
micro-indentation technique was used to determine the elastic modulus 
and hardness of the electrode materials at micro-scale level. This rep
resented the mechanical behavior of the electrodes. The as-sintered cells 
(pre-reduced) were investigated in this study as their mechanical 
properties are necessary for the further optimization of the 
manufacturing process and adhesion within the MEA of the cells for 
long-term operation. Further objectives were to evaluate the interfacial 
adhesion strength of the gadolinium doped ceria oxide (GDC) barrier 
layer with the 3 mol % yttria stabilized zirconia (3YSZ) electrolyte as 
well as the interfacial adhesion strength between the electrodes and 
3YSZ electrolyte in the new ultrathin SOCs (140–150 μm) by scratch 
tests. The scratch tests were chosen because of their earlier application 
in multilayered ceramic coatings to determine the interfacial adhesion 
strength [42–44], whereas other test methods such as four-point 
bending test and Rockwell indentation test are not suitable for this 
type of ultrathin specimens as thicker specimens greater than 200 μm 
are needed for the implementation of valid tests. A relation between the 
interfacial adhesion strength and the hardness of the electrode materials 

was expected. Furthermore, scanning electron microscopy (SEM) anal
ysis was performed to observe the adhesion failure morphology on the 
scratch surface at critical forces and energy dispersive spectroscopy 
(EDS) analysis was implemented to detect the Zr element distribution on 
the scratch track at the critical load. The obtained novel results in this 
work are a significant step forward to characterize the interfacial 
adhesion of ultrathin electrolyte supported SOCs (140–150 μm), where 
the mechanical properties and the interfacial adhesion properties of the 
fuel electrode and the air electrode were not investigated before, which 
will impact the further development of the electrode materials for 
long-term operation (>10,000 h).

2. Experimental

In this section the experimental details are discussed, which includes 
the tested materials, microstructure characterization, mechanical 
properties and interfacial adhesion testing.

2.1. Materials

Commercial solid oxide cells (SOCs) in as-sintered (pre-reduced) 
conditions (see Fig. 1) with a thickness of 140–150 μm were investigated 
in this study. The cells comprised of a gadolinium doped ceria oxide 
(GDC) barrier layer screen-printed on both sides of the 3 mol% yttria 
stabilized zirconia (3YSZ) electrolyte. The fuel electrode consisted of 
nickel oxide (NiO) and GDC. On the other hand, the air electrode was 
made of lanthanum strontium cobalt ferrite (LSCF) and GDC. The 
screen-printed electrodes were sintered at a minimum temperature of 
1000 ◦C. The following as-sintered specimens were tested in this study. 

a. GDC barrier layer screen printed on the 3YSZ electrolyte on the H2 
electrode side

b. GDC barrier layer screen printed on the 3YSZ electrolyte on the O2 
electrode side

c. Composite-H2 consisted of fuel (H2) electrode (NiO/GDC) + GDC 
barrier layer screen printed on the 3YSZ electrolyte on the H2 elec
trode side

d. Composite-O2 made of air (O2) electrode (LSCF/GDC) + GDC barrier 
layer screen printed on the 3YSZ electrolyte on the O2 electrode side

Fig. 1 (c) was the full cell, where one time it was used for scratching 
the fuel electrode composite and another time for scratching the air 
electrode composite. The tests of the fuel electrode composite and the air 
electrode composite were not conducted in the same specimen. Indi
vidual specimens were employed to perform the tests at fuel electrode 
composite and air electrode composite.

2.2. Microstructure characterization

Small fragments of the specimens were embedded with a resin 
(DuroCit-3, Struers, Denmark). After that, samples were ground and 
polished with a grinding machine (Tegramin 23, Struers machine, 
Struers, Denmark) with the final step with 0.05 μm colloidal silica. A 
scanning electron microscope (Zeiss Sigma 300 VP, Zeiss, Germany) was 
utilized for microstructural analysis, where the back-scattered electron 
(BSE) detector with an accelerating voltage of 15 keV was implemented 
to capture the different composition of each layer and to investigate the 
porosity inside the layers. An accelerating voltage of 20 keV was chosen 
for energy dispersive spectroscopy (EDS) elemental mapping on the 
scratched surface from the scratch test to verify the electrolyte exposure. 
Due to the roughness of the layers, the thickness of the total electrode 
was measured at five different points by analyzing the SEM images 
having a resolution of 18.1 pixels per μm for all the specimens with the 
Image-J software (National Institutes of Health, USA). The total porosity 
and the pore size of each layer was calculated with a machine learning 
algorithm (Trainable weka segmentation) with the Image-J software. 
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Fig. 1. Schematic of the tested layers in the solid oxide cell (SOC).

Fig. 2. (a) Schematic of the surface micro-indentation test; (b) experimental setup of the surface micro-indentation test.
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For each of the layers, five images were analyzed. Beforehand, one 
image from each layer was trained with the algorithm to get the desired 
output.

2.3. Mechanical properties with micro-indentation tests

The mechanical properties elastic modulus E and hardness H were 
determined by a hardness testing machine (Fischerscope HM 2000, 
Helmut Fischer GmbH, Germany). The equipped probe was a four-sided 
Vickers pyramid indenter, which had a nominal tip radius of 500 nm and 
an angle of 136◦. The Vickers indenter was selected as it was suitable for 
thick coatings (>1 μm), applicable for micro-scales and had a sharp tip 
similar to Berkovich indenter. However, Berkovich indenter was not 
used due to having a tip radius of 100 nm, applicable mostly in thin 
coatings less than 1 μm [45]. Furthermore, Knoop indenter was not 
applied due to having asymmetric indentation imprint [46].

The schematic and the experimental setup of the surface micro- 
indentation is illustrated in Fig. 2. The GDC barrier layers were 
thinner (3–5 μm) than the other layers. For this reason, indentation loads 
of 10 mN, 20 mN, 30 mN and 50 mN were chosen for these layers. Two 
small fragments of the GDC barrier layer bonded to the 3YSZ electrolyte 
from the fuel electrode composite and the air electrode composite were 
glued with a steel reinforced epoxy resin glue (JB Weld, USA) on the 
base plate. Ten valid indentations were considered for both specimens 
for the evaluation. Furthermore, two small fragments from the fuel 
electrode composite (composite-H2) and the air electrode composite 
(composite-O2) were tested with 100 mN, 200 mN, 300 mN and 500 mN, 
respectively. For each of the indentation loads, ten valid indentations 
were considered for the calculation of the elastic modulus and the 
hardness of the individual layers. To perform the valid indentation tests 
on the porous electrode material, the maximum indent depth hmax was 
kept within 30 % of the total thickness of the electrode to avoid the 
influence of the electrolyte [47,48]. The next two subsections describe 
the analytical formulation to calculate the elastic modulus and the 
hardness of the electrode materials.

2.3.1. Elastic modulus E
The elastic modulus of the specimens was calculated from the 

indentation load and indentation depth curve using the Oliver-Pharr 
method providing the material elastic and plastic properties [49]. The 
reduced elastic modulus Er was determined from the unloading part of 
the curve by the following equation, 

Er =

̅̅̅
π

√
⋅S

2⋅
̅̅̅̅̅
Ac

√ (1) 

where S is the contact stiffness of the unloading part, which was 
determined from the slope of the unloading part of the curve S =
(

dP
dh

)

h=hmax

.

Ac is the projected contact area = k⋅h2
c ; k is 24.5 for the Vickers 

indenter [31,46].
This reduced elastic modulus is defined as the combination of the 

elastic modulus of the indented material and the elastic modulus of the 
indenter. 

1
Er

=

(
1 − ν2

s
)

Es
+

(
1 − ν2

i
)

Ei
(2) 

where Es is the elastic modulus of the indented material and Ei = 1170 
GPa is the elastic modulus of the diamond indenter [50], respectively. νs 
= 0.3 (assumed) and νi = 0.07 [50] are the Poisson’s ratio of the 
indented material and indenter, respectively.

The contact depth hc was determined from the methodology pro
posed by Oliver and Pharr [49]. 

hc = hm − ε⋅
Pmax

S
(3) 

where hm is the maximum indentation depth, Pmax is the maximum 
indentation load and ε is the strain parameter, which is equal to 0.75.

2.3.2. Hardness H
The instrumented hardness HIT considers the contact depth between 

the indenter and the indented material and the projected contact area. 
The HIT was calculated from the methodology proposed by Oliver and 
Pharr [49], 

HIT =
Pmax

Ac
(4) 

The elastic modulus and hardness were determined from the top 10 
% of the unloading curve for the elastic regime from the indent load and 
depth curve to provide reliable results. The top 10 % of the unloading 
curve showed linear behavior and provided the best fitting for the slope 
of the unloading curve.

2.3.3. Composite elastic modulus Ecomposite and hardness Hcomposite
This subsection describes the formulation to determine the elastic 

modulus and hardness of each composite.
By performing the micro-indentation tests, the elastic modulus and 

hardness of each individual layer of the electrode was determined 
considering the porosity. As the electrodes were multilayered coating 
systems like composites, the laminate theory or the rule of mixture 
(ROM) in the direction of layer thickness was applied. Thus, for the 
electrode composites, the elastic modulus Ecomposite and hardness 
Hcomposite were calculated using the ROM in the direction of the thickness 
[51]. 

Ecomposite =

∑n

i=1
Ei⋅ti

∑n

i=1
ti

(5) 

Hcomposite =

∑n

i=1
Hi⋅ti

∑n

i=1
ti

(6) 

where n is the number of layers added and ti is the thickness of indi
vidual layer, Ei is the elastic modulus of the individual layer and Hi is the 
hardness of the individual layer, with i = 1,2 …, n. The elastic modulus 
and hardness of the individual electrode layer depended on the porosity. 
The porosity dependent models according to Ref. [52,53], are as follows, 

Linear
model,Ei = E0⋅(1 − bp)

(7) 

Nonlinear

model,Ei = E0⋅
(

1 −
bp

1 + (b − 1)p

) (8) 

Exponential
model,Ei = E0⋅exp(− bp)

(9) 

Exponential
model,Hi =H0⋅exp(− bp)

(10) 

where E0 is the elastic modulus of dense electrode material, H0 is the 
hardness of the dense electrode material, p is the percentage of porosity 
and b is corresponding fitting parameter.
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2.4. Interfacial adhesion testing with scratch tests

The interfacial adhesion testing was carried out with a scratch testing 
machine (Erichsen Lineartester 249, ERICHSEN GmbH & Co. KG, Ger
many), as presented in Fig. 3. The scratching speed was 35 mm/s during 
the experiment. The employed indenter tip was made of a hard metal as 
per ISO 1518-1, where the scratch stylus “B” had a nominal diameter of 
1 mm. This stylus was selected for representative scratches. The speci
mens had dimension of 40 × 70 mm2. The specimens were attached with 
a scotch tape (Tesa SA, Switzerland) to glue with the base plate to avoid 
the movement of the specimens during scratch test. A minimum of nine 
specimens were tested with the scratch tests for reliable results and 
scratched at least three times with the same critical force for repro
ducibility, where the critical force was introduced with a normal dead 
load having a 0.5 N step-size. The critical force was defined as the force 
at which the electrode materials were detached from the 3YSZ electro
lyte and the 3YSZ electrolyte was visible on the scratch track.

The shear stress model of Ollivier and Matthews [54] depending on 
the normal force was applied for the determination of the interfacial 
shear strength. 

τ= Fn

π⋅a⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R2 − a2

√ (11) 

where τ is the shear strength (MPa), Fn is the normal force (N), R is the 
indenter tip radius (mm), a is the contact radius between the indenter tip 
radius and the coating (mm). For an approximate value a ≈ d /2 , d is the 
scratch width (mm).

The scratch width was measured perpendicular to the direction of the 
scratch track with a roughness device (MarSurf PS 10, Mahr, Germany). 
The scratch width was calculated from the raw data by utilizing the soft
ware Origin. A minimum of three measuring points on the scratch length 
was considered to measure the scratch width d and the corresponding 
contact radius a. A minimum of total eighty measuring points was 
considered to determine the interfacial shear strength of the specimens.

Fig. 3. Scratch test experimental setup.

Fig. 4. Back scattered (BSE) micrograph of cross-section of the different layers of the electrodes.
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3. Results and discussion

In this section the results obtained for the microstructure, mechan
ical properties and interfacial adhesion tests are discussed.

3.1. Microstructure characterization

The microstructure of the composites is displayed in Fig. 4. The 
measured thickness of the gadolinium doped ceria oxide (GDC) barrier 
layer, the fuel electrode and the air electrode were 3–5 μm, ~25 μm and 
~30 μm, respectively. The calculated total porosity level of the GDC 
barrier layer and the electrodes was between 25 and 35 %.

The measured thickness of the GDC barrier layer was in good 
agreement with the thickness of the GDC barrier layer mentioned in 
Ref. [51]. Besides, the measured thickness of the GDC barrier layer in 
this study indicated that it was suitable enough to prevent undesired 
secondary phases such as SrZrO3 [55]. Moreover, the measured thick
ness of the fuel electrode made of nickel oxide (NiO) and GDC 
(NiO/GDC) of approximately ~25 μm was comparable to the reported 
thickness of 25 μm for fuel electrode (Ni/GDC) in electrolyte supported 
cell, where the electrolyte consisted of yttria stabilized zirconia (YSZ) 
was 100 μm thick [56]. On the other hand, the measured thickness of the 
air electrode composed of lanthanum strontium cobalt ferrite (LSCF) and 
GDC (LSCF/GDC) of about ~30 μm was consistent with ref. [57]. For 
less ohmic and polarization losses of the cells, this thickness of 25–30 μm 
of the fuel electrode and the air electrode was required [55,58,59].

The segmentation process of the pores from the Image J software by 
using Trainable Weka Segmentation (TWS) is shown in Fig. 5. The 
calculated total porosity level of 25–35 % for both fuel and air electrodes 
were in good agreement with literature values where the reported total 
porosity of the fuel electrode (NiO/GDC) was 33.4 % according to 
Ref. [60] and the total porosity of the air electrode (LSCF/GDC) was 38 
% according to Ref. [55]. As the cells were too thin, it was not possible to 
determine the total porosity of the individual layers by the Archimedes 
method or helium pycnometer. Hence, the total porosity was calculated 
by analyzing the SEM micrographs for the electrode composites. The 
determined total porosity level of the electrode materials using the 
Image-J software provided reliable results. The results were comparable 
to literature values. Furthermore, this level of total porosity of 25–35 % 
in electrode materials was necessary for electro-chemical activity i.e. 

sufficient gas diffusion and triple phase boundary to provide sufficient 
electro-chemical performance [59,61].

The pore size distribution of all layers is shown in Fig. 6 as boxplots. 
The average pore size was the mean value of pore diameter defined by 
Feret diameter, which was obtained from the analyzed images. The 
determined average pore size of the GDC barrier layer at the fuel elec
trode and the air electrode side was 0.68 μm and 0.80 μm, respectively. 
The measured average pore size of the NiO layer and the diffusion layer 
at the fuel electrode was 1.10 μm and 0.67 μm, respectively, whereas the 
average pore size of the LSCF layer and the diffusion layer at the air 
electrode side was 0.79 μm and 0.81 μm, respectively. The determined 
pore size of the GDC barrier layer at the fuel electrode size was less than 
the GDC barrier layer at the air electrode side, which provided better 
interfacial adhesion with the fuel electrode side mentioned in section 
3.3. The pore size near the electrolyte should be smaller (less than 1 μm), 
which was observed at the GDC barrier layer near the electrolyte. The 
bigger pores were observed at the layer near the gas feed or the current 
collector layer. Pores larger than 1 μm are better for gas transport than 
the small pores, whereas small pores contribute to the triple phase 
boundaries. Thus, graded pore sizes were employed in the current solid 
oxide cells for better triple phase boundary and gas transport.

3.2. Mechanical properties

The indent load and indent depth curves obtained from the micro- 
indentation tests for the GDC barrier layer and the electrodes are 
depicted in Fig. 7(a)–(d). Although the curves differed from one another, 
such variations were expected for porous layers. The indent depth to 
electrode thickness ratio is presented in Fig. 8, whereas the indentation 
imprints after micro-indentation are displayed in Figs. 9 and 10. It is 
difficult to assume “ideal” impressions, but that this was not to be ex
pected with porous materials. It can be seen from Fig. 7 (a) and (b) that 
the GDC barrier layers showed more elastic behavior than the other 
layers in the electrodes, as the dense GDC had a high elastic modulus of 
214–223 GPa [30].

The calculated contact depth of the NiO layer as per equation (3)
inside the fuel electrode for different indent loads was hNiO

c = 2.6 ± 0.8 
μm whereas the determined contact depth of the LSCF layer inside the 
air electrode was hLSCF

c = 3.9 ± 1.4 μm. The contact depth was deter
mined to measure the contact area as well as to present the elastic 

Fig. 5. Pore segmentation process from the SEM micrographs using Trainable Weka Segmentation (TWS).
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Fig. 6. Average pore size of different layers (a) fuel electrode composite and (b) air electrode composite. The NiO layer had larger pores than the LSCF layer, which 
was needed for better gas transport at the fuel electrode side.
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response of the electrode materials. The determined indent depth indi
cated that the NiO layer was 50 % more elastic than the LSCF layer in
side the air electrode. The 50 % value was calculated from 
(

hNiO
c − hLSCF

c
hNiO

c

)

⋅100% 

Moreover, the NiO layer was harder than the LSCF layer, which can 
be observed from the SEM micrographs of Fig. 10. The indentation 
imprint at the LSCF layer was ~3 times larger than the NiO layer. 
Magnified view of the indentation imprints is shown in Fig. 10.

The reason behind that the NiO layer was stiffer and harder than the 
LSCF layer is because NiO has a face cubic crystal structure, which in
fluences its stiffness and resistance to deformation and cracking [62]. On 
the other hand, LSCF is a perovskite-structured oxide with oxygen va
cancies and has mixed ionic-electronic conductive behavior, which 
makes it prone damage such as deformation, cracking [32,34]. An 
average of the elastic modulus and hardness values of the different 
layers is summarized in Table 1.

The determined values of the elastic modulus for the electrode ma
terials are summarized using an exponential model of porosity depended 
elastic modulus and hardness as this model represented the real value of 
the porous electrode materials and showed good agreement with liter
ature [52,53]. The calculated hardness of the GDC barrier layer was 
4–4.6 GPa with a porosity level of ~35 % for the indentation load of 
10–50 mN. The indentation loads of 10–50 mN were chosen as the GDC 
barrier layer was 10 times thinner than the other layers of the electrode. 
The earlier reported hardness value of the dense GDC electrolyte was 
12.6–14.3 GPa with the indentation load of 10 mN [30].

The determined hardness of the NiO layer at the fuel electrode in this 
study was about 1.5 GPa for a total porosity level of about 35 % whereas, 
the reported hardness value for the dense NiO film was 4.1–9.7 GPa 

[62]. On the other hand, the calculated hardness of the LSCF contact 
layer at the air electrode was about 0.9 GPa for the total porosity level 
~35 %. The hardness value was in good agreement with the earlier 
determined hardness of the LSCF contact layer about 0.6–1.3 GPa, 
where the porosity level was 24–40 % [32,33]. In that study, the 
hardness was measured by surface nano-indentation tests with a 
spherical and Berkovich indenter. Furthermore, the indent depth was 20 
% of the electrode thickness [32]. The obtained hardness of the LSCF 
layer in this study with the Vickers indenter with the indent depth of 30 
% of the electrode thickness was comparable to those values. The surface 
micro-indentation tests were selected instead of the cross-sectional 
indentation tests. In the cross-sectional indentation tests, the speci
mens were embedded in resin which penetrated the pores. This pene
tration of the resin reinforced the pores leading to inappropriate values 
of hardness and elastic modulus of the electrode materials.

The (NiO/GDC) fuel electrode consisted of a NiO current collector 
layer along with a functional layer of NiO and GDC mixture, which was 
the diffusion layer. This diffusion layer changes with time and temper
ature. The diffusion layer beneath the NiO layer was segmented using 
the Image-J software to determine the phase fraction of NiO, GDC and 
porosity. The determined phase fraction of NiO, GDC and porosity was 
~53 %, ~27 % and ~20 %, respectively. By applying the exponential 
model of the elastic modulus and hardness depending on the porosity, 
the value of the elastic modulus and hardness of the diffusion layer was 
102 ± 28 GPa and 2.9 ± 0.5 GPa, respectively. A reported Vickers 
hardness of NiO/GDC composite was 4.7–5.3 GPa for the load of 5–20 N, 
however the level of porosity was not mentioned [63]. The determined 
value of 2.9 GPa in the present study was indeed comparable to the fuel 
electrode supported cell, where the functional layer was made of 
NiO-8YSZ and had a hardness value of 4.12 GPa [29]. In that study, a 
cross-sectional nano-indentation test was performed [29].

In a similar manner, the diffusion layer of the air electrode, 

Fig. 7. Indent load vs. indent depth curves at 50 mN for (a) GDC layer of fuel electrode side, (b) GDC layer of air electrode side, at 500 mN for (c) NiO layer and (d) 
LSCF layer which illustrates the elastic responses of the electrode materials.

B.U. Manam et al.                                                                                                                                                                                                                              Ceramics International 51 (2025) 58481–58500 

58488 



Fig. 8. Indent depth within 30 % of the total electrode thickness for (a) GDC barrier layer for fuel electrode side and (b) GDC barrier layer for air electrode side at 
indent load of 50 mN; (c) NiO layer and (d) LSCF layer at indent load of 500 mN.

Fig. 9. Multiple indents at various locations (a) to (c) on the NiO layer and (d) to (f) on the LSCF layer. It can be seen that the indents on the LSCF layer were larger 
than the NiO layer.
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composed of a mixture of GDC and LSCF and situated under the LSCF 
layer as the (LSCF/GDC) air electrode consisted of the LSCF contact layer 
and the diffusion layer. The phase fractions of LSCF, GDC and porosity 
were determined through image segmentation using ImageJ software, 
yielding values of ~51 %, ~13 % and ~36 %, respectively. Applying the 
exponential model of porosity dependent elastic and hardness, the 
elastic modulus and hardness of the diffusion layer were calculated to be 
63 ± 3 GPa and 1.4 ± 0.1 GPa, respectively. The hardness value of the 
LSCF/GDC composite from the previous studies was about 8.1–9.8 GPa, 
which had a relative density of 94–98 % [64]. In another study, the 
hardness of the LSCF/GDC composite was 8.05–9.34 GPa for the total 
porosity level of 1.5–8.3 % [65]. The determined elastic modulus and 
hardness of the fuel electrode (NiO/GDC) applying the rule of mixture 
was 93 ± 17 GPa and 2.4 ± 0.4 GPa, respectively, whereas the calcu
lated elastic modulus and hardness of the air electrode (LSCF/GDC) 
implementing the rule of mixture was 54 ± 2 GPa and 1.0 ± 0.1 GPa, 
respectively.

Fig. 10. Magnified view of indentation imprint of (a) NiO layer and (b) LSCF layer for the indentation load of 500 mN. The LSCF layer had a larger imprint area 
than the NiO layer, which indicated that the LSCF layer was softer than the NiO layer.

Table 1 
Elastic modulus and hardness of the individual layer of the electrodes. The 
presented values are mean values with standard deviation.

Layer No. of indents per 
indent load

Indent load 
Pmax (mN)

Elastic 
modulus 
E (GPa)

Hardness 
H (GPa)

GDC-H2 10 10, 20, 30, 
50

107 ± 20 4.0 ± 2.2

GDC-O2 10 10, 20, 30, 
50

115 ± 22 4.6 ± 2.0

NiO 10 100, 200, 
300, 500

79 ± 12 1.6 ± 0.4

LSCF 10 100, 200, 
300, 500

46 ± 11 0.8 ± 0.4

Fig. 11. Workflow of determination of elastic modulus and hardness of the diffusion layer and electrode composites.
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The segmentation technique was implemented to calculate the 
elastic modulus and the hardness of the diffusion layer of the fuel 
electrode and the air electrode depending on the porosity as it was not 
possible to directly perform the surface indentation method on the 
diffusion layers, see Fig. 11. By applying equations (5) and (6), the 
elastic modulus and hardness of the composites are presented in Table 2.

It can be noticed from Table 2 that the composites of the electrode 
material were softer than the GDC layer itself. The contribution of the 
GDC barrier layer inside both electrodes in terms of hardness was ~28 % 
and ~50 % for the composite-H2 and composite-O2, respectively. The 
rule of mixture (ROM) was applied as the electrodes were multilayered 
coating systems equivalent to composite materials. Besides, a model to 
evaluate the hardness of the multilayered coatings was proposed by 
performing the nano-indentation method [66]. In that study, the ROM 
was implemented. Thus, in the present study, a simplified version of that 
model was adopted to calculate the hardness of the electrode 
composites.

The achieved results of the elastic modulus and the hardness of the 
fuel electrode composite (composite-H2) and the air electrode composite 
(composite-O2) would not only contribute to the further optimization of 
the manufacturing of cells but also to determine the stress conditions at 
the individual layers using simulations. Besides that, the obtained values 
of the elastic modulus and hardness of the electrodes are important to 
determine the fracture toughness of the cell and the strength of the cells 
depending on the test methods. Furthermore, the sintering conditions of 
each individual layer could be optimized for better mechanical prop
erties and robustness of the cells. Table 3 shows the comparison of the 
mechanical properties of the electrode materials with the current elec
trode materials.

3.3. Scratch test results

The interfacial adhesion of electrode materials with the electrolyte is 
crucial for the mechanical stability and electro-chemical performance of 
the cells. For the durability of the cells, it is necessary that the cells do 
not go through delamination, wear or spallation. Thus, scratch tests 
were performed to determine the interfacial adhesion properties 

between the GDC barrier layer and the 3YSZ electrolyte as well as the 
interfacial adhesion between the fuel electrode composite/3YSZ and air 
electrode composite/3YSZ.

The observed failure modes after the scratch testing are illustrated in 
Fig. 12 and the specimen after scratch testing at different normal forces 
and the scratch width for the critical force are displayed in Fig. 14(a) and 
(b). The scratches before the critical normal force is shown in Fig. 13. 
The BSE micrographs of different electrode materials at critical forces, 
where the electrode materials were detached from the 3YSZ electrolyte 
to expose the electrolyte at the scratch track after scratch testing are 
presented in Fig. 14(c)–(f). It can be seen from the SEM micrographs 
Fig. 14(c)–(f) that the GDC barrier layers had the strongest adhesion to 
the electrolyte compared to the other electrode materials.

From Fig. 14(c)–(f) it can be noticed that the dominant failure mode 
was spallation which is associated with the detachment of the electrode 
materials from the electrolyte. The electrode materials exhibited both 
adhesive and cohesive failure. The cohesive failure occurred within the 
electrode materials and the adhesive failure was the separation of the 
electrode materials from the electrolyte.

In general, the spallation failure is specified as the detachment of the 
coating from the substrate. But the electrode composites were a multi
layered coatings system, thus the spallation failure in this study was 
attributed not only to the detachment of the electrode materials from the 
electrolyte but also to the separation of the electrode materials from the 
underlaying electrode layer. Hence, the spallation failure behavior 
within the electrode materials was known as cohesive spallation failure 
and the adhesive spallation failure was defined as the failure when the 
electrolyte was visible on the scratch track.

For the verification of the 3YSZ electrolyte exposure, the EDS map
pings were performed on the scratch track, which are provided in 
Fig. 15. The GDC barrier layer on the fuel electrode side exhibited better 
interfacial adhesion than the air electrode side as the GDC barrier layer 
on the air electrode side. It can be assumed that the GDC barrier layer of 
the air electrode side was thicker than the fuel electrode side. The 
thicker GDC barrier layer on the air electrode side resulted in slightly 
less (~15 %) interfacial shear strength than the fuel electrode side as the 
critical force was less than the fuel electrode side. The better interfacial 
adhesion was also noticed at the fuel electrode composite (composite- 
H2) than the air electrode composite (composite-O2). The electrolyte at 
the fuel electrode composite (composite-H2) was visible with the critical 
force of 13 N. On the other hand, for the air electrode composite 
(composite-O2) the electrolyte was seen at 10 N, which was 23 % less 
than in comparison to the fuel electrode composite. This implies that the 
higher the critical force, the higher the interfacial shear strength be
tween the GDC/3YSZ barrier. Moreover, depending on the critical force, 
the interfacial shear strength was determined by applying equation (11). 
The interfacial shear strength for the GDC barrier layer and the different 
composites are presented in Table 4.

It can be noticed from Table 4 that the GDC barrier layer had the 

Table 2 
Elastic modulus and hardness of the composites as per rule of mixture.

Composite Layers Elastic 
modulus 
E (GPa)

Hardness 
H (GPa)

Composite- 
H2

Fuel electrode (NiO/GDC) + GDC- 
H2

96 ± 15 2.7 ± 0.6

Composite- 
O2

Air electrode (LSCF/GDC) + GDC- 
O2

64 ± 2 1.6 ± 0.3

Table 3 
Comparison of electrode materials with previous studies.

Electrode Porosity (%) E (GPa) H (GPa) Pmax (mN)

NiO-SDC [41] N/A 168b 4.1c 100b, 2940c

NiO-YSZ/YSZ [28] N/A 182–204 6.82–7.29 20.1
NiO-YSZ [29] 27 107 4.12 10
NiO-GDC [63] N/A N/A 4.7–5.3 5–20 N
LSCF-GDC [64] 2–6 119–153 8.9–10.8 30–490
LSCF-GDC [65] 1.5–8.3 N/A 8.05–9.34 1 kg
LSCF [32] 15.2–46.9 32.4–121.5 0.37–1.97 50–500
LSM [29] N/A 21.12 0.71 10
GDC [30] dense 186–239 10.5–16.9 5–500
GDCa 25–35 107–115 4.0–4.6 10–50
NiOa 25–35 79 ± 12 1.6 ± 0.4 100–500
(NiO/GDC)/GDCa 25–35 96 ± 15 2.7 ± 0.6 100–500
LSCFa 25–35 46 ± 11 0.8 ± 0.4 100–500
(LSCF/GDC)/GDCa 25–35 64 ± 2 1.6 ± 0.3 100–500

a This work, b is the indent load for elastic modulus and c is the indent load for 
hardness.

Fig. 12. Schematic of the failure modes in electrode and electrolyte after 
scratch test.
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highest interfacial shear strength of τ = 243–274 MPa as the critical 
force was highest. It can be further observed that the standard deviations 
at the GDC barrier layers were higher than the electrode composites due 
to the scattering of the scratch widths as the layers were porous. As the 
contact radius was dependent on the scratch width, the high deviation of 
the scratch width led to the high deviation of the interfacial shear 
strength. To minimize the deviation of the interfacial shear strength, one 
approach could be to measure more points (>6) on the single scratch 
track. Another reason was that the minimum scratch width was less than 
100 μm, implying contact radius less than 50 μm and the maximum 
scratch width was greater than 500 μm indicating contact radius greater 
than 250 μm, which was also responsible for the greater deviation of the 
scratch width resulting in the deviations of the interfacial shear strength 
of the GDC barrier layer.

But with the addition of (NiO/GDC) fuel electrode layer on top of the 
GDC barrier layer, the interfacial shear strength with the electrolyte 
decreased to 52 MPa (− 81 %). One of the reasons behind the decrease in 
the interfacial shear strength was the increase of the tested area with the 
addition of the layers on top of the GDC barrier layer. Analogous to 
Griffith’s theory, when the fiber is thinner, it had less defects and better 
mechanical properties. By contrast thick fibers have more defects, which 
results in decrease in mechanical properties [67]. Considering this the
ory, the GDC barrier layer alone had better interfacial shear strength 
than the electrode composites. It was due to the tested area being small, 
and the defects were less in contrast to the fuel electrode composite 
(composite-H2) where the tested area was larger, indicating more de
fects. Moreover, the fuel electrode was also porous. The scratched area 
(product of scratched width and scratched depth) on the GDC barrier 
layer of the fuel electrode side was 575 ± 303 μm2. On the other hand, 
the scratched area of the fuel electrode composite (composite-H2) was 
11,679 ± 4200 μm2, which was more than 20 times than the scratched 
area of the GDC barrier layer. It indicated that the interfacial adhesion of 
fuel electrode composite/3YSZ significantly decreased with the depo
sition of the fuel electrode (NiO/GDC) on the GDC barrier layer. Thus, 
the GDC layers demonstrated the highest interfacial shear strength 
compared to the fuel electrode composites (composite-H2). A similar 

phenomenon was found on the air electrode side. With the addition of 
the (LSCF/GDC) air electrode layer on top of GDC barrier layer, the 
interfacial shear strength of the air electrode composite/3YSZ was 
reduced to 47 MPa (− 80 %) due to the increase of the tested area with 
the addition of the air electrode. The scratched area of the GDC barrier 
layer on the air electrode side was 1099 ± 326 μm2 compared to the 
scratched area of the air electrode composite, which was 10,507 ± 2105 
μm2. The scratched area increased tremendously by a factor of 10 with 
the addition of the air electrode layer on top of the GDC barrier layer 
leading to a significant decrease of interfacial adhesion.

Another reason for the reduction of the interfacial shear strength was 
the elastic mismatch ratio between the electrode materials and the 3YSZ 
electrolyte. The elastic mismatch ratio is defined by 
(
Eelectrode materials /E3YSZ electrolyte

)
, where Eelectrode materials is the elastic 

modulus of the electrode materials and E3YSZ electrolyte is the elastic 
modulus of the 3YSZ electrolyte. The elastic mismatch ratio between the 
coating and substrate should be close to 1 to avoid delamination and for 
better interfacial fracture energy [68,69]. Thus, the elastic mismatch 
between the GDC barrier layer and the 3YSZ electrolyte was 0.51–0.55 
taking the values from Table 1, whereas the elastic mismatch between 
the fuel electrode composite (composite-H2) and the 3YSZ electrolyte 
was 0.46, applying the value from Table 2. The elastic mismatch of the 
air electrode composite (composite-O2) and the 3YSZ electrolyte was 
0.30 using the value from Table 2. The elastic mismatch of 0.55 indi
cated that the GDC barrier layer and the 3YSZ electrolyte had similar 
stiff behavior which indicated better interfacial adhesion. It was also 
found in the present study. On the other hand, the elastic mismatch of 
0.46 suggested that the fuel electrode composite (composite-H2) was less 
elastic than the 3YSZ electrolyte which implied moderate interfacial 
adhesion. Similarly, the elastic mismatch of 0.30 meant that the elastic 
modulus of the air electrode composite (composite-O2) was significantly 
lower than the elastic modulus of the 3YSZ electrolyte (E3YSZ = 210 GPa 
[70]). This suggested that the air electrode composite (composite-O2) 
had less interfacial adhesion than the fuel electrode composite (com
posite-H2) and the GDC barrier layer, which was observed in the present 
study.

Fig. 13. Scratch morphology of the specimens lower than the critical force to expose the 3YSZ electrolyte. No 3YSZ electrolyte was visible before the critical force.
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Fig. 14. (a) Specimen after scratch test at different normal forces (composite-H2); (b) scratch width measuring process from profilometer data using the software 
Origin and (c) to (f) scratch surface morphology at critical normal force to expose the electrolyte (BSE micrograph). The SEM micrographs show the failure behavior 
(spallation) of the electrode materials.
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Fig. 15. EDS mapping of detecting red = Zr element on the scratch track after scratch test at critical normal force, which verifies that at a certain critical force the 
electrolyte is exposed. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Further reason for the reduction of the critical force and the inter
facial shear strength was related to the hardness of the GDC barrier layer 
and other electrode materials. The GDC barrier layer had a higher 
hardness value of 4.6 GPa than the fuel electrode composite (2.7 GPa) 
and the air electrode composite (1.6 GPa). The higher hardness value 
indicated less plastic deformation of the electrode materials, which 
implied that high force was required for the fracture of the electrode 
materials. Thus, a higher load of 34–40 N was applied for the fracture of 
the GDC barrier layer. The fuel electrode composite went through more 
plastic deformation and showed spallation failure with the 3YSZ elec
trolyte for the critical force F ≥ 13 N. Similar spallation failure of the air 
electrode with the electrolyte was noticed for the critical force F ≥ 10 N. 
The air electrode composite started to fail with a less critical force due to 
the softness of the air electrode composite than the fuel electrode 
composite and the GDC barrier layer.

Moreover, a correlation between the hardness of the electrode ma
terials and the interfacial shear strength was established, which is pre
sented in Fig. 16. It was due to both testing methods involved normal 
forces. It can be noted from Fig. 16 that with the increase of the hard
ness, the interfacial shear strength increased as the interfacial shear 
strength was directly proportional to the critical force, presented in 
equation (11).

Furthermore, the elastic-plastic index, the H3/E2 ratio of the GDC 
barrier layer was 5.6–7.4 MPa and the fuel electrode composite and the 

air electrode composite were 2.1 MPa and 1.0 MPa, respectively. The 
elastic-plastic index indicates material’s resistance to plastic deforma
tion. Thus, the values suggested that the interfacial adhesion and the 
scratch resistance of the GDC barrier layer would be higher than the fuel 
electrode composite and the air electrode composite. Higher H3/E2 ratio 
led to less plastic deformation and better resistance to crack formation, 
which implied better adhesion of the coating with the substrate [71].

Further reason behind the reduction of the adhesion strength by 
adding the fuel electrode or the air electrode on the GDC barrier layer 
was because the layers were porous which created crack propagation 
easily inside the electrodes during scratching. Moreover, the interface 
between the electrodes and the GDC barrier layer was also porous. For 
which these crack propagations penetrated through the GDC layer, 
where the GDC barrier layer itself porous. Since the volume increased 
with the addition of the electrodes, the overall hardness of the composite 
decreased because of the addition of porous electrodes. Thus, the overall 
electrode composite showed less interfacial adhesion strength than the 
GDC barrier layer.

Additionally, the electrode materials behaved like laminated com
posites for which the deposited layers decreased the elastic modulus and 
hardness of the electrode composites. The contribution comes from 
different thicknesses of the electrode material. If the porous NiO or LSCF 
layer has less thickness than the GDC layer, the main contribution of the 
composite hardness will be carried by the GDC layer. If the thickness of 
the NiO or LSCF layer ≫ GDC layer, then the contribution of the com
posite hardness will be carried by the NiO or LSCF layer, which means, 
the composite hardness would be less than the GDC barrier layer. This 
was observed in the current study.

Besides, the added NiO and LSCF layers had “mud cracks”. Those 
mud cracks might have initiated the cracks inside the electrodes and the 
GDC barrier layer during scratching, see Fig. 17. Thus, with less normal 
forces, the GDC barrier layer along with the electrodes detached from 
the 3YSZ electrolyte.

Finally, the residual stresses at the interface might influence the 
interfacial shear strength between the electrode composite and the 

Table 4 
Critical force and interfacial shear strength of the GDC barrier layer and different 
composites. The presented values are mean values with standard deviation.

Layer / 
composite

No. of 
specimens

Critical 
force 
F (N)

Contact radius a 
(μm)

Shear 
strength 
τ (MPa)

GDC-H2 10 40 ± 1 120 ± 40 274 ± 97
GDC-O2 9 34 ± 2 105 ± 27 243 ± 75
Composite-H2 9 13 ± 1 240 ± 85 52 ± 13
Composite-O2 12 10 ± 1 161 ± 26 47 ± 7

Fig. 16. Correlation between composite hardness and interfacial shear strength of GDC/3YSZ, fuel electrode composite/3YSZ and air electrode composite/3YSZ. The 
interfacial shear strength increases with the increase of hardness of electrode materials.
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Fig. 17. Failure process of the GDC barrier layer (a) to (d) and fuel electrode composite with the addition of fuel electrode on the GDC barrier layer (e) to (h) during 
scratching, where Fn = normal force, Fi,crack = normal force for crack initiation, Fp,crack = normal force for crack propagation and Fc = critical normal force for 
spallation of GDC/electrode materials; (i) cross-section of fuel electrode composite after scratching (BSE image).
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electrolyte. However, it was very difficult to determine the residual 
stresses induced during the sintering process. It was because the elec
trode materials and the interface were porous. For which accurate 
measurement of the residual stresses from X-Ray diffraction (XRD) was 
difficult due to the penetration of the signals through the porous elec
trodes. Furthermore, numerical simulation might be applicable but for 
that tangential force was needed, which was a limitation of the 
employed device in the present study. However, an approximation of the 
thermal residual stress during cooling down after sintering around 
1000 ◦C was provided. The residual thermal stress was calculated ac
cording to Ref. [72] by the following equation, 

σTRS =
(
αs − αf

)
⋅

Ef

1 − vf
⋅(T2 − T1) (12) 

where σTRS is the residual thermal stress induced by the cooling of the 
electrode materials after sintering, αs and αf are the thermal expansion 
coefficients (CTE) of the electrolyte and electrode materials, respec
tively, Ef and vf is the elastic modulus and Poisson’s ration of the elec
trode materials, T1 = 298 K and T2 = 1273 K are the room temperature 
and the sintering temperature of the electrode material, respectively. 
The applied respective CTE and sintering temperature are summarized 
in Table 5.

The CTE value of the fuel electrode (NiO/GDC) consisted of the CTE 
value of the NiO layer of 13.7 × 10− 6 K− 1 [74] and the diffusion layer 
(mixture of NiO and GDC) value of 13.59 × 10− 6 K− 1 [75], which were 
determined by the rule of mixture. In a similar manner the CTE of the air 
electrode (LSCF/GDC) was determined, where LSCF layer had CTE value 
of 16.9 × 10− 6 K− 1 [64] and the CTE value of the diffusion layer 
(mixture of LSCF and GDC) was 16.1 × 10− 6 K− 1 [64]. The residual 
thermal stress at the interface between the GDC barrier layer and the 
3YSZ electrolyte yielded compressive stress of -304 MPa, which implied 
the GDC barrier layer had strong interfacial adhesion with the 3YSZ 
electrolyte. The estimated residual stress between the fuel electrode 
(NiO/GDC) and GDC barrier layer was +122 MPa and the residual stress 
between the (LSCF/GDC) and GDC barrier layer was about +290 MPa, 
which indicated the air electrode had larger residual tensile stress after 
deposition and prone to delamination and cracking than the fuel 
electrode. The wider mud cracks were observed in the air electrode than 
the fuel electrode.

A schematic along with the residual thermal stresses in the GDC 
barrier layers and the electrodes are shown in Fig. 18. Because of the 
residual tensile stress between the electrodes and the GDC barrier layer, 
less normal force was needed to spall the electrodes from the electrolyte. 
Although the GDC barrier layer had high compressive residual stress, the 
early delamination of the electrodes with less forces initiated early 
spallation of the GDC barrier layer at certain areas while scratching with 
less normal forces. It has to be mentioned that the curvature and the 
associated internal stress were not calculated due to lack of data from 
the cell manufacturer as the exact sintering parameter and conditions 
were not provided.

The obtained interfacial shear strength of the fuel electrode com
posite and the air electrode composite were calculated from the Ollivier 
and Matthews model, where only a single coating to a substrate system 
was assumed and only the critical normal force could be applied [54]. 
The model was implemented due to the absence of tangential force since 

the employed scratch test device was equipped only with a normal force 
sensor. As the tangential force was not considered, which might influ
ence the results, by providing information of friction coefficient, which 
plays an important role in the scratching behavior of the material. 
However, the interfacial adhesion calculation in this study was based on 
the normal force only. Furthermore, the interfacial shear strength values 
of the individual measuring points were local values of the corre
sponding measuring points.

It also has to be mentioned that no literature values were available, 
where the interfacial adhesion properties were estimated within the 
membrane electrode assembly (MEA) in the electrolyte supported cells. 
In earlier studies, the interfacial fracture toughness was evaluated by 
four-point bending tests between the air electrode (LSM) and the elec
trolyte (YSZ) [39] and by Rockwell indentation tests between the anode 
(NiO/SDC) and electrolyte (SDC) [41].

In another study, the anode support exhibited better interfacial 
bonding with the interconnector than the air electrode [27]. Moreover, 
in a parametric study by implementing numerical investigation, the 
interfacial fracture energy between the electrolyte (YSZ) and the air 
electrode (LSM) was found to be slightly better than the interfacial 
fracture energy between the electrolyte (YSZ) and the fuel electrode 
(Ni/YSZ) [76]. In that study, the fuel electrode was in reduced condi
tions. The cells mentioned in the above studies were anode-supported 
solid oxide cells with different materials, but from a qualitative point 
of view based on the above-mentioned literature, the air electrode had 
less interfacial adhesion with the electrolyte than the fuel electrode in 
as-sintered condition. Thus, considering this perspective, the similar 
pattern was found in the present study, where the fuel electrode had 
better interfacial adhesion than the air electrode with the electrolyte.

The above-mentioned results in this work are a significant step for
ward to characterize the interfacial adhesion testing of the ultrathin 
SOCs (140–150 μm) because the values of the interfacial adhesion be
tween the electrode composites and the electrolyte were not evaluated 
before. Compared with the state-of-the-art methods such as 4-PB tests 
and Rockwell indentation tests, the scratch testing performed in this 
work had a simple test setup, were easy to perform and suitable for the 
electrolyte supported solid oxide cells. While the 4-PB test required 
stiffeners which have to be glued to both sides of the electrodes leading 
to inappropriate results and suitable for fuel electrode supported SOCs 
thicker than 200 μm [39,40]. On the other hand, the Rockwell inden
tation tests required very high loads [41]. Those high loads led to 
Hertzian cone fracture of the dense electrolyte in electrolyte supported 
SOCs. Furthermore, it was suitable for the fuel electrode supported 
SOCs, where the thicker (0.8 mm) porous fuel electrode substrate was 
capable of withstanding high loads [41]. Moreover, the progressive load 
mode micro-scratch tests demonstrated the measurement of the adhe
sion between the air electrode and the electrolyte [35]. That study 
proved that scratch testing was suitable for the electrolyte supported 
SOCs. However, the air electrode (LSCF/GDC) did not show the typical 
brittle fracture as it was sintered at 900 ◦C. In that study [35], the sin
tering temperature was less than the sintering temperature of 
1000–1300 ◦C in the current work. Additionally, no separation of the 
LSCF coating from the YSZ electrolyte was observed [35].

In the present study, the scratch tests showed successfully their 
suitability for ultrathin electrolyte supported SOCs (140–150 μm). The 
constant load mode scratch tests provided novel results with valuable 
insights such as the correlation between the interfacial adhesion and the 
hardness of the electrode materials. These results would contribute to 
the further improvement of the interfacial adhesion between the elec
trode materials and the electrolyte for better electro-chemical perfor
mance of the cell at the interface. Better interfacial adhesion would lead 
to better stack performance for the desired power output in fuel cell 
mode and the desired green hydrogen production in electrolysis mode.

For further studies, progressive load mode scratch tests could be 
carried out, which would provide information about the tangential 
force. In the present study, the equipped scratch test device was confined 

Table 5 
Considered elastic modulus, Poisson’s ratio and CTE for residual thermal stress 
calculation.

Layers Elastic modulus E (GPa) Poisson’s ratio 
υ

CTE 
α (× 10− 6 K− 1)

GDC 115 0.3 (assumed) 12.7 [64]
3YSZ 210 [70] 0.27 [51] 10.8 [73]
NiO/GDC 93 0.3 (assumed) 13.6
LSCF/GDC 54 0.3 (assumed) 16.6
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to normal forces. Based on both tangential and normal force, it might be 
possible to evaluate the interfacial fracture toughness between the 
electrode materials and the electrolyte.

4. Conclusions

The present study dealt with the mechanical properties such as 
elastic modulus and hardness of electrode materials and the interfacial 
adhesion strength between the electrode materials and the electrolyte in 
the 3 mol% yttria stabilized zirconia (3YSZ) electrolyte supported solid 
oxide cells. The key conclusions of the current study are as follows: 

• The mechanical properties of porous, thin gadolinium doped ceria 
oxide (GDC) barrier layer were determined for the first time. It had 
the highest elastic modulus of 107–115 GPa and hardness of 4.0–4.6 
GPa than the fuel composite (E = 96 ± 15 GPa and H = 2.7 ± 0.6 
GPa) and air electrode composite (E = 64 ± 2 GPa and H = 1.6 ± 0.3 
GPa).

• The total porosity level of the fuel and air electrode composite were 
25–35 %. The nickel oxide (NiO) layer at the fuel electrode com
posite had the largest average pore size of 1.10 μm, which was 
needed for better gas transport.

• Interfacial shear strength GDC/3YSZ, fuel electrode composite/3YSZ 
and air electrode composite/3YSZ were determined for the first time, 
yielding values of 243–274 MPa, 52 MPa and 47 MPa, respectively.

• A relation between hardness and interfacial adhesion was estab
lished, which indicated the higher the hardness of the electrode 
material is, the higher is the interfacial shear strength.

• A decrease in interfacial shear strength of 80 % between the elec
trode composites and the 3YSZ electrolyte was observed compared to 
the interfacial shear strength of GDC/3YSZ. It was because of the 
increased tested area, decrease in elastic mismatch as well as hard
ness of the electrode materials with the addition of porous electrode 
layers on the GDC barrier layer. Moreover, the decrease in the 
elastic-plastic index H3/E2 ratio of the electrode materials led to the 
reduced interfacial shear strength.

The results achieved in this study for the as-sintered cells were 
crucial for both the mechanical and electro-chemical prospects for long- 
term operation of the cells. The findings provided information on the 
mechanical and interfacial adhesion properties of the as-sintered cells 
before going through the reduction process. Furthermore, it would 
contribute to the optimization of the manufacturing process of the cells i. 
e. the sintering and joining process of the individual layers of electrode 
materials for long-term hours of operation.
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