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a b s t r a c t 

Solid Oxide Fuel Cell (SOFC) anodes were fabricated with NiO–YSZ and 0–10 wt% aluminum titanate (Al 2 TiO 5 , 
ALT) addition. Samples were manufactured using a tape casting procedure to a thickness of approximately 
500 μm. A remarkable enhancement of the mechanical strength, up to 166%, was found when compared to the 
samples without ALT addition. The development of secondary phases was observed proportional to the amount of 
aluminum titanate. Mechanical properties evaluation was conducted using uniaxial and biaxial strength testing. 
Weibull statistics was used for mechanical properties analysis and an advanced statistical analysis was employed 
to identify the existence of multiple flaw populations. Fractography was performed on selected samples to eluci- 
date the fracture mechanisms. Biaxial testing was characterized by high mechanical strength with lower Weibull 
moduli; whereas, uniaxial testing showed lower mechanical strength and higher Weibull moduli. It was found 
that the addition of 0%, 5% and 10% ALT to Ni–YSZ samples exhibit a fracture mechanism that is dependent on 
one flaw population namely porosity and mechanical strength of secondary phases, respectively. Samples without 
the addition of ALT were characterized by intergranular fracture while transgranular fracture was found for the 
addition of 5% and 10% ALT to Ni–YSZ samples. For the addition of 1% ALT to Ni–YSZ samples both flaw popu- 
lations were identified. Analysis of the fracture surfaces revealed the simultaneous presence of intergranular and 
transgranular features. It is proposed that secondary phases, developed by ALT addition, increase the mechanical 
strength of the material shifting the fracture mechanism from intergranular to transgranular. 
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. Introduction 

A solid oxide fuel cell (SOFC) is an energy conversion device which
lectrochemically oxidizes a fuel to produce electrical power and heat.
OFCs are a promising renewable energy system; therefore, over the
ast several decades, research efforts have focused on improving their
erformance and longevity. Recently, there has been growing interest
n anode supported SOFCs because of the improved single cell (cathode,
lectrolyte, anode assembly) performance [1–7] . To achieve the desired
ower output, single cells are then stacked in electrical series where con-
act is achieved through high clamping pressures e.g., 65–70 kPa [8,9] .
n these systems, the anode layer is the thickest and provides the me-
hanical strength of the stack. Once assembled and during operation,
he SOFC stack is exposed to additional stresses resulting from thermal
xpansion mismatch between the components and temperature gradi-
nts which, may further compromise the mechanical stability leading
o premature failure of the system. Ni–YSZ composites are widely used
s anode material due to their low cost, good electronic conductivity,
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hemical stability, catalytic properties and compatibility with other ma-
erials in SOFCs. However, in contrast to the vast amount of data avail-
ble on the electrochemical properties of Ni–YSZ composites, little fun-
amental data on the mechanical performance exists and minimal data
s available on the mechanism responsible for the failure of the material.
The mechanical performance of ceramics depends on random mi-

rostructural flaw distribution; specifically, the weakest spot under
tress determines the material strength [10] . Uniaxial flexural tests, such
s three- or four-point bending, have long been used to determine ce-
amic material strength. During these testing, a rectangular sample is
ubmitted to uniaxial load. The maximum stress goes from tensile to
ompressive throughout the sample thickness and is experienced at the
urface. This measurement technique however, may only provide a par-
ial characterization of the material load bearing capacity due to the
ample’s geometry that introduces low curvature radius defects (sample
dges) acting like stress concentrators [11] . Also, advanced engineering
eramic components often fail due to multiaxial stress conditions. For
hese reasons, several multiaxial strength tests have been developed.
. 
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iaxial flexural tests on disc-shaped specimens like ring-on-ring or ball-
n-ring are particularly favored because the maximum tensile stress oc-
urs at the center of the surface opposite to load application; conse-
uently, edge flaws do not influence the results [12–19] . 
The inherently brittle nature of the anode causes big scatter in frac-

ure strength measurement. Large batches of material must be tested and
eibull statistical analyzes must be used basing on the assumption that
he weakest spot under tension determines the strength of the sample.
he “size effect ” relative to tensile strength is quite prominent in ceram-
cs. As the size of a test specimen is increased, then, on an average, the
ensile strength of the component decreases giving the wrong impres-
ion of a weaker material. The reason is that as the sample volume is
ncreased, the likelihood of encountering a critical flaw with deleterious
rientations to the load applied increases [20–24] . 
Correlation of results obtained by different testing methodologies is

ossible when the same volume of material under tension is considered.
his variable is known as the “effective volume ” [25] . The effective vol-
me is a function of the sample geometry and corresponds to the size
f a hypothetical tension test specimen that, when stressed to the same
evel as the sample in question, has the same probability of failure. It is
mplied that the same type of volume distributed flaws control strength
n each geometry. Through effective volume, Weibull parameters and
easured characteristic strength, the strength values obtained with dif-
erent testing methodologies and sample geometries can be scaled and
roperly compared. 
Previous research has shown that the formation of secondary

hases, due to the addition of small amounts of foreign oxides (e.g.,
eO 2 , Nb 2 O 5 , Al 2 O 3 ) to the NiO–YSZ system during the manufac-
uring process, has resulted in improved electrochemical performance
6,7,26,27,28] . ALT doping of the Ni/YSZ system has yielded to the for-
ation of secondary phases which contributed to dramatically improved
atalyst thermal resilience as well as processing conditions which offer
aximum efficacy [29–31] . Due to the need for the anode to provide
he mechanical support to the stack once assembled, the authors con-
ucted studies on effect of ALT addition on the mechanical properties
f the Ni-YSZ-ALT system to complement the enhanced electrochemi-
al properties. Results showed that the formation of secondary phases
lso results in enhanced strength of the material [32] . This work how-
ver is to be considered only preliminary. Test have been conducted
n bulk samples ( ∼2 mm thick) with a thickness and a final porosity
fter processing that are not appropriate for actual use in anode sup-
orted systems. Currently, little fundamental data on the mechanical
erformance of the proposed, or similar material exist and almost no
iterature is available on the mechanism responsible for its failure. Due
o the promising enhanced electrochemical and mechanical behavior of
he Ni–YSZ–ALT system, this study performs further characterization to
ll this knowledge gap and towards the optimization of the material. 
Ni–YSZ SOFC anodes under uniaxial and biaxial strength testing

onditions is evaluated. The validity of both testing methods is discussed
ased on the experimental evidence. Tape casting is used to manufacture
amples with the thickness appropriate for anode supported systems
 ∼0.5 mm). Advanced statistical analysis (finite mixture distribution
odeling) is used to characterize non-linear pattern in the Weibull-
inear plot to identify multiple flaw populations. Fractography is then
sed to relate flaw populations to specific secondary phases microstruc-
ural features. It has been proposed that secondary phases, developed by
LT doping addition, increase the mechanical strength of the material
hifting the fracture mechanism from intergranular to transgranular. 

. Experimental 

Powders of nickel oxide (NiO) (4 μm, Alfa Aesar), 8 mol% yttria-
tabilized zirconia (YSZ) (300 nm, Tosoh) and aluminum titanate (ALT)
25 nm, Sigma Aldrich) were used for manufacturing of the anode ma-
erial. Powders, in the ratio of 34 wt% YSZ, 66 wt% NiO and 0–10 wt%
LT, were mechanically mixed for 24 h with binder and deionized
ater. Solids loading for the slurry was 48 wt%. Plasticizers and binders
sed were polyvinyl alcohol (4 wt%), xanthan gum ( < 1 wt%), Rhoplex
24 wt%), polyethylene glycol (2 wt%), Dynol 604 ( < 1 wt%), and
uramax D-3005 (1 wt%), Surfynol PC Defoamer ( < 1 wt%). The NiO to
SZ ratio (66:34) was held constant when ALT was added; the overall
ercentages were adjusted accordingly (e.g. for 5 wt% ALT addition,
he powder ratios would be 62.7 wt% for NiO, 32.3 wt% for YSZ and
 wt% for ALT). Tape casting was used for sample manufacturing. The
lurry was taped with a doctor blade gap of 2 mm and dried in ambient
onditions. Subsequently, 6 ×40 mm rectangular samples for uniaxial
trength testing (three-point bending, TPB) were cut with a rotary blade
nd 32 mm circular samples were punched out for biaxial strength
esting (ring on ring, ROR). 
Binder thermolysis was performed in a Thermolyne 1300 furnace as

ollows: (1) heating to 150 °C at 2 °C/min, (2) 2 h dwell, (3) heating to
50 °C at 0.5 °C/min, (4) heating to 1100 °C at 5 °C/min (5) 2 h dwell
or partial sintering, and (6) cooling to room temperature at 10 °C/min
artial sintering was performed to allow for safe sample handling while
ransferring to the Zircar, Hot Spot 110 for subsequent sintering. Sinter-
ng was conducted with a heating/cooling rate of 5 °C/min up to 1500 °C
nd a 2 h dwell time. Final sintered size for the rectangular samples was
 ×0.5 ×25 mm and ø25 ×0.5 mm for the circular ones. 
Reduction was performed in a Thermo Scientific, Lindberg Blue M

ube furnace flowing 5% H 2 –95% N 2 gas, at 800 °C for a time suffi-
ient time to convert 97 wt% of NiO into metallic nickel. The percent-
ge reduction was evaluated with a Radwag XA 82/220.R2 microscale.
n the presented manufacturing conditions, ALT spontaneously decom-
oses to Al 2 O 3 and TiO 2 [28] . The Al 2 O 3 initially reacts with NiO to
orm NiAl 2 O 4 [23,29,31,33,34] as follows: 

iO + Al 2 O 3 →NiAl 2 O 4 (1)

Basing on reaction ( 1 ), the system is depleted of an amount of NiO
roportional to the Al 2 O 3 introduced with ALT addition. The amount of
iO available for reduction has therefore been evaluated accounting for
iAl 2 O 4 formation. 
Ni–YSZ anode samples with the addition of 0, 1, 5 and 10 wt% ALT

n batches of 30 reduced samples were loaded at a rate of 0.2 mm/min
n a TPB apparatus (Pasco Scientific 8236) and in a ROR apparatus (In-
tron 5543) as per ASTM C1161-13 and ASTM C1499 – 15 standards,
espectively [14,35] . The test fixture for the TPB apparatus had a sup-
ort span of 16 mm and the ROR apparatus had a bottom and top sup-
ort ring diameter of 20 mm and 7 mm, respectively. For both testing
ethods, recorded strength corresponded to the maximum values ob-
ained under monotonic application of the load which refers to a test
onducted at the selected constant rate in a continuous fashion, with no
eversals from test initiation to final fracture. Fracture strength, effec-
ive volume ( V eff), scaled characteristic strength ( 𝜎0 ’), Weibull modulus
 m ) with normalized upper and lower bounds, and porosity, by alco-
ol immersion method, were evaluated for the testing conditions. Field
mission scanning electron microscopy (FE-SEM, Zeiss Ultra) was con-
ucted to determine the nature of the developed phases and their contri-
ution to the mechanical strength and to elucidate the material failure
echanism. 

. Results and discussion 

.1. Mechanical properties 

The maximum likelihood Weibull approach which considers that the
eakest flaw under tension determines the strength of the material has
een used. Weibull plots are created by formulating the two-parameter
eibull equation ( Eq. (2) ) into a straight line form ( Eq. (3) ) where the
lope is the Weibull modulus [36] . 

 𝑠 = exp 
( 

− 

𝜎

𝜎

) 𝑚 

(2)
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Fig. 1. Weibull plots of uniaxial (TPB) and biaxial (ROR) strength testing. 

Table 1 

Mechanical properties and porosity of uniaxial (TPB) and biaxial (ROR) strength testing samples. 

0 wt% ALT 1 wt% ALT 5 wt% ALT 10 wt% ALT 

TPB 

Porosity (%) 45.5 42.5 29.7 23.0 

Weibull Modulus 8.0 6.6 7.8 7.5 

90% Confidence Interval 6.0–9.8 4.9–8.0 5.8–9.5 5.6–9.1 

Characteristic Strength (MPa) 102 115 170 147 

V eff (mm 
3 ) 0.28 0.32 0.27 0.35 

Scaled Characteristic Strength (MPa) 82 87 142 127 

Strength Increase (%) N/A 6 73 54 

ROR 

Porosity (%) 45.9 42.0 29.1 23.1 

Weibull Modulus 6.4 4.2 6.4 8.2 

90% Confidence Interval 4.8–7.8 3.2–5.1 4.8–7.8 6.2–10.0 

Characteristic Strength (MPa) 77 94 184 210 

V eff (mm 
3 ) 2.23 3.75 2.43 1.67 

Scaled Characteristic Strength (MPa) 82 128 212 220 

Strength Increase (%) N/A 55 157 166 
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= 𝑚𝑙𝑛 ( 𝜎∕ 𝜎0 ) (3)

here p s is the probability of survival for each sample, m is the Weibull
odulus, 𝜎 is the flexural strength (MPa) of each sample, and 𝜎0 is the
haracteristic strength (MPa) calculated at a probability of failure of 1/ e .
ig. 1 shows the Weibull plots, along with the corresponding Weibull
oduli. 
Since the probability to encounter a flaw depends on the tested vol-

me, the effective volume ( V eff) was calculated and averaged for each
atch of 30 samples. As the TPB and ROR samples have different ge-
metries, two different equations ( Eqs. (4) and ( 5 )) were used for the
alculation as follows [25] : 

 𝑒𝑓 𝑓 𝑇𝑃𝐵 = 

𝑙𝑤ℎ 

2 ( 𝑚 + 1 ) 2 
(4) 

 𝑒𝑓 𝑓 𝑅𝑂𝑅 = 

{ 

𝜋

2 
𝐷 

2 
𝐿 

} 

{ 

1 + 

[ 
44 ( 1 + 𝜐) 
3 ( 1 + 𝑚 ) 

] [ 5 + 𝑚 

2 + 𝑚 

]( 

𝐷 𝑆 − 𝐷 𝐿 

𝐷 𝑆 𝐷 

) 2 

×

[ 

2 𝐷 
2 ( 1 + 𝜐) + 

(
𝐷 𝑆 − 𝐷 𝐿 

)2 ( 1 − 𝜐) 
( 3 + 𝜐) ( 1 + 3 𝜐) 

] } { 

ℎ 

2 ( 𝑚 + 1 ) 

} 

(5) 

here l is the span between bottom support points in mm, w is the
idth of the sample in mm, h is the height of the sample in mm, m is
he Weibull modulus, D L is the diameter of the loading ring in mm, D S is
he diameter of the support ring in mm, D is the diameter of the sample
n mm, 𝜈 is the Poisson’s ratio (assumed to be 0.3) [20] . 
Considering the effective volume, the characteristic strength for each
atch can be scaled for comparison. Eq. (6) has been used to calculate
he scaled characteristic strength [23] . 

′
0 = 𝜎0 

( 

𝑉 𝑒𝑓𝑓 

1 𝑚 𝑚 
3 

) 
1 
𝑚 

(6) 

here 𝜎0 ’ is the scaled characteristic strength in MPa, 𝜎0 is the charac-
eristic strength in MPa, V eff is the effective volume in mm 

3 , and m is
he Weibull modulus. 
The 90% confidence interval of the Weibull modulus was deter-
ined per ASTM C1239-13 for each batch of 30 samples [37–39] .
able 1 summarizes the mechanical properties and the porosity of the
node material with the addition of ALT tested in the TPB and the ROR
xtures. 
An increased characteristic strength for samples with ALT addition,

hen compared to the ones without ALT, is found for both the test-
ng methodologies. This confirms the benefit of ALT addition that was
reviously observed for bulk material (2 mm thick) of the same compo-
ition [32] ; showing that, such benefit, transfers to a smaller thickness
500 μm) which is more appropriate to be considered for an anode sup-
orted fuel cell architecture. 
The same manufacturing process was used for all the tested batches

nd well relates to the consistency of the porosity values. During the
intering process, the decomposition of ALT leads to the formation of
iAl 2 O 4 proportional to the amount of ALT. This reaction depletes the
ystem of NiO available for reduction resulting in a lower porosity when
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ompared to the 0% ALT samples [34] . The strength of ceramics is
ependent on the porosity distribution within the material [22,23,40–
2] since the presence of one or more pores in the loaded volume will
esult in a more fragile material. 
It was previously found [43] that ceramics with porosity between 10

nd 55%, which well represents the materials of this study, resulted in
eibull modulus values in the range between 4 and 11 with a medium to
igh scatter in the fracture strength regardless of the composition, grain
ize, testing techniques or surface finish of the specimens. The failure
f these kind of materials has been linked to the pore evolution during
he sintering process. A few anomalies, however, point out the fact that
orosity may not be the only mechanism responsible for the failure of
he material and needs further investigation. 
Studies comparing uniaxial and biaxial strength testing in ceram-

cs [11,44–46] , show higher strength values for biaxial than uniax-
al testing, in accordance with this study. Processing flaws, which
ostly concentrate upon the surface of specimens, facilitate crack
nitiation and fracture. Comparing with TPB specimens, ROR spec-
mens were not influenced by the presence of edge flaws; there-
ore, ROR testing recorded higher characteristic strength values when
ompared to TPB and may better represent the material intrinsic
ehavior. 
The effect of the V eff is another factor that should be considered in

he material evaluation because the probability to apply stress to a flaw
ncreases if the tested volume under tension is larger. Thus, the mea-
ured strength is larger if the tested volume is smaller, giving a wrong
mpression of a stronger material. 
For the TBP samples, the 0% and 5% ALT material show very similar
eibull moduli and V eff; specifically, 8 and 0.28 mm 

3 for the 0% versus
.8 and 0.27 mm 

3 for the 5% ALT samples. The recorded scaled charac-
eristic strength values are 82 and 142 MPa, respectively. Basing on the
ery similar V eff, the 73% strength increase may be related to the de-
rease in porosity from 45.5% to 29.7% and seems to support what was
tated earlier. Despite the beneficial effect on the material strength, it
ust be considered that the appropriate amount of porosity (minimum
30%) must be assured for its successful electrochemical performance.
or the 10% ALT samples, the Weibull modulus and effective volume are
.5 and 0.35 mm 

3 , porosity decreases to 23% while the scaled charac-
eristic strength decreases to 127 MPa. When considering the 10% ALT
amples, it is expected that the ∼7% additional decrease in porosity from
he 5% ALT value, would nullify the effect of the 0.8 mm 

3 increase in the
 eff; instead, a 19% decrease of the scaled characteristic strength is ob-
erved when compared to the 5% ALT samples. This shows that porosity
s not the only variable responsible for the failure of the material. This
omparison shows that the Weibull modulus is not enough to provide
nformation on the material reliability since values were all very close
ut other variables must be accounted for. It is hypothesized that a con-
urrent mechanism contributing to the material failure is related to the
echanical strength of secondary phases developed with the addition
f ALT and will be discussed later. 
For the ROR samples, a proportionality between ALT amount and

haracteristic strength is observed. The 1% ALT samples show that in-
eed, a decrease in porosity prevails over an increased V eff resulting in
igher characteristic strength when compared to the 0% ALT samples. 
For both TPB and ROR testing, the lowest Weibull modulus was cal-

ulated for the 1% ALT samples. When compared to the 0% ALT ma-
erial, the decreased porosity (from ∼45% to ∼42%), should result in
ower data scattering which should be reflected in an increased Weibull
odulus. Instead the opposite behavior is observed while an increased
caled characteristic strength is recorded. The lower Weibull modulus
onfirms the possibility of a porosity concurrent failure mechanism that
elates to the change in the material microstructure due to the effect of
econdary phase development. 
Advanced statistical analyses along with fractography of select sam-

les will be discussed in the next sections to further elucidate the mate-
ial failure mechanisms. 
.2. Advanced statistical analysis to identify presences of multiple 

ractographic populations 

ASTM C1239-13 provides detailed methodology for characterizing
ata when multiple flaw populations are present, often expressed as a
on-linear pattern in the Weibull-linear plot. When multiple flaw pop-
lations are evident the standard approaches to parameter estimation
e.g., Weibull modulus and characteristic strength) are not applicable
47] because multiple flaw distributions may not be well-characterized
y a single set of Weibull parameters, and if so a more detailed analysis
s required. 
Two different flaw populations are suspected for the material in this

tudy: a first one related to porosity and a second one related to the me-
hanical strength of secondary phases developed during the addition of
LT. An advanced statistical modeling technique, finite mixture distri-
ution modeling, was implemented is as follows to measure the strength
f evidence provided by each specimen data set in support of multiple
opulations: 

1. Identify presence of multiple populations: assess each batch of
strength data for evidence of multiple fractographic populations
via finite mixture modeling. If the data provides evidence for
more than one population, each individual specimen will then
be classified into a sub-population distribution. 

2. For each identified population: select representative samples
across the strength distribution for fractographic analysis to
characterize the fracture mechanism. To accurately represent
the entire strength distribution, samples were selected based on
the 5-number summary of the strength distribution: minimum,
25%tile, median, 75%tile, maximum. 

.3. Finite mixture modeling and assessing evidence for multiple strength 

istributions 

A sample batch containing a single strength distribution may be char-
cterized by a single Weibull distribution via estimating the parameters
f the following probability density function ( Eq. (7) ): 

 ( 𝑥 ; 𝜃 = ( 𝑚, 𝛽) ) = 

( 

𝑚 

𝛽

) ( 

𝑥 

𝛽

) 𝑚 −1 
exp 

[ 
− 

( 

𝑥 

𝛽

) 𝑚 ] 
(7)

here x represents the strength measurement of a single specimen, m is
he Weibull modulus and 𝛽 is the characteristic strength. 
If the strengths are generated by K < ∞ distinct flaw distributions

fractographic populations), then the probability density function for
his situation ( Eq. (8) ) may be written as: 

 

(
𝑥 ; 𝜃1 , … , 𝜃𝐾 

)
= 

𝐾 ∑
𝑖 =1 

𝜋𝑖 ∗ 𝑓 
(
𝑥 ; 𝜃𝑖 

)
(8)

here 𝜃i is a distinct set of Weibull parameters for the i th component
f the mixture distribution and 𝜋i represents the probability weighting
f each mixture component where 

∑𝐾 

𝑖 =1 𝜋𝑖 = 1 . The model has several
nknown parameters for a given data set: K (number of distributions in
he mixture), each set of Weibull parameters 𝜃i , and the mixture prob-
bilities 𝜋i . Advanced statistical methods, specifically the Expectation-
aximization algorithm, were developed to determine the best
arameters for a specific set of data [47] . The ‘mixR’ package from the
 statistical programming language, which has validated applications of
hese algorithms [48,49] , was used. The procedure was implemented as
ollows: 

1. Assess the best number of mixture components K for a specific
specimen set: up to 𝐾 = 3 distributions were searched in each
strength data set. Evidence for the best number of mixture com-
ponents is provided by the Bayesian Information Criteria (BIC)
[48,50] . The model with the smallest BIC is selected as best rep-
resentation of the data. 
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Fig. 2. Histograms and Probability Density Estimates for the TPB and ROR sample data, 0–10% ALT. 

Table 2 

BIC values for model selection. 

Number of Populations Minimum 

ΔBIC 
1 2 3 
Model BIC 

TPB 

0 wt% ALT 0.0000 N/A N/A N/A 

1 wt% ALT 0.0000 2.9327 10.9575 2.9327 

5 wt% ALT 0.0000 6.1595 13.4104 6.1595 

10 wt% ALT 0.0000 7.2083 16.0234 7.2083 

ROR 

0 wt% ALT 1.7373 0.0000 1.7282 1.7282 

1 wt% ALT 0.0773 0.0000 9.1568 0.0773 

5 wt% ALT 0.0000 7.6213 6.8657 6.8657 

10 wt% ALT 0.0000 5.9976 13.9862 5.9976 
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2. Classify: based on the selected model, each specimen is classified
into a specific distribution via estimation of responsibilities [51] .
Responsibilities are estimates of posterior probabilities for each
specimen that communicate how likely the specimen is to belong
to a specific component of the mixture. 

As a first assessment, distribution summaries are presented in graphi-
al form in Fig. 2 . The plots show the probability density of the strength
ata for each specimen with an overlying curve estimating its distri-
ution. Multiple modes in the density curve present some evidence for
xistence of multiple distributions. If 2 populations are identified as pro-
osed in Section 3.1 , the expected pattern is bi-modal (presenting two
eaks). As this assessment is only qualitative, further tools must be im-
lemented to confirm the presence of multiple populations in the data. 
To quantify the evidence for multiple populations mixture distri-

utions are fit with 𝐾 = 1 , 2 , 3 components. BIC is used to select the
est model. Table 2 summarizes the data which are minimum BIC sub-
racted with Δ𝐵 𝐼 𝐶 = 𝐵 𝐼 𝐶 − min ( 𝐵 𝐼𝐶 ) . Therefore, the best model
𝐾 𝐾 
orresponds to a ΔBIC = 0. It is common to use ΔBIC K < 2 as a measure
f equal evidence in support of competing models while 2 < ΔBIC K < 6
s positive but not conclusive evidence in support of a model. 
For both TPB and ROR 5% and 10% ALT sample batches, 1 popula-

ion was confirmed. 𝐾 = 1 mixture components presented the strongest
vidence with Δ𝐵𝐼 𝐶 𝐾 = 0 and the next largest ΔBIC K > 6. For the TPB
% sample batch, only the 𝐾 = 1 model can be applied. 
For the ROR test, the 𝐾 = 2 mixture component model was strongly

upported for 0% and 1% ALT batches. For the TPB test, the 1%
LT batch, the 𝐾 = 2 model is positively but not conclusively sup-
orted ( Δ𝐵𝐼 𝐶 2 = 2 . 9327 ) . For these batches, the 𝐾 = 2 mixture compo-
ent model was applied, then model responsibilities were estimated.
odel responsibilities are defined as the probability that each individ-
al specimen belongs to each distribution. The result of this analysis is
hown in Fig. 3 . The left panel shows the full probability density and
ach fitted mixture density on the histogram. The right panel shows, for
ach specimen, the responsibility. Data have been classified into distri-
ution 1 or 2 by selecting a threshold of 0.5. 
With each data characterized to distribution 1 or 2, fractographic

haracterization by FE-SEM was performed on selected representatives
rom each strength distribution (minimum, 25%tile, median, 75%tile,
aximum) to elucidate the failure mechanism. 

.4. Microstructural analyses 

Investigation of samples’ surfaces by FE-SEM was performed to asses
econdary phases development. Since the same manufacturing process
as used for all batches, the same morphology was found on both TPB
nd ROR samples and is presented in Fig. 4 . The developed phases are
onsistent with previous author’s findings [32] . The “rough phase ” (cir-
led in Fig. 4 (c)), forms during the sintering process, persists unaltered
fter reduction and it enlarges proportionally to the amount of ALT.
iO 2 from ALT decomposition, preferentially reacts with YSZ enhanc-
ng its sintering characteristics [7,29,31] and leading to the formation of
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Fig. 3. Probability density with fitted Weibull Mixture distribution (left) and model responsibilities for each specimen (right). 

Fig. 4. FE-SEM surface morphology of uniaxial (TPB) and biaxial (ROR) strength testing samples with (a) 0 wt% ALT, (b) 1 wt% ALT, (c) 5 wt% ALT and 
(d) 10 wt% ALT. 
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Fig. 5. Weibull plots with populations denoted for uniaxial (TPB) and biaxial (ROR) strength testing. 

Fig. 6. Fracture surface of 0% ALT sample batches with (a) TPB and (b) ROR testing methods. 
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 solid YSZ framework. The contribution to the enhanced material me-
hanical strength is to be related to the volume change resulting from
 tetragonal to monoclinic stress induced phase transformation caused
y the thermal expansion mismatch with the other material components
hile in the oxidized state namely NiO, YSZ, Al 2 O 3 , and NiAl 2 O 4 [7,32] .
he “small particle phase ” (boxed in Fig. 4 (d)) is due to the partial re-
uction of NiAl 2 O 4 leading to the formation of Ni nanoparticles within
n Al 2 O 3 matrix [32,34,52] . The contribution to the enhanced material
trength is due to the nickel acting either as crack deflector or stopping
he crack propagation due to its ductility [23,32,52,54] . 
Despite the non-linear pattern in the Weibull plot of the 0% ALT

amples, evidence showed that there is only one flaw population to be
onsidered. The same “cluttered ” pattern, with several data points lying
n the same line, was found for both testing methodologies. It is thought
hat porosity is the volume flaw responsible for the material failure not
epending on the testing method [43] . Fig. 6 is representative of the
racture surface of the 0% ALT sample batches. Selected samples, as de-
cribed earlier, were analyzed and the fracture surface morphology was
ound to be similar for all of them showing a clear intergranular (along
he grain) fracture pattern. The data points “cluttering ” phenomenon
s hypothesized to be related to flaws generating cracks that require a
imilar amount of energy to propagate. 
The 5% and 10% ALT batches also showed evidence of single flaw
opulation. Very similar fracture surface morphologies were found for
he representative samples and are shown in Fig. 7 . 
For all samples a clean and flat surface corresponding to transgran-

lar (through the grain) failure can be observed. The lower values of
he scaled characteristic strength recorded for the TPB when compared
o the ROR are related to the “edge effect ” but the mechanisms respon-
ible for the failure of the material is proposed to be the same. In the
small particle ” phase, tensile stresses are generated within the Ni par-
icles due to the coefficient of thermal expansion mismatch experienced
uring the sintering and reduction processes [32,52,53] . This places the
urrounding Al 2 O 3 phase in a state of compressive stress, increasing its
trength. It is hypothesized that the interface between the nickel parti-
les and Al 2 O 3 is the volume flaw responsible for the material failure.
he mechanical strength of such interface varies within the material
epending on the aforementioned stress distribution. Fig. 4 shows how,
ithin the material, regions of the “small particle ” phase are distributed
ithin region of the “rough phase ” (YSZ framework). It is hypothesized
hat, in the “small particle ” phase, a crack grows under an increasing ap-
lied load until it reaches a critical size where the remaining uncracked
ection of the material (YSZ framework) can no longer support the ap-
lied stress at which point complete fracture occurs. Fig. 7 supports this
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Fig. 7. Fracture surfaces of (a) and (c) 5% and (b) and (d) 10% ALT sample batches fractured with (a) and (b) TPB and (c) and (d) ROR testing methods. 

Fig. 8. Fracture surface morphology of 1% ALT Ni-YSZ after (a) TPB and (b) ROR testing. 
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ypothesis showing that a small amount of plastic deformation (circled
uctile lips in Fig. 7 (c)) occurred before fracture. It is believed that this
s due to the nickel adding ductility to the system. During crack propaga-
ion, stresses will be transferred from the Al 2 O 3 substrate to the metallic
hase which will yield, deform and then ultimately fail allowing for the
rack to reach the undamaged material. 
The 1% ALT samples showed evidence of the two identified flaw pop-

lations. Fractographic analyses confirmed the presence of both inter-
ranular and transgranular features, circled and boxed in Fig. 8 , respec-
ively. When compared to the 0% ALT samples, the strength increase
ecorded with TPB and ROR testing are 6% and 55% ( Table 1 ). It must
e noted that, the scaled characteristic strength increases due to the for-
ation of NiAl 2 O 4 and the Ti-YSZ framework [32] . The onset of the
iAl 2 O 4 reduction process requires ∼10 h [33] . The 97% reduction at
his amount of ALT, is reached after ∼4 h; therefore, the small particle
hase does not form. Population 2 (mechanical strength of secondary
hases) is defined as the one including data points falling in the upper
ail of the strength distribution ( Fig. 5 ). For TPB testing, thirteen data
oints out of the thirty belong to population 2, while for biaxial strength
esting it is six. This research has highlighted that ROR strength testing
etter depicts the overall material mechanical performance. The low
LT amount (1%) results in a smaller volume covered by the secondary
hases; therefore, the overall beneficial effect is expected to be limited.
his well agrees with a smaller number of data points belonging to pop-
lation 2. 
In these cases, where one population distribution occurs in a small

umber of test specimens, it is not necessary to re-estimate Weibull pa-
ameters. Estimates of the Weibull parameters for this flaw distribution
ould be potentially biased with wide confidence bounds [47] . 

. Conclusions 

This study has demonstrated that ALT addition can enhance the me-
hanical properties of Ni–YSZ systems through secondary phases devel-
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pment. Uniaxial and biaxial strength testing have been used to evaluate
echanical properties. An enhancement of the characteristic strength up
o 166% has been observed for 10% ALT addition with biaxial strength
esting. It has been found that biaxial strength testing better depicts the
verall material mechanical performance. The use of different testing
ethodologies along with advanced statistical analyses has allowed for
he identification of two flaw populations that are responsible for the
aterial failure namely, porosity and mechanical strength of secondary
hases. Fractography performed on selected samples has allowed for
lucidation of the failure mechanism. A single flaw population has been
dentified for 0% ALT samples. Intergranular fracture has been observed
nd the failure has been linked to porosity. Samples with ALT addition
 5% are also characterized by a single flaw population. Transgranu-
ar fracture has been observed and the failure has been linked to the
echanical strength of the secondary phases; specifically, the strength
f the interface between nickel nanoparticles and their alumina sub-
trate. The presence of both flaw populations was found for the low ALT
evel (1%). Fracture surfaces have been characterized by the presence of
oth intergranular and transgranular features. It has been proposed that
econdary phases, developed by ALT addition, increase the mechanical
trength of the material shifting the fracture mechanism from intergran-
lar to transgranular. Despite the benefits offered by the presence of the
small particles phase ”, it has been reported in literature that in acceler-
ted testing condition at higher temperature and in reduction medium
i particles agglomerates due to sintering. This phenomenon can com-
romise the long-term performance of fuel cell. The authors understand
hat, for the materials to be optimized, more testing in fuel cell operative
onditions is needed. 
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