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a b s t r a c t

Isothermal ageing and thermal cycling are performed on micro-tubular solid oxide fuel cells (SOFCs) in-
order to understand degradation and failure mechanisms in micro-tubular SOFCs. For isothermal ageing,
the effect of temperature gradients is investigated at 800 ◦C on two micro-tubular SOFC samples (1)
25 mm long and (2) 55 mm long. A temperature gradient is induced across the cells by passing 25% excess
fuel for combustion at the cell outlet, thereby raising the temperature at this end to 950 ◦C. 25 mm long
samples presented higher power density than the later ones and their rates of degradation were similar.
Also, the effect of temperature gradients is investigated during the thermal cycling of micro-tubular SOFC
to understand their contribution to electrochemical performance degradation. Two micro-tubes were
characterized; one with optimum hydrogen flow rate and the other with 25% excess. No micro-cracking
egradation
emperature
icro-tubular

or de-lamination was observed in the micro-tube without a temperature gradient, whereas severe de-
laminations and micro-cracking were observed when 25% excess hydrogen flow was used during thermal
cycling.

In conclusion, the effect of temperature gradients during isothermal ageing was marginal, and Ni sin-
tering was found to dominate the degradation mechanism. On the other hand during thermal cycling,
the temperature gradients were found to be contributive to degradation by opening micro-cracks and

de-laminations.

. Introduction

Reliability and durability are important parameters in SOFC
esign and commercialization; as such studies into factors that
ndermine them such as thermal stresses is important. The
ecent commercial requirement of SOFC is a working lifetime of
0,000–50,000 h (during which they would undergo several ther-
al cycles as thermal cycling is inevitable during SOFC operation).

hermal cycling has been identified as one of the main factors
esponsible for stress induction and performance degradation in
OFC, the degradation occurring principally in the Membrane-
lectrode-Assembly (MEA) due to stress build up, fatigue and
hermal shock [1]. Properties of ceramics such as high melting
oint and thermal shock resistance make them useful in thermal
pplications such as high temperature fuel cell [2,3]. Thermal shock
esistance is an index that relates both the thermal properties and

echanical properties of a ceramic. It is the ability of a material

o withstand rapid and immediate temperature changes at given
ime intervals without failure. Thermal shock arises when there is
sudden change in temperature in a ceramic, causing mechani-

∗ Corresponding author. Tel.: +44 0 1214145276; fax: +44 0 1214145324.
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378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.01.097
© 2009 Elsevier B.V. All rights reserved.

cal changes and fracture in the bulk of the material. In addition to
thermal shock, temperature gradients are likely to occur in SOFC
because of the electrochemical reactions which occur in the cell
coupled with the non-uniform heat distributions [4].

Thermal cycling is inevitable in solid oxide fuel cells (SOFCs) as
they are started, and shutdown periodically [5–8]. The main effect
of thermal cycling on composite materials is thermal stress induc-
tion which arises from coefficient of thermal expansion mismatch
between the different components that make up the SOFC. To better
understand the effect of expansion mismatch between the various
components, the fabrication processes of the fuel cell should be
considered from co-extrusion to sintering and cooling. Stress starts
to build up during the fabrication stage as the powder-binder slurry
of NiO/YSZ transforms into a dense ceramic, as a result of the vol-
ume change that could occur during this transformation. Cracking
can occur at this stage under inappropriate conditions [9].

Also, residual stresses build up after fabrication as the fuel
cell is cooled from sintering temperature to room temperature,
mainly because of the intimate contact between the metal and

ceramic phases which contract by different indexes. At the sintering
temperature, all the cell components are at thermal equilibrium;
this is made possible by the adherence of the components at this
temperature. During cooling, the adhered particles shrink induc-
ing contractive stresses. Even greater stresses are known to be

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:chinnand@yahoo.com
dx.doi.org/10.1016/j.jpowsour.2009.01.097
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Thermal cycling was performed only on the long cells; the rig
comprised a EurothermTM 2404 power controller attached to a
brick furnace. The fuel cell was located in the furnace centre, sup-
ported by a fuel injecting manifold which carried the fuel. The fuel
Fig. 1. The schema

nduced in SOFC during operation; the main culprits of stress
nduction during SOFC operation include fatigue, thermal shock,
hermally induced stress, residual stress levels [10,11]. Thermally
nduced stresses arise due to the existence of temperature gradi-
nts within a homogenous material. If two points within a material
re at different temperatures, they would expand by different
ndexes thereby causing a state of tension between the two points;
his could lead to stress induction or possible failure. Addition-
lly, stress also builds up during the reduction stage, where the
iO/YSZ anode is transformed to Ni/YSZ cermets by stripping off the
xygen ion using a reducing atmosphere (usually hydrogen). The
xygen ions removed causes the Ni particles shrink, but the shrink-
ge is constrained by the dense ceramic leading to further stress
nduction.

. Experimental method

Most thermal cycling studies of SOFC have focused on planar
OFC [12,13], with very little attention to the cycling performance
f micro-tubular SOFC. A large number of the thermal stress mod-
ls developed are based on the inherent residual stresses and the
hermal stresses induced during operation. Bujalski et al. [14] have
erformed 100 thermal cycles on integrated planar Rolls Royce Fuel
ell system (RRFCS) integrated planar (IP) tubes showing slight
egradation. The objective of this study is to investigate the effect of
emperature gradients across micro-tubular SOFCs under isother-

al ageing and thermal cycling conditions.

.1. Sample preparation

Two different lengths of micro-tubular SOFC samples were char-
cterized for the isothermal ageing experiments; (1) 25 mm long
hereinafter referred to as short cells) (2) 55 mm long (hereinafter
eferred to as long cells), the reason for characterizing two different
ample lengths was to investigate the effect of temperature gradi-
nts on the size of the micro-tubes during constant temperature
peration. For the thermal cycling experiment, only the 55 mm long
icro-tubes were tested.

The Raw micro-tubes (anode-electrolyte) were co-extruded and

upplied by Adaptive Materials Incorporated (AMI), USA. The cells
ere supplied already sintered with an anode thickness of 200 �m

nd 15 �m of electrolyte. Cathode formulation and preparation are
s detailed in [15], the cathode layers were added-on by hand
the cycling setup.

painting. Two cathode layers were painted, the first layer was
50% Yttria stabilized Zirconia (YSZ) and 50% lanthanum Strontium
manganate (LSM). The YSZ layer in the cathode is essential to
adhere the cathode layer to the YSZ electrolyte. The second layer
consisted of 15% YSZ and 85% LSM, the reason for the variation
in composition is for the purpose of adhering similar compo-
nents together in-order to minimize de-laminations or cracking
due to expansion mis-match. After the addition of both cath-
ode layers with sufficient drying time, the samples are heated
to 500 ◦C at 1 ◦C min−1 in order to burn-out the pore former fol-
lowed by heating to 1150 ◦C at 12.5 ◦C min−1 and sintering at this
temperature for 2 h before cooling down to room temperature at
20 ◦C min−1. The cathode active area was 1.57 cm2 for the long cells
and 1.256 cm2 for the short cells. Silver paint and silver wire were
used to collect the current from the cathode while the electrolyte
surface was polished-off to expose the anode for collection of cur-
rent.

2.2. Thermal cycling experiment
Fig. 2. The dilatometry system used in the study.
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cells) and 25 mm long micro-tubes (hereinafter referred to as short
Fig. 3. Isothermal ageing of a 25 mm cell and a 55 mm cell, respectively.

hydrogen) flow was set by a mass flow controller attached to a
as cylinder. The oxygen required by the air-electrode was obtained
rom atmospheric air (being that the furnace had a few large holes).
oltage and current measurements were carried-out using a poten-

iostat interfaced with a LabviewTM software. Fig. 1 is a schematic
f the cycling setup. Prior to the cycling experiment, the micro-
ubular SOFC was reduced in 10 ml min−1 of hydrogen at 750 ◦C
or 45 min in order to convert the NiO/YSZ anode to an Ni/YSZ
ermet.

The objective of the experiment is to evaluate effects of thermal
radients on the thermal cycling behaviour of micro-tubular SOFCs.
o do this, two long cells were tested, one with 25% excess hydro-
en flow and the other with optimum hydrogen flow (20 ml min−1).
he excess fuel was necessary in order to cause combustion at the
uel outlet so as to raise the temperature at this end, thereby creat-
ng a temperature gradient across the tube while the cell was being
ycled thermally. The same temperature profile was used during
hermal cycling for both cells. For both cells, the open circuit volt-
ge was measured at 1.08 V then current was drawn at 0.5 V. The
rst segment of thermal cycling proceeded by ramping the furnace
o 800 ◦C at 200 ◦C min−1, the second segment was the constant
emperature hold for 3 min at 800 ◦C. The third segment was cool-
ng down to 200 ◦C at 120 ◦C min−1; a large portion of this segment

s dependent on natural convection to the atmosphere. The final
egment was a constant temperature hold at 200 ◦C for 5 min, nec-
ssary to equilibrate the SOFC. The cells were held under load (0.5 V)
ll through the experiment.

Fig. 4. Temperature gradients along the
Sources 193 (2009) 241–248 243

2.3. Isothermal ageing experiment

Short and long micro-tubes were characterized and tested under
isothermal conditions. The objective was to investigate the effect
of temperature gradients and the size-effect of micro-tubes. The
micro-tubular SOFCs were operated in the same test rig as for
the thermal cycling. The fuel cells was ramped up to 800 ◦C at
200 ◦C min−1 in 25% excess hydrogen and the open circuit voltage
was measured. Subsequently, the current was drawn at 0.5 V and
held for 60 h at 800 ◦C. The excess fuel was necessary for combus-
tion at the cell outlet, so as to raise the temperature at this end and
create a temperature differential across the tube.

2.4. Dilatometry experiment

The dilatometry system (NetzschTM Dil 402C), Fig. 2, comprised
a silicon carbide furnace, alumina protective tubes and sample
holder. Temperature measurements at the sample were achieved
using an S-type thermocouple, and the system was calibrated
using alumina standards prior to measurement. The system was
evacuated and back-filled with nitrogen prior to commencing the
experiments. In the first thermal cycling experiment, the sample
was heated to 800 ◦C at 10 ◦C min−1 in nitrogen, a thermal expan-
sion coefficient of 1.25 × 10−6 ◦C−1 was estimated, and then the
sample was held at 800 ◦C for 30 min and subsequently cooled
down to 200 ◦C at 5 ◦C min−1, the final segment which was a con-
stant temperature hold at 200 ◦C for 30 min, a total of 9 thermal
cycles were performed. In the second thermal cycling experiment,
the sample was heated to 800 ◦C at 10 ◦C min−1 in nitrogen; it was
held for 10 min at 800 ◦C then cooled down at 10 ◦C min−1 to 200 ◦C
and holding for 10 min. 22 thermal cycles were achieved using this
profile.

3. Results and discussion

3.1. Effect of temperature gradients on the isothermal ageing of
25 mm and 55 mm long micro-tubular SOFC

To investigate the effect of temperature gradients on the micro-
tubes during isothermal operation, two types of micro-tubes were
characterized; 55 mm long tubes (hereinafter referred to as long
cells). The objective was to investigate the effect of a temperature
gradient on the micro-tubes with respect to their sizes. The cells
were both operated in 25% excess hydrogen flow at 800 ◦C. The
excess fuel flow was necessary so as to cause combustion at the

length of a micro-tubular SOFC.



2 Power Sources 193 (2009) 241–248

f
t

s
r
t
T
g
w
d
s
a
0
fi
p
m
l
t
s
i
t
f
i
t
i
c
a
s
r
b
s

s
e
e
c
a
t

t
s
o
T
s

t
t
m
g
s

is a dense agglomerated Ni substrate with decreased surface area.
Ni sintering decreases the triple phase boundary layer necessary
for electrochemical oxidation of fuel. A decrease in the triple phase
44 C.M. Dikwal et al. / Journal of

uel outlet and raise the temperature of this end, thus creating a
emperature gradient along the tube.

As shown in Fig. 3, the short cells presented higher current den-
ity than the long tubes. This is primarily because the high ohmic
esistance across the long cell due to longer electron paths in which
he electrons produced had to travel to arrive at the current point.
he current density of the short cells started at 1.30 A cm−2 and
radually decreased with time. The final current density after 60 h
as 1.20 A cm−2, which is slightly lower than the onset, giving a
egradation rate of 0.81% h−1. The 55 mm cell on the other hand
howed a slightly lower current density, starting at 0.90 A cm−2

nd gradually decreasing to 0.79 A cm−2, giving degradation rate of
.84% h−1. For both samples the trend of degradation is similar. The
rst 20 h show a decrease in performance which is attributed to Ni
article agglomeration. Ni agglomeration will cause a change in the
icrostructure of the cells by decreasing the triple phase boundary

ayer necessary for fuel oxidation. The trend of degradation for both
he short and long micro-tubes is similar to those reported in earlier
tudies by Dhir and Kendall [16] where the cells were operated in
sothermal conditions. In that study, it was reported that sintering of
he Ni anode dominated the first few hours of operation, accounting
or most of the initial degradation before degradation due to age-
ng of the electrodes set in. Subsequent studies will be looking at
he critical gradient necessary to cause fracture and micro-cracking
n these micro-tubes, this is very important because in real life
onditions an excess or incomplete utilization of fuel can impose
gradient along the tube causing fracture damage. Also, thermal

hock is a likely occurrence in micro-tubular SOFCs due to their
apid start-up but in this study the effect of thermal shock is ignored
ecause these micro-tubes have been found to withstand thermal
hock [17].

Fig. 4 illustrates the temperature gradient along the tubes; the
hort micro-tube is found to heat up quicker and attains thermal
quilibrium faster than the long micro-tube. The combustion of the
xcess fuel at the outlet raised the temperature of the end, thus
reating a temperature differential along the tube. A lazer temper-
ture probe and K-type thermo-couples were used to measure the
emperature gradient.

At the combustion point, the temperature of the cell is 950 ◦C;
his temperature decreases as you move along the tube. For the
hort micro-tubular SOFC, the difference between the inlet and
utlet temperatures is smaller compared to the long micro-tube.
he reason being the difference in heat transfer volume in the two
amples.

The thermal gradient across the long cell was 150 ◦C. This caused
he cell outlet (the combustion end) to expand by a larger index

han the other end, causing stress induction. In severe conditions

icro-cracking can occur especially where the magnitude of the
radient is large. The short micro-tube on the other hand had a
maller gradient (100 ◦C), thus its expansion differential was less. In

Fig. 5. The schematic of a micro-tube before sintering.
Fig. 6. A schematic of a micro-tube after sintering.

both cases, no micro-cracking was observed in the microstructure,
thus it can be inferred that the temperature gradient imposed only
had a contributive effect to stress accumulation in the bulk of the
cells, but did not cause gross micro-cracking.

3.2. Sintering of the NI/YSZ anode

The main factor of electrochemical performance degradation
in the micro-tubes was identified as sintering (agglomeration) of
the Ni particles at high temperature. From Fig. 3, it can be seen
that the first 20 h of operation showed a slight decrease in cur-
rent density, this decrease in performance is attributed to the Ni
agglomeration. Ni particles are extremely mobile at high temper-
ature, causing them to agglomerate (sinter) [16]. The isothermal
operation of the micro-tubes caused greater degree of sintering
than thermal cycling because during isothermal operation, the cell
was continuously held at high temperature (in the sintering regime)
whereas during cycling the temperature goes up and down (in and
out of the sintering regime).

Sintering causes the Ni particles to pull away from the YSZ par-
ticles thus inducing stress in the matrix. The final result of sintering
boundary layer will translate to a decrease in electrochemical per-
formance. Ceria based anodes and electrolytes are not limited by

Fig. 7. Thermal cycling of a micro-tubular SOFC in optimum hydrogen flow.
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Table 1
The decrease in power density with cycling number.

Number of thermal cycles Maximum power
density (W cm−2)

Open circuit
voltage OCV (V)

0 0.45 1.11
30 0.43 1.11
Fig. 8. Thermal cycling of a micro-tubular SOFC in 25% excess hydrogen flow.

his problem because the fuel oxidation occurs across the whole
lectrode and not necessarily at the triple phase boundary layer
lone [18] Figs. 5 and 6 are schematic diagrams explaining this phe-
omenon. In Fig. 5 the schematic of an un-sintered micro-tube is
resented, showing the uniform distribution of the Ni particles in
he Ni/YSZ matrix before sintering. Subsequently, Fig. 6 shows the
chematic of a sintered cell, where the Ni particles have agglomer-
ted into a dense structure.

.3. Thermal cycling results

Figs. 7 and 8 show the effects of thermal cycling between 200 ◦C
nd 800 ◦C on long micro-tubular SOFC cycled in hydrogen. In Fig. 7,
he cell was cycled in 20 ml min−1 (i.e. optimum) of hydrogen while
n Fig. 8, 25% excess hydrogen flow was used. The open circuit
oltage (OCV) before thermal cycling in both cases was 1.08 V. At

he commencement of cycling, only a slight decrease in current
ensity is observed over several cycles unlike during isothermal
geing where the degradation is more significant. This slight degra-
ation is principally because the rapid and continuous thermal
ycling between high and low temperature did not allow for suf-

Fig. 9. The expansion and contraction of an
60 0.41 1.10
90 0.40 1.08

110 0.39 1.08

ficient time at high temperature for sintering to occur. Dhir et
al. have adduced sintering to be largely responsible for most of
the initial degradation in Ni/YSZ anodes when operated isother-
mally at high temperatures [16]. In Fig. 7, an initial power density
of 0.6 W cm−2 is observed before the commencement of thermal
cycling, this drops to 0.54 W cm−2 after 110 thermal cycles. A degra-
dation rate of 5.4 × 10−4 W cycle−1 was evaluated. The optimum
hydrogen flow ensured complete utilization of the fuel, thus no
combustion occurred at the outlet of the cell. The degradation is
therefore mainly due to the intrinsic material properties and cycling
conditions. In Fig. 8, a power density of 0.64 W cm−2 is observed
before the commencement of cycling, this decreases to 0.53 W cm−2

after 110 thermal cycles. A degradation rate of 1 × 10−3 W cycle−1 is
evaluated in this case. After the 118th thermal cycle, a rapid increase
in the rate of degradation is observed as the silver interconnecting
structure for the anode started to creep and melt, a degradation rate
of 0.055 W cycle−1 is evaluated during this period.

From Fig. 7 it can be argued that as cycling proceeded, severe
thermal stresses are induced in the bulk of the cell due to cyclic
expansion and contraction. The effect of thermal cycling is most
severe at the material interfaces since each layer is composed of
a different material [19]. Each component, i.e anode, cathode and
electrolyte expands relative to its coefficient of thermal expansion
(CTE), inducing expansive and contractive stresses between layers.
With further cycling, stress continues to build up until it reaches a

critical value where it has sufficient energy to drive micro-cracks
and cause delamination in these material interfaces. In this case
however, no micro-cracking or delamination was observed by SEM.

On the otherhand, the cell which had the temperature gradi-
ent imposed across it (i.e. Fig. 8) behaved in a different manner.

SOFC by dilatometry during cycling.
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Fig. 10. The expansion and contraction

t degraded by a larger index than compared to the one without a
emperature gradient because of certain factors. During thermal
ycling, the expansive and contractive forces were driven in all
irections; radially (due to the CTE of the components) and length-
ise (due to the temperature differential across the tube ends).

hus, if a crack opened-up due to radial expansion and contrac-
ion, it would be driven further by the length-wise expansion, this
s because at the combustion end, the micro-tube expanded more
han at the fuel inlet end, creating an expansion differential across

he tube.

Expansion along the radius induced severe stresses mainly
ecause of the contraint imposed by the other cell component
hich are in contact, causing delaminations. Delaminations are

ommon occurences to relieve stresses when there are contraints

Fig. 11. The irreversible deformation
rapid and continuous thermal cycling.

or mismatch between the CTE of the components. The melting of
the silver interconnecting structure as reported in Fig. 8, brings
to light one of the problems associated with of SOFC intercon-
nects [20,21]. SOFC interconnects such as silver, platinum etc are
prone to stress induction during thermal cycling due to fatique
and creep at high working temperature, making them prone to
failure.

Table 1. shows the decrease in power density of a micro-tubular
SOFC after several thermal cycles. Initially an open circuit voltage

(OCV) of 1.08 V was observed before cycling, this is in agreement
with the theoretical OCV for these conditions.

The power density is seen to decrease steadily as cycling pro-
ceeds, after 60 thermal cycles the power density is seen to decrease
by 0.04 W cm−2 and by 0.06 W cm−2 after 110 thermal cycles. The

of a sample due to sintering.
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ig. 12. A micrograph of an unreduced micro-tubular SOFC, showing the anode and
lectrolyte.

nitial trend of degradation during thermal cycling is similar to
onstant-temperature-hold experiments where no cycling is per-
ormed, the degradation mechanism being the sintering of the Ni
node which leads to a decrease in electro-active area necessary for
uel oxidation.

The effect of sintering on the micro-tubes has been shown to be
ore severe than the actual effect of the thermal cycling itself. From

ig. 7 sintering is seen to dominate the degradation mechanism
hroughout the experiment, as the electrochemical performance
ecreased steadily without any material delamination or micro-
racking, while in Fig. 8, a cummulative effect of sintering, together
ith the imposed temperature gradient and thermal cycling gave
more rapid degradation which even led to interconnect failure.
i particle agglomeration can be minimized by depositing minute
mounts of carbon or other elements in the microstructure to
iminish this effect [15].

.4. Dilatometry results

To show the extent of sintering occurring in the micro-tubes,
ilatometry was performed. A temperature profile similar to that
sed for thermal cycling was used, where the cells were cycled
etween 200 ◦C and 800 ◦C in an inert atmosphere. In Fig. 9, the

ell was cycled between 200 ◦C and 800 ◦C with a dwell time of
0 min at both temperatures, while in Fig. 10, a shorter dwell time
f 10 min was used. Even though a longer dwell time was used
n Fig. 9 where 9 thermal cycles were performed, the response

Fig. 13. A micrograph of a typically reduced micro-tubular SOFC.
Fig. 14. A micrograph of a micro-tubular SOFC after cycling in optimum hydrogen
flow.

of the sample was similar to Fig. 10 where a shorter well time
was used; implying that the rapid cycling rate did not have much
of an effect on the sample response. From Fig. 9, at 800 ◦C an
expansion of 0.94% is observed against 0.205% at 200 ◦C. A ther-
mal expansion coefficient of 12.5 × 10−6 ◦C−1 was calculated for
the bulk sample. A similar thermal expansion coefficient was eval-
uated in Fig. 10. However in this figure, it is seen that as cycling
progresses there is irreversible deformation in the sample because
the sample fails to recover back to its original length. Prior to
cycling an expansion of 0.97% is observed, against 1.00% after 22
thermal cycles. This dimensional change in the cells is largely
because of the sintering of Ni particles at high temperature causing
irreversible movement. Once sintering occurs, the micro-structure
of the anode changes due to the agglomeration of the Ni parti-
cles. This Ni agglomeration causes severe expansion because Ni
has a higher thermal expansion coefficient than YSZ. With the
commencement of the cooling segment, sintering becomes dimin-
ished as the sample is cooled to lower temperatures, however the
micro-structural changes due to sintering are not reversed and
once the next thermal cycle commences, further sintering and
micro-structural changes proceed, leading to further dimensional
change.

To clearly observe this irreversible deformation one thermal

cycle is considered, see Fig. 11. In this case, the sample was raised
to 800 ◦C in an inert atmosphere and held at this temperature for
2 h before cooling down. The figure shows that the sample does
not shrink back to its original length at room temperature, but

Fig. 15. A micrograph of a micro-tubular SOFC after cycling in 25% excess hydrogen
flow.
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t remains at dL/L = 0.1% of its original length. The first derivative
f the cycling curve, i.e. �((dL/L)/dt) shows a change of 2 units
etween the final length and original length, implying that there
as bulk volume change in the dimension of the original sample.

rreversible deformation such as this can cause failure in SOFC sys-
em. SOFC operated at lower temperatures might be less prone to
hese irreversible effects. The effect of thermal cycling on the cells
as marginal, as no micro-cracks or de-laminations were noticed

y SEM.

.5. SOFC microstructure

Fig. 12 is a cross-sectional scanning electron microscopy (SEM)
mage of a typically unreduced micro-tubular SOFC. The electrolyte
s the dense outer non-porous layer while the anode is the semi-
orous layer adhered to the electrolyte. A typical unreduced cell

s comprised mainly of NiO/YSZ anode, YSZ electrolyte and LSM
athode. Reduction is carried out using hydrogen, which strips-off
he oxygen atom from the Ni particle making the structure more
orous, thus enhancing the surface area for fuel oxidation [22] as
een in Fig. 13.

Fig. 14 shows the microstructure of the micro-tubular SOFC
ycled in optimum hydrogen flow. No micro-cracking or de-
amination was observed in the micro-structure, suggesting that

ere thermal cycling of the tubes might have contributed to stress
nduction but was not sufficient to cause micro-cracking and de-
amination.

Fig. 15 shows the microstructure of a micro-tubular SOFC cycled
n excess hydrogen flow. Small micro-cracks which develop at the

aterial interfaces due to cyclic expansion and contraction during
hermal cycling and due to the temperature gradient across the tube
re seen to propagate through the electrodes. This is not uncom-
on in typical SOFC as a small micro-crack can become potential

ailure zone developing into a large micro-crack, compromising the
ntegrity of the cell and causing failure.

. Conclusions

The effect of temperature gradients on the isothermal age-
ng of 25 mm long and 55 mm long microtubes was found to be

arginal, as no micro-craking or delamination was observed after
ost-mortem analysis and SEM. The main cause of degradation dur-

ng isothermal ageing was Ni particle sintering which changed the
icrostructure of the micro-tubes and reduces the triple phase

oundary layer for fuel oxidation. The trend of degradation during

he isothermal ageing with the gradient imposed, closely resem-
led isothermal ageing without a gradient as reported by Dhir et
l. Thus, the temperature gradients imposed might have played a
ontributive role in the degradation observed but it was not the
rimary degradation factor.

[
[
[

Sources 193 (2009) 241–248

Thermal cycling on the 55 mm long micro-tube without a
temperature gradient, showed no micro-cracking or delamina-
tion by SEM, and the initial degradation was dominated by Ni
sintering. On the contrary, the micro-tube with the tempera-
ture gradient imposed showed both delamination between the
electrode–electrolyte layers and micro-cracking. It was adjudged
that thermal stress induction due to the CTE mis-match during ther-
mal cycling, together with the diffferential expansion along the tube
might have been contributive to the observed degradation.

Also, dilatometry was employed to characterize the sintering
effect in micro-tubes. It was found that after each cycle, irreversible
deformation occuered in the sample, because the sample failed to
recover back to its original length. This irreversible deformation
leads to loss of electro-active area necessary for fuel oxidation.
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