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a b s t r a c t

The effects of Ni-YSZ cermet re-oxidation in anode supported Solid Oxide Fuel Cells (SOFCs) have been
investigated. Damage mechanisms have been studied in both cases of direct oxidation in air (i.e., fuel
shutdown) or by an ionic current (i.e., fuel starvation).

Direct oxidation tests show that the electrolyte cracks for a conversion degree of Ni into NiO ranging
between ∼58 and ∼71%. This failure mode has been modelled considering both the bulk expansion of
the cermet induced by the transformation of the Ni phase and the change of mechanical stresses in the
multilayered cell.

In the case of fuel starvation, a thin layer of the cermet was electrochemically re-oxidised at 800 ◦C and
then reduced under a hydrogen stream. This ‘redox’ cycle was repeated until the degradation of the cell.
The evolution of the impedance diagrams recorded after each cycle suggests that the cermet damages
Degradation

Impedance spectroscopy in an area close to anode/electrolyte interface. The mechanical modelling states that a delamination can
occur along the interface between the Anode Functional Layer (AFL) and the Anode Current Collector (ACC)
substrate. This theoretical result confirms the experimental trends observed by impedance spectroscopy.
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. Introduction

Solid Oxide Fuel Cells (SOFCs) allow the conversion of fuel
hemical energy into electricity. These devices operate at high tem-
eratures and represent an attractive and efficient technology for
ower generation. The configuration of Anode Supported Cell (ASC)
resents high electrochemical performances and is especially inter-
sting for an operation including Direct Internal Reforming (DIR) of
ethane.
Nowadays, the main issue before the SOFCs commercialisation

onsists in improving the reliability and durability of this technol-
gy.

More particularly, it has been pointed out that the performances
f ASC design are sharply reduced when the usual anode material
Ni/YSZ cermet) operates under alternatively oxidising and reduc-
ng conditions at elevated temperature (‘redox’ cycles).

Such cycles may occur as a result of repeated start and shutdown

perations. Indeed, when the fuel supply is interrupted at high
emperature, air may enter the anode compartment and partially
xidise the cermet.
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ASC designed with a thick substrate of Ni/YSZ cermet support-
ing the thin electrolyte (YSZ) and cathode layers has been widely
studied. Many authors reported some important electrochemical
degradation after only one or few ‘redox’ cycles [1–4].

This degradation has been related to mechanical damage of the
cell induced by the oxidation of Ni into NiO. Indeed, this transforma-
tion is accompanied by a macroscopic cermet bulk expansion [5–7]
depending mainly on its degree of oxidation [8] or microstructure
parameters such as porosity or Ni content [6]. The anodic strain can
induce high tensile stresses in the thin electrolyte and cathode lay-
ers. This loading leads to an electrolyte mechanical failure [9] even
for partial anode re-oxidation. Models have been recently devel-
oped to understand and predict these mechanical degradations. In
a previous study, the authors used a numerical modelling [10] to
describe the ASC failure modes. It has been shown that the cath-
ode fracture seems to be unavoidable, whereas electrolyte cracking
is expected when the anodic strain reaches ∼0.15%. This result has
been found to be in good agreement with the analytical approach
performed by Sarantaridis and Atkinson [11,12].

Another operating condition can be involved in the cermet re-

oxidation: it occurs when the fuel supply is not sufficient regarding
to the requested electrical power. In this case, the O2− oxide ions
passing through the electrolyte oxidise a thin cermet layer grow-
ing from the anode/electrolyte interface. Few studies have been
dedicated to this mechanism [13,14]. For instance, Hatae et al. [14]

http://www.sciencedirect.com/science/journal/03787753
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Electrochemical experiments have been performed in the test
bench described in Fig. 4. Ceramic glass is used to seal the cell
in a holding ring made of alumina. The cell and its ceramic sup-
port are introduced into the test bench housing in which two gold
seals ensure the complete tightness of the cathodic and anodic
J. Laurencin et al. / Journal of

ave shown that the Ni particles re-oxidation under ionic current
eads to an electrolyte stress relaxation. However, electrochemical
egradations and mechanical damages are not well established yet.

The present article deals with both mechanisms inducing anode
e-oxidation. Its main objective is to propose a methodology to state
he SOFC degradations due to the cermet oxidation. This method-
logy has been used to assess cells behaviour provided by the
orschungszentrum Jülich (FZJ) research centre.

Case of cermet oxidation due to an air stream: this section aims at
determining the critical anodic strain which induces electrolyte
rupture. The value has been measured and compared to the model
prediction. The experimental part consisted in performing grad-
ual re-oxidation of ASC. At each step of the re-oxidation, the
cell integrity has been controlled in order to detect the cracking
threshold.
Case of cermet oxidation under ionic current: the purpose of this
section is to highlight the electrochemical degradation of the cell
and to establish the relation with the mechanical damage. A thin
layer of the anode substrate has been electrochemically oxidised
and then reduced. This ‘redox’ cycle has been repeated, and the
decay of cell performance has been continuously recorded by
impedance spectroscopy. The degradation has been discussed on
the basis of a numerical mechanical modelling.

. Experimental

.1. Samples description

Experiments have been conducted using Anode Supported Cells
upplied by FZJ research centre. All the tested samples are circular
n shape with a diameter of 55 mm. The anode includes a thin Anode
unctional Layer (AFL) deposited on an Anode Current Collector
ACC) which is the substrate supporting the cell. It is approximately
.5 mm thick and constituted of 56 wt.% NiO and 44 wt% 8YSZ (ZrO2
tabilised with 8% mol Y2O3). The ACC cermet porosity is equal to
round ∼23% in the fully oxidised state (and ∼43% in the reduced
tate).

The AFL and the dense electrolyte (8YSZ) are co-sintered
ogether with the support and both have a thickness of ∼10 �m. AFL
s almost fully dense when Ni particles are oxidised. Cathode has a
iameter of 40 mm and is centred on the electrolyte. This layer has
thickness of about ∼50 �m. It is constituted by a Cathode Func-

ional Layer (CFL) on which is applied a current collector of pure
SM (Lanthanum doped Strontium Manganite). The CFL presents a
hickness of ∼15 �m and is composed of 50 wt.% LSM and 50 wt.%
YSZ.

.2. Test procedures

.2.1. Anode re-oxidation by an air stream (fuel shutdown)
In order to simulate anode re-oxidation by an air stream, free

tanding single cells were placed into the chamber of a furnace
hich can be swept by various gaseous species. Anode partial re-

xidations were conducted at 800 ◦C according to the procedure
epicted in Fig. 1. Cells were heated up to 800 ◦C at a rate of
◦C min−1 under 2%H2 + Ar. In order to achieve the initial complete
ermet reduction, the cells were maintained on temperature under
his gas feeding during 36 h. This procedure has been qualified by
X diffraction spectra indicating that all the Ni species are present

nder metallic form.

Following the initial reduction step, gas supply was switched to
ir at 800 ◦C and maintained during a fixed time. The cooling down
o the room temperature was performed at a rate of 5 ◦C min−1.
his step is performed under Ar sweeping to avoid any change in the
Fig. 1. Sequences used to partially re-oxidise the cermet by air sweeping.

Nickel state oxidation. The degree of oxidation was finally estimated
by measuring the increase in weight of the sample.

The relation between the degree of oxidation and the anodic
linear strain was determined by using the experimental curve
established by Sarantaridis et al. [13] on FZJ–ASC cells (Fig. 2). The
reliability of this curve for the cermet used in the present study
has been verified. For this purpose, two marks have been done
on the anode surface by Vickers indentation. The linear strain was
estimated by measuring the spacing before and after the cermet
oxidation. A good agreement has been obtained between this mea-
surement and the curve established by Sarantaridis et al. [13].

For each degree of oxidation, the mechanical integrity of the
electrolyte layer has been assessed by testing its gas tightness. The
He-permeability of the cell has been measured at room temperature
by using the test bench depicted in Fig. 3. The cell is placed between
two polymeric joints in a stainless steel sample holder. The upper
flange is screwed on the inferior one to clamp the cell and the two
joints. A Helium flow rate is imposed at the cathode side whereas a
Nitrogen flux sweeps the anode compartment. A mass spectrometer
is plugged at the anode side and allows measuring the He molar
flow rate crossing through the electrolyte layer.

2.2.2. Anode re-oxidation by an ionic current (fuel starvation)
Fig. 2. Linear strain of the cermet substrate plotted as function of its degree of
oxidation.
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Fig. 3. Scheme of the test rig employed to measure the electrolyte permeability.
Area A: the electrolyte is not covered by the cathode. Area B: the cathode covers the
electrolyte.
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Helium fluxes crossing the partially re-oxidised cells have been
Fig. 4. Schematic representation of the electrochemical test bench.

ompartments. This mounting prevents any leakage of oxygen into
he anodic channel and thus ensures that the re-oxidation of the cer-

et is only due to electrochemical reactions. It is worth to underline

hat the glass seal is viscous at the operating temperature (800 ◦C),
nd, hence, the cell can be considered free of external loading.
herefore, the sample does not suffer from severe stress due to the
xing into the ceramic holder during the test.

Fig. 5. Helium permeability flux crossing the electrolyte plotted as a function
Sources 192 (2009) 344–352

Air and fuel channels present a radial co-flow arrangement
where fluids are introduced at the cell centre and are exhausted
from its periphery. A coarse gold mesh covered by a fine Pt mesh
(3600 square cm−2) is laid on each electrode to collect the current.
A load (∼200 g cm−2) is applied on the grids in order to improve the
electron collection.

After the initial reduction of the NiO phase, the cermet was elec-
trochemically oxidised by stopping the H2 supply and by imposing
an ionic current through the cell for a given time. The flux of oxy-
gen ions passing through the electrolyte and reaching the anode
induces the oxidation of the Ni phase according to the following
reaction:

Ni + O2− → NiO + 2e− (1)

The growth of the oxidised layer (NiO-YSZ) is initiated at the
anode/electrolyte interface .

After this oxidation step, the cermet was reduced once again
under hydrogen. This ‘redox’ cycle has been repeated nine times at
800 ◦C. Each cycle has been carried out considering the following
sequences:

(i) Operation under reducing conditions: humidified hydrogen
(H2 + 3%H2O) is send to the anode side at a flow rate of NH2 =
17.5 ml min−1 cm−2,

(ii) Decrease in the fuel supply: the anodic compartment is swept
under (Ar + 10%H2) for 10 min (NAr = 3.6 ml min−1 cm−2),

(iii) Operation under oxidising conditions: the fuel supply is stopped
while a current density of 80 mA cm−2 is imposed during a
given time �t. The duration �t of the oxidation dwell is given
in Table 1.

The cell electrochemical response has been followed by mon-
itoring the cell voltage during the test. The evolution of the cell
resistance has been estimated by impedance spectroscopy. Dia-
grams have been recorded under hydrogen (i.e., between two
oxidising steps) at the Open Circuit Voltage (OCV). Impedance data
have been obtained within the range of frequency (10 kHz–0.01 Hz)
with an applied current density of �i = 9.6 mA cm−2.

3. Results and data analysis

3.1. Anode re-oxidation induced by an air stream (fuel shutdown)
measured during permeability tests. It can be observed in Fig. 5 that
the flux is not significant when the cermet degree of oxidation is
equal to ∼38% or ∼58%. In these cases, the residual leakage corre-
sponds to the value measured on intact cells before the test. This

of time. The curves are related to three oxidation degree of the cermet.
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Table 1
Duration of each oxidising dwell and h/hanode ratio (with hanode = 1.5 mm).

Cycle number

1 2 3 4 5 6 7 8 9

Duration of the oxidising step �t (min) 20 20 20 27 37 58 30 36 33
h/hanode ratio 0.08 0.08 0.08 0.11 0.15 0.23 0.12 0.14 0.13

F ∼71%
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at the Ni(s)+1/2O2 ↔ NiO(s) chemical equilibrium:

Peq
O2

= exp

(
2�G0

Ni/NiO(T)

RT

)
(3)
ig. 6. SEM observation of the electrolyte surface (Area A of the cell: cf. Fig. 3) for
een processed by a grey-level thresholding.

esult means that the electrolyte has not been damaged as it has
emained nearly gas tight.

On the contrary, for an oxidation degree of ∼71%, the electrolyte
ayer became permeable to gas, since the permeability flux is found
o be very high and exceeds the measuring range of the mass spec-
rometer. It can be reasonably inferred that the electrolyte layer
as cracked. This result is confirmed by surface observations of

he electrolytic layer with a Scanning Electron Microscope (SEM):
bservations have revealed a pattern of parallel cracks typical of
channel cracking mode (Fig. 6). The parallel direction of these

racks (instead of a random-oriented crack pattern as expected
nder an equi-biaxial stress state) may be due to some anisotropy

n the toughness properties of the electrolyte layer, consecutive to
ts manufacturing process by vacuum slip casting [15].

The electrolyte damage has occurred for oxidation degree rang-
ng between∼58 and∼71%. Considering the curve provided in Fig. 2,
t can be deduced that the electrolyte fracture has arisen for oxida-
ion strain higher than 0.26% and lower than 0.34%.

.2. Anode re-oxidation induced by an ionic current (fuel
tarvation)

.2.1. Initial cell performances
The cell polarisation curve has been measured under wet

3%H2O) hydrogen at T = 800 ◦C. It can be noticed in Fig. 7 that
easonable electrochemical performances are achieved. Indeed, the
urrent density reaches 730 mA cm−2 for a cell voltage equal to 0.7 V
nd a fuel utilisation of 31.5%.

.2.2. Cell voltage measurement during the ‘redox’ cycles
Fig. 8 exhibits the typical evolution of the cell voltage recorded
uring one ‘redox’ cycle. It can be observed that the voltage falls
own as soon as the fuel supply is simultaneously stopped and the

onic current is imposed through the electrolyte. In a first time,
he remaining hydrogen stored in the anodic channel is consumed.

hen the cell voltage reaches ∼0.7 V, a discontinuity in the slope
degree of oxidation. In order to improve the visualisation of cracks, the image has

of the curve is observed. Indeed, this value corresponds to the the-
oretical OCV for the NiO, Ni//Air system at 800 ◦C:

OCVNi+1/2O2↔NiO = RT

4F
ln

Pair
O2

Pfuel
O2

(2)

where T denotes the temperature, R the gas constant and Pfuel
O2

the

oxygen partial pressure in air (Pfuel
O2

= 0.21). The term Pfuel
O2

is equal to
the oxygen partial pressure in the anodic compartment determined
Fig. 7. Polarisation curves measured at T = 800 ◦C under wet hydrogen (NH2 =
17.5 ml min−1 cm−2, NH2O = 0.54 ml min−1 cm−2, NAir = 42.4 ml min−1 cm−2).
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ig. 8. Typical evolution of the cell voltage during one ‘redox’ cycle (T = 800 ◦C, cycle
o. 1).

here �G0
Ni/NiO is the standard Gibbs energy of formation of NiO

=−143095 J mol−1 at 800 ◦C [16]). Below the threshold of 0.7 V, Ni is
sed as fuel and transformed into NiO. Although the current density

s imposed to a constant level, the cell voltage is found to decrease
ontinuously during the oxidising step without reaching a dwell.
his evolution is explained by the growth of the NiO electrical insu-
ating layer. Indeed, the thickening of the oxidised layer leads to an
ncrease in the anodic ohmic resistance of the cell.

The measured OCV is assessed to ∼1.08 V under reducing oper-
tion (Fig. 8) and corresponds to the theoretical value for H2O,
2/Air system at 800 ◦C. This OCV level has been kept constant
nder hydrogen after all the oxidising treatments carried out dur-

ng the test. This last result means that electrolyte layer is remained
as tight to prevent the direct combustion of hydrogen in air, and
uggests that the electrolyte has not been cracked during the test.

.2.3. Impedance spectroscopy measurements
A typical diagram obtained by impedance spectroscopy under

ormal conditions (3%H2O + H2) is plotted in Fig. 9 according the
′′
yquist representation. The imaginary part Z of the cell impedance

s plotted as a function of the real part Z′ for all investigated frequen-
ies.

At the highest frequencies, the diagram is constituted by an
nductance in serial with a resistance (noted RHF). Inductance is

ig. 9. Typical impedance diagram obtained under wet hydrogen at 800 ◦C (cycle no.
). The diagram has been plotted in the complex plane. The numbers mark the deci-
al logarithm of the frequency. The equivalent circuit used for the fit is represented:

he fit result corresponds to the solid line.
Fig. 10. Comparison between the impedance diagrams recorded after the first
‘redox’ cycle and the eighth ‘redox’ cycle. The diagrams have been plotted in the
complex plane. The numbers mark the decimal logarithm of the frequency.

caused by the interactions between the electrical wires of the test
bench. The ohmic contribution RHF is classically attributed to the
sum of two resistances: the current collecting resistance and the
ionic resistance of the electrolyte.

The high frequency cell response is followed on the diagram
by two semicircles at medium and low frequencies. Both semicir-
cles are induced by the electrochemical processes occurring at the
electrodes.

An equivalent circuit presented in Fig. 9 is proposed to fit the
impedance diagrams. The fits have been carried out over a lim-
ited frequencies range spreading from 100 to 0.01 Hz. This approach
allows avoiding the interaction between the electrical wires induc-
tance with the first semicircle of the spectrum. This circuit is
composed by the combination of:

• a pure resistance RHF at the highest frequencies,
• a resistance RMF in parallel with a Constant Phase Element CPEMF

at the intermediate frequencies,
• a resistance RLF in parallel with a Constant Phase Element CPELF

at the lowest frequencies.

It has been found that the ‘redox’ cycles have an impact on the
spectra which is illustrated in Fig. 10. On one hand the value of RHF
has been strongly increased. On the other hand, the size of the semi-
circle ranging at the middle frequencies has risen. These evolutions
have been quantified through the fits performed on data obtained
at each cycle. Fig. 11 gives the evolution of RHF and RMF cell resis-
tances as a function of the cycle number. It can be noticed that the
semicircle at the lowest frequencies is remained nearly stable dur-
ing the test (in fact, it has increased from 0.40 � cm2 after the first
‘redox’ cycle to 0.44 � cm2 after the eighth ‘redox’ cycle).

It is worth to underline that the increase in size of the MF semi-
circle has occurred without a change of its relaxation frequency
(Fig. 10). Indeed, this characteristic frequency is remained equal to
89 ± 4 Hz during the test (for a confidence interval of 68%). This

result means that the electrochemical mechanisms characterised
by the relaxation frequencies have not been impacted by the ‘redox’
cycles. Thus, a mechanical damage along the electrochemical inter-
faces can be proposed to explain the electrochemical degradation.
Indeed, the cracking must induce a local modification of the
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Table 2
Material properties used for the mechanical calculations.

Elastic parameters

Young Modulus E (GPa) Poisson ratio � Thermal expansion coefficient ˛ (=10−6 K−1)

NiO-8YSZ substrate (ACC) (porosity = 23%) 112.3 [20,21] 0.284 [20,21] 12.5*

NiO-8YSZ functional layer (AFL) (porosity = 5%) 184.8 [20,21] 0.311 [20,21] 12.5*

Ni-8YSZ substrate (ACC) (porosity = 43%) 56.8 [20,21] 0.258 [20,21] 12.5[22]
8YSZ 190 [23] 0.308 [23] 10.8 [24,25]
LSM 35.0 [26] 0.36 [27] 11.7 [25]

Fracture parameters

Fracture toughness Gc (J m−2) Weibull modulus m Characteristic
strength �0 (MPa)

Reference volume
(mm3)

Interfacial toughness
Gc (J m−2)

8YSZ** 6.7 [28] 8 [28] 282 [28] 0.27 [28] –
NiO-8YSZ//8YSZ – –

* Assumed to be equal to Ni-YSZ.
** Values given for 900 ◦C.

Fig. 11. (a) RHF resistance (at high frequencies). (b) RMF resistance (at medium fre-
quencies). RHF and RMF resistances plotted as function of the cycle number.
– – ∼10 [11]

electrodes geometry. This lost in active area leads to an increase in
the ohmic and polarisation cell resistances, without modifications
on the cell frequency response.

4. Discussion

4.1. Cell damage after anode re-oxidation induced by an air
stream

It has been shown that the electrolyte rupture is triggered at
800 ◦C for a critical oxidation degree ranging between ∼58 and
∼71%. This fracture threshold is found to be in good agreement
with the one established by Sarantaridis et al. [13] on cells with
the same anode cermet microstructure. Indeed, these authors have
detected the electrolyte rupture for a conversion of Ni into NiO of
49–75%. In other words, the oxidation strain εox should not exceed
a value ranging between 0.26 and 0.34% for this cermet microstruc-
ture at 800 ◦C. It is worth to underline that this threshold has been
obtained on free standing cells. This result is transferable to stack
configuration only if the glass seal maintaining the cell in the inter-
connect housing is viscous at 800 ◦C. In this condition, the cell will
be not constrained at its periphery upon oxidation.

The level of the cermet oxidation related to the electrolyte fail-
ure, which has been assessed experimentally, can be compared with
the value found by an energetic or a statistic modelling of fracture.

Because of the manufacturing process or the anode oxidation,
the cermet substrate undergoes some volume changes. These con-
tractions or expansions generate an equi-biaxial stress �equi-biaxial
in the electrolyte film (i.e., the radial stress �rr is equal to the circum-
ferential stress ���). This stress field is the sum of one contribution
due to the manufacturing process �manufacturing [10,17] and one con-
tribution due to the anode oxidation �oxidation [10]. The impact of
the cathode layer on the cell stress state being negligible [10], the
equi-biaxial stress of the thin electrolyte can be expressed by the
following equations:

�equi-biaxial

= �manufacturing + �oxidation with �manufacturing

= (˛NiO-YSZ − ˛YSZ)(Toxidation − Tmanufacturing)
(1 − �YSZ)/EYSZ + (helectrolyte/hanode)(1 − �NiO-YSZ)/ENiO-YSZ

and �oxidation = EYSZ εox (4)

(1 − �YSZ)

where ˛, E and � are respectively the Thermal Expansion Coefficient
(TEC), the Young’s modulus and the Poisson’s ratio of the electrolyte
layer or NiO-YSZ cermet substrate. The term Toxidation denotes the
temperature during the oxidation treatment (=800 ◦C) whereas
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The impedance diagrams evolution (Figs. 10 and 11) can be inter-
preted according to the results established by Gazzori and Kesler
[35–37]. Indeed, these authors have shown by a modelling approach
that a delamination induces an increase in both the high frequency
ig. 12. Equi-biaxial stress and release rate energy related to the channel crack-
ng mechanisms (electrolyte) plotted as a function the cermet oxidation strain. The

aterial properties used for the calculation are given in Table 2.

manufacturing represents the anode/electrolyte co-sintering temper-
ture (=1350 ◦C). The term εox corresponds to the irreversible linear
train of the cermet due to its re-oxidation.

(a) Energetic approach: the following equation describes the energy
release rate G corresponding to the energy available for the
channel cracking through the electrolyte [18]:

G = Z × 1 − �YSZ

EYSZ
× �2

equi-biaxial × helectrolyte (5)

Assuming neither substrate penetration nor channel inter-
action, the dimensionless parameter Z depends only on the
mismatch in elastic parameters between the substrate and the
film. This elastic mismatch is characterised by the Dundurs
parameters ˛, ˇ. For the NiO-8YSZ//8YSZ bi-material, the val-
ues are ˛ = 0.264, ˇ = 0.088 leading to a value of Z roughly equal
to 2.5 [18]. It can be noticed that the observed crack spac-
ing (∼155 �m) is higher than 8 × helectrolyte, meaning that the
assumption of no crack interaction is justified [19].

Fig. 12 illustrates the rising in the energy release rate G with
the oxidation strain εox calculated according to Eqs. (4) and (5).
Cracking is assumed to occur when G reaches the electrolyte
fracture toughness Gc = 6.7 J m−2 (cf. Table 2). With this model,
the critical oxidation strain is found to be equal to ∼0.19%.

b) Statistical approach: according to the Weibull’s theory, the sur-
vival probability Ps of the electrolyte layer is given by Eq. (6)
[10]. The term Ps is expressed as the product of the survival
probability determined for the two principal stresses, ��� and
�rr (=�equi-biaxial):

Ps = exp

(
−Velectrolyte

V0

(
�rr

�0

)m
)

× exp

(
−Velectrolyte

V0

(
���

�0

)m
)

Ps =
{

exp

(
−Velectrolyte

V0

(�equi-biaxial

�0

)m
)}2 (6)

here V0, �0 and m are the Weibull parameters related to the 8YSZ
aterial (see Table 2). The term Velectrolyte denotes the electrolyte

olume. The dependence of Ps with the oxidation strain εox is plot-
ed in Fig. 13. The survival probability is found to fall down to 0 for
critical oxidation strain of ∼0.16%: this value can be considered as

he threshold for which the electrolyte failure is triggered.

A rather good agreement is obtained between the critical

xidation strains determined by the energetic and probabilistic
pproaches. However, in both cases the critical oxidation strains
re found to be below the experimental value (between 0.26 and
.34%). This slight discrepancy between the predicted and mea-
Sources 192 (2009) 344–352

sured thresholds could be attributed to the inappropriate material
data used for the calculations. Indeed, values of toughness and
the Weibull parameters reported in Table 2 have been determined
on a thick tape-cast 8YSZ substrate (∼100 �m) tested at 900 ◦C
[28] whereas the present experiments have been carried out at
800 ◦C considering a thin vacuum slip casting 8YSZ deposit (10 �m).
These experimental data have been used because of a lack of more
reliable values. However it is expected that the mechanical proper-
ties depend on the layer characteristics. Therefore, the mechanical
parameters used in the present analysis could lead to underestimate
the real strength at 800 ◦C of the thin electrolyte film.

The actual toughness and the Weibull parameters of the thin
electrolyte layer may be indirectly estimated from the spacing of
the electrolyte cracks [29,30]. It is out of the scope of this paper to
deal with this technique which is going to be investigated by the
authors.

However, the calculated critical oxidation strain (0.16–0.19%) is
safe regarding to the cell integrity. It corresponds to a critical oxida-
tion degree of 50% which can be considered as a conservative limit
to preserve the cell.

4.2. Cell damage after anode re-oxidation induced by an ionic
current

4.2.1. Analysis of impedance diagrams evolution during the test
Cell degradation has been characterised by impedance

spectroscopy after each anode re-oxidation step. A seen in
Figs. 10 and 11, high frequency resistance and size of the first
semicircle at intermediate frequencies have been found to increase
drastically during the test. Since no shift in the diagram frequencies
has been observed, it has been concluded that the modification of
the cell response is only due to a mechanical damage localised on
the electrochemical interfaces.

The first semicircle of the impedance diagrams presents a fre-
quency relaxation close to 100 Hz. On the basis of previous studies
[31–34], this first semicircle can be attributed to the Ni-YSZ cermet
response. This remark means that the degradation is only restricted
to the anode side. Therefore, the observed cell degradation can be
attributed to a mechanical damage arising in a region close to the
anode/electrolyte interface.
Fig. 13. Electrolyte survival probability calculated as a function of the oxidation
strain. The material properties used for the calculation are given in Table 2.
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f cracking in the direction for which the shear stress is the maximum

(�equi-biaxial = �max at 45◦ from the ACC/AFL plane).
This failure initiation could lead to crack propagation in the

ACC/AFL interface. Indeed, the energy available for the delamina-
ig. 14. SEM observation of the cell cross-section (after the ‘redox’ cycles). Interfacial
racks have been initiated on each side of the AFL.

ntercept and semicircle size of the impedance diagrams. Further-
ore, they found that the peak of frequency of the electrodes

emicircle remains unchanged as there is no change in the elec-
rochemistry of the system upon delamination. Therefore, it can be
oncluded that evolution of impedance diagrams measured in the
resent study (Figs. 10 and 11) can be attributed to a delamination
t the ACC/AFL or AFL/electrolyte interfaces.

The interpretation of impedance diagrams evolution is found to
e consistent with the cell damage observed by post-test analysis.
representative cell cross-section examined in a SEM after test is

eported in Fig. 14. Cracks are observed both along the ACC/AFL and
FL/electrolyte interfaces.

.2.2. Mechanical analysis of the cell damage
Waldbillig et al. [6] and Hatae et al. [14] mentioned that, if the

lectrochemical oxidised layer is thin regarding the anode thick-
ess, it will be constrained by the substrate in its reduced state
n one side and by the dense electrolyte on the other side. In this
ondition, the cermet layer cannot expand upon oxidation, and
ompressive stresses will be generated in the oxidised cermet and
ay induce delamination.
The reliability of this assumption has been verified in the case of

he present study. For this purpose, the thickness of the re-oxidised
ayer has been assessed and a mechanical analysis had been per-
ormed.

(a) Thickness of the oxidised layer: According to Eq. (1), the Ni elec-
trochemical oxidation rate is governed by the imposed current
density (i.e., the O2− flux through the electrolyte). The extension
of the re-oxidised layer from the anode/electrolyte interface, h,
can be estimated trough a simple oxygen molar balance: the
following equation has been established assuming that each
particle of Nickel is completely oxidised:

h = �m

CNi × (1 − ε)ScelldNi
with �m = I

2F
�t MNi (7)

where Scell corresponds to the cell active area, F is the Faraday’s
constant (=96,500 C mol−1) and I represents the current. The
terms MNi and dNi denote respectively the molar mass and the
density of Nickel. The parameter ε is the cermet porosity which
is around 20% for the anode functional layer and 40% for cur-
rent collector substrate. CNi is the Nickel content of the cermet
(40 vol.%).

In order to check the validity of this model, the data of Hatae

et al. [14] have been considered. These authors have electro-
chemically oxidised a classical Ni-YSZ cermet. Under a current of
7.5 mA cm−2 applied for 30 min, they have observed by SEM that
only the Anode Functional Layer (∼20 �m) is fully re-oxidised.
It is worth to underline that the numerical application of Eq. (7)
Sources 192 (2009) 344–352 351

gives a thickness for the NiO-YSZ layer equal to 19 �m. The good
agreement between these experimental and calculated values
proves the reliability of Eq. (7).

In the case of the present study, this approach has been used
to assess the ratio of NiO layer thickness over the total anode
thickness. The results reported in Table 2 show that, whatever
the cycle, only a small part of the cermet has been re-oxidised.

(b) Mechanical analysis: To establish the occurrence of the delam-
ination, the numerical tool presented in reference [10] has
been used to calculate the stress field after the anode re-
oxidation. The cathode, electrolyte, AFL and ACC layers have
been described into the present analysis. It is reminded that
the simulations, based on a Finite Element Method (FEM), are
carried out by considering a pure elastic behaviour of the cell
materials.

The stress field is calculated as the sum of one contribution,
�manufacturing, due to the manufacturing process and a second con-
tribution, �oxidation, due the anode oxidation. To estimate this last
term, it has been assumed that the ACC remains in its reduced
Ni-YSZ state during the ‘redox’ cycle. In other words, it has been
assumed that only AFL is oxidised, and then, undergoes an irre-
versible strain εox. Indeed, since the porosity of the functional layer
is two times lower than the porosity the current collecting sub-
strate, the oxidation strain of the functional layer is expected to be
much higher than the one of the remaining anode [6].

The equi-biaxial stress for the cathode, electrolyte and AFL is
plotted in Fig. 15. It has been expressed as a function of the AFL
oxidation strain. It is found that the compressive stress in the elec-
trolyte is slightly decreased after the AFL re-oxidation. This result
is in good agreement with the RX measurements carried out by
Hatae et al. [14]. Indeed, these authors have shown that the resid-
ual stress in the electrolyte is partially relaxed by the expansion of
the Ni particles after passing the ionic current.

Even for low values of the applied oxidation strain, εox, a high
compressive stress is highlighted in the AFL (Fig. 15). For instance,
the stress level reaches −470 MPa for an AFL oxidation strain of only
0.2%. This result is explained because the ACC substrate prevents the
bulk expansion of the thin oxidised layer. Under this specific stress
state, a shear stress component, �, is generated in the oxidised layer.
Therefore, the porous AFL failure could be initiated under mode II
Fig. 15. The equi-biaxial stress is plotted as a function of the oxidation strain of the
anode functional layer. The material properties used for the simulations are given in
Table 2.
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ig. 16. Released energy for the complete debonding of the ACC/AFL interface. The
aterial properties used for the simulations are given in Table 2.

ion of this interface has been estimated according to Eq. (8) and
lotted in Fig. 16 as a function of the AFL bulk expansion:

=
i=4∑
i=1

(
1 − �i

Ei
×�2

equi-biaxial, i×hi

)
−

i=3∑
i=1

(
1 − �i

Ei
×�2

equi-biaxial, i × hi

)
(8)

here the subscript i denotes the cathode for i = 1, the electrolyte
or i = 2, the AFL for i = 3 and the ACC for i = 4. This released energy
ncreases with the AFL bulk expansion increase. It is found that G
xceeds 10 J m−2 for an oxidation strain of 0.2%.

It has been demonstrated that the ACC/AFL interface is weaker
han the electrolyte/AFL interface [38]. As the fracture energy of
he electrolyte/AFL interface is estimated to be around 10 J m−2 (see
able 2), it can be concluded that the interfacial toughness of the
CC/AFL interface is lower than 10 J m−2. Under this condition, the
resent mechanical analysis suggests that the ACC/AFL delamina-
ion is likely to occur, even for a loading corresponding to a partial
e-oxidation of the functional layer. This failure mechanism is found
o be consistent with the experimental results.

. Conclusion

In the case of fuel starvation or fuel shutdown, a methodology
as been proposed to evaluate the ASC degradations due to the cer-
et re-oxidation. This methodology has been applied to state the
echanical damage of typical SOFC cells (provided by FZJ research

entre).
For Cermet re-oxidation caused by an air stream, the oxidation

egree threshold from which the electrolyte fracture is triggered
as been determined: the electrolyte cracking has been found
o occur for a degree of oxidation ranging between ∼58 and
71%. Mechanical analyses based on energetic and probabilistic
pproaches of fracture have been performed. Both analysis exhibit
elatively close results and predict an electrolyte failure for a critical
egree of oxidation equal to around 50%. The calculated thresh-
ld is sensibly lower than the experimental one. This discrepancy
etween the experiments and the calculations has been attributed

o the use of non-appropriate material data (relative to a thick 8YSZ
ubstrate and not a thin 8YSZ layer).

The effect of cermet re-oxidation induced by an ionic current
as been also investigated. Impedance spectroscopy has been used
o estimate the electrochemical degradations. The evolution of the

[
[
[
[

Sources 192 (2009) 344–352

impedance diagrams after each ‘redox’ cycle has been explained
by a cermet damage arising in a region close to anode/electrolyte
interface. This conclusion is found to be in good agreement with the
result obtained with a mechanical analysis of the test. This analysis
has shown that the AFL re-oxidation leads to a high compressive
stress in this layer. Under this specific loading, a delamination at
the AFL/ACC interface is expected.
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