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Abstract

A methodology is proposed in this study to investigate the creep properties of porous Ni-8YSZ cermet. Creep experiments have been conducted
under reducing atmosphere at the typical SOFC operating temperatures. Specimens have been loaded in a four-point bending test bench. A special
attention has been paid in this work to the analytical and numerical modelling of the mechanical test. It has been highlighted that Ni-8YSZ exhibits
substantial creep strain rates even at relative low temperatures (700 °C < T< 850 °C). The creep exponent has been found to be just slightly higher
than unity (1 <n<?2) while the activation energy has been determined equal to Q=115kJ mol~'.

High-temperature plastic strains of both Ni and 8YSZ phases have been estimated through the local stress acting on the cermet particles. This
analysis indicates that creep behaviour of the Ni-8YSZ composite is not influenced by the metallic phase, but is controlled by the deformation of
the 8YSZ matrix. It is also proposed that cermet creep mechanism involves Zr**cations diffusion at the surface rather than in the bulk of the 8YSZ
material.

Impact of the Ni-8YSZ cermet creep on the internal stresses distribution in SOFC is discussed considering the anode supported cell (ASC)

design. It is shown that cermet creep strain can induce a substantial stress decrease in the thin electrolyte.

© 2011 Elsevier Ltd. All rights reserved.

Keywords: Solid oxide fuel cell (SOFC); Cermet; Ni-8YSZ; Creep; Four-point bending test

1. Introduction

Solid oxide fuel cells (SOFCs) ensure the conversion of
chemical energy into electricity at high temperature. This type
of fuel cells can reach very high efficiencies compared to con-
ventional combustion system!™ and represents a promising and
attractive technology for power generation. However, before
considering the effective deployment of such technology, the
reliability of SOFCs needs to be improved. Indeed, the robust-
ness of SOFC is still insufficient nowadays, and remains highly
dependant on some operating conditions or events such as the
system management failure. For instance, an accumulation of
starts and shutdowns induces a degradation of the SOFC electro-
chemical answer which can even result in the system collapse. 8
These degradations have been generally ascribed to mechanical
damages in the cell layers.”8
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Thanks to its thin electrolyte layer, anode supported cell
(ASC) exhibits high electrochemical performances. Moreover,
this design is especially well adapted to operate with natural
gas.? Manufacturing process of ASC is based on a co-sintering
step between the thin electrolyte and the cermet substrate.'” This
processing route generates large internal stresses in the cell due
to the mismatch in thermal expansion of materials. The thin
electrolyte layer is then subjected to high bi-axial compressive
stresses at room temperature (~—600 MPa) which are partially
reduced at 800 °C upon operation.!!~!3 This residual stress state
tends to protect the electrolyte deposit, and delays its cracking
when submitted to another tensile loading. Therefore, any elec-
trolyte stress relaxation induced by creep deformation of the
support could be detrimental regarding the ASC robustness.

The anode substrate is classically constituted by a porous
cermet composed either of Nickel and 8-mol%-yttria stabilised
zirconia (Ni-8YSZ) or nickel and 3-mol%-yttria stabilised
zirconia (Ni-3YSZ). Both Ni and YSZ networks percolate
and participate to the structural strength of the composite.
Morales-Rodriguez et al.'*!> have carried out an extensive study
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Nomenclature

a spacing between the inner bearings (m)

A pre-exponent constant of the creep power law
(s~ MPa™™)

b specimen width (m) or Burger’s vector (m)

Dy, frequency factor for lattice diffusion (m%s™1)

Dogp  frequency factor for grain boundary diffusion
(m?s™")

E Young’s modulus (MPa)

h specimen thickness (m)

1 moment of inertia (m*)

~
3

“complex” moment of inertia for the bending
creep test (m>+1/m)

bending moment (N m)

stress exponent of the creep power law

creep activation energy (kJ mol~!)

lattice diffusion activation energy (kJ mol~')
grain boundary activation energy (kJ mol~!)
deviatoric part of the stress tensor (MPa)
specimen length (m)

spacing between the outer bearings (m)
applied loading on one bearing (N)

time (h)

temperature (K)

V.2 system of coordinate

effective boundary thickness (m)

NTTIECSZORRS X
S _

M S =
<m

viscous plastic (creep) strain tensor
elas elastic strain tensor
inverse of y-axis (§=—1y)
beam curvature (m)
porosity

Poisson ratio

stress tensor (MPa)

plastic potential (MPa s~1) or atomic volume (m?)

)
<
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dedicated to the creep behaviour of Ni-3YSZ cermet. By using
a compressive test, they have shown that the Ni-3YSZ compos-
ite exhibits substantial creep plasticity for temperatures ranging
between 900 °C and 1200 °C. In their case, it has been shown
that the cermet deformation is controlled by the 3YSZ ceramic
backbone. Few studies have been devoted to the Ni-8YSZ com-
posite. Gutierrez-Mora et al.'® have deformed in compression
anode-supported bilayers at strain rates ranging between 107>
and 5 x 107*s~!. Their results suggest that creep of Ni-8YSZ
can arise above 1000 °C. Other authors suspect that creep could
even occur at the SOFC operation temperature: Sarantaridis
et al.!” suggest that the plastic deformation of 8YSZ ceramic
network could accommodate the increase in solid volume when
the Ni phase is oxidised into NiO at 800 °C. This hypothesis of a
plastic deformation of 8YSZ phase in SOFC cermet is consistent
with the creep observed in plasma—sprayed thermal barrier coat-
ings. Indeed, several authors have highlighted'®-?! a substantial
creep strain for 8YSZ plasma coatings tested at low tempera-

tures (800 °C) and low stress levels (20-50 MPa). These results
reinforce the claim that the Ni-8YSZ could creep in the SOFC
operation conditions; even if microstructures between SOFC
cermet and plasma sprayed coatings are rather different.

This article is dedicated to the study of viscoplastic deforma-
tion of Ni-8YSZ cermet at intermediate temperature. The creep
behaviour has been investigated in the SOFC operating temper-
atures and for loadings which correspond to the internal stresses
in anode due to the cell manufacturing process (~20MPa at
800°C).!3 A creep mechanism has been proposed for the stud-
ied conditions, through the local stress acting on each phase of
the composite. Finally, the impact of the measured creep strain
rates on stress relaxation in SOFCs has been also assessed for
the ASC design.

Creep measurements were conducted using four-point bend-
ing test.2? It can be noticed that the flexural test does not require
specific machining and clamping, and thus, it allows overcom-
ing several drawbacks encountered with other mechanical tests.
Furthermore, the bending test is especially well adapted to the
geometry of SOFC electrodes or electrolyte membranes.> How-
ever, it is worth underlining that some difficulties arise in the
bending creep test.>* Conversely to the uniaxial creep tensile
test, the stress is non homogeneous and, furthermore, its distri-
bution in the beam evolves with time. As a consequence, it is
not straightforward to obtain a relationship between the strain
rate and the applied loading. In the frame of this article, a semi-
analytical formulation has been proposed in order to exploit the
experimental creep curves assuming a stabilised regime. This
domain is reached after a time which depends non-explicitly on
the studied creep material parameters. Thus, once those param-
eters are identified, it is necessary to check the validity of the
semi-analytical formulation by a Finite Element (FE) analysis.
All this points constitutes a methodology which is presented in
the article.

2. Experimental procedure
2.1. Material and samples preparation

Experiments have been conducted using commercial SOFC
anode supports!® supplied by the Forschungszentrum Jiilich
(FZJ) research centre. As received, the material is constituted of
56 wt.% NiO and 44 wt.% 8YSZ (ZrO; stabilized with 8 mol%
Y;03). Rectangular specimens with nominal dimensions of
7mm x 40mm and 1 mm thick were prepared by laser cut-
ting (Fig. 1). It can be noticed that edges of the samples were
slightly polished to remove the zone thermally affected by the
preparation.

Before testing, specimens were heated up to 7=800°C at a
rate of 5 °C min~! under (2%H, + Ar). They were maintained at
these temperature and atmosphere conditions during 48 hours in
order to achieve the complete reduction of NiO into Ni. This pro-
cedure has been qualified by RX diffraction spectra indicating
that all the Ni species are present under metallic form after the
reduction treatment. Cermet open porosity was determined by
Archimedes’ method and is equal to ~27% in the fully oxidised
state and ~43% in the reduced state.
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Fig. 1. Geometry of the four-point bending test and system of coordinated used for the modelling (dimensions are given in mm).

2.2. Description of the flexural creep testing

Specimens were loaded in a four-point bending setup. The
spacing of the outer bearings was fixed to L =20 mm whereas the
span between the inner ones was adjusted to a = 10 mm (Fig. 1).
Creep tests were carried out within the temperature range of
700-850 °C. The furnace was heated at 5 °C min~! up to the test-
ing temperature, and its chamber was swept under (2%H; + Ar)
flux in order to preserve the cermet in its Ni-8 YSZ reduced state.

Specimens were loaded at a high rate until to reach the tar-
geted stress for creep experiments. During this initial loading,
the beam deflection was controlled to 300 um min~!. It has been
checked that, under this condition, the behaviour of the specimen
remains purely linear and reversible during the initial loading.
Creep experiments were then conducted by applying a constant
load 2P, corresponding to an initial maximum stress in the outer
fibre of the specimen ranging between 8.5 and 23.0 MPa. Note
that these stress levels are evaluated by the linear beam theory,

and are expressed by the following expression>:

My . bh? L—a
Y —— with I =—andM; =P
21 12 2

max __

ey

where My is the bending moment and / is the moment of inertia,
which depends on the beam width b and thickness 4.

The applied load 2P was controlled with a high resolution
force transducer (£0.1 N). Specimen deflection was measured
during the creep test. For this purpose, the displacement of
the central point of the beam was recorded by using a high-
temperature extensometer with a resolution of +0.5 um. The
extensometer consisted in an alumina rod associated to an LVDT
sensor placed in a cooled zone of the furnace. The extensometer
was designed in such way that its stiffness was much lower than
the tested specimen.

It is worth noting that all the creep experiments have been
performed under reducing atmosphere. Indeed, this condition is
representative of SOFC operation. Moreover, it has to be keep-
ing in mind that the oxidised NiO-YSZ cermet presents a purely
elastic behaviour in the conditions investigated in this work (i.e.
at T=800 °C and low stresses). This claim has been checked in
the present study: as expected, it has been found that no creep
strain has been recorded at 800 °C under an oxidizing condi-

tion (air) when the cermet is submitted to an applied load of
2P=9.3N (o™ = 20 MPa).

3. Basic relations for the creep parameters identification
3.1. Analytical formulation in the stabilised regime

An analytical formulation is proposed here to determine the
creep parameters from the experiments. Hollenberg et al.?? have
initially proposed a 2D analytical calculation of the four-point
bending creep test assuming the plane stress condition. Based
on this initial approach, the modelling has been generalised here
to the plane strain hypothesis. A detailed description of the
analysis is provided in Appendix A. The main hypothesis are
summarised here after. The primary creep is neglected and the
material behaviour is considered to be identical in compression
and in traction. For the stationary creep regime, the inelastic
strain rate deP!/dt is supposed to follow the classical power law
(or Norton’s) model:
deP!

— =Axo"
dt

where T is the temperature, Q the apparent activation energy for

creep and n the stress exponent. The term &”’ denotes the creep

strain whereas o corresponds to the applied stress for a homo-

geneous and uni-axial loading. The pre-exponential constant B

depends on the material microstructure.

When applied for the bending creep test, the power law model
leads to the following expression for the stress component o
calculated at a distance & of the neutral axis (with £=—y: see
system of coordinate in Fig. 1):

with A = B x e~ ¢/RT )

gl/n x Mf
I

ox(8) = 3

h (2n+1)/n
;)

with I,l:2b><L>< (7
n+1

where [, is defined as the “complex” moment of inertia, which
depends in this case on the beam dimensions (i.e. beam width
b and thickness h) but also on the stress exponent n. Relation
(3) stands for describing the stress profile for both the plane
stress analysis and the plane strain approximation. This relation
has been stated assuming that the elastic strain is constant (see
Appendix A). As a consequence, Eq. (3) corresponds to the
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stationary solution of the flexural creep problem, and then, is
fulfilled after a sufficient duration of creep test:

Forn=1,itcanbe noticed that Eq. (3) reduces to alinear stress
profile identical to the result established in elasticity. However,
for n higher than unity, the stress profile along the beam thickness
becomes non linear. As a consequence, a transient evolution
appears from the initial linear stress profile, which is obtained
at short times where elastic strains are dominant, to the non-
linear profile established for long times. This transition always
occurs in flexural creep test (for n>1) even if the condition
of a “secondary creep” regime (characterised by the power law
creep) is fulfilled. The materials parameter of Norton’s law has to
be identified considering only data obtained after this transition
has occurred. This point will be checked in the Section 4.3 by
using the creep data obtained in Section 4.1.

For the stationary regime, it is demonstrated in
Appendix A that the shape of the deflected beam depends of
the applied loading 2P according to the following equations:

(4a)

y(x) = —J(@) x (Iﬁ)nxf(x) for xe [L;a.L+a}

2

Y(x) = —J (1) x (g)n x A(x) for xe [0; L ;a] U [L ;a;L] (4b)
where the I and A functions depend on the stress exponent n and
the spacing between the inner and outer bearings a and L. Their
expressions are given in Appendix A. The term J(#) contains the
time-dependence on strain and is expressed from the power law
creep model:

J(t) = A x t + constant  For plane stress (5a)

(n+1)/2
J@t)=A x (4) X t + constant  For plane strain (5b)

Plotting in logarithmic scale the beam deflection rate, & ,
) =12

versus the applied loading on one bearing P allows determining
the creep parameters n and A. It can be noticed that a substan-
tial difference can arise for the determination of A whether the
plane stress or plane strain conditions are considered for the
experimental results analysis. According to the tested specimen
geometry, the real stress state ranges between these two con-
ditions. Therefore, it is proposed to weight the pre-exponent
constant A according to the following mixture law:

A=wxX Aplanestrain +(1 —w) x Aplanestress (6)

Aplanestress corresponds to the pre-exponent constant obtained
by fitting the experimental data by using Eqgs. (4) and (5a) in
plane stress condition, whereas AP/ s1¢in i obtained by using
Egs. (4) and (5b) considering the plane strain assumption.

3.2. Determination of the weighting parameter @

A 3D finite element analysis of the creep test has been carried
out in order to determine which approximation (plane stress or
plane stain analysis) is more suited for the exploitation of the
flexural test. The material data used for the computation are
summarised in Table 1. The reported value for Young’s modulus

0.1
§ o008 —-.
L 0.06

0/ \
V \

0 0.2 0.4 0.6 0.8 1

o.(t=0,0)/
=]

f=1
f=3
]

Position along the normalized axis ¢ =2z/b

Fig.2. Theterm f(¢) = o.(t, {)/o? lane strain ;o plotted along the normalized axis
¢ =2/b along the beam width. fis calculated at t=0 and for x=L/2 and y = —h/2

max,r=0 __

(see system of coordinate in Fig. 1, Applied loading 2P = 7N (o
15 MPa)).

has been measured in the present study by recording the elastic
slope during the initial specimen loading. It can be noticed that
this value is also consistent with the Young’s modulus obtained
on the FZJ Ni-8YSZ cermet by using a four-point bending test
bench.?’

An adimensional parameter fhas been defined to quantify the
local beam stress state.

Uz(t» ;)

plane strain
0z

f©) = with = (7)

fis defined as the ratio of the simulated stress o, to the bound

) s . .
value o' """ which is given analytically by the plane strain
plane strain .

condition. At t=0, the term oy is equal to the value

obtained in elasticity (= vo). For 1> 0, 67" ™" tends to o,/2
(see detail in Appendix A).

Along an axis parallel to the beam width, the parameter f
increases from the plane stress value on the beam edge (f=0),
and tends to the plane strain value on the beam centre (f=1). A
typical evolution of falong the beam width is illustrated at =0
in Fig. 2.

This ratio fis integrated along the normalised beam width to
obtain a mean value:

=1
}":/ %d;with;: g(atx:L/Zandy:—h/Z) 8)
;=0 Oz

It is found that f increases slowly from 5.1% in case of pure
elasticity (at #=0) to an asymptotic value equal to 7.3% for the
steady-state creep (at t=200h). This result implies that only a
small volume of the specimen is submitted to the plane strain
condition, the other part being loaded in a state close to the plane
stress condition. From this result, it has been proposed to take
w=0.073.
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Table 1
Data used for the simulations.

Elastic parameters

Constant of the creep power law®

Young’s modulus at 800 °C E (GPa)

Poisson ratio v

Stress exponent n Pre-exponent constant A (s~! MPa™")

Ni-8YSZ cermet (reduced state) 29 27

0.29 28 1.7

2.64 x 10711

2 Data obtained in the present study.
4. Experimental results and data analysis

4.1. Creep curves: identification of the pre-exponent
constant A and stress exponent n

Typical evolution of the beam deflection Ay,-;/» obtained
during the creep experiments is illustrated in Fig. 3 at 800 °C.
Specimens exhibit substantial deformations even for low applied
loadings. A transient regime is clearly observed for times lower
than 20h and could be reasonability ascribed to the primary
creep domain. This regime is followed by an inelastic flow char-
acterised by a nearly constant slope in the experimental curve.
It corresponds to the steady-state or “secondary creep” domain.
It is worth underlying that these experimental results prove that
non negligible creep deformation of Ni-YSZ cermet arise in
SOFC operating condition: the beam deflection after 100h is
two times higher than the value obtained for an elastic behaviour.

Experimental raw creep curves need to be processed before
identifying both A and n parameters of the Norton’s law. For this
purpose, time-derivation of the experimental curves has been
performed numerically to compute the beam deflection rate.
Steady-state creep rates have been considered to be achieved
for time extending beyond 7= 35 h. This threshold allows avoid-
ing the primary creep regime. It will be checked in Section 4.3
that this time is also sufficient to ensure that stresses are quasi-
stabilised allowing that relations (3), (4) and (5) are fullfilled.

Fig. 4a and b shows the stationary beam deflection rates

dy

o )x:L /2,1>35h
arithmic coordinates at 800 °C and 750 °C. The experimental

data have been fitted by a linear regression in order to identify

versus the applied loadings P plotted in log-
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N
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Fig. 3. Illustration of beam deflections plotted as a function of time. The deflec-
tions have been recorded during the bend creep test under a range of stresses at
800°C.

the creep parameters according to the procedure presented in
the previous modelling section. Creep effective pre-exponent A
and stress exponent n are tabulated for both 750 °C and 800 °C
temperatures (Table 2). It can be noticed that stress exponents
determined here are just slightly higher than unity (n=1.1-1.7).
This result indicates that creep of Ni-YSZ cermet is consistent
with a mechanism involving a diffusional process.?’

4.2. Effect of temperature: identification of activation
energy Q

Creep curves were measured for temperatures ranging from
700 °C to 850 °C on specimens submitted to an applied load of
2P =8N (o™ =0 — 17 MPa) (Fig. 5). It can be noticed that the
sample tested at 850 °C has broken for a creep time of ~95h.

(a) T=800°C

-15 T T : r
2 ﬁ; | /
o]
= E 15,5
.S L
= A-16
Q o
< g /
- L
CQE %\‘Q 165 A,/
= i
NS

-17

0,6 0,8 1 1,2 1,4
Ln {Applied loading P (N)}
(b) T=750°C
— -15 T T T

2 _"é I
«
S E 155
e =
6 = - /
é’ 2 16 2
CH r
g2 r
S &s
2" -16,5
= L
S|

-17

0,8 1 1,2 1,4

Ln {Applied loading P (N)}

Fig. 4. Stationary beam deflection rate %) plotted as a function of

x=L/2,t>35 h
the applied loading on one bearing P in logarithmic coordinate at 800 °C. The
solid line corresponds to the least-squares fit to experimental data: 7=800 °C;
T=750°C.
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Table 2

Creep parameters of the power law model determined by four-point bending test on Ni-YSZ cermet (reduced state).

Temperature Pre-exponent A (s~! MPa™") Stress exponent n Activation energy Q (kJ mol~!)
T=750°C 7.2 x 1071 1.1 -
T=800°C 2.6x 1071 1.7 -
700°C <T<850°C - - 115
700 15
‘= 600 50°C | 10
i;:; O | 850°C ‘J At =95 hrs
S 500 = = s At =0
%lt // E (Steady stress given by Eq. (3))
o 400 e =
2 / &0
E |
= f = i
3 v -5 (Elastic response)
g 200 o —
= |
100
700°C .15 i i i ) ‘ i H
0 ] | 05 -04 -03 -02 -01 0 01 02 03 04 05

0 20 40 60 80 100 120 140 160
Time (hours)

Fig. 5. Effect of temperature on creep behaviour of Ni-YSZ cermet. The creep
data have been measured for temperature ranging from 700 °C to 850 °C under
an applied loading 2P =8N (¢ '=" = 17 MPa).

However, this time remains sufficient to identify a stabilised
value of the beam deflection rate. As represented in Fig. 6, the
ay

stationary beam deflection rates 3 are plotted in

)x:L/2,tz35h
logarithmic coordinate as a function of the inverse temperature

1/T. In this Arrhenius-type plot, the experimental data exhibit a
linear behaviour. The slope obtained from a linear fit provides
according to Eq. (2) the activation energy for creep deformation.
The value of Q=115kJ mol~! is obtained.

4.3. Determination of time for the stress stabilisation

As mentioned in Section 4.1, the time required for stress sta-
bilisation can now be evaluated considering the identified creep

221
g 7 B\
g : \\
= 4 A
) g
= 3
g & ) \
< ]
Cqé) -23 AN
f=)
5 \A

24

0.85 0.90 0.95 1.00 1.05
1000 / T(K)
Fig. 6. Stationary beam deflection rate %) versus the inverse of
x=L/2,1=35 h

temperature 1000/7 in logarithmic coordinate.

Position along the symmetrical axis y (mm)

Fig. 7. Simulated stress o(f) plotted along the symmetrical axis of the beam
(x=L/2, plane stress). The profiles depend on time and are compared to the sta-
bilised stress at = oo given by Eq. (3). (Applied loading 2P = TN(¢™™'=0 =
15 MPa)).

parameters. Simulations have been performed to assess this time
necessary to reach the stress steady-state. The numerical anal-
ysis has been restricted to a 2D simulation assuming the plane
stress state for the (x 0 y) cross section of the beam (i.e. o, =0).

Fig. 7 shows the evolution with time of the o (?) stress com-
ponent plotted along the symmetrical axis of the beam (i.e. for
x=L/2). Profiles range from the elastic solution at =0 to the
plastic one corresponding to the steady-state described by Eq.
(3) att=00. It can be noticed that the difference between the two
bounded solutions at #=0 and 7 = oo are slight, meaning that the
mechanical response of the specimen is not strongly impacted
by the stress redistribution during the creep test.

In order to quantify the degree of stress stabilisation, a param-
eter (7) has been defined as followed:

y=—h/2
W) with A, = / ox(dy (x = L/2) 9)
t=00 ¥

=0

) = (

where A;=, corresponds to the steady stress integrated along the
beam height:

E=h/2 El/n « M n Me /R0
Ao = / ! g = i ()
&

=0 In n+1 I 2
(x=L/2, &§=-y) (10)

The parameter () is plotted as a function of time in Fig. 8: it
decreases during the test and tends to O when the steady state is
fully reached. This evolution allows determining a criterion on
stress stabilisation defined for () < 10 %. This criterion leads
to identify the creep parameters on the experimental measure-
ments only for time ¢#> 34 h, as assumed in Section 4.1.
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Fig. 8. The parameter g() is plotted as a function of time. Expression of g(7)
is provided by Eqs. (9) and (10). () is calculated with stress profiles of Fig. 7.

5. Discussion
5.1. Mechanism of Ni-YSZ creep deformation

5.1.1. Phase controlling the cermet creep strain

The studied cermet is composed by both Ni and 8 YSZ phases
which are entangled together. The metallic component perco-
lates since the composite is a good electric conductor. It has
been also checked in the present study that the ceramic particles
are sintered into a percolating network: the Ni component has
been removed from the composite by its dissolution into HNO3.
The strength of the obtained highly porous ceramic backbone
(as shown in Fig. 9) has been assessed to ~5 MPa at 7=800 °C
in a flexural test rig. This result means that 8§YSZ particles are
connected to each other and constitute a mechanically stable
network. As a consequence, the creep deformation of the Ni-
YSZ composite is liable to be controlled either by the ceramic
or metallic phases or both.

Fig. 9. Surface of 8YSZ network examined with a scanning electron microscope
(SEM) after dissolution of the Ni phase in the Ni-8YSZ cermet. The complete
Ni dissolution into HNO3 has been checked by weight measurements before and
after the acid attack.

Scanning electron microscope (SEM) examinations of speci-
men have been carried out after the creep test. The observations
have revealed the absence of internal cracks into the cermet. As a
consequence, inelastic deformations in each phase are involved
in the resulting macroscopic strain of the composite.

In order to estimate the Ni and 8YSZ creep strain rates,
the local stress oj,cq acting on the solid backbone has to be
determined. This stress level can be estimated from the macro-
Scopic stress oy, applied on the cermet according to a simple
geometrical model'330:

Oappl
1 — (/4)(6e/m)*/3 an

Olocal =

where ¢ denotes the cermet porosity. Then, from this resulting
stress supposed to act identically on both Ni and YSZ networks,
an estimation of the creep deformation of each phase is proposed
by using creep laws relevant for each material (Ni and YSZ):
In the condition of this study, Ni creep mechanism is based
on diffusional flow of vacancies.?' Vacancies can diffuse either
through the bulk of crystallographic grains (Nabarro—Herring
creep) or along the grains boundaries (Coble creep). Both mech-
anisms are thermally activated mechanism and are combined
into the following expression®2333* which provides the uni-

axial creep strain rate de% /dt:

i i Ni
d‘c"]’iﬁ — 14D;VIUIOCHIQNi TCSNi D_gl; (12)
dt deNi2 dni DlNi

where k denotes the Boltzmann’s constant, §2; the atomic vol-
ume, dy; the grain size and Jy; the effective grain boundary
thickness. DQZ and DIN " correspond to the diffusion coefficients
respectively along the grain boundaries (Coble creep) or through
the grain lattice (Nabarro—Herring creep). The diffusion coef-

ficients depend on the temperature according to an Arrhenius
law3234:

Ni
Ni Ni Ql Ni Ni
Dl T — DO,ll X exp <_ﬁ> and ngl = Do’fgb

Ni
X exp (—%) (13)

where Dy and Q are respectively a frequency factor and activa-
tion energy for the appropriate diffusion process.

In the range of the considered operating conditions, creep of
8YSZ is controlled by the migration of Zr** cations which are to
the slower diffusing specie in the compound.?>-38 The uni-axial
high-temperature plastic strain rate dsgisz /dt is a combination
of Coble and Nabarro—Herring creep processes”” :
dsngZ —-93 Dlgyszalocalb3 143 688ﬂ DEZSZ

a7 deSYS22 " dgysz D?YSZ

(14)

where b denotes the Burgers vector. The temperature depen-
dence of lattice and grain boundaries diffusion coefficients
DISY 5Z and DEZSZ are also expressed according to an Arrhenius
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Fig. 10. Plot of creep strain rate versus the applied stress at 800 °C for Ni-8YSZ
cermet, Ni and 8YSZ phases of the composite studied here. Data measured for
8YSZ plasma-sprayed coating at 800 °C under air are added for comparison. '

law?30:
8YSZ 8YSZ QZSYSZ 8YSZ 8YSZ
QEZSZ
x exp | — 15
p ( RT (15)

In Fig. 10, several creep strain rates have been plotted as a
function of the applied stress o, by considering an uni-axial
tensile test at 800 °C. The deformation of Ni and 8YSZ phases
have been calculated considering the set of Eqs. (11)—(15).
Parameters values required for the numerical analysis are listed
in Table 3. The Ni-YSZ cermet curve has been added by using
the creep parameters measured in the present study (see Table 2).

As shown in Fig. 10, deformation of Ni phase is found to
be much higher than the cermet one. This result indicates than
Ni phase does not limit the deformation of the composite. Con-
versely, creep strain rate of 8YSZ phase is found to be in the
same order than as the cermet one. This last result means that
the ceramic matrix controls the creep behaviour of the Ni-8YSZ
cermet.

Data measured on 8YSZ plasma-sprayed coating at 800 °C'8
have been added in Fig. 10. The creep rate is found to be roughly
in the same range than the one obtained for the present cermet. As
a consequence, this comparison reinforces the claim that creep
deformation of the cermet is controlled by the 8YSZ material.
However, a slight discrepancy in creep behaviour can be noticed
between the cermet and the 8YSZ plasma-sprayed coating. This
could be explained by the difference in microstructures (induced
by different manufacturing methods). For instance, porosity of
the plasma-sprayed coatings (~10%) is substantially lower than
the cermet one (~43%).

5.1.2. Mechanism of porous 8YSZ creep

As shown in Fig. 10, the creep rate of the cermet is found
to be slightly higher than the calculated deformation of 8YSZ
matrix. This “accelerated” creep rate could be explained by the
experimental reducing atmosphere required to keep the cermet

in its reduced state (and which is representative of SOFC oper-
ation). Indeed, as shown by Zhu et al.!®, this condition tends
to increase the creep rates of porous 8YSZ. The authors have
proposed to ascribe this phenomenon to an enhancement of the
metal cation interstitial diffusion.

Ni-8YSZ creep activation energy measured in this work
(=115kJmol™") is found to be substantially lower than
monolithic 8YSZ activation energy for both Nabarro—Herring
(ngYSZ = 460 or 440kJ mol ! 36’40) and Coble creep processes
(QgZSZ =309kJ mol~! 39, Conversely, Ni-8YSZ cermet
creep activation energy is found to match with the values
measured on porous 8YSZ and 7YSZ plasma-sprayed coat-
ings: Q812 — 104 or 190kI mol~! 1920 Q7¥5Z _ 134 or

plasma plasma
114 kJ mol~! #1:42 Tt is worth underlining that these last reported
values for plasma coatings have been measured in the same
temperature range than the one considered in the present
study (800°C < T<1100°C). Zhu et al.' and Withney et al.*!
have proposed an explanation to this low activation energy:
creep deformation of porous 8YSZ plasma-sprayed coatings
at T< 1100°C could be controlled by a Zr** surface diffusion,
while bulk diffusion would be dominant for higher temperatures.
This suggestion can be reasonably extended to the creep defor-
mation of ceramic phase into the cermet. Indeed, as already
mentioned, both plasma coating and cermet materials present
similar creep activation energy. Moreover, this conclusion is
consistent with the study carried out by Erk et al.**> on 7YSZ.
These authors have shown that surface diffusion is the dominant
mass transport mechanism in YSZ at relatively low temperature
(T'<1000°C), whereas Zr** volume diffusion become active
for higher temperatures (7> 1200 °C).

5.2. Impact of creep behaviour on SOFC internal stresses

It has been shown in the present study that Ni-8YSZ com-
posite can exhibit a substantially creep deformation as soon as
the temperature reaches 700 °C. This high-temperature plastic
behaviour could have a strong influence on the SOFC mechani-
cal robustness.

5.2.1. ASC configuration

In the case of ASC design, cell manufacturing induces inter-
nal stress within the cell layers. The thin electrolyte is subjected
to a high compressive bi-axial stress which is balanced by a ten-
sile component in the Ni-8YSZ substrate.!>!3 Relaxation of the
cell internal stresses could occur in operation since the Ni-8YSZ
creep strain is likely to arise at the SOFC operating tempera-
ture. In order to estimate this risk, finite element computations
have been carried out at 800 °C considering a circular half cell
(constituted by a thick Ni-8YSZ anode associated with a thin
and dense electrolyte of 8YSZ: see cell dimensions in Table 4).
Stress calculation can be divided according to the three following
steps:

(i) Manufacturing stresses'3: Internal stresses are computed
after the cell cooling from the sintering temperature
(T'=1350°C) down to operating temperature (7=800 °C).



Table 3

J. Laurencin et al. / Journal of the European Ceramic Society 31 (2011) 1741-1752

Coble and Nabarro—Herring creep parameters for monolithic Ni and 8YSZ materials.

1749

Frequency factor
for lattice

Activation energy
for lattice

Atomic volume £2
(m?)

Burger’s vector b

(m)

diffusion Dy ; diffusion Q;
(m?s~h) (kJmol~1)
Nickel 1.9 x 10743 284 34 1.09 x 10729 34 -
8YSZ 22x107336 460 36 - 2.57 x 1071039
Frequency factor Activation energy Effective Grain size d (m)
for GB diffusion for GB diffusion boundary
Dogp (m?s71) Qgb (KImol 1) thickness § (m)
Nickel 5.0 x 1076 34 11534 7.0 x 10710 4 1.0x 10762
8YSZ 1.5x 10733 309 36 1.0 x 1079 36 1.0x 10762
a Typical value for SOFC Ni-YSZ composite®!.
Table 4
Geometry and elastic parameters of the simulated half cell.
Half cell geometry Elastic parameters
Diameter (mm) Layer thickness (pm) Young’s modulus £ (MPa) Poisson ratio v TEC?* (K1)
Oxidised anode (NiO-8YSZ) 25 1000 68 27 0.29 28 12.5°
Reduced anode (Ni-8YSZ) 25 1000 2927 02928 12528
Electrolyte (8YSZ) 25 10 21628 0311728 10.8%4

? Thermal expansion coefficient.
b Assumed to be equivalent to Ni-8YSZ.

Stresses arise because of the mismatch in thermal expan-
sion coefficients (TECs) between cell layers. The cermet
has to be considered in its oxidised state during this manu-
facturing step. Therefore, simulations have been performed
considering a purely elastic behaviour for each cell layer (it
is reminded that no creep has been recorded in the present
study when the cermet is in its NiO-YSZ oxidised state).

(ii) Stresses after reduction'3: The second step is devoted to the
cermet reduction under an Hy atmosphere. Stresses modi-
fication is assumed to be induced by the decrease of cermet
Young’s modulus (Table 4).

(iii) Stress relaxation by cermet creep strain: Stress evolution
in time due to the cermet creep at the SOFC operating
temperature has been computed by implementing the power
law model in the software (with the parameters values given
in Table 2).

A detailed description of the methodology to simulate cell
stresses after manufacturing and cermet reduction can be found
in Ref.!3 Simulations have been carried out with the elastic
parameters provided in Table 4. Fig. 11 shows the modifications
of the electrolyte bi-axial stress taken in the middle of the cell.
Since reduction of anode leads to a very slight decrease in the
stress level (Ao pi-axial = 35 MPa), electrolyte remains submitted
to a favourable high compression after the treatment. It can be
noticed that this simulated result is in good agreement with stress
measurements carried out by Fischer et al.!! on the same kind of
cell. However, as illustrated in Fig. 11, cermet creep strain could
involve a high stress decrease into the electrolyte. For instance, it
is found that the electrolyte compression is two times lower after

an operating duration of ~500h at T=800 °C. This significant
electrolyte stress relaxation could be detrimental regarding to
its robustness. Cell ‘redox’ tolerance will be especially reduced
since cermet re-oxidation induces a high tensile component in
the thin electrolyte.’

5.2.2. ESC configuration

In the case of electrolyte supported cell (ESC) design, the Ni
re-oxidation under an air stream induces a bulk cermet expan-
sion which leads to a very high compressive stress in the thin
cermet layer.'? This stress level is only partially decreased after
a second reduction under a hydrogen flow. Therefore, the cer-

-260 Opi-aria ~258 MPa,
Cermet in its oxidised state (=0 hrs)

Ci-aiai~ 223 MPa,
Cermet in its reduced state (=0 hrs)

N

210 .

AN

| 71=800°C

N

-160 ~

AN

Electrolyte bi-axial stress oy, .., (MPa)

-110
0 100 200 300 400 500

Time (hours)

Fig. 11. Simulated electrolyte bi-axial stress at 800 °C (i) after manufacturing,
(ii) after the cermet reduction and (iii) plotted as a function of time in operation at
800 °C under hydrogen. The stress has been taken in the middle of the electrolyte.
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met “redox” cycles induces a large compressive loading of this
layer. An experimental study® has been carried out on the effect
of these “redox’ cycles. It has been shown that a large irre-
versible deformation of the cermet layer arises as soon as the
cermet is subjected to a few number of “redox” cycles. It has
been proposed that this phenomenon could be ascribed to a stress
relaxation caused by the material plastic strain. Although the
microstructure of a thin cermet layer is rather different of the
studied thick substrate, these experimental observations can be
reasonably considered to be consistent with the cermet creep
properties measured in this work.

6. Conclusion

A methodology has been proposed in this study to investi-
gate the creep properties of porous Ni-8YSZ cermet. The creep
experiments have been conducted under reducing atmosphere at
the SOFC operating temperature. Specimens have been loaded
in a four-point bending test bench. The level of stress has been
chosen in such way that it is representative for SOFC applica-
tion. The creep parameters have been identified according to the
experimental results in the frame of an analytical and numerical
formulation of the mechanical test.

It has been highlighted that Ni-8YSZ exhibits substan-
tial creep strain rates even at relative low temperatures. The
creep exponent has been found to be just slightly higher than
unity (1 <n<2) suggesting that the creep mechanism has to be
ascribed to a diffusional process.

The deformation of both phases of the composite has been
estimated through the local stress acting on the cermet particles.
This analysis has shown that the metallic phase does not limit the
deformation of the cermet which seems to be rather controlled
by the creep strain of the 8YSZ network. The cermet creep acti-
vation energy has been determined to Q=115kJ mol~!. This
value is lower than the ones corresponding to the volume or grain
boundary diffusion of Zr** cations in 8YSZ material. An expla-
nation might be that cermet creep is controlled by the cations
diffusion in surface rather than in the bulk of the 8YSZ material.

Internal stresses in SOFC have been simulated in operation
considering the usual ASC design. It has been shown that cermet
creep strain can induce a substantial stress decrease in the thin
electrolyte: the compressive stress which tends to protect this
layer is predicted to be divided by a factor two after only ~500 h
of operation at 7=800 °C.
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Appendix A. Modelling of the bending creep test
A.l. General assumption

Hollenberg et al.?? have initially proposed an analytical mod-
elling of the bending creep test considering the plane stress
condition. This work has been generalised here to the plane strain
condition. It is assumed that compression creep is symmetrical
with respect to tension creep. This hypothesis means that the
neutral axis remains in coincidence with the central axis of the
beam.?* The reliability of this assumption has been checked
for a porous plasma-sprayed YSZ material’®: at low stresses
and temperatures (800-1000 °C), the authors have recorded no
significant displacement of the neutral axis. This result can be
reasonably extended to the Ni-YSZ cermet behaviour since its
creep deformation is controlled by the YSZ phase.

The viscous plastic strain rate daf}l /dt is expressed as a func-
tion of the plastic potential €2 as follows:

el o
dt - 80[]

(AD)

The generalisation to the power law model for a 3D repre-
sentation is done by using the Von Mises criterion. The potential
2 is then expressed as a function of the Von Mises equivalent
stress oyy = +/3/2s;js;j (Where s;; denotes the deviatoric part

of the stress tensor) 26,

A {GVM }n+1 (A2)

Q2= M
n+10U A

By introducing Eq. (A2) into (A1), the plastic strain rate is
also given by:

[
dej; doyy
] n
—L = A(o A3
o (ovm) 901, (A3)
It can be noticed that

(3GVM/3S,:/') = (3/(4GVM)) X (3(Sl:js,:/')/3s,'j) = (3/2)(Szjj/UVM)
and (0s;j/d0;) = 1. Eq. (A3) can then be written as follows:

ds”

ij —1
o =§A(GVM)" Sij

(A4)

It is assumed the existence of a steady-state creep (involving
that stresses are time independent). This hypothesis means that
the elastic strain rates dsf}’” /dt are equal to zero. Therefore, the
total strain rates def]”-’ /dt correspond to the plastic ones:

glot

ij —1
= —A(oym)"™ 'sij

a2 (A5)

A.2. Stresses calculation

A.2.1. Determination of o, in plane strain condition
The system of coordinates considered for the present analysis
is described in Fig. 1. In plane stress assumption, o is equal to
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zero. In plane strain condition, the elastics deformation eil‘” is

transformed into a plastic one, meaning that:

de? ! . dsﬁlas
e~ dt
The first term of this equation is given by Eq. (A4) and
the second term derived from the Hook’s relations (with oy =

0and o, = imposed = ds /dt = (1/E)(do/dt)):

(A6)

Ox 2 2 (n—1)/2 1 do,
(0:-F) x @+ ot -0 = — e x T
In the steady state (do,/df) =0 and according to the previous
expression, the out of plane stress component o, becomes equal

to:

(AT)

o, = % (steady state solution) (A8)
Before reaching this asymptotic value, some transient stress
states will occur. They can be determined by solving the differ-
ential Eq. (A7).
For instance, for n=1: o,(t)=(1/2)o,+ (v — (1/2)) X 0
x exp( — AEY), and for n=2:

\/Z 1 ‘\/? Oy

—— X |Argsh -

30, 4 (0, — (0x/2))
\/? 1

—Argsh | |\/>————| || = AE:
| 4 (v—(1/2))

A.2.2. Determination of oy
Egs. (AS5) and (A8) can be used to express the longitudinal

beam strain &'’

g = J(1) x (oy)" with J(¢)

At + constant  inplane stress  (a)

= 3\ (++D/2 (A9)
A (4) t 4 constant inplanestrain (b)

The term £%”" is also linked to the beam curvature p(r) accord-

ing to glotale — (&/p(1)) (with £ =—y). The stress can then be

X
expressed as follows:

%_ 1/n
) (A10)
p(1) x J(1)

The bending moment My = [ _+hh//22 & x 0x(&) x bdE canbe cal-
culated as a function of J(#) and p(?):

]n n h Q2n+1)/n
Mf=7lwithln=2b>< X(f)
[p(t) x J()]V/" n+1 2

where I, is defined as the “complex” moment of inertia. The
stress o is finally given by introducing Eq. (A9) into Eq. (A11):

ox(§) = (

(All)

é_—l/n X Mf

ox(§) = 7

(A12)

A.3. Beam deflection

The geometrical relation 1/p = (d*y/dx?) is introduced in Eq.
(A12) and leads to the following equation:

d? L\
ey _ J(@) x _n
dx? My

Between the inner bearings (i.e. x € [(L—a)/2;(L+a)/2]),
the bending moment is constant: My=(P x (L—a)/2).
Between the outer and inner  bearings (e
xe[0;(L—a)2]U[(L+a)/2;L]), the bending moment is
equal to My=P xx. Eq. (Al3) can then be integrated by
considering the three following boundary conditions:

(A13)

(i) y=0forx=0,
(i) 2 =0forx=L/2,
(iii)) The slop of the beam must be continuous under the inner

bearings: %)x:(%r = ‘%’)x:(%), for x=(L — a)/2.

Finally, the shape of the beam deflection is given by:

(Alda)

y(x) = —J(@) x (ﬁ)n x I'(x) for xe [

L—a L+a]
I

2 72

y(x) = —=J() x (IE) x A(x)forx e [O;

n

L;“} U [L;”’;L} (A14b)

with:
_(L—a\" KL L—a (na—1L)
F(x)—( 7 ) ><|:<—2+2x)+ 5 X(4(n+2)):| (Al5a)

L—a\" a 1 L—a X2
2 )X(§+n+1 2 )Xx_(n+l)(n+2) (A15b)
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