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Abstract

This work explores experimental procedures for 4zgeet proton conducting ceramic fuel cells (PCF&da on
Yttrium-doped Barium Cerate (BCY10). The work ised on several years experience on aqueous tatyegcas
applied to the shaping of YSZ-based SOFC: howevater-based tape casting of BCY10 appeared to be
impracticable for reasons associated with the bagicity of this material that results in rapid hylglsis when

in contact with water. Organic tape casting wasetoge developed for BCY10, but only on Electrolyte
(BCY10)/Anode (BCY10 + NiO) half cells since uprtow no cathode material is available. Planar 20 mm
diameter circular half-cells were obtained with #ie of a small load on top of the bi-layer to cmubalance the
inevitable warping of the samples. Back-scattelell &nd X-Ray computer-controlled microtomography
showed sedimentation of some large grains in thergtapes which are believed to have formed by a
mechanism associated with a porosity gradient. @i imodelled the deformation that occurs durintesimg
taking into account the elastic, thermal, viscotasind sintering components of the total deforomat2D and
3D Finite Element numerical simulations showed thatdriving force for the deformation is assoaiatéth

this porosity gradient.

Keywords: PCFC, protonic conductor, tape-castingtesing, microtomography.

1. Introduction

Solid Oxide Fuel Cells (SOFC) are promising powemearating systems which are currently

based on anionic solid conductors, mostly Yttriabized Zirconia (YSZ). The operating



temperature of YSZ-based SOFC is usually high @ ®0) in order to reach the highest
anionic conduction performance. Operating SOFQel sin elevated temperature gives
significant advantages (chemical stability with @ CQ, direct CH feeding, etc...), but
also has severe drawbacks associated with mechéailoee of components and chemical
instabilities during ageing and cycling. Theseidiffties can be significantly diminished if
the operating temperature is reduced to 600 °G0-"C. To compensate for the loss of
conductivity associated with the temperature dtap, main avenues have been considered:
enhance the oxygen ion conductivity by increasimgion mobility by heterovalent doping
with oxygen conductors such as Ceria, and/or byedeing the electrolyte ohmic loss by
reducing its thickness. However, another challeggiiternative has been recently proposed
in which the classical mechanism of oxygen conaucis replaced by the conduction of
protons (H). Though materials exhibiting protonic conductiomostly perovskites — have
been known for at least two decades, it is onlemédg that they have been considered for the
electrolyte in Proton Conduction Fuel Cells (PCH&hong all the perovskite based proton
conductors, 10% Yttria-substituted BaGdBCY10) is widely studied for its high level of
protonic conduction below 700 °C under hydrogenfanater-containing atmospheres 10
S cmi' at 600 °C under wet hydrogen). Based on our egpeei on the shaping of classical
SOFC, we propose in the present work to apply alagtethe tape casting techniques to the
case of PCFC.

2. General considerations on tape casting and preliminary

work

2.1. General considerations on tape casting.

Tape casting is a well-known low cost process &amic material shaping, particularly well-
suited for the fabrication of thin (20 um up to 30@) flat components. It can be used to
produce a wide variety of controlled morphologfesm highly porous to fully dense
microstructures. Starting powders of different masucan be incorporated and mixed in the
slurry, and tape casting offers also the very ugadgbibility of stacking green tapes to obtain
a multilayered final product. For a given powdége sintering behaviour of green tapes, and
hence their final microstructure, depends on th@ngement, dispersion and homogeneity of
the starting ceramic powder particles in the sllitly As a consequence, the slurry
formulation is the most crucial step in the shagnocess. Generally, the slurry is composed
of a mixture of several organic and inorganic comqus. The organic components are

usually the binder, the dispersant, the plastidi2zgrthe solvent in the case of organic tape
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casting, and possibly some other additives likdingiagents, defoamers, or pore formers if
porosity is desired in the final microstructure. Therganic compounds include the ceramic
powders to be shaped, sintering additives, andeet the solvent for agueous tape casting.
All the organic components remain in the green &ffer drying. Since they are removed
when heated at elevated temperature, they giveaigeres, which cannot always be
eliminated during the sintering treatment. Consatjygthe ratio of the amount of powder
and organic compounds, and hence the final fornomatf the slurry, must be fine-tuned in
order to tailor the final microstructure. Amongse tslurry characteristics, the stability is of
utmost importance. Polarization interactions maketplace at the solid-liquid interface,
interactions whose intensity governs the slurrpiitg [1]. Consequently, the value of the
dielectric constant of the liquid determines thersi stability, and hence the choice of
solvent, which in turn determines the choice otladi other additives. The other forces acting
on the particles in the slurry are gravity, whig@pdnds on the particles mass (and indirectly
size), and the attractive Van der Waals interactiosch promote flocculation and act
against the stability of the slurry. On the othemdhahermal agitation, electrostatic and steric
repulsive forces promote the dispersion of theiglag and therefore increase the stability of
the slurry. The role of the dispersant agent isipedy to enhance the intensity of these
dispersive forces. The second important slurryattaristic is the viscosity, which
determines the viability of the process to caseqgr@pes. The slurry viscosity varies as a
function of the amount of solvent per unit voluritaieeds to be precisely adjusted to allow

for a good dispersion of the powder as well asafoefficient dissolution of the binder.

2.2. Preliminary work on the aqueoustape casting of SOFC.
We have applied routinely water-based tape castistpape SOFC single cells in a single

operation [3]. The starting materials were thedwihg:

. Electrolyte: YSZ (TZ8-Y, Tosoh),
. Anode: porous Ni-YSZ cermet NiO (Ni precursoN, Novamet A Type),
. Cathode: composite YSZ- §.&St.2.0MNnOs 5 (LSM, Rhodia).

The slurry composition for each layer was adjusteobtain the same shrinkage for the three
components of the cell; the thickness of the st tvas adjusted so that the thermo-
mechanical stresses were minimized during thersigiéreatment following Timoshenko’s

bilayer model [4]. The slurries composition wasdzhen the following chemicals:



. Water/sodium alginate in the ratio (100:1) asdbeple solvent/binder,
. Dispersant: Dolapix ET85,
. Macro pore-former when needed: acrylic polymer.

Slurries for the electrodes and for the electrolytee cast separately, with appropriate
thickness, on a glass support. Green tapes wenetitained by a chemical gelation of the
alginate through the complexation of?Cins in the presence of a CaGblution. The three
different green-tapes were then cut and stacketyt@in a full green single cell. The three-
layer stacks obtained in this way were then drietavben two hydrophilic honeycomb
supports at 70 °C so that the water could be desispmmetrically from the two surfaces to
avoid any warping of the stack. The activation ggef the drying process proved to
correspond to the extraction of water by capilliarges instead of a mechanism based on the
evaporation of water [3]. After the drying was cdated, the stacks were placed between two
Mullite alveolar supports, whose weight was suéfitito maintain the flatness of the cell, but
small enough to allow for the cell shrinkage duriihg sintering heat treatment (Fig. 1). Two-
inch flat SOFC single cells with high quality inieres between electrolyte and electrodes
were routinely obtained (Fig. 2). Green stacks mbsiously be sintered at a common
temperature, which was determined to be 1350 “@liircase; unfortunately, this temperature
led to a significant level of reactivity between 87 and LSM, and hence to the appearance
of highly resistive pyrochlore phases at interfaoetsveen the electrolyte and the cathode
material, which strongly impaired the anionic cornteuity [3,5]. To overcome this problem,

we have developed a sequential organic tape campipgpach to cast the cathode layer on top
of a sintered Anode/Electrolyte half-cell prepabgtthe process described above. It is to be
noted here that, owing to surface tension consiiers water-based tape casting does not
lend itself to the successful deposit of a layetamof an already sintered material. With this
method the cathode could be heat-treated at a l@ngyerature (1200 °C for 1 hour), well
below the temperature where reactivity with YSZwsc Consequently, high quality
interfaces between cathode and electrolyte coulubbened (Fig. 3), with no detectable

electrically resistive phases.

3. Experimental

3.1. General considerations on proton conducting materials.
ABO; perovskites based on BaCe@ SrCeQ@ have demonstrated high proton conduction

performances. They are being considered for uskeesayte materials for Proton



Conducting Fuel Cells (PCFC). The partial substitubf the B-site cation (¢8 by an
aliovalent cation (such as’¥j creates oxygen vacancies in the oxygen atom tsigielaDue to
the difference of electronegativity between catiand anions of the perovskite, th& O
sublattice exhibits a strong basic behaviour. Asrsequence, Oanions associated with
vacancies react with water vapour to create protdefects (Equation 1), which are

responsible for the protonic conduction.
H,0 + Vg +0% = 2(0Hy) (1)

Among all of these promising materials, BaG# 0.1003s (BCY10) has been identified by
most researchers as exhibiting one of the highesompic conductivity at 600 °C (10S cm®
under wet hydrogen). In this study, we proposesmthis material as the electrolyte of a
PCFC. Since there is no specific cathode matesradPCFC available up to now, this work
focusses on how tape casting and co-sintering earséd for the fabrication of
Anode/Electrolyte half-cells (symmetrical or ndtpllowing what is classically done for
SOFC, the anode here is made of a mixture of Nicdnide electrolyte material, with the
three anode components (Ni, BCY10 and porositygraed so that the volume fraction of

each is above the 3D percolation threshold.

3.2. Starting materials and composition of theslurries.
BCY10 was produced via a chemical route based afatexco-precipitation following

exactly the procedure described by Almeida de @div al. [6]. The as-calcined powder was

identified by X-Ray Diffraction (XRD) as being puB£Y10 (Fig. 4); it exhibits a specific
surface area of 2.31g™ (BET measurement), with a very anisotropic graiape (Fig. 5).

For the Anode cermet, a commercial NiO powder (MoetA type) has been chosen as the
Ni precursor. Water-based tape casting was noicgiypé for BCY10 shaping mainly for two

reasons:

. BCY10 exhibits a strong basic behaviour; sinegewis an amphoteric electrolyte, the

pH of such a suspension is quite high (Fig. 6), laydtolysis of the material occurs
rapidly;
. Tests suggested an adsorption of Alginate mddscat the surface of the powder,

which inhibits the possibility of using it to makegel.



Among all of the organic solvent/binder couples {2¢ have chosen the couple
Ethanol/PVB: it limits the toxicity of the slurriesd makes stable BCY10 suspensions rather
easily. The following products were used:

. Absolute Ethanol (Fisher Scientific),

. Poly(Vinyl Butyral) (PVB) (Acros Organics) asetvinder (and as a pore former in the
case of the anode),

. PolyEthylene Glycol-400 grade (PEG) (Fisher Bifie) as the plasticizer,

. Glycerol (Fisher Scientific) as an anti-adhesive

Table 1 gives the optimized composition for the d@@and Electrolyte slurries in regard to
the desired final microstructures (dense BYC10ppsranode with interconnected Ni
particles, BCY10 and network of pores) [7]. Slusrgere ball-milled for 4 hours prior to

casting in order to obtain an homogeneous suspensio

TABLE 1. Composition (in g) of optimized slurrigs iegards to the final microstructure.

Chemicals Anode / g Electrolyte / g
BCY10 2.5 6.0

NiO 2.7 -

Ethanol 4.5 4.8

PVB 2.0 0.60

PEG 0.70 0.30

Glycerol 0.45 -

3.3. Experimental proceduresfor tape casting.

Slurries were cast on a glass support coated Wyttepl to prevent the adhesion of the green
tapes. First a 500 um thick anode layer was cadt|edt twenty minutes at room temperature
for the drying process to start taking place. Tadrb0 um thick electrolyte layer was cast on
top of the anode tape. For the fabrication of sytnimbalf-cells, a second 500 pm thick
anode layer was cast on top of the electrolyter|again twenty minutes later. The stack of
green tapes was then dried at room temperatutevtohours before being cut into discs.
BaCeQ based perovskite reacts at high temperature (8 12pwith most of the materials
used as sintering supports £8k, ZrO,) [8-10]. Therefore, the sintering of BCY10 was mad
on a BCY10 powder layer. Figure 7 shows the opgaiigintering thermal treatment [7].



4. Results and Discussion

In the case of symmetrical half-cells, planar sawf about 20 mm in diameter were
obtained if they were sintered under a small, hgeneous load. The samples were crack
free, with a high quality of interface (Fig. 8 aRg). 9) [7]. In all the other cases, for anode or
electrolyte mono- and bi-layers, a strong curvatas systematically observed, with or
without a small load. Transmission Electron Miciasg (TEM) investigations (Energy
Dispersive X-Ray [EDX] analyses in Scanning Trarssian Electron Microscopy [STEM]
mode) coupled with XRD revealed the systematicammation of the BCY10 phase by NiO,
and suggest a B-site substitution of Ce atoms bgtdins [7]. The impact of the Ni-
contamination upon the protonic conduction is auttyeunder investigations. Microstructural
investigations, carried out by Scanning Electrorcigscopy (SEM) and X-Ray computer-
controlled Microtomography (ESRF, ID19 beamlinetha84 keV X-Ray energy, and a
spatial resolution of 0.56 um pixg| were carried out to understand the origin of| enre

for, the deformation of the samples during sinigrin

4.1. Characterization of the microstructure.

Interrupted sintering tests were conducted to Yolibe evolution of the porosity within the
samples during the thermal treatment. The poresity measured by image analysis on Back-
Scattered-SEM images on polished cross sectioresqiiintitative porosity measurements
gave evidence of the existence of a small porggagient in the z direction of the layers.
This porosity gradient was confirmed by X-ray congptdontrolled Microtomography
investigations on samples for different durationsiofering (Fig. 10 and 11), and was found
to be associated with a grain size gradient irsime z direction; the largest grains are found
at the bottom of the layer whereas the smallesblserved close to the opposite surface.
These observations suggest that a sedimentatioeggatarts to act from the moment the
tapes are cast until the green tapes are complitiely. The gradient of porosity is suspected
to be the driving force for the deformation dursigtering, the more dispersed the grain size
distribution the more severe the deformation. Thpdct of this small porosity gradient on the
curvature of the sintered samples has been appdach a phenomenological sintering
model that will be described below.

4.2. Modélling of the defor mation of the tapes during sintering.
During the sintering process the material is suteito irreversible deformations that occur

at high temperature. These deformations are theréi@rmally activated and closely linked
7



to the reduction of the porosity. The key-pointttg model is to describe how the evolution
of porosity influences the irreversible deformation.

The total deformation velocity of a sample duringexing can be written as follows
(Equation 2):

e Lth ,vp

. . s
e=¢g teg +eg

+e @

. .th .Vp
wheree represents the elastic deformation ratethe thermal deformation rate; the

.S
visco-plastic deformation rate ard the deformation rate due to the sintering.

4.2.1. Viscoplasticity deformation and creep.
In the case of porous materials, the viscoplastiordetion velocity can be described as

follows (Equation 3):

- VP oY oo
e =050 50 3)
whereV is the viscoplastic potential addthe plasticity threshold. To compute Equation 3,

an equivalent stress as a function of porositydieiined (Equation 4):

o = \[Cl)xoz +FOx(a)f @

Assuming no irreversible deformation, the directidrihe viscoplastic flow is given by

(Equation 5):

o o oG
= >N=——
=1 0G

(5)

The creep velocity can be described by a thernaaifivated Norton’s law (Equation 6):

. -Q
p=Sr=Ke T )

By combining Equation 6 and Equation 7 into EquaBothe general expression of the
viscoplastic deformation velocity is obtained (Etom 7):
« VP

-Q *
g =(L-f)KeRT (G*)n %

: s O



4.2.2. Shrinkage due to Sintering.

Sintering is assumed first to be isotropic. As asamuence the sintering deformation velocity
is a function of porosity and temperature. Assunarermally activated sintering process
and limiting the porosity corresponding to the nmaai compactness of the material, the

sintering deformation velocity can be describecbyation (Equation 8):

.S Q
e =-Aet (- )1 ®)

The sintering activation energy Q will be the saamsehe creep activation energy, assuming

that both phenomena are controlled by self-diffnsio

4.2.3. General equations for the material behaviour
The mechanical deformation velocity can be expkbyehe summation of a reversible and

an irreversible part (Equation 9):

.m .8 L irr
e =¢ teg (9)

The elastic deformation velocity can be describg#iboke’s law for a homogeneous and

isotropic material (Equation 10):

€
e =

u ()

'%g (10)

The irreversible part consists of the visco-pladgformation velocity and the sintering
deformation velocity (Equation 11):

oirr VP .S

€ =g +g (11)

Assuming that the density of the solid part of saenples did not change during the thermal
treatment, the velocity of the porosity reductiam de described by (Equation 12):

oirr

f=0-f)r ¢ (12)

Equations 4, 7, 8, 9, 10, 11 and 12 constitutesyiseem (Equations 13) to be resolved for
obtaining the full description of the evolutiontbe variables of the model in each point of

the mechanical system:
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e
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irr vp s

€ =g +¢

. oirr

\ f=@-f)tr ¢ (13)

4.2.4. Identification of the materials’ parametéos modelling.

The 2D and 3D microstructural investigations haveven the presence of a grain size
gradient along with a porosity gradient in the izdiion of our samples, the latter being a
consequence of the former. Clearly, a porosity igraédeading to a differential in the
sintering kinetics appears to be a good candiaatthé driving force for the observed
deformation/curvature of our sintered samples.€Bb this hypothesis, we have modelled the
deformation occurring during the sintering of tlaenples in these terms; the numerical
simulation is based on the software "ZéBuLoN", imeh the above general system of
Equation 13 has been implemented to describe #rentlrmechanical behaviour of the
system. The major goal of this study was to adapekperimental tape casting method to
proton conducting BCY-based ceramics. We did not ati fine-tuning and optimizing all the
parameters that have been incorporated in the mnaoglalather, by setting the mechanical
parameters to reasonable values drawn from thratlibee, and measuring quantitatively by
image analysis the evolution of the surface fractbpores in the z direction of cross-
sections of samples during sintering, we attempiealidate our hypothesis about the
gradient of porosity as the major driving force fl@formation, in order to correct our shaping
process accordingly. Table 2 describes the set@ipeters used for the Finite Element

modelling.

10



TABLE 2. Parameters set for finite element modellin

Parameters Co-sintered Electrolyte Anode
Young’s modulus E / MPa 154.103 [11] 154.103 [11]
Poisson’s coefficient v 0.30 0.30
Norton’s law pre-exponential factor oK 45563 [12] 45563 [12]
Norton’s law exponent coefficient n 1.1[12] 1.7]1
Activation Energy for the Norton’s law Q/kJ rifol 336 336
Pre-exponential factor for the sintering
_ _ Ao 2.106 2.106

deformation velocity
Function which depends on the porosity  C(f) 1.0 1.0
Function which depends on the porosity  F(f) 0 0
Sintering deformation velocity exponent

o 1.2 1.2
coefficient
Final porosity f® 0.19 0.34
Initial porosity 3 0.50 0.59

In particular, the elastic properties of the sq@lichse in the electrolyte (BCY10) and in the
anode (BCY10 + NiO) have been assumed to be the sarce it appeared that a full
calculation would have been difficult and anywayudhave shown a second order influence
on the deformation compared to the porosity gradiaraddition, this should not affect the
phenomenological description of the deformatiorn ih@ur primarily objective. Fig. 12 gives
the comparison between the experimental quaniibicaif the surface fraction of porosity

after interrupted sintering treatments and theesponding theoretical values given by the
model; considering the uncertainties relative ®pbrosity measurements, it is seen that there
is a reasonable agreement between the experimethtigls and the model, which is hence

sufficiently validated to describe the deformatimhaviour of our samples during sintering.

4.2.5. Finite Element modelling.

4.2.5.1. Influence of a porosity gradiefirst, we have investigated the influence of a

porosity gradient introduced in the electrolyteegréayer. Each layer has been numerically
divided into 4 sub-layers, which were attributed fame material parameters but different
values of the surface fraction of pores. Two calttahs were carried out, the first one taking
into account a porosity gradient in the electrglgied the second one with no porosity
gradient. In both cases the porosity in the anoae eonsidered homogeneouysarid f are

respectively the surface fraction of pores at thget of the sintering (green tapes) and at the

11



end of the sintering (sintered tapes). The ingraldient of porosity is defined by the values

taken by § within the electrolyte 4 sub-layers (see Tables@ 4).

TABLE 3. Numerical parameters for porosity for anole/Electrolyte bi-layer with a porosity

gradient.

Numerical layer Material layer o finitial) % (final) fo-f”
L8 Electrolyte 0.52 0.16 0.36
L7 Electrolyte 0.51 0.18 0.33
L6 Electrolyte 0.49 0.20 0.29
L5 Electrolyte 0.48 0.22 0.26
L4 Anode 0.59 0.34 0.25
L3 Anode 0.59 0.34 0.25
L2 Anode 0.59 0.34 0.25
L1 Anode 0.59 0.34 0.25

TABLE 4. Numerical parameters for porosity for anolle/Electrolyte bi-layer without porosity

gradient.

Numerical layer Material layer o finitial) % (final) fo-f”
L8 Electrolyte 0.50 0.19 0.31
L7 Electrolyte 0.50 0.19 0.31
L6 Electrolyte 0.50 0.19 0.31
L5 Electrolyte 0.50 0.19 0.31
L4 Anode 0.59 0.34 0.25
L3 Anode 0.59 0.34 0.25
L2 Anode 0.59 0.34 0.25
L1 Anode 0.59 0.34 0.25

The results of the calculations are given in FRjahd Fig. 14. It is seen that for the Anode-
Electrolyte bi-layer without porosity gradient witithe electrolyte, the deformation is very
small and is the consequence of a limited diffea¢stirinkage between the two layers during
the sintering (Fig. 13). When a gradient of posostintroduced within the electrolyte, the
sintering leads to a large deformation (Fig. 1épfeming the role of this gradient as the
major driving force for non-planar deformation agtwhen the materials shrink. The non-
planar deformation originating from the porositadient within the electrolyte, and hence

from the sedimentation of the largest particlehagreen tapes, is associated with a strong

12



scaling effect (see Fig. 15), which could be a mpjoblem for the fabrication of larger

diameter cells.

4.2.5.2. Influence of sintering kinetict the above calculations, the sintering behaviour

the two layers was assumed to be identical. Howéweould be reasonable to assume that
the sintering kinetics for the anode (NiO-BCY 10y dar the electrolyte (BCY10) are
different since the materials are different, whecimsequently should result in a specific
deformation due to this differential. To detecsthbifect, we have arbitrarily chosen to vary
the constant A(Table 2) in equation [8] from &= 4.106 for the electrolyte to,A 2.106 for
the anode, with no porosity gradient. The evolubdthe porosity during sintering was then
plotted, and it is seen that the velocity of thegsdy evolution is maximum at the beginning
of the sintering for both layers (Fig. 16), dimimisg thereafter until the end of the thermal
treatment where the residual deformation is vergls(fig. 17). The electrolyte sinters more
rapidly than the anode at the beginning of thentfagtreatment, whereas at the end the anode
catches up. This evolution of the curvature of-taper that we have modelled is consistent
with in-situ observations made by Ravi and Gre&) fih tape cast Alumina layers. It is

attributed to a difference of initial density iretlifferent layers.

4.2.5.3. Combination of a porosity gradient and $ihrdering kinetic-3D calculationThe

calculated deformation obtained when an experinhgnéalient of porosity is incorporated in
the numerical model was smaller than the experiadel@formation observed on our samples.
As already indicated, it is assumed that the ndimvoped materials parameters should lead to
a second order influence on the total deformatonthe other hand, we have also shown that
the model presented above (Eq. [13]) displaysréyfaonsistent behaviour and trend with
those of the real samples. Since 3D morphologybilities were experimentally observed on
sintered bi-layers (oscillations of the disks edgess suspected that a 2D calculation based
on the 2D axi-symmetrical hypothesis does not allsvio describe fully all the mechanisms
at work during sintering. Therefore a full 3D cdbtion has been carried out in an attempt to
simulate the amplitude of the deformation obsemedamples with a diameter of 10 mm.
The vertical deformation and displacement of theimee have been blocked on one side of
the sample to orientate the curvature. In that,dagecurvature of the sample has
significantly increased (Fig. 18) and appearedaanba good agreement with the
experimental deformation, in direction and amplgudhe stress maps at different moments

of the sintering (not shown here) indicate thatléwel of stress increases sharply up to a

13



maximum at the onset of the thermal treatment ksxatithe kinetics of the sintering, then
decreases until full relaxation of stresses ocatitie end of the sintering. This calculation
showed that the amplitude of the deformation isdoetxplained if a combined effect of a
porosity gradient and a differential in the simgrkinetics is taken into account. In addition,
owing to the high level of stress and deformatibtha onset of the sintering, it also gave
evidence that the use of a load on top of the sasnplorder to keep them planar during the
thermal treatment should systematically be detrialgn the sample integrity, either by
inducing a high level of stress by blocking theadtefation, or by giving rise to residual
stresses if relaxation by creep is not fully cortgade In either cases fracture should occur in

the edge vicinity, which is exactly what we have@tved experimentally in our samples.

4.2.6. Conclusion on the modelling.

The initial porosity gradient may explain the cuwra of the membranes after sintering. A
phenomenological model has been constructed inhndeformation of the specimen is
correlated to the evolution of the porosity. Thisdal couples the viscoplastic deformation
rate and the sintering deformation rate with thémetivation and porosity before and after
thermal treatment processing.

The parameter identification remains to be finestlexperimentally and theoretically, but we
obtained values in accordance with the literatwt@ch is sufficiently relevant to point out

the importance of the porosity gradient and hehedrtstability of the slurry that gave rise to
the sedimentation of the largest particles withie green tapes.

We observed that the porosity gradient due to ¢éaensentation of the largest particles in the
green tapes was responsible for the final curvattitee specimen. We also confirmed that
the phenomenon was scale dependent since the ute\adtthe membranes was larger at
higher values of their diameter.

The calculations showed that the curvature varigthd the process according to the
sintering kinetics of the different materials. Téfere the largest curvature occurred just after
the onset of sintering. This phenomenon has alrbaén reported on alumina membranes
with a porosity gradient.

Finally, the 3D calculation showed that the samptadd experience a higher curvature at the
end of an unconstrained treatment; although apgplgifoad on the samples during the
process would help to keep them planar, it woubdydwver, lead to residual stresses that give

rise to fracture as we observed during our experime
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5. Conclusions

Tape casting proved to be an efficient shapinggssevhen applied to SOFC or PCFC
devices. Whereas water-based tape casting canpliechpasily to YSZ-based SOFC, it
appeared to be impracticable for BCY10-based PQfeCause of a strong interaction of
BCY10 with water. Organic tape casting has beerld@ed specifically for BCY10; planar
symmetrical Anode/Electrolyte half-cells have bebtained, but single Anode/Electrolyte
bi-layers cannot be sintered without becoming sfipwarped. 2D and 3D microstructural
investigations (BSE-SEM and X-ray computed micradgnaphy) coupled with a
phenomenological model, have confirmed that a gradf porosity in the green tapes acted
as the driving force for curvature formation. Theiteé Element numerical simulation has also
demonstrated that sintering the bi-layer under elvaeical load to counterbalance the
deformation in the z direction was not viable. Ratlit seems that the solution to the problem
is to be found in a slurry formulation which avoitie sedimentation of the larger grains.
Therefore, it is concluded that the process shaséda narrow distribution grain size with a

more careful fine-tuning of the dispersant amouarthe slurry.
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Fig. 1 Sintering treatment of a single SOFC cell

Fig. 2 Fracture cross-section of a single SOFC cell abthvia tape-casting and co-sintering
(SEM)

Fig. 3 SEM on a fracture cross-section of the ElectroGéghode interface of a cell where the
cathode was deposited by organic tape casting

Fig. 4 X-Ray diffraction pattern of the as-calcined BCYji@wder

Fig. 5 SEM micrograph of a BCY10 particle

Fig. 6 pH of protonic ceramic powder suspensions in w@tethe ratio of 1:10) for different
BaCeQ and SrCe@based perovskites

Fig. 7 Thermal treatment for PCFC half-cells sintering

Fig. 8 SE-SEM observation of a fracture surface crosseseof a planar symmetrical half-
cell

Fig. 9 BSE-SEM observation of a fracture cross-sectiothefAnode/Electrolyte interface

Fig. 10 Tomography cross-section of an anode after remalvéle organic compounds (350

°C — 1 hour); largest ceramic patrticles are se¢heabottom (left)

Fig. 11 Tomography cross-section of an anode layer aftégring is completed (1450 °C —
24 hours); the largest ceramic particles are agg@m at the bottom (left) of the layer and the

porosity is not homogeneous in the thickness ofdier

Fig. 12 Comparison of experimental and numerical poraasty function of the thermal

annealing duration

Fig. 13 Finite Elements modelling of the curvature of amode/Electrolyte bi-layer without
any porosity gradient
16



Fig. 14 Finite Elements modelling of the curvature of amode/Electrolyte bi-layer with a

porosity gradient within the electrolyte layer

Fig. 15 Scale effect on the curvature (sample diametandb20 mm)

Fig. 16 Evolution of the sintering velocity for both anoaled electrolyte materials

Fig. 17 Influence of the sintering kinetics on the curvatduring sintering

Fig. 18 3D Finite Elements modelling of the curvature afi@tering at 1450 °C for 24 hours,
with the combined effect of a porosity gradient #mel sintering kinetics
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Fig. 13
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