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Thickness control (8–80 �m)
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bstract

ip-coated suspensions were used for preparing YSZ layers on both dense and porous substrates. The microstructure of the as-obtained thick films
as studied by varying the characteristics of the organic YSZ suspensions (concentration, viscosity, etc.) used as coating bath. The thickness and

he microstructure of the films were found to depend on the YSZ powder content and on the polymeric sol/dispersant solution (EtOH–MEK) ratio
f the suspensions. The porosity created in the films depends on the rm ratio, e.g., the volume fraction of polymeric chains in the green layers.

inally, a comparison of the film thickness on dense and porous substrates showed that films prepared on porous substrates tend to exhibit higher

hicknesses.
Accordingly, YSZ ceramic films with thickness varying in between 8 and 80 �m were prepared.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

A lower operating temperature (<700 ◦C) for solid oxide fuel
ells (SOFCs) enables high temperature steels to be used as inter-
onnect materials, which significantly decreases the cost of the
ell, and increases the reliability of SOFC stacks.1–6 However,
he major drawback in decreasing the working temperature is
hat it greatly decreases the performance of the other cell com-
onents, especially the electrolyte.

Current SOFC development focuses on the research of new
lectrolyte materials exhibiting better ionic conductivity than
he conventional yttria-stabilized zirconia (YSZ) at intermedi-
te temperatures.7 However, a thin film concept for electrode-
upported designs based on the well-known YSZ is more promis-
ng, even though it has a lower ionic conductivity than other new
aterials. Keeping yttria-stabilized zirconia as electrolyte mate-
ial, the electrolyte membrane should be as thin as possible in
rder to have ohmic losses in a cell at a tolerable level but thick
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nough to maintain gas tightness and avoid pin-holes. Among
he other advantages of using thin electrolytes are the reduced

aterials costs and the improved fuel cell characteristics.8 In
node supported SOFCs, good cell performances including
imelife and power density were obtained with 10–20 �m YSZ
lectrolytes.9–11

So far, various thin film deposition methods have been used
n the fabrication of electrolytes for intermediate temperature
OFC such as electrochemical vapor deposition (EVD),12 phys-

cal vapor deposition (PVD),13 vacuum plasma spraying,14 tape-
asting,15 screen-printing,16 and spray pyrolisis.17 However, the
ol–gel process method has seldom been applied for SOFC tech-
ology. The dip-coating of sol or gel is a coating technology
hat has the potential to produce thin (0.1–1 �m) and gas-tight
crack-free) ceramic layers on dense substrates.18–22 However, it
s difficult to prepare gas-tight film on a porous substrate, even by
sing multiple layer technology. In this work, a suspension made
f sol and particles was investigated in order to increase the film
hickness. To our knowledge, only few studies of the use of sus-

ensions with the dip-coating technique have been presented to
repare films with a controlled thickness. Xia et al.23 reported the
se of YSZ powders in ethanol as dip-coated suspensions for the
reparation of yttria-stabilized zirconia membranes on porous
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ubstrates. Their YSZ powders were obtained via a soft chem-
stry route, namely coprecipitation. However, the films exhibit
ow thickness and cracks. A multilayer process was considered
n order to prevent cracks and to obtain higher thickness. Some
uthors also mentioned the use of hybrid sol/powder systems
o impregnate honeycomb.24 The advantage of using a hybrid
ystem is to limit the sol infiltration into the support pores while
chieving satisfactory loading. These results are mostly corre-
ated to the combination of the properties of the sols and the
owders.

In this study, we develop a sol–gel-based strategy for the
roduction of YSZ thick films with controlled thickness. Our
pproach to synthesize these films is based on the formulation of
he dip-coated suspensions. These suspensions are obtained by

ixing optimized slurries for tape casting and polymeric sol for
ip-coating. A well-dispersed suspension of polymeric sol and
eramic particles was achieved by particles surface modifica-
ion, which is very important in order to get homogeneous thick
lms. Upon mixing the two solutions (polymeric sol and YSZ
ispersed in ethanol/methylethylcetone (60/40) (EtOH–MEK)
zeotropic solution), a flocculation of particles with polymer
ccurs via electrostatic attraction and/or steric effect. Compared
ith common methods used to prepare thick films, our strategy
as several advantages among which the fact that the forma-
ion of flocculated suspensions makes it possible to deposit the
uspension via the dip-coating process on YSZ dense or porous
ubstrates and to obtain homogeneous films. The morphology of
he films, their porosity as well as their thickness, can be read-
ly adjusted by changing the volume ratio of polymeric sol to
tOH–MEK solution and the powder content in the suspensions.

. Experimental

.1. Materials

Yttria-stabilized zirconia (8 mol% yttria cubic zirconia crys-
als) powders (TOSOH, Co) with an average particles size of
0 nm were used as materials in the experiments. The disper-
ant was commercial MELIORAN®, anionic surfactant (CECA
rance, Archema Group, viscosity: 30–35 mPa s). Two differ-
nt substrates, with different microstructure and composition
ere used for the YSZ films synthesis. NiO–YSZ Cermets
anufactured by InDEC,BV Company, Holland, were used as

orous substrates. These substrates present pore sizes varying
etween 200 nm and 5 �m and an open porosity of ≈15%. YSZ
eramic pellets manufactured by LEPMI, INPG, Grenoble of
mm thick × 20 mm diameter were used as dense substrates. In
rder to get good adhesion on the YSZ ceramics, the substrates
ere first polished down to an average roughness of 10 nm.

.2. Formulation of the suspensions and processing for YSZ
lms
YSZ thick films were prepared by dip-coating both porous or
ense substrates in the suspension. The YSZ powder was first
ispersed in EtOH–MEK (60–40) azeotropic mixtures by using a
ommercial dispersant (MELIORAN®). This dispersive solvent

s
t

s
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nd dispersant were chosen according to Chartier’s work on the
ormulation of slurries for tape-casting process.25–27 In order to
btain a homogeneous suspension, 2.5% in weight of dispersant
ompared to YSZ powder was first dispersed in the azeotropic
ixture and then powder (>20% in weight) was added under

onstant magnetic stirring. Attempts to synthesize suspensions
sing YSZ/MEK–EtOH solution had shown that no film was
ormed on the YSZ substrates using the dip-coating technique.28

A polymeric matrix may then be introduced to the suspension
n order to obtain suitable wettability and viscosity (>5 mPa s),
nd then formation of uniform film. The polymeric solution
as obtained from polycondensation reactions between hexam-

thylenetetramine (HMTA) and acetylacetone (Acac) in acetic
cid. The molar ration between HMTA and Acac was 1:1.
he viscosity of the polymeric matrix was adjusted by heat-

ng (∼70 ◦C, under constant stirring) and was kept constant to
0 mPa s. Preliminary investigations had shown that the state
f dispersion of powders in this new mixture is affected by the
rder of introduction of the different additives.28 Accordingly,
his polymeric matrix was first added to the azeotrope media in
hich YSZ powders were first well dispersed by using Melioran

s dispersant. The mixing of both solutions was then achieved
y vigorous magnetic stirring during a couple of hours. Previous
ttempts had shown that in order to obtain films with a thickness
uperior to 1 �m, the powder content must be superior to 20%
n weight. Lower powder content gave rise to film’s thickness of
0–150 nm. This is mostly correlated to the low viscosity of the
uspension for this powder loading (5 mPa s).

The rheological behavior of the dip-coated suspensions (YSZ
owder/polymeric sol/MEK–EtOH solution) was then studied
nd it was shown to depend on the powder content and the volu-
etric ratio of polymeric sol/ azeotropic EtOH–MEK, so-called

m. The number of polymeric chains in these dip-coated suspen-
ions is correlated to the rm ratio. In the flowchart of Fig. 1 are
eported the key points of the synthesis process.

A withdrawal speed of 1.2 cm min−1 was used to prepare the
lms. After the dip-coating process, the YSZ films were dried at
00 ◦C and were then finally heated to the desired temperature
1300 ◦C) by using a ramp of 2 ◦C min−1, kept at this temper-
ture for 6 h and then allowed to cool to ambient temperature.
hermal treatments were performed in air. Preliminary experi-
ents had shown that the drying rate of the as-prepared films

ffects the cracks number and morphology. The lower drying
ate conduces to the formation of fewer cracks.27 Accordingly,
mbient temperature drying was first used for the as-prepared
lms.

.3. Characterization

.3.1. Rheology
A rheometer (Rheomat-115) was used to determine rheolog-

cal properties of all suspensions at 25 ◦C. Each suspension was
ubjected to an increasing shear rate from 5 to 1000 s−1 with a

peed varying in the range of 5 to 780 min−1. The shear rate was
hen subsequently reduced to 5 s−1.

Apparent viscosity of sols was measured with a rotating-
pindle viscometer (Tve-05). The shear stress was 66.5 s−1.
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Fig. 1. Schematic of the YSZ dip

he apparent viscosity of sols was measured at this shear stress
ecause it represents the conditions, which are reached at the
nterface suspension/substrate during the dip-coating process.

.3.2. Sedimentation tests
Sedimentation tests were performed by pouring 50 mL of a

iven suspension into a 50 mL graduated Pyrex glass cylinder.
ediment heights were recorded after 72 h. In a typical suspen-
ion, 10 g of YSZ powder was first dispersed in EtOH–MEK
olution and the polymeric sol was then added to it. The vol-
metric ratio between the polymeric sol and the EtOH–MEK
olution (rm) varied between 0.05 and 0.5.
.3.3. Characterization of films
Thick films with different microstructures were prepared by

sing different powders content and rm ratio.

3

p

d suspensions used in this work.

XRD analysis was performed in order to confirm that the
rocessing (heating, dip-coated process) has no influence on the
rystallographic structure of the YSZ powders. Siemens D501
quipment was used for collecting X-rays diffraction data. The
u K� lines were used as a source.

Scanning electron microscopy (SEM) (JEOL-JSM6400) was
sed to investigate the morphology evolution of the as-deposited
lms after heat-treatment. The YSZ powder morphology was
lso determined from SEM analyses.

. Results and discussion
.1. Films on dense substrates

The microstructure of the films is highly dependent on the
roperties of the starting materials and the suspension prop-
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Fig. 2. Flow curves for organic YSZ suspension, 30 wt%.

rties, such as apparent viscosity, volume ratio of ceramic
owders/polymeric sol and the volume ratio between the poly-
eric sol and the EtOH–MEK solution (rm ratio). In order to

et uniform films with this process, a key point is to prepare
ell-dispersed suspension of both particles and polymeric sol,
therwise pre-agglomeration of the powders produces films hav-
ng cracks and high roughness.

.1.1. Influence of the rm ratio on the rheological behavior
f the suspensions and the film microstructure

This study has been performed on concentrated YSZ suspen-
ions (powder content of 30 wt.%) with different rm ratios. Fig. 2
hows the flow curves at 25 ◦C (shear stress versus shear rate)
f a typical suspension.

As shown, the suspension exhibits a viscoplastic behavior.
he experimental data were adjusted to the described model
sing the following relationship: τ = Aγ1−n + τmin, where A, n,
nd τmin are constants, τ is the shear stress (Pa) and γ is the shear
ate (s−1) (Eq. (1)). A is expressed in Pa s−1 as viscosity, τmin
epresents the threshold stress for liquid flow and n is charac-
eristic of the difference between a newtonian and a viscoplastic
heological behavior. The viscoplastic behavior observed might
e explained by the flocculation of particles in the suspensions,
hich is caused by nanoparticle-polymeric chains interactions.

ndeed, the shear thinning flow behavior suggests that the flocu-
ated particles in the suspensions were broken down into smaller

ow units by the applied force during the rheological tests.

The corresponding rheological parameters of the model (A,
, and τmin) obtained from suspensions of different rm ratios are
ummarized in Table 1.

able 1
and τmin values as function of the rm ratio

m ratio 0 0.05 0.1 0.3 0.5

min 0.51 2.64 1.79 0.98 0.82
4 7 17 31 30
0.12 0.08 0.18 0.23 0.25

n

v
f

T
S
t

r

S

ig. 3. Apparent viscosity variations as function of the rm ratio at constant shear
ate = 66.5 s−1, for YSZ slurry, 30 wt.%.

As the rm ratio increases, n increases while τmin decreases.
his indicates an increase of the floculated unit size. In paral-

el, the ability to break these flocculates increases, so that the
esistance to flow was reduced, leading to a lower τmin. In fact,
olymeric chains and dispersed YSZ powders interact with each
ther to form a relatively flexible and coherent “network”.

Measurements of the apparent slurry viscosity as a function of
he rm ratio at constant shear rates (66.5 s−1) have shown a strong
ncrease of the viscosity for low rm ratio and an asymptotic
iscosity variation in the range of rm [0.05–0.5] (Fig. 3). Such a
heological behavior is comparable to the evolution of τmin with
m. This indicates that for low shear rates, the apparent viscosity
s governed by the hardness of the polymeric/particles network.

The interaction between polymeric chains and particles is
onfirmed by sedimentation experiments on YSZ powders sus-
ensions. The effect of the rm ratio on the sedimentation height of
he organic YSZ suspensions for time = 72 h is shown in Table 2.
or rm = 0 (suspensions without polymeric chains), a very high
egree of dispersion is reached and no sediment was formed
fter 72 h. For polymeric suspensions, the results show that the
ediment height or the settling time increases with the rm ratio.
his behavior indicates that some of the polymeric chains are
resent in the sediment and therefore that the polymeric chains
re involved in the formation of the flocculates.

This rheological study has shown that our particulates floccu-
ated and that flocculates correspond to a mixture between par-
icles and polymeric chains. In our work, this specific situation,
ormation of a polymeric chains—solid particles “network”, is
uitable for making homogeneous films with a controlled thick-
ess.
YSZ thick films are synthesized using suspensions with rm
arying from 0.5 to 0.05. The SEM micrographs of YSZ films
or rm ratio at 0.05 and 0.5, respectively is shown in Fig. 4. The

able 2
edimentation height of organic YSZ suspensions as a function of the rm ratio,

ime = 72 h

m ratio 0 0.05 0.2 0.5

ediment height (mL) No sediment 9.5 12 15
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Fig. 4. Scanning electron micrographs of YSZ films heat-treated a

lms are continuous and homogeneous whatever the rm ratio
sed in the suspensions. Fig. 4 shows that the films are porous
hatever the rm ratio. Their porosity is correlated to the presence
f polymeric chains in the dip-coated suspensions. Nevertheless,
he microstructure (film thickness and porosity) is sensitive to
he rm ratio. High rm ratio in dip-coated suspensions corresponds
o thinner green films with high volume fraction of polymeric
hains. This is why thinner films still have porosity.

Note that for rm = 0, no value is reported on the graph because
f the inhomogeneity in the films that made the film thickness
valuation impossible. This particular point corresponds to a
uspension without any polymer solution.

The evolution of the thickness as a function of the rm ratio is
escribed by a decreasing asymptotic function, shown in Fig. 5.
ne can see that the evolution of the layer thickness as a function
f the rm ratio presents similarities with the evolution of the
pparent viscosity of the suspension (or shearing stress τmin).

Thus, for an identical powder content in the suspensions, it is
ossible to reach films with different thicknesses and microstruc-
ure by changing the amount of polymeric chains in the suspen-
ions.
.1.2. Study of the powder content
The powder content in the suspensions is optimized in order to

ncrease the film density. Note that changing the powder content
n the YSZ suspension modifies, of course, the film thickness.

ig. 5. Film thickness as a function of rm ratio for 30 wt.% YSZ in the suspen-
ions.
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◦C in air for 2 h from slurries with rm = 0.05 (a) and rm = 0.5 (b).

he SEM images of the cross-sectional view of YSZ films sin-
ered at 1000 ◦C for 2 h for 60, 35, and 20 wt.% powder contents
re shown in Fig. 6. The thickness of the films evolves with the
owder content, and the cross-section microstructure remains
he same whatever the thickness of the film. The film thickness
as then determined from these data. Its evolution as a func-

ion of the powder content in the suspensions for rm = 0.25 is
eported in Fig. 7a. No linear variation of the film thickness
ith a coefficient of about 1.8 with a correlation factor R2 of
.9991 according to the following equation:

= KexpT%1.8 (1)

here h represents the film thickness, Kexp an experimental con-
tant including the viscosity of the dip-coated solution, their
ensity, the withdrawal speed and, T% the powder content in
he dip-coated suspension. Note that the viscosity of the dip-
oated solution had been previously studied. It had been shown
hat the films’ thickness evolves as a function of the powder
ontent inside the dip-coated solution. This behavior is compa-
able to the evolution of the films’ thickness as a function of the
owder content.

The increase in the film thickness with the powder content,
anging from 0 to 60%, is correlated to the apparent viscosity
f the suspensions for a shear rate of 66.5 s−1. In the studied
ange, the apparent viscosity of the suspension as a function of
he powder content is reported in Fig. 7b, it follows a power
unction with a coefficient of 1.2:

= K1T%1.2 (2)

ith a correlation factor R2 of 0.9996, where T% is the powder
ontent, η the viscosity of the suspension and K1 an experimental
onstant.

This increase in the apparent viscosity with the powder con-
ent can be related to two phenomena: the strong influence
f the flocculated network or a stronger network due to an
ncrease in the interactions between particulates and polymeric
hains.

In the Landau and Levich law,29 the authors showed that the
lm thickness (h0) is a balance of three forces: the forces of

ravity, the viscous drag force and the capillary force. In this
ase, the thickness of the film (h, �m) is proportional to the vis-
osity η (mPa s−1), the surface tension (σ, mJ m−2), the density
f the coating bath (ρ, g cm−3), the substrate speed withdrawal
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Fig. 6. Scanning electron micrographs of YSZ films heat-treated at 1300 ◦C in air for 2 h from dip-coated suspensions having different powder content: (a) 60 wt.%,
(b) 35 wt.%, and (c) 20 wt.%.
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Fig. 7. Evolution of the film thickness (a) and apparent viscosity

U, cm min−1), and the acceleration (g, N Pa) due to gravity:

= K2

(
ηU

σ

)1/6(
ηU

ρg

)1/2

(3)

urthermore, considering that the density and the surface tension
re independent on the powder content in the suspensions, in this
tudy, the Landau and Levich law can be written as follows:

= K3T%η2/3 (4)

y combining Eqs. (2) and (4), one can note that for these exper-

ments, the Landau and Levich law seems to be respected29 since
he power function coefficient of Eq. (1) is confirmed. This result
ndicates that for a constant withdrawal speed, the viscosity of
he suspension mostly governs the film thickness.

v
s
c
t

Fig. 8. SEM micrographs of films on porous s
a function of the powder content in the dip-coated suspensions.

.2. Coatings on porous substrates

Thick films of YSZ were also prepared on porous substrates,
iO–YSZ cermets. The cross-section of YSZ thick films syn-

hesized from suspensions with 30% powder content and with
arious rm is shown in Fig. 8. The films are homogeneous.
owever, comparisons between the film thickness on dense and
orous substrates show that porous substrates generate higher
hicknesses than their dense counterparts (Fig. 9). The films
btained for low rm present a large number of cracks and, in
ome cases, a layers pilling phenomenon can be observed. In
ontrast, the films obtained for high rm are homogeneous and
o not present cracks. In order to understand the formation of
racks, we have checked the morphology of films calcined at

arious temperatures (not shown here). Those experiments have
hown that cracks appear at high temperature, 600 ◦C and are
orrelated to the films’ thickness. The thinner the films, the lower
he number of cracks. This result suggests that cracks in the

ubstrates: (a) rm = 0.08 and (b) rm = 0.5.
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ig. 9. Evolution of the film thickness as function of the rm ratio for: (a) porous
nd (b) dense substrates. Powder content in the suspension of 50 wt.%.

lms are mostly due to the decomposition of organics in the
s-prepared films for porous substrates. Indeed, the higher the
eposited film thickness, the higher the organic content in the
lms (even if the volume fraction of polymeric chains in the
reen films decrease with the thickness). That is why cracks
annot be suppressed during the heat-treatment step because of
he high-level of the organic content.

The influence of the powder content in the suspensions, on
he film thickness has been studied. As was the case for dense
ubstrates, their thickness increases with the powder content
n the suspensions. Nevertheless, this evolution is more rapid
or porous substrates and cannot be described by the Lan-
au and Levich law. An additional capillarity effect caused
y the infiltration of a part of the suspension into the sub-
trates pores may explain why thicker films are formed on
orous substrate and why the Landau and Levich law is not
espected.

The processing technique used in this work enables us to
ynthesize homogeneous films with a controlled thickness. The
hickness can vary in the range of 8–80 �m. Nevertheless, films
re still porous even after changing rm and powder content
n the dip-coated suspensions. However, this characteristic
as to be optimized in order to be able to use this process
n the manufacturing of gas-tight electrolytes for SOFC
evices.

. Conclusion

Thick porous YSZ films were deposited on dense and porous
ubstrates by the dip-coating technology. This technique was
hosen because it is a simple and low cost technology to coat
lanar or three-dimensional surface, which can be further used

or industrial applications. A suspension composed of solvent,
owder and polymeric sols was dip-coated on both porous and
ense substrates. The thickness of the coating was adjusted by
he powder content in the suspensions and the fraction of poly-

2

2
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eric chains added (rm ratio). The as-synthesized films were
omogeneous and crack-free after heat treatment at 1300 ◦C in
ir. However, whatever the rm ratio, the sintered films have pores.
he thickness obtained so far varies between 8 and 80 �m. The
ajor parameters affecting the film’s microstructure are the pow-

er content and the rm ratio.
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