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bstract
lumina films prepared by tape casting were sintered freely and under geometrical constraint at 1350 ◦C. The effect of film thickness on sintering
inetics and microstructure development was investigated. A decrease in film thickness in the constrained case leads to enhanced retardation of
ensification and increased orientation of anisometric pores.
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. Introduction

High hardness and inertness of ceramic materials make
hin coatings interesting for protection of substrate materials
gainst corrosion, oxidation and wear. However, achievement
f defect-free fully sintered ceramic films is still a challenge
f no accommodating viscous flow is present. All densification
akes place in the thickness direction and an in-plane biaxial
ensile stress develops which retards overall densification and

ay induce defects such as cracks or delamination.1 Still, only
imited research on the influence of the geometrical constraint
n the sintering kinetics and microstructure evolution of such
ayers has been done. Garino and Bowen2 proposed that films of
articles consolidated by solid-state sintering behave differently
rom films that sinter by viscous flow, and suggested that
icrostructural anisotropy arises in those films. Investigating

old circuit pastes, Choe et al.3 could not differentiate free from
onstrained sintered films by means of grain size measurements,
o that the observed densification retardation could not be
xplained by the grain coarsening argument. Our recent work4

evealed, however, that 20 �m thick alumina films produced by
ip coating show a continuous development of anisotropy in
he thickness plane. Pores become more anisometric with the

ong axis aligned along the thickness direction (normal to the
lane of the film). No influence of the constraining conditions
as observed on the mean grain size, but grains tend to become
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ore equiaxed in the constrained plane, presumably due to the
iaxial tensile stress state.

In the sense of the continuum mechanical description, a thin
lm is characterised by a negligible thickness compared with

he two other lateral dimensions.5–7 Under this assumption, the
ayer should be homogeneous across its thickness and the in-
lane tensile stresses constant whatever the distance from the
ubstrate may be. However, it is important to verify that real
lms meet these assumptions. The goal of the present study is

o manufacture ceramic films of different thicknesses on a stiff
ubstrate, to measure their shrinkage behaviour, to quantify any
nisotropy development in the microstructure and to assess any
radients through the thickness.

. Experimental procedure

Tape casting is a very successful method to process large area
omogeneous ceramic films.8 For the slurry processing, dried
lumina powder (TM-DAR, 99.99% Al2O3) was suspended in
mixture of organic solvent and dispersant and treated ultra-

onically for 15 min.9 A milling step with YSZ-milling balls for
4 h was done in order to obtain the most homogeneous dis-
ersion. Subsequently butylbenzylphthalate as a plasticizer and
olyvinylbutyral as a binder were added into the suspension10,11

nd a second dispersion milling step was performed for 12 h with
SZ-milling balls. Table 1 shows a detailed description of the
ngredients and amounts used for the slip preparation. Slurry
iscosity was measured in a rotational viscometer with coaxial
ylinder (Rheolab MC1, Paar Physica, Stuttgart, Germany). The
uspension showed pseudoplastic behaviour and its viscosity
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Table 1
Slip composition

Component Description Amount (wt.%) Amount (vol.%)

Solvent Toluene/ethanol (azeotropic) 35.44 65.81
Dispersant Menhaden fish oil, DEFLOC® Z3, Reichhold Inc., USA 0.96 1.47
Ceramic powder �-Al2O3, TM-DAR, TAIMEI Chemicals, Japan, d50 = 0.15 �m 55.50 21.09
B aray-
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lamination conditions which modify the shrinkage behaviour of
tape cast multilayered ceramics.14 The use of a closed die press
can lead to matter reorganisation and almost isotropic shrinkage
during sintering.
inder Polyvinylbutyral (PVB), Mowital SB45 H, Kur
lasticizer Butyl benzyl phtalate (BBP), SANTICIZER® 1

ecreased with increasing shear rate between 1.6 and 1.1 Pa s,
hich is well adapted to the processing method chosen. The
roduced slurry was tape cast with a blade height of 0.2 mm
nd a casting velocity of 1.6 cm/s onto either a fine-grained,
igh-purity alumina plate (CeramTec, Germany, R710, 0.1 �m
rain size, 99.6% Al2O3, 0.63 mm thickness, surface roughness
0.1 �m) or onto a siliconized PETP carrier film. The tapes
n the polymer carrier film were removed and cut into square
ieces of 50 mm × 50 mm. The reference axes are: x for the
ape casting direction, y the transverse and z the thickness
irection. Multilayers of 10 tapes without substrate were used for
ree sintering experiments. In order to investigate the sintering
ehaviour of alumina films on rigid substrates as a function
f thickness, samples with 1 and 3 layers (corresponding to
total thickness of about 50 and 150 �m, respectively) onto

lumina plate were fabricated. The tape cast films were stacked
ogether (with special care to align all layers along the casting
irection) and laminated under uniaxial pressure with a closed
ie press (Dr. Collin). All specimens were laminated under the
ame conditions at 60 MPa and 80 ◦C for 20 min.

Based on the pyrolysis behaviour of the organic additives
etermined by thermal gravimetric analysis, the sintering
rogram was defined as follows: the samples were heated
p to 550 ◦C with a slow heating rate (1 ◦C/min) in order
o guarantee the complete binder burnout without sample
racking and then heated with a heating rate of 20 ◦C/min up to
350 ◦C and sintered for 4 h. For the free samples the shrinkage
easurement in all directions took place in a horizontal pushrod

ilatometer (DIL 402E, Netzsch, Germany). For the constrained
pecimens, sintering was carried out in a custom-designed
ptical dilatometer.12 A high resolution vertical laser scanner
easures the shrinkage in the direction perpendicular to the

ayer plane (z-direction), which is amplified mechanically by a
ocking arm. In both configurations, a thermocouple was placed
ear the specimen for a precise temperature control.

The density before sintering was determined geometrically,
hereas the density of the fired samples and the grain size were
etermined by micrograph analysis. For this purpose, samples
ere embedded in resin and their cross-sections (in YZ plane)
olished. After a thermal etching at 1250 ◦C for 20 min, 9
icrographs of each sample were generated in a High Resolution
canning Electron Microscope (XL30FEG, Phillips, Germany).

Porosity analysis taking into account more than 600 pores

as performed with ImageJ software (NIH, USA). Micrographs
ere modified in the following way4: contrast enhancement,
ackground subtracting, median filtering and thresholding in
rder to obtain suitable binary images. Some pores had to
KSE, Germany 4.17 6.31
erro, USA 3.93 5.32

e manually handled to avoid errors in pore areas. Then an
llipse of equivalent area was generated for each pore and its
ngle with a horizontal line automatically determined. Grain
ize measurements were accomplished using the linear intercept
ethod with a correction factor of 1.56 (Lince software, S. L. dos
antos e Lucato, TU Darmstadt, FB Materials Science, Ceramics
roup). A set of orthogonally displayed lines (according to the
lobal coordinate system) allowed determination of a horizontal
nd vertical characteristic grain length.

. Results and discussion

.1. Macroscopic densification behaviour

Fig. 1 provides the strains measured for freely sintered and
onstrained films as a function of isothermal time. For the case
f free sintering, the strain curves measured along the casting
irection and normal to it are similar (the ratio εx/εy decreases
ontinuously with time from 1.11 to about 1.03). The shrinkage
n the thickness direction εz is less and the ratio εx/εz increases
rom 1 at the beginning up to 1.19. The tape casting process is
nown to induce particle orientation and noticeable anisotropic
hrinkage, if shear rate and solid content are high and ceramic
articles are anisometric.13 This effect can be reduced by the
Fig. 1. Strains of free and constrained films as a function of isothermal time.
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150 �m thick film, pores are more or less randomly distributed
with a slight tendency to alignment in the z-direction Fig. 4b. In
contrast to this, they are for the 50 �m thick film Fig. 4c clearly
more aligned along the z-axis, which is the thickness direction.
ig. 2. Density of free and constrained films as a function of isothermal time.

The strain εz for constrained films is found to be almost three
imes higher than for freely sintered ones after 4 h of isothermal
ime. This result is expected as all the densification takes place
long this direction.5 Strain rates (equal to the densification rate
or the constrained films) are affected by the film thickness: the
50 �m thick coating sinters more rapidly than the 50 �m thick
ne.

In Fig. 2, film density is plotted as a function of isothermal
ime. Green density is about 55% for all specimens. After 4 h of
sothermal time, the freely sintered specimens are almost fully
ensified (99.0% of density). Constrained films shrink more
apidly in the unconstrained direction in comparison with freely
intered specimens, but not at all in the other directions, so that
lobal densification is retarded. Initial density at 1350 ◦C is only
2% independent of film thickness, whereas it is almost 82% for
he free film. As already observed in Fig. 1, densification is more
etarded for the thinner film, which seems to be more constrained
han the thicker one. After 4 h of sintering, final densities are,
owever, close to each other (88.0 and 88.7%, respectively).
o delamination or cracking was observed, assuring optimal

onstraining conditions.

.2. Analysis of microstructure

First of all, mean porosity parameters were evaluated from
icrographs taken from the whole cross-section. Pore size

istribution is influenced by the sintering conditions, as shown in
ig. 3 for a density of 90%. The distribution is monomodal for the
reely sintered film, with a large peak centred at 0.075 �m. More
ig pores are left in the constrained specimens, for which the pore
ize distribution is bimodal, showing maximal frequencies for
.1 and 0.5 �m. However, no significant effect of film thickness
an be observed.

After pore size, pore shape and orientation were evaluated.
longated pores are anisometric. If they are oriented along a

pecific direction, they induce anisotropy in the material (if not,
he material remains isotropic). Pore orientation was determined
y cumulating pore length lying in a defined angle range. In order
o differentiate pores with similar lengths but different degrees

F
a

ig. 3. Pore size distribution at 90% density (averaged through the whole
hickness).

f anisometry, the pore length was multiplied by its aspect ratio
giving a higher weight to pores that are more elliptical). Finally,
he results were normalized with the maximal measured value.
olar plots for the 3 specimen types at a relative density of
0% are displayed in Fig. 4. For the freely sintered sample,
ores seem to be more oriented horizontally Fig. 4a. For the
ig. 4. Cumulated weighted length of pores in the YZ-plane for (a) freely sintered
nd constrained sintered, (b) 150 �m thick and (c) 50 �m thick films.
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n order to quantify the microstructural level of anisotropy, a
ore orientation factor was introduced simply defined as the
umulated weighted length measured in the thickness direction
between 75◦ and 105◦) divided by the cumulated weighted
ength in the y direction (between 0◦ and 15◦, as well as between
65◦ and 180◦). This pore orientation factor is equal to 0.53
or the free film, 1.11 for the thicker constrained film and 1.72
or the thinner one, quantifying the fact that the effects of the
onstraining conditions are more important when the film is
hinner. The preferential pore orientation present in free films
s certainly induced by the tape casting and lamination steps
nd may have been more significant in the green state than
easured at 90% density, since elongated pores tend to round

ff if the body sinters freely. In comparison to this reference
onfiguration, a random orientation of the pores as found for
he 150 �m thick film signifies an increase of 100% of the pore
rientation factor. The constrained films are subjected to pore
eorientation perpendicularly to the substrate plane, as already
ighlighted in ref. 4. Confirming this analysis, the mean pore
spect ratio is found to be equal to 1.85 for the free case, 2.32
or the thicker constrained film and 2.85 for the thinner one,
howing that pores are globally more anisometric when the film
s constrained and thinner.

.3. Microstructural gradient through the thickness

A careful observation of the constrained sintered specimens
evealed that in the vicinity of the substrate the local density
s smaller than the global one and that the microstructure is
ner. This constitutes a very thin layer which can be clearly
bserved in Fig. 5. It is about 3 �m thick, i.e. about 20 grains.
dditional snapshots of this area were taken, analysed and

howed that at a distance of 2 �m from the substrate the local
orosity is 18.9% (compared to 11% for the rest of the film).

ore size distribution is also affected near the substrate as
ore 0.05–0.1 �m long pores are left than elsewhere. These

ores are mostly intergranular and are still interconnected. It
s noteworthy that no other zone of higher porosity could be

ig. 5. Polished cross-section of a sintered film showing: (1) interface layer (2)
omogeneous film.
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ig. 6. Pore density and pore orientation factor as a function of the distance to
he substrate.

bserved elsewhere in the films. It can be concluded that this
nterface layer is not due to a local binder segregation which
fter burn-out may lead to a higher porosity and retarded
ensification15 but rather to the constraining conditions.

With these additional data, it is possible to plot in Fig. 6
he evolution of the pore density and pore orientation factor
long the thickness direction for both constrained films. Final
hicknesses are ∼35 and 115 �m for the initially 50 and 150 �m
hick films. Density hardly changes in this layer between 20 and
00 �m far from the substrate, which could suggest that tensile
tress remains almost constant along the thickness direction
nd that the initial film composition is homogeneous through
he thickness. Pore density is higher close to the substrate
nd decreases slowly up to 10 �m far from the top surface.
nderneath the free surface of the thicker film the pore density

s smaller. The mean pore size (Feret’s diameter) is slightly
ncreasing from 0.26 to 0.31 �m between 20 and 100 �m far
rom the substrate, which may explain the observed decrease in
ore density, as density remains constant along the z-axis.

On the other hand, the pore orientation factor changes a lot
hrough the layer thickness. For the thicker film, it starts from
.49 close to the substrate, increases up to 1.63 at a distance
f 20 �m and then decreases slowly down to 0.71 near the
ree surface. For the thinner film, the pore orientation factor
ncreases continuously from 1.27 at 10 �m from the substrate
o 2.63 at a distance of 30 �m (which is also 5 �m underneath
he free surface). Apart from this last data point, differences
etween the two films are relatively small, which let us assume
hat microstructure may be only dependent on the distance from
he substrate and not on the film thickness itself. For example,
he pore orientation factor is equal for both films at a distance
f 20 �m and pore density are comparable. It seems that the
lm anisotropy reaches a maximum at about 30–40 �m far
rom the substrate and then decreases. Pore orientation analysis
erformed in the interface layer showed that pores are more

ligned along the substrate. A possible explanation is that the
riginal configuration of particle packing is maintained near
he substrate. The initial microstructure is then preserved as
articles cannot rotate. Particle rearrangement, which is an
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mportant process in solid state sintering especially in the early
tages of sintering,16,17 may be hindered during sintering due
o friction between alumina particles and alumina substrates at
igh temperature.

It therefore seems reasonable to define two levels of geo-
etrical constraint. For both of them no lateral shrinkage takes

lace. For particles which are near the substrate (corresponding
o about 20 layers), an additional constraining condition is that
article rearrangement is hindered by the substrate during the
nitial stage of sintering. This helps to rationalize the macro-
copic densification behaviour observed in the first part: the
lobal densification rate is expected to decrease as the ratio of
he thicknesses of the interface layer to the total film increases.
part from this thin interface zone, it seems that the effect of

he constraining substrate is hardly dependent on film thickness
which was verified here within an upper limit of about 1000
rains on the top of each other), as long as no delamination or
racking occurs.

In addition, grain morphology was also characterized. As
uggested by Bordia and Scherer,18 necks submitted to compres-
ive or tensile stresses grow at a different rate than if sintered
reely. Thus different grain sizes may be encountered in the
adial and the hoop direction near a rigid inclusion or substrate
lane in the case of constrained thin films. Therefore, the ratio
y/Gz (Gy and Gz are the grain size in y and z direction) along

he thickness direction is plotted in Fig. 7. Once again, curves
btained from both films show a good agreement. The grain
ize ratio is almost constant (about 1.20) from 20 �m to the top
urface of the films and shows a larger value in the vicinity
f the substrate (1.40). However, this increase is thought to
e the result of the initial particle orientation,19 as no grain
rowth took place in the interface layer (density of 80%) which
reserves original particle anisometry. Grains are globally a bit
ore elongated in plane (as a comparison, the mean grain size
atio is 1.05 for a free film densified up to 90%), but we may
xpect a clearer modification of the grain morphology for higher
ensities.

Fig. 7. Grain size ratio as a function of the distance to the substrate.
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. Conclusion

The objective of this work was to better characterize thin film
intering as a function of film thickness, by means of macro-
copic shrinkage measurements and microstructure evaluation.

Anisotropy developed clearly in constrained films. Densifi-
ation retardation and preferential pore orientation were found
o be more important for thinner films. The anisotropic effects
re nevertheless smaller for grains than for pores. In the vicinity
f the substrate a lower density and finer microstructure were
bserved. The presence of this interface layer is suggested to
esult from hindered particle rearrangement.
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