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Abstract

A novel method is proposed for the determination of the uniaxial viscosity of porous ceramic layers upon sintering. This approach is
based on the application of a continuous but very low tensile stress to the densifying powder compact whose deformation is continuously
monitored by an optical system. The viscosity of the system can be determined as a function of temperature and density from the sin-
tering rate differences measured between loaded and unloaded samples. The uniaxial viscosity of porous Y,0; doped ZrO, (YSZ) and
NiO-YSZ composites was measured using the proposed approach. The results were used to predict the curvature evolution of bilayers
used in solid oxide fuel cell applications, obtaining a fairly good agreement between the model and the data recorded experimentally.
© 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Several technologies use multilayer materials to achieve
specific functional requirements [1]. When ceramic materi-
als are involved multilayers are often produced by powder
processing technologies (e.g. tape casting, screen printing,
spray coating), lamination and sintering. Co-sintering has
attracted considerable attention in various industrial and
technological fields. Some of the most important applica-
tions of the co-sintering technique include electronic pack-
aging, such as low temperature co-fired ceramics (LTCC)
[2,3], multilayer ceramic capacitors (MLCC), piezoelectric
actuators [4], microfiltration membranes [5], coatings for
thermal protection (TBC) [6,7] or for abrasion, oxidation
and corrosion resistance, as well as solid oxide fuels cells
(SOFC) [8,9]. A deep understanding of the underlying
mechanisms that occur during the co-sintering process is
important for its successful implementation in such
technologies.
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1.1. Elastic—viscous analogy

Sintering can be regarded as the response of a green
body or powder compact to the sintering pressure. When
a ceramic body portion shrinks at a different rate with
respect to nearby regions (as is the case of rigid inclusion
in a matrix, agglomerated powders, green ceramic multilay-
ers or a coating on a rigid substrate), transient stresses are
generated [10]. Viscous or plastic flow will try to relieve
such stresses. In general, the response of the material to
an applied stress consists of an almost instantaneous elastic
strain and a time-dependent deformation due to plastic or
viscous flow. The stresses associated with sintering are usu-
ally very low and the resulting elastic strain is much smaller
than the strain observed during sintering. Since the
observed deformation results virtually only from viscous
flow, it is possible to consider only the viscous response
[11]. Bordia and Sherer [12,15] suggested that a constitutive
equation based on linear viscous deformation is more
appropriate, and experimental measurements support that
conclusion [10,16]. It has been shown that even considering
a visco—elastic solution, the stresses generated are the same
as for a purely viscous solution after a small transient
increase in stress [17].
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For an isotropic, linearly viscous material the elastic—
viscous analogy can be applied. This approach involves
solving equations for the elastic case and replacing the
Young’s modulus E with the uniaxial viscosity #, the Pois-
son ratio v with the viscous Poisson ratio v, and the strain ¢
with the strain rate de/dt [19,20]. Newton’s law for principal
stresses (a1, 6», 63) and principal strain rates (de,/dt, de>/dt,
des/dt) can be written as:
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The subscript f refers to the strain rate observed in the
case of unconstrained sintering (o = 6, = g3 =0). In the
special case of g, = o3 = 0 one obtains:
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1.2. Co-sintering of bilayers

The stress solutions in the case of layered structures can
be obtained by considering the integral of stresses and
bending moments along the thickness to be equal to zero.
If a laminate is asymmetric, the layer which densifies faster
will be in tension, but the stresses will be partially relaxed
by bilayer bending. The simple case of an alumina/zirconia
bilayer was examined by Cai et al. [16,18]. The normalized
curvature rate k is given by:
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where k is the normalized curvature (thickness over radius of
curvature), Ae the difference in the strain rate between layers
2 and 1, m = t,/t, the layer thickness ratio, with #; and 2,
being the layer thicknesses, n = #;(1 — v»)/[n2(1 — v;)] the
viscosity ratio, with n being the uniaxial viscosity and v the
viscous Poisson’s ratio. For beam geometry the viscosity
ratio reduces to 7;/,. One can observe that the curvature
rate has the same sign as the strain rate difference, i.e. the
layer which tends to shrink faster tends to curve the bilayer
towards its side.

1.3. Derivation of the viscous parameters for sintering

Viscous parameters, such as uniaxial viscosity and the
viscous Poisson’s ratio, can be measured on bulk specimens
or calculated by theoretical models [10]. Nevertheless, the-
oretical prediction of such parameters during sintering has
always posed serious challenges to ceramic scientists, and
most of the developed models predict different dependency
of the viscosity on relative density, as well as a negative vis-
cous Poisson’s ratio, in contradiction of the experimental
data [13,14]. The empirical determination of such parame-

ters also represents a critical issue. Uniaxial viscosity and a
viscous Poisson’s ratio are obtained by measuring strain
rates at a fixed applied stress. For a specific material they
vary with density, grain size and temperature. Various
techniques exist for measuring the mechanical parameters
upon sintering and an excellent review can be found in
Green et al. [10].

One of the first experimental techniques which was suc-
cessfully employed is sinter forging. In this technique a
compressive uniaxial load is applied to the specimen and
the strain rate is measured. Equipment with high accuracy
is now available (e.g. 2 um for a cylinder of 20 mm height
and 12 mm diameter) [21]. To obtain reliable data with
minimum effect on the microstructure the uniaxial load
should be applied long enough to obtain a signal above
the background noise, but briefly enough to avoid anisot-
ropy in the microstructure [22,23]. The stress amplitude is
in the range of the sintering stresses [10], which can range
from about 100 kPa in glasses or glass ceramic materials
[24], to several megapascals for submicron polycrystalline
oxides like Al,O; or TiO, [10,25], and up to about
100 MPa for nanocrystalline oxides such as ZrO, [26,27].
Since hot forging can induce microstructural anisotropy,
other techniques have been developed, such as cyclic load-
ing dialtometry [18,28-30] and discontinuous hot forging
[24,31,32]. The first allows the determination of many data
points, since it uses only short loading cycles to reduce
anisotropy; the latter uses the application of a load until
unacceptable anisotropy is developed, thus producing only
a few, but robust, values for single specimen. Two or three
load applications may be feasible during one sintering run
[10]. A recent approach suggested the use of a bending
creep test and video imaging to measure the viscosity of
porous materials during sintering [33,34].

1.4. Vertical sintering

The available analytical techniques for measuring uniax-
ial viscosity are not easily applicable to the direct measure-
ment of viscosity of thin layers. The samples have to be
massive and must possess a specific geometry (e.g. the
height/diameter ratio should be larger than 1.5 for sinter
forging) [10]. Pressed pellets or several layers stacked
together have to be used and, clearly, this further process-
ing step may result in a different (denser) green microstruc-
ture. The measured mechanical parameters will therefore
be those of the processed samples and not of the intended
original thin layer.

In the present paper we propose a novel method for
measuring the uniaxial viscosity of green bodies during sin-
tering. This approach is based on the application of a very
low tensile stress to the green component. The uniaxial vis-
cosity is obtained from two separate sintering experiments:
in the first, the shrinkage rate of a green layer sintered while
hanging on a rod (and, therefore, subjected to its own
weight) is measured by an optical method; in the second
experiment the shrinkage rate of an identical sample
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sintered in a load-free configuration is measured. The vis-
cosities of yttria-stabilized zirconia (YSZ) and a NiO-
YSZ composite, typically used in solid oxide fuel cells as
electrolyte and anode, respectively, were experimentally
determined according to the proposed method.

2. Experimental

YSZ and NiO-YSZ composite layers with thickness of
approximately 200 um were produced by the tape casting
method. The procedure for obtaining such samples has
been described in detail elsewhere [35]. The ceramic pow-
ders consisted of YSZ (d50 = 0.7 um, FYT13-002H, Uni-
tech, Stafford, UK) in the solely YSZ sample, and
58 wt.% NiO (d50 =1 pm, J.T. Baker Inc., Phillipsburg,
NJ) —42wt% YSZ (d50=0.3 pum, TZ8-YS, Tosoh,
Tokyo, Japan) in the NiO-YSZ composite. The initial rel-
ative densities were 54.2% and 40.3% for the YSZ green
tape and NiO-YSZ composite, respectively. The micro-
graphs in Fig. 1 show the microstructure of the green sam-
ples. Green tapes were cut into half dumb-bell shapes with
a sharp blade. The initial constant cross-section of the sam-
ple was 30 x 8 mm?. The sintering schedule was 1 °C min~"
to 600 °C, 5°C min~! to 1450 °C and a 4 h isotherm at
1450 °C. The sample dimensions upon sintering were mea-
sured by an optical method, as described in detail elsewhere
[36]. Fig. 2 shows an example of a hung NiO-YSZ speci-
men at 1200 °C.

The experimental set-up consisted of a thin ceramic
layer hanging from a support made from a MoSi, rod.
The flexible ceramic tape was wrapped around the support
rod, while the portion with a constant cross-section was left
hanging downwards, as shown in Fig. 3. The length of con-
stant cross-section was measured from images acquired at
60 s intervals. The sample dimensions were recorded from
room temperature up to 1450 °C. Any macroscopic dimen-
sional change was observed during the binder burnout
between 200 °C and 400 °C.

3. Data analysis
It has previously been shown that a porous body under-

going densification can be treated as linearly viscous at
stresses below 1 MPa. For such materials it is expected that

Fig. 2. Photograph of a hung NiO-YSZ specimen being sintered at
1200 °C.

Green sample

Tubular furnace

Sample support

Fig. 3. Set-up for the vertical sintering experiment.

the creep rates in slight uniaxial tension or uniaxial com-
pression are the same [14,33]. If a tensile load is applied
to the sintering body its effect will be to reduce the effective
sintering stress and the observed strain rate will be reduced.
A similar concept was employed by Gregg and Rhines [37]
and Cheng and Raj [25], who measured the sintering pres-
sure in ceramic films as the external load required to have
zero axial strain rate.

For the hanging specimen the applied stress was always
very low, the only mechanical effect being related to the
green tape’s own weight. Based on results presented in Sec-
tion 4, we conclude that this minimal stress is not inducing

Fig. 1. Microstructure of the green tapes: (a) anode; (b) electrolyte.
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anisotropy in the material microstructure and, therefore, it
can be applied continuously from the beginning to the end
of the sintering cycle.

The elastic solution for a strip that is hanging freely, and
is therefore subjected to its own weight only, can be easily
derived as [38]:

pgL

L—Ly= 2E (6)
where L is the initial strip length, L the final length, p the
material density, g the gravity constant and £ Young’s mod-
ulus. The total elongation of the strip was therefore identical
to that produced by a concentrated load equivalent to half of
the strip weight. By applying the elastic—viscous analogy, the
Young’s modulus is replaced by the uniaxial viscosity 7,
while the strain is replaced by the strain rate ¢. By considering
the sintering stress o, as well, one obtains:
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The uniaxial viscosity of a ceramic strip can therefore be
determined from two separate sets of experiments: first the
sintering rate of the ceramic body is determined in the absence
of any applied load (e.g. laying on a horizontal support); then
the sintering rate is also recorded while the sample is sintered
while hanging (i.e. under the effect of its own weight). The
strain rates in Eq. (9) have to be calculated as a function of
the relative density. For a material that undergoes isotropic
sintering the relative density can be calculated as follows:

Priee(t) = poe (10)
And, from Egs. (1)-(3):

—(2ep+e—2 [ 22 Ld)
pvertlcal(t) = Po€ ( v j;o et (11)

The last term in Eq. (11) can be neglected, as will be
explained in more detail in the following section. This
implies that the sintering rate in the horizontal direction
is not significantly affected by application of the vertical
load. As a matter of fact, Gregg and Rhines reported that
the strain rate in the width direction in a hanging sample is
very close to that of a sample sintering freely [37]. Also, in
the present experiment the shrinkage in the width was
found to be very close to free shrinkage.

4. Results and discussion
4.1. Viscosity of the YSZ and NiO-YSZ composite tapes

The strain of the YSZ sample sintered freely and in the
hanging configuration is reported in Fig. 4, and the corre-
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Fig. 4. Strain upon sintering for YSZ sintered freely and vertically hung.

sponding strain rate is shown in Fig. 5. The uniaxial viscos-
ity of the YSZ compact calculated as a function of relative
density is plotted in Fig. 6. The uniaxial viscosity was cal-
culated only up to a maximum relative density of 0.83.
The strain on the NiO-YSZ composite sintered freely
and in the hanging configuration is reported in Fig. 7,
and the corresponding strain rate is shown in Fig. 8. While
the freely sintered sample started shrinking in the first
stages of sintering, the hanging sample showed a length
increase that could be accounted for by the effect of its
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Fig. 5. Sintering strain rate for YSZ sintered freely and vertically hung.
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Fig. 6. Calculated uniaxial viscosity for YSZ.
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Fig. 7. Strain upon sintering for NiO-YSZ sintered freely and vertically
hung.
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Fig. 8. Sintering strain rate for NiO-YSZ sintered freely and vertically
hung.

own weight. Correspondingly, the strain rate was initially
positive, thereafter becoming negative. The strain rate
curve for the sample subjected to the low tensile load was
always above that of the freely sintered sample up to
around 1h at 1450 °C, then the two samples started to
shrink at similar rates. This is consistent with the fact that
a very small load was applied. This can also be considered
as proof that such a load does not influence the microstruc-
ture substantially: the low applied load affected the sinter-
ing rate only when the ceramic compact showed very low
density and creep resistance. As sintering proceeded and
density increased, more necks were formed and the small
load was ineffective in producing observable differences in
strain rate. The microstructure of the stressed sample did
not therefore retain a memory of the applied load.

The uniaxial viscosity of the NiO-YSZ compact as a
function of relative density, calculated by Eq. (9), is
reported in Fig. 9. At low temperature and low density
the viscosity was high, but then it decreased due to the
increasing temperature. As the sample became more dense
the viscosity again increased. The graph is limited to the
zones where the viscosity can be effectively calculated.
The viscosity at high density cannot be evaluated with

10
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T T T
0.45 0.50 0.55 0.60 0.65 0.70
Relative density

Fig. 9. Calculated uniaxial viscosity for NiO-YSZ.

the present method, because the very low applied load does
not cause any appreciable difference in the strain rates. The
viscosity is in fact proportional to the applied stress over
the strain rate difference between the loaded sample and
the load-free sample. When this difference tends to zero,
i.e. at very high viscosities (low temperature or high den-
sity), the error becomes too high.

In Figs. 6 and 9 the viscosities were also calculated during
the heating stage. Since the samples had different densities,
the comparison is not strictly accurate. Nevertheless, defor-
mations and, consequently, differences in densities were still
low (just before the isothermal hold the density difference
between the free and overhung sample was less than 3%
and 4% for YSZ and NiO-YSZ, respectively) and, therefore,
the temperature difference between the free and hanging
samples at the same density did not exceed 25 °C.

4.2. Evolution of NiO-YSZIYSZ bilayer upon sintering

As an important technological application, the data can
be used to determine the curvature evolution of an asym-
metric bilayer upon sintering. A typical case of such a
bilayer is a fuel cell consisting of a thin YSZ electrolyte
and a thick NiO-YSZ anode support. The normalized cur-
vature rate can in fact be calculated from Eq. (5), once the
viscosities of the layers and their free sintering rates are
known (16). The thickness ratio m = #1/1, is calculated as
(where i =1 or 2):

t;, = ti()egi'fme (12)

Three half cells (bilayers formed by a thin electrolyte
and a thick anode support) were built to validate the pre-
dicted curvature rate and evaluate the consistency of the
measured uniaxial viscosities. Samples were produced by
a sequential casting method [35]. The green electrolyte
thickness was 12 + 2 pm; the anode thickness was 180,
278 or 408 4+ 5 um. In the following description a positive
curvature refers to a half cell which is curved towards the
anode side.

The curvatures measured experimentally for the three
half cells with different anode thicknesses are reported in
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Fig. 10. Measured curvature of the half cells of thickness 192, 290 and
420 pm.

Fig. 10, and the corresponding curvature rates are plotted
in Fig. 11. For all samples the curvature rates were positive
in the first stage of sintering (i.e. the cells are curving
toward the anode side) and reached a peak at around
1300-1350 °C, after which its magnitude quickly decreased.
The cell possessing the highest peak in the curvature rate
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Fig. 11. Measured normalized curvature rate of the half cells of thickness
192, 290 and 420 pm.
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Fig. 12. Calculated normalized curvature rate of the half cells of thickness
192, 290 and 420 pm.

was that produced with the thinnest anode. The curvature
rate for the same samples, as calculated using Eq. (5), is
reported in Fig. 12. Such graphs are limited to the points
where the uniaxial viscosity of the layers could be effec-
tively calculated. Fig. 13 shows a direct comparison
between the calculated and experimental data for the
thicker sample only.

The agreement between the measured and calculated
strain rates was better for the thicker bilayer. On decreas-
ing the total thickness to 290 and 192 pm the mismatch
between the theoretical and experimental data increased.
A possible explanation for this observation could be as fol-
lows. The bilayers considered here show an initial positive
curvature (anode on the concave side) during the sintering
process, particularly at low viscosities (and low densities).
The weight of the sample tends to flatten the cell, thus act-
ing against the curvature due to faster sintering of the
anode. This simulates the effect of a faster sintering electro-
lyte. The thicker the bilayer, the lower the flattening effect
due to gravity. For very thin layers (290 and 192 pm) this
effect is more prominent.

The differences between the experimental and measured
curvature rates can also be attributed to the necessary
approximations introduced in the calculations of viscosities
and curvature rate. The agreement between the experimen-
tal and calculated curvature rates improved during the iso-
thermal hold. This may reflect the fact that viscosity values
during the heating stage are biased by a temperature differ-
ence between the free and constrained samples, as discussed
above.

As anticipated in the previous section, calculation of the
hung sample density was performed by neglecting the last
term in Eq. (10), which approximation could represent a
source of error. To estimate the magnitude, the integral
in Eq. (9) was calculated, by considering a constant viscos-
ity of 100 MPa, an average value for v, equal to 0.1 (the
hypothesis was made that it ranged from 0 to 0.2 in the
considered density interval) and, as integration limits, 7,
the time of densification onset, and ¢, the time to reach
the final density. The differences in the final relative densi-

12 1500
“ 10 1450°C
o .
fL(; 84 | Calculated —~
5 64 = Measured | 1400 8
E R s
S 44 S 2
2 £ -
O & g
32 2 a {1300 £
Rz g § § &
= 04 ¥ ¥E % * %
£,
S -

-4 T T T 1200

4800 7200 9600 12000
Time (s)

Fig. 13. Comparison between calculated and measured curvature rate for
the 420 um thick sample.
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ties calculated from Eq. (9) with and without the contribu-
tion of the integral are 0.006 and 0.009 for the NiO-YSZ
composite and for YSZ, respectively, corresponding to a
maximum error of less than 1%. The error will always be
lower, being equal to zero at the beginning and increasing
as sintering proceeds.

The constitutive equations suppose that the viscosity is a
function only of density and temperature, whereas the
properties of crystalline materials depend also on the
microstructure, as demonstrated by Mikeska et al. [39].
The measured viscosities include the influence of grain
growth and the values apply only during a particular ther-
mal cycle. It is therefore important to use the same heating
cycle for the viscosity measurements and the bilayer sinter-
ing to obtain reliable results.

5. Conclusions

A new experimental method for measuring the uniaxial
viscosity of thin porous ceramic layers is proposed. This
method consists of applying a low tensile load to the cera-
mic compact that is undergoing densification. The resulting
reduction in the strain rate is used to calculate the viscosity.
The tensile load is derived from the sample weight. For
ceramics of few tens of millimeters in length the stress mag-
nitude is of the order of 0.1 kPa. The limited load does not
induce any anisotropy in the ceramic microstructure.

The calculations are restricted to the zones of low vis-
cosity: the applied load being very low, its effect on the
shrinkage rate is, in fact, measurable only at low viscosities
(i.e. when interparticle contacts are small).

The method was applied to the measurement of the vis-
cosity of anode and electrolyte tape cast layers typically
used in solid oxide fuel cells. The results were used to
model the curvature rate of a half cell upon sintering.
The calculated and experimental data were in fairly good
agreement in the case of relatively thick samples during
the isothermal hold.
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