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bstract

he sintering behaviour of nanocrystalline gadolinium-doped ceria was investigated. The uniaxial viscosity determined from isothermal discon-
inuous sinter forging experiments. It increased dramatically during sintering from a few GPa·s at 85% to ∼120 GPa·s at 97% relative density.
hese values, however, are much lower than those measured for other oxide materials with submicron sizes because of much finer grain size. Since
he experiments were done under isothermal conditions, it is possible to evaluate separately the effects of the relative density and the grain size.
ue to grain coarsening, the effect of grain size becomes significant at high relative density, as some available models predict. It was found that
ahaman’s model best fit the experimental data.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Intermediate temperature solid oxide fuel cells (IT-SOFCs)
or temperatures below 700 ◦C are considered as alternative
nergy technology to the conventional systems because of high
fficiency and reduced environmental pollution.1,2 Among the
andidates for the solid electrolyte of IT-SOFC, doped ceria
ystems have been considered to be the most promising due to
heir high electrical conductivity in an intermediate temperature
ange.3,4

Planar anode supported SOFC is a widely chosen geometry,
ecause of its high power density and low fabrication cost. In
rder to reduce the fabrication costs, co-firing of anode/solid
lectrolyte is a promising technology.5 Due to the difference
f densification rates of components, sintering defects, such as
racks, debonding and warpage may occur. They act as obstacles

or producing large area stacks.1 Attempts for the co-firing pro-
ess of SOFC components are evaluated from the sintering of a
ilayer.6 However, there have been few continuum mechanical

∗ Corresponding author. Tel.: +49 6151 166362; fax: +49 6151 166314.
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pproaches for understanding the co-firing processes of SOFC
omponents yet.

Theoretical expressions of constitutive laws for sintering
odies7–17 have been extensively studied, whereas experimental
etermination of the relevant parameters raised scientific interest
n the last years.18–25 By characterizing properties, such as bulk
nd shear viscosities (Kp and Gp, respectively) or uniaxial vis-
osity Ep and viscous Poisson’s ratio νp, the sintering behaviour
f bilayer components used in SOFC can be predicted.26–28 In
rder to determine the viscosities, optical dilatometry,20 cyclic
oading19,20 as well as discontinuous sinter forging23–25 studies
ave been carried out. Using the viscoelastic analogy for the
sotropic sintering bodies, the uniaxial viscosity can be deter-

ined from the free and axial strain rates (ε̇f and ε̇z, respectively)
easured along the direction of the applied stress σz:

p = σz

ε̇z − ε̇f
(1)

or the experimental evaluation of Ep, the microstructure should

emain isotropic under the application of a load. Recently, Zuo et
l.23 reported a methodology to measure the sintering parameters
sing a discontinuous sinter forging procedure. They showed
hat the isotropic microstructure is maintained for alumina in a
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increases, axial strain increases and radial strain decreases in an
order of the external stress magnitude.

Discontinuous sinter forging provided a good linearity of the
axial strain rate with respect to the applied load, as shown in
128 J. Chang et al. / Journal of the Europe

% density range after load application provided that the stress
emains under a threshold value.

In this study, we investigate the sintering behaviour of
anocrystalline doped ceria with a high resolution laser-assisted
inter forging apparatus and measure the uniaxial viscosity as a
unction of density at 1100 ◦C. Experimental data are compared
o available models using a normalization both to viscosity at
xed density as well as to grain size. The results obtained can
e employed to predict the sintering behaviour of multi-layered
OFC components.

. Experimental procedure

Nanocrystalline gadolinium-doped ceria (Ce0.9Gd0.1O2−δ,
enoted as GDC, Rhodia, Frankfurt, Germany) was used in this
tudy. The mean diameter of GDC particles was determined by
he BET method (Autosorb 3B, Quantachrome) was 24 m2/g
hich is equivalent to 35 nm in average size under the assump-

ion of spherical particles. Using a 12 mm diameter stainless steel
ould, cylindrical samples were uniaxially dry-pressed at a pres-

ure of 100 MPa. After cold isostatic pressing (at 350 MPa for
min), the green body density was measured from the dimension
nd found to be 60.7 ± 0.3% of the theoretical value.

The cylindrical pellets of 16 mm height were employed in
inter forging experiments using high-resolution axial and radial
asers25 (precision ± 2 �m). Some pellets were freely sintered
ithout external load whereas others were sintered freely up

o a desired density at 1100 ◦C and then subjected to a con-
tant load of either 50 or 100 ± 0.5 N, corresponding to 0.6
nd 1.2 MPa, respectively. This mechanical loading was applied
ithin a 5% increase of relative density. Heating and cooling rate
as set to 30 ◦C/min. The density of each sintered specimen was
etermined by the Archimedes method. The microstructure was
haracterized on fracture surfaces. Grain size was measured by
he linear intercept method with a correction coefficient of 1.56
sing LINCE software (ver 2.31, Ceramics Group, TU Darm-
tadt). According to previous reports,26,29 the mean grain size
btained from fracture surfaces is smaller than that measured on
ross sections by 7%. A correction was made in this study. More
han 250 grains were examined for each sample.

. Results and discussion

The free densification behaviour at 1100 ◦C of GDC is shown
n Fig. 1. Density can be determined at any time with the fol-
owing relationship:

= ρ0

exp(εz + 2εr)
(2)

here ρ0 is the initial density and εz and εr are the true strains.
t isothermal sintering, the initial relative density was 83.7%

nd the final relative density after 2 h sintering was 97.3%. Such
igh sintered densities had also been achieved in previous inves-

igation using GDC nanopowders.30,31 According to Kleinlogel
nd Gauckler,30 the sintered GDC does not contain any liquid
hase at 1200 ◦C, if samples are heated at a constant heating rate
f 10 ◦C/min.

F
e

ig. 1. Density of freely sintered samples as a function of isothermal time at
100 ◦C.

The axial and radial strains at two different values of applied
oad as a function of isothermal time are shown in Fig. 2. Without
xternal load, the shrinkage is isotropic. However, as the load
ig. 2. (a) Axial and (b) radial strain as a function of sintering time. Sinter forging
xperiments were conducted by applying a uniaxial load of 50 and 100 N.
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Fig. 3. Dependence of axial strain rate on applied stress at 1100 ◦C.

ig. 3. This indicates that in the stress range considered, the
aterial behaves viscoelastically and that the viscosity depends

nly on density and not on stress level. From Eq. (1), the slope of
he linear plots for a given density corresponds to the inverse of
he uniaxial viscosity. As density increases, viscosity increases,
he free strain rate decreases, and the effect of the load is reduced.
ig. 4 shows the measured uniaxial viscosity Ep as a function
f the relative density. As the relative density increases from

5 to ∼ 90%, the viscosity increases quasi-linearly but remains
ow, less than 10 GPa s. However, it increases rapidly far further
ncrease in relative density and becomes 118 GPa s at 97% rel-
tive density. The measured viscosities are very low compared

v
f

E

Fig. 5. SEM images of freely sintered GDC at the density of (a) 84.7 and (b
Fig. 4. Uniaxial viscosity as function of density at 1100 ◦C.

ith those of pure alumina samples at 1250 ◦C with an initial
rain size of 150 nm (over 2500 GPa s).24

The big difference in measured viscosity between the
DC in the present investigation and the alumina in the
revious investigation may be related to a difference in
icrostructural evolution. In a crystalline material, the uniaxial

iscosity at a given temperature can be expressed in a general
11,14,15,32,33
orm :

p = E0
p × E1

p(ρ) × E2
p(d) (3)

) 96.7%. Sintering trajectory of freely sintered pellets at 1100 ◦C (c).
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here E0
p is a scaling factor, E1

p(ρ) and E2
p(d) are the functions

ndependent to grain size and density, respectively. This gen-
ral expression can also be adapted to bulk and shear viscosities
s well as to the sintering stress.14,15 According to theoretical
escriptions,7,11,16,32,33 the viscosity increases with an increased
elative load bearing area φ, which is the ratio of the load bear-
ng area over the cross-sectional area of the specimen. This
an be expressed as a function of porosity of density E1

p(ρ).
t lower densities, owing to the small value of φ, uniaxial vis-

osity remains low and shows a moderate increase up to 90%
f the relative density. If densification proceeds, grain coars-
ning also affects the viscosity of the sintering material. The
unction E2

p(d) is proportional to the cube of the grain size nor-
alized by the initial grain size for the case of grain boundary

iffusion.14,15,31,32

Various models have been proposed for the viscosity of
orous powder compact as a function of relative density and
rain size. To compare the measured viscosity with those esti-
ated by different models, the sintering trajectory during free

intering at 1100 ◦C was measured. Fig. 5(a) and (b) shows the
racture surfaces of the freely sintered specimens with 84.7 and
6.7% of relative density. Fig. 5(c) is a plot of grain size and rela-
ive density of sintered specimens. Densification as well as grain
rowth occurs; however, the grain growth rate increases as the
elative density increases. Nevertheless the grain size remains
ess than 0.3 �m at 97% of relative density. A similar result was
lso observed by Jud et al.34 for pellets made of the same GDC
owder.

Fig. 6 plots the measured uniaxial viscosity at 1100 ◦C nor-
alized by the value measured at 85% of density as well as

hose calculated using the models of Rahaman et al.,32 Hsueh et
l.,13 Riedel et al.,15 Venkatachari and Raj,33 and Scherer.7 All
hese models include a function of grain size, except Scherer’s
ne, which is used to emphasize the effect of grain growth. The
quations used for the viscosity calculation of each models are

isted in Appendix A. Rahaman, Hsueh and Riedel’s models
how good agreement with the measured data (the difference
emains less than 20% over the whole density range), whereas
enkatachari and Scherer’s models underestimate the viscosity.

ig. 6. Comparison between measured uniaxial viscosity normalized by density
nd theoretical predictions.
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In Fig. 6, Rahaman’s model appears to best fit the measured
ata. Rahaman’s model32 relies on Beere’s geometrical rela-
ionship for a definite grain/pore configuration35 and Coble’s
reep formalism.36 The pore geometry was based on a corner
nit having tetragonal symmetry during the intermediate stage
f sintering. The fraction of load bearing area was defined as
ollows:

= exp(−aP) (4)

here a is a constant determined by the apparent dihedral angle
and P = 1 − ρ is the porosity. As a fitting parameter, a was

ound to be 10.5 in this study. Rahaman and De Jonghe37

eported that a was equal to 5 for ZnO (ψ = 120◦) whereas it
as 2 for CdO (ψ = 125◦).32 Here, GDC has an apparent dihe-
ral angle of 116 ± 4◦ measured by TEM. A smaller value than
hat measured on CdO and ZnO leads to a higher value of a.
n Beere’s geometrical model, a is inversely proportional to the
ihedral angle. According to the present result, the dependence
f a on the dihedral angle seems to be more important than
redicted by Beere’s model. A possible explanation is that the
umber of pores per grain does not remain constant for the whole
ange of density (here, samples were sintered until pore closure,
hich can introduce major changes in the microstructure).
Hsueh et al.13 did not define the fraction of the load bear-

ng area, but predicted an increase of uniaxial viscosity with
rain growth for high density range. Even if grain size was not
xplicitly taken into account as a variable, their prediction for
niaxial viscosity at the late stage of sintering is in good agree-
ent with the present experimental data. They suggested the

ollowing equation for the shear viscosity:

p = G0
pρ

p(1 − ρ)−λ (5)

hereG0
p is a scaling factor which depends on temperature, ini-

ial grain size and initial density, p and λ are fitting parameters.
he second term on the right-hand side gives the dependence
f the shear viscosity on density at constant grain size and the
hird term indirectly takes the grain growth into account.9 Val-
es of 0.5 and 1.67 for p and λ were evaluated for Coble and
ingery’s data.36 In this study, p and λ were equal to 0.4 and
.35, respectively.

Riedel et al.14,15 adopted grain boundary diffusion as a dom-
nant mass transport mechanism to build two distinctive sets of
onstitutive equations for the intermediate and late stages of sin-
ering. Several elementary cell configurations were employed to
ompute equilibrium surface areas. The relevant coefficients for
he parabolic fit functions were then determined numerically.
ere, the pore coordination number was assumed to be 8 for the

ntermediate stage model. They also developed a special geom-
try for the case of closed porosity. The relationship between
he shear and bulk viscosities is defined in the Appendix A.
lthough the structure of a virtual material is reproduced (under

he assumption of spherical and monosized particles), this model

oes not give a continuity in viscosity (and sintering stress) when
he type of the porosity changes from open to closed. This prob-
em can be circumvented, if the geometrical transition occurs
ver a range of the densities.26
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(1 − ρ)1+λ

Ep = 9KpGp
3Kp+Gp=9G0

p ×K0
p × ρ × λ

(1 − ρ)−λ(1 − ρo)λ

G0
p(1 − ρ) + 3K0

p × ρ1−p×λ(1 − ρo)λ
ig. 7. Comparison between measured and modelled uniaxial viscosity normal-
zed by density and grain size.

Venkatachari and Raj33 derived constitutive laws from a hot
orging study of magnesia doped alumina. They found that
oble’s creep behaviour fit their experimental data, but used
simpler form for the load bearing area than Rahaman et al., φ
eing defined as the inverse of the relative density. This simple
unction of density seems to be cause of the poor agreement
etween the calculated and experimental curves.

To predict the sintering behaviour of sol–gel glasses, Scherer
dopted a cubic cell. In that case, there was no consideration of
rain growth as it was developed for viscous materials.7,8 The
onsiderable discrepancy between the calculated and experiment
alue, in particular for densities above 90%, must be due to the
gnorance of grain growth.

All theoretical frameworks presented here, except Hsueh’s
nd Scherer’s, use explicitly the same function of grain size
2
p(d) = d3. In order to highlight the differences among the

ested models, the normalized viscosity presented in Fig. 6
as divided by the cube of the normalized grain size to take

he grain growth into account. Although the grain growth was
ot considerable, less than doubled (Fig. 5(c)), the difference
n viscosity between the analysis with (Fig. 7) and without
Fig. 6) grain growth consideration is more than five times. This
ighlights the remarkable contribution of grain coarsening on
he viscosity. Fig. 7 also shows more distinctly the difference
etween the measured values and the calculated values from
ifferent models. The viscosity calculated using Riedel’s model
s underestimated for the relative density range between 89
nd 91% while it is overestimated for the range over 91%.
he difference between measured and the calculated using
enkatachari’s model increases with an increased relative
ensity and is considerable at final stage sintering. Rahaman’s
rediction, however, lies very close to the measured curve,
howing that the present GDC pellets behave similarly to
he CdO material used in their study. For comparison, the
xperimental data of alumina pressure-filtrated specimens38
s also plotted. It shows a lower dependence of the normal-
zed viscosity on the relative density, meaning that the load
earing area is affected by the powder and the manufacturing
rocess.

A

eramic Society 27 (2007) 3127–3133 3131

The analysis and discussion so far assumed that the rela-
ive density and the average grain size were the microstructural
arameters affecting the viscoelastic properties. However, the
quilibrium dihedral angle can be another important microstruc-
ural parameter, as Riedel et al. suggested.14,15 The neck radius
an also affect the viscosity were significantly than the rela-
ive density, as Bouvard and Meister noted.16 To predict the
hange in viscosity in terms of overall (density and grain
ize) and local (dihedral angle and neck radius) microstruc-
ure, the development of a more sophisticated model should be
eeded.

. Conclusion

Discontinuous sinter forging has been performed with
high-resolution laser-assisted sinter forging apparatus on

anocrystalline gadolinium-doped ceria. The measured axial
train rates showed good linearity with respect to the applied
tress and allowed us to determine the uniaxial viscosity at
100 ◦C. The effects of the relative density and grain coarsening
ere taken into account. A comparison with available models

howed that the prediction by Rahaman best fits the experimental
ata.
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ppendix A. Equations used for the calculations of
niaxial viscosity

.1. Rahaman et al.32

Gp = A× d3 × ρ × exp[−2a(1 − ρ)]

Kp = A× d3 × ρ × exp[−a(1 − ρ)]

Ep = 9KpGp
3Kp +Gp

and E1
p(ρ) = ρ

exp[−3a(1 − ρ)]

3 exp[−a(1 − ρ)] + exp[−2a(1 − ρ)]

.2. Hsueh et al.13

Gp = G0
p × ρp(1 − ρ)−λ

Kp = −K0
p

ρ × λ(1 − ρ)λ
.3. Riedel et al.15

For the intermediate stage of sintering:
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1
p(ρ) = (αo + α1ψ + α2ψ

2) + (βo + β1ψ + β2ψ
2)(1 − ρ)

+ (γo + γ1ψ + γ2ψ
2)(1 − ρ)2

here ψ is the equilibrium dihedral angle.
For the final stage of sintering:

1
p(ρ) = 1

ρ

(
−2 ln(ξω) − 33

64
+ ξω − (ξω)2

16

)

here ξ is a geometry factor,

(ρ,ψ) = 61/3
(

1 − ρ

4h(ψ)

)
and

(ψ) = (1 + cos(ψ/2))−1 − (1/2) cos(ψ/2)

sin(ψ/2)

G1
p(ρ) is calculated from:

G1
p

K1
p

(ρ) = [0.27 + 2(ρ − 0.62)2]

[
1 −

(
0.4

1.4 − ρ

)12
]

Finally, E1
p(ρ) = K1

pG
1
p

3K1
p+G1

p

.4. Venkatachari and Raj33

Gp = G0
p × d3 × ρ

Kp = K0
p × d3 × 1

ρ
[ln(1 − ρ) + 0.5ρ(ρ + 2)]

E1
p(ρ) = ρ

ln(1 − ρ) + 0.5ρ(ρ + 2)

(3K0
p/ρ)[ln(1 − ρ) + 0.5ρ(ρ + 2)] −G0

p × ρ

.5. Scherer7,8

p = 3A

(
ρ

3 − 2ρ

)
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