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Abstract

The densification and grain growth kinetics during field-assisted sintering of gadolinium-doped (10 mol%) ceria
(GDC10) were analyzed by conducting isothermal sintering experiments. The model parameters, namely, a stress
exponent of ~2 and apparent activation energy of ~260 k]/mol for the densification have been determined experi-
mentally. Subsequently, the grain growth has been described by a power law with an exponent of 2 and an activation
energy of ~200 k]J/mol. Such values suggest that the dominating densification mechanism combines both diffusion
and dislocation motion. A numerical model has been utilized to predict the densification curves, which show a satis-
factory fit with the experimental curves. Particularly, it has been shown that grain growth kinetics, explicitly, needs
to be taken into account in the densification models, to accurately predict the shrinkage during sintering.
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I. Introduction

Field-assisted sintering technology (FAST), also known
as Spark Plasma Sintering (SPS), is defined as a low-volt-
age, direct current (DC) pulsed-activated pressure-assist-
ed sintering and synthesis technique 1. It facilitates the
manufacturing of dense materials at lower temperatures
and with shorter sintering cycle times than conventional
free sintering and hot-pressing sintering techniques. En-
hanced densification and inhibited microstructure evolu-
tion have been observed with the FAST/SPS technique
owing to the combination of applied uniaxial pressure, di-
rect heat transfer, shorter dwell times and high heating
rates 2.

CeO, is one of the most established materials for investi-
gating the effect of mixed ionic and electronic conduction
(MIEC), duetoits high electrical conductivity at high tem-
peratures and its resistance to harsh environmental con-
ditions 3. Rare earth elements are preferentially used for
A-site doping since their atomic radii fit quite well to the
ceria lattice parameters. Furthermore, gadolinium-doped
ceria (GDC) is used as electrolyte material for intermedi-
ate temperature solid oxide fuel cells IT-SOFCs) 4 and is
applied as a diffusion barrier layer in metal-supported fu-
el cells to avoid inter-diffusion between metallic substrate
and anode as well as between electrolyte and cathode 56

To understand the densification mechanisms during
FAST/SPS, different techniques have been used as de-
scribed in the relevant literature. Owing to the restriction
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of radial displacement &, =¢,, =0 in the graphite dies,
the ratio between densification and uniaxial strain rates is
fixed and their relation is described in Eq. (1).

=P (1)

where €y, is the strain rate in the direction of applied load,

p is the densification rate and p the instantaneous relative
density. Assuming that creep is the dominating densifica-
tion mechanism enables the application of standard creep
equations for evaluating the densification kinetics 7~12.
The primary aim of this study is to determine the creep and
grain growth parameters based on comprehensive analysis
of isothermal sintering FAST/SPS experiments at temper-
atures ranging between 800 °C and 1400 °C, dwell times
ranging from O to 6 minutes with a constant heating rate of

100 K/min and a constant uniaxial compaction pressure of
50 MPa.

II. Experimental Methods

(1) Characterization of the raw powder

The commercially  available  gadolinium-doped
(10mol%) ceria (GDC10) powder (Fuel Cell Mate-
rials), which had a specific surface area of 10.572 m2/g
and a mean particle size of ~80 nm, was selected as the
starting material. Scanning Electron Microscopic (SEM)
and Transmission Electron Microscopic (TEM) images
of the as-received powder are shown in Fig. 1.



18 Journal of Ceramic Science and Technology —S. K. Sistla et al.

Vol. 11, No. 1

200 nm

— AP -

100 nm

Fig. 1: GDC10 Powder under a) Scanning Electron Microscope b) Transmission Electron Microscope.

(2) FAST experiments

All FAST/SPS experiments were conducted on the as-
received GDC10 powder in vacuum using FCT HP D
25-2 (FCT Systeme, Germany). The FAST/SPS graphite
die (graphite type R7710, SGL Carbon GmbH, Germany)
with a wall thickness of 10 mm and an internal diameter of
20 mm was filled with 6 g powder between two graphite
punches. To facilitate better contact prior to the FAST/SPS
process and for easy removal of punches post the FAST/
SPS experiments, a graphite foil of 0.4 mm thickness was
used between the punches and the die and between the
powder and the punches. The assembled graphite tool set-
up was pre-compacted at room temperature with a uni-
axial pressure of 16 MPa, which corresponds to the min-
imum pressure applied in the FAST/SPS equipment. The
initial sample height was around 5 mm, which led to an
initial relative density of around 50 %. A constant pres-
sure of 50 MPa was applied before the heating cycle and
was released shortly after surpassing the defined dwell
time. For the identification of densification parameters,
FAST/SPS experiments were performed at temperatures
between 800— 1200 °C with a constant dwell time of 6 min-
utes. On the other hand, to identify the parameters of the
grain growth law, isothermal FAST/SPS experiments were
performed at temperatures between 1000-1400 °C and
with different dwell periods (0, 2, 4, 6 min). Furthermore,
a constant heating rate of 100 K/min was also adopted in
the experiments. The thermal expansion of the tools and
the machine was considered by conducting correction ex-
periments with dense GDC10 samples and subtracting
the measured axial movement of the punch from the orig-
inal sintering experiments. The end densities of the sin-
tered samples were then measured using the Archimedes
method.

(3) Microstructural analysis

The sintered samples were embedded in an epoxy mate-
rial, finely polished, demolded and then thermally etched
at temperatures of approximately 100 K lower than the
corresponding sintering temperatures for 15 minutes. Mi-
crostructural images were taken of the sample with a high-
resolution scanning electron microscope (LEO 982, Zeiss,
Germany). The image analysis program Lince (TU Darm-
stadt, Germany) was used to determine the average grain
size by means of the linear intercept method. To achieve a
good statistical estimation of the grain size, images were

taken at three different locations. On average, at least
300 grains were measured and an average grain size with
astandard deviation was determined.

III. Macroscopic sintering behavior

(1) Densification kinetics

Since standard creep equations can be utilized to under-
stand the densification mechanisms in FAST, the approach
utilized by Bernard-Granger 7>8 has been applied here,
whereby the macroscopic strain rate is defined in Eq. (2)

. _p_Bouyb (E)p <0eff)n )
'8yy P kT \G) \He @

where, &y is the strain rate in the axial direction, Bisa con-
stant, @ is the diffusion coefficient, L ¢ the instantaneous
shear modulus, & the Burgers vector, k the Boltzmann’s
constant, 7 the temperature, G the grain size, p the grain
size exponent, G the instantaneous effective stress acting
on the powder and 7 is the stress exponent. The instanta-
neous relative density is calculated with the expression in

Eq. (3),

P =P % G)
where pyg is the final relative density determined as
the ratio between the final density calculated with the
Archimedes method and the theoretical density of GDC10
(7.128 g/cm3), Ly the final height and the | the instanta-
neous height. In the plots in the following sections, the
relative density is plotted as a percentage value. The diffu-
sion coefficientis described by an Arrhenius equationasin
Eq.(4), -
D= yexp (2) #)

where @ is the pre-exponential term, Q ytheactivationen-
ergy of thedensification mechanismand R the gas constant.
Since the applied macroscopic stress, G , is magnified at
the microscopic level, it implies that the stress term in the
creep equation has to be replaced with an effective stress
term, G, which is dependent on the instantaneous rel-
ative density of the powder compact. Thereby, the effec-
tive stress and the effective shear modulus are defined as in
Egs. (5)and (6)7>8
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where pg is the initial relative density, p the instantaneous
relative density and E 4, is Young’s modulus and vy, the ef-
fective Poisson’s ratio. Mogensen et al. 3 reported values
of 165 GPaand 0.3 for Young’s modulus and Poisson’s ra-
tio, respectively, for dense pure ceria at room temperature,
and these values have been adopted in this study. Gener-
ally, these values decrease with increasing temperatures,
however, here these values were considered independent
of temperature 7>8,13,14,

(2) Grain growth kinetics

Generally, the grain size evolution during sintering is
dependent on temperature and sintering time. The grain
growth kinetics are, generally, determined from isother-
mal sintering experiments. In the present work, a grain
growth law for polycrystalline materials, from Niez al. 15,
has been chosen and is defined as in Eq. (7).

GP - GP =Kt =Kot exp (-%) %

where G, is the average grain size at time ¢, G is the ini-
tial grain size,p is the grain growth exponent typically be-
tween 2 —4 and may also depend on temperature, Kisarate
constant, Kyisapre-exponential constantand Q, is the ap-
parent activation energy for grain growth. Here, as used in
the works of Niet al. 15, the value of 2 has been used for the
grain growth exponent p and independent of temperature.

IV. Results

(1) Sintering analysis with microstructure characteriza-
tion

Fig.2 presents the evolutions of the relative density
and densification rate as functions of temperature for
the FAST/SPS experiment conducted at a sintering tem-
perature of 1400 °C, holding time of 6 min and uniaxial
pressure of 50 MPa. The sample had an initial density of
around 50 % and the maximum density of around 94 %
has been obtained with sintering at 1400 °C. It was also
observed that the densification of the GDC10 powder
compact begins at temperatures of around 800 °C, and
at around 1075 °C achieves a peak densification rate that
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Fig. 2: Relative density and densification rate as a function of tem-
perature for GDC10 sintered at 1400 °C with 100 K/min and con-
stant pressure of 50 MPa.
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subsequently decreases with increasing temperature to
1400 °C. Thus, the focus of this study has been the inves-
tigation of densification and grain growth in the tempera-
ture regime between 800 and 1400 °C.

Fig.3 shows the relative densities determined with the
Archimedes’ method at sintering temperatures between
800 and 1400 °C and dwell times between 0 and 6 minutes.
At 800°C, the relative density changed from the initial rel-
ative density of 50 % to around 60 %, which is induced by
the change in uniaxial pressure from 16 MPa to 50 MPa. It
can be observed that the relative density change is inde-
pendent of the dwell times at 800 °C, which is the lowest
sintering temperature. It is also apparent that the relative
density increases with increasing sintering temperatures
and reaches a saturated value of around 94 % at a sinter-
ing temperature of 1200 °C and dwell time of 6 minutes.
Any further increase in sintering temperature and holding
time provides no significant change in the relative density.
Higher sintering temperatures and dwell time only induce
grain growth. This can be observed in the microstructure
images (in Fig. 4) of GDC10 samples sintered at 1400 °C.
Furthermore, it can be seen that the grain size also increas-
es for progressing dwell times.
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Fig. 3: Relative density as a function of temperature obtained for
sintering temperatures of 800—1400 °C and dwell times of 0 to
6 min.

Fig.5 shows the sintering trajectory of GDC10, where-
in the evolution of grain size of the sintered GDC10 sam-
ples with different sintering temperatures and dwell times
are presented. The number on top of each colored block
represents the dwell time, and the color of the block cor-
responds to the sintering temperature. Below the sinter-
ing temperature of 1200 °C and dwell time of 2 minutes,
negligible grain growth is observed with grain size values
ranging between 0.1 um and 0.2 um, which can be approxi-
mated to the initial grain size of the GDC10 powder parti-
cles. Atsintering temperature of 1200 °C and dwell time of
4 minutes, there is a transition in the microstructure with
an exponentially increased grain size to high temperatures
and longer dwell times.
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Fig. 5: Evolution of grain size plotted against relative density for
different sintering temperatures (1000-1400 °C) and dwell times
(0—6 min).

(2) Characterization of the densification bebavior

Since the sintering temperature of 800 °C has no influ-
ence on the relative density and sintering temperatures
higher than 1200 °C lead to grain growth, for the charac-
terization of the densification behavior, temperatures be-
tween 9001100 °C and the longest dwell time of 6 min-

100 : . — . :
90|
85|
!
75|
70 §

65 | = 900°C_Exp -
= 1000°C_Exp]

Relative Density [%]

e = 1100°C_Exp|
55 | 900°C_Fit
50 - ——1000°C_Fit ]
i ——1100°C_Fit |
45 1 1 " 1 1 1 " 1
0 1 2 3 4 5 6

Dwell Time [min]

Fig. 6: Relative density obtained for different sintering temperatures
as a function of dwell time according to Eq. (3).

utes have been utilized. Fig. 6 presents the different den-
sification curves as a function of the dwell time. These
values, at the different temperatures, have been calculat-
ed from Eq. (3). In order to determine the stress exponent
n, Eq. (2) was rewritten as shown in Eq. (8). By keeping
the temperature constant and assuming that there is negli-
gible grain growth in the temperature range between 900
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and 1100 °C, we can plotadoublelogarithmic plot with the
left-hand side of Eq. (9) against the right-hand side, which
leads to a linear curve, and the slope of this curve is the
effective stress exponent 7.

b () (&)
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Fig. 7 shows that the way the value of # is calculated for
each sintering temperature. It can be observed that the R2
values for each of the fits are larger than 0.99, which shows
that the fitted lines fit the data better. For the temperature

regimes between 900 - 1100 °C, an average value of 2.02 +
0.16 is calculated.
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Fig. 7: Stress exponent calculated for sintering temperatures from
900-1100 °C and dwell time of 6 min.
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n =2.02 for the heating rate of 100 K/min and a uniaxial pressure of
50 MPa.

Subsequent to the calculation of the stress exponent, the
activation energy is calculated at a constant value of the
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densification rate (p /p, here 1 x 10-3 s-1) and with an av-
erage stress exponent of 2. From Fig.5, it appears that
the grain size is constant at sintering temperatures of be-
low 1200 °C and dwell time of 2 minutes. Making this
assumption, we can rewrite Eq. (2) as shown in Eq. (10)
to calculate the activation energy for densification Q 4. Fi-
nally, the left-hand side of Eq. (10) is plotted as a function
of 1/T in an Arrhenius plot (Fig. 8). The slope of the line,
with a high coefficient of determination (R2) value, on
multiplication with the gas constant (R =8.314]/molK)
leads to an average value of Q 4 around 261.5 kJ/mol.

T (e \"P Qq
"\ \ow ) p RT "2

(3) Grain growth bebavior

As seen in Fig. 5, the grain size is dependent on temper-
ature and dwell time. For GDC the grain growth expo-
nent assumed by Chen ez al. 16 and utilized in the works
of Ni et al. 15 is used. Here, as used in the works of
Ni ez al. 15, the value of 2 has been used for the grain
growth exponent p and independent of temperature. In
order to determine the activation energy of grain growth,
grain sizes from isothermal sintering experiments are de-
termined and plotted in Fig. 9. As pointed out in Section
IV.(1), no or negligible grain growth is observed at sin-
tering temperatures below 1200 °C and dwell time of 2
minutes. This is again illustrated in Fig. 9.
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Fig.9: Variations of average grain size versus isothermal time at
different temperatures.

Eq. (7) is rewritten as Eq. (11). By means of plotting the
left-hand side vs 1/T in an Arrhenius plot (Fig. 10), the
average apparent activation energy of around 200 k]J/mol
hasbeen estimated as the slopes calculated for experiments
with dwell time between 0 and 6 minutes. The Pearson’s
correlation coefficients for all the linear fitting in Fig. 10
are lower than -0.96, suggesting a strong linear correlation
with the fit data.

ln(Gf—Gé)zano+lnt—% (11)
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Fig. 10: Apparent activation energy for grain growth, when p =2
for heating rate of 100 K/min and a uniaxial pressure of 50 MPa.

(4) Densification model

The densification model described in Eq. (2) with the
additional equations has been implemented in MATLAB
utilizing the parameters summarized in Table 1 and addi-
tional equations defined in Sections III (1) and III (2). For
the modeling, an initial grain size of 80 nm has been uti-
lized and the corresponding initial relative densities have
been adopted. Fig. 11 indicates the experimental tempera-
ture profiles with a heating rate of 100 K/min from 500 °C,
where the black, red and blue curves are the curves for sin-
tering at 900, 1000 and 1100 °C, respectively. Additionally,
the experimental evolution of the relative density for these
temperatures is also presented as solid symbols (square for
experiment sintered at 900 °C, circle at 1000 °C and trian-
gle at 1100 °C). It should be noted that the initial densi-
ty of the 900 °C experiment is around 58 %, of 1000 °C is
around 55 % and of 1100 °Cisaround 50 %. Furthermore,
the evolution of relative densities for these temperatures
determined using the model are also presented as dash-dot
lines. In the modeling of densification, the grain growth
law, with the parameters determined in the previous sec-
tion, have also been integrated. Itis seen that the calculated
relative densities, for all three sintering temperatures, are
accurate in the isothermal regions when they are compared
with the experimental evolutions.

Fig. 12 presents the experimental mean grain size as a
function of temperature for the investigated temperatures

Table 1: Model parameters for GDC10
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(900-1100 °C), depicted by the black solid squares and
their corresponding standard deviations depicted by the
error bars. Fig. 12 also presents the estimated homoge-
neous grain sizes (marked in red circles) for the corre-
sponding temperatures. It is also seen that the estimated
grain sizes lie well within the error regions of the experi-
mental values, highlighting the effectiveness of the method
used in this work. Since the activation energy is calculated
from the linear regression analysis (Fig. 10), it can be pre-
sumed that the model can be used for analysis at the high-
temperature regimes (1200 - 1400 °C).
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Fig. 11: Densification kinetics during FAST/SPS of GDCI10 at
900 °C and 1100 °C with a dwell time of 6 minutes and pressure
of 50 MPa.

Since densification is generally accompanied by the
coarsening of grains, the influence of grain growth on
the densification curves is considered in Fig. 13. For the
analysis of the influence of grain growth on densification,
the experiment with isothermal sintering at 1100 °C was
selected. The temperature profile and the experimental
evolution of the relative density are plotted in Fig. 13 as
a solid curve and solid square symbol, respectively. Two
densification curves were modeled, one considering the
densification with grain growth (represented by the black
dash curve) and the other without grain growth (repre-
sented by red dash-dot curve). Grain growth during sin-
tering hinders the densification process. This can also be
evidently seen in the plot where the model considering
the grain growth fits better to the experimental values in
comparison with the model without grain growth.

Parameter Description Value Source

B- @, Constant - pre-exponential term 8.59 - 1011 m2/s Fit

Cex Applied macroscopic stress 50 MPa Experiment
Ew Young’s modulus 165 GPa 3]

U ff Poisson’s ratio 0.3 (3]

b Burgers vector 3.96-1010m (14]

Ky Pre-exponential constant 2.0-109 m?/s Fit
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Fig.12: Grain growth kinetics during FAST/SPS of GDC10 at
1100 °C with different dwell times and pressure of 50 MPa.
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Fig. 13: Sintering model with and without grain growth for sintering
temperature of 1100 °C and dwell time of 6 min.

V. Discussion

Owing to the self-diffusion of atoms that occurs in poly-
crystalline materials exposed to external loads at elevated
temperatures, atoms diffuse from interfaces under com-
pression and to grain boundaries under tension. Such a
creep mechanism is commonly known as Nabarro-Her-
ring creep. Creep also occurs when diffusion of matter
occurs along the grain boundaries, that is termed Coble
creep. Contrary to Nabarro Herring creep or Coble creep,
activation of matter transport also occurs owing to dis-
location movement arising from the application of high
stresses. In such cases, 7 depends on the dislocation mo-
tion and has values between 3 and 10 18.

For GDC10, Routbort 19 e al. conducted compression
creep tests on dense samples and reported a 7 value of
1.3 £ 0.2 and activation energy for creep deformation of
480 kJ/mol for temperature ranges of 1200—1300 °C and
applied pressures of 10— 100 MPa. The authors related the
activation energy to the creep deformation process con-
trolled by cerium-cation diffusion. Lipinska-Chwalek et
al. 2021 reported stress exponent values, for different ceri-
um oxide materials, between 0.5 and 2.5. In those cases,
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compression creep tests were performed on dense samples
at relatively low temperatures (800-900 °C) and applied
pressures of 30— 120 MPa. There, the activation energies
calculated had values between 50-160 kJ/mol. The au-
thors, thereby, suggested that the dominating creep defor-
mation mechanism could be a combination of diffusion-
and dislocation-based mechanisms.

Densification, in a sintering process, is generally accom-
panied by grain coarsening, where the grains increase in
size and decrease in number. To achieve a more accurate
prediction of the densification, the modeling procedure
should integrate a grain growth law, as presented in this
study. For GDC10, Ni ez al. 15 reported a similar grain
growth exponent value, an activation energy for grain
growth of 427 £ 22 kJ/mol and suggested that the grain
growth predominantly proceeds through grain boundary
diffusion. This suggests that the dominant mechanism for
grain growth is grain boundary diffusion. The differences
in the activation energies of the present study might be at-
tributed to the presence of higher heating rates and the ap-
plication of pressure.

He et al. studied free sintering of GDC10, under reduc-
ing conditions (H,/N,) and normal atmosphere 22. The
sintering kinetics were enhanced in the early stage of sin-
tering owing to the formation of oxygen vacancies, under
low oxygen partial pressure conditions. Densification ac-
tivation energies of around 290 % 20 k]/mol under reduc-
ing conditions were reported. The activation energy for
the densification of GDC10 calculated in this work is very
close to the activation energy reported by He et al. 22. In
FAST/SPS experiments conducted under vacuum condi-
tions with graphite tools, a localized reduced atmosphere
is created around the green GDC10 sample. Owing to the
reduction environment, there is a release of oxygen vacan-
cies from GDC10 caused by the reduction of Ce#+to Ce3+.

With the comparison of the stress exponent and the acti-
vation energy for densification and grain growth measured
in this work with the literature values discussed above, the
expected dominating deformation/densification mecha-
nism is a combination of diffusion- and dislocation-based
mechanism.

In solid-state sintering, the stages of sintering represent
the geometrical transition of a powder compact to a strong
object 23. Intheinitial stage, particles rearrange themselves
to allow contact between particles to grow. In the inter-
mediate stage, the necks formed grow to leave a tubular
network between pores, and in the final stage the tubular
pores vanish to form spherical ones. In this work, from the
densification curves plotted in Fig. 11, the curves could be
divided into the afore-mentioned regions. We observe that
for all the temperatures before the isothermal stages start
a significant amount of densification occurs. Particle rear-
rangement could contribute to the initial densification in
the early stages. It is believed that by considering a phe-
nomenological approach for the contribution for particle
rearrangement during the early stages of sintering, as men-
tioned in Kraft et al. 24, the model could be improved. Im-
plementing the densification model in finite element (FE)
simulations 2426 would also provide a better understand-
ing of the densification process as the initial density distri-
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butions, temperature distributions during FAST and grain
size distributions can be considered for the analysis.

VI. Conclusions

This work investigated the densification and grain
growth kinetics during FAST/SPS of GDC10. The sin-
tering kinetics and activation energy of densification have
been determined using isothermal sintering at various
temperatures with constant uniaxial pressure. The re-
sults indicate that in a low sintering temperature regime
(900-1100 °C), the average stress exponent and the acti-
vation energy are 2 and 260 kJ/mol, respectively. Similarly,
the grain growth kinetics and activation energy of grain
growth have also been determined by analyzing the evolu-
tion of grain sizes under isothermal sintering conditions.
This led to utilizing a grain growth exponent of 2 and
activation energy for grain growth of around 200 kJ/mol.
Both densification and sintering kinetics indicate the dom-
inating densification mechanism to be a combination of
diffusion- and dislocation-based mechanism. However, at
higher temperatures, the densification could be dominated
purely by the dislocation-based mechanism. A numerical
densification model has been utilized in the current study
and it can be used to predict the FAST/SPS densification
and grain growth curves of the sintering of GDC10. Fur-
thermore, the accuracy is increased when the model is
integrated with a grain growth law.
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