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Abstract

Prediction of the dominant sintering mechanism and corresponding temperature regimes become important in arriving at the

optimum sintering schedule of ceramics. The sintering kinetics of 8Y zirconia (8YSZ) submicron powders, with particle sizes �205 nm,

has been evaluated through, (i) constant rates of heating and (ii) master sintering curve (MSC) technique. Slip cast green 8YSZ

compacts, close to 50% of the theoretical density, have been subjected to dilatometry, for recording the shrinkage behavior, at constant

heating rates of 5, 10 and 20 1C/min. The kinetics of the corresponding sintering process has been evaluated by estimating and

comparing the apparent activation energies (Q) from the constant heating rate technique, and MSC approach. The observed apparent

activation energy (�350 kJ/mol) suggests grain-boundary diffusion to be the dominant mechanism in sintering of 8YSZ ceramics.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

8 mol% Yttria stabilized zirconia is the most commonly
employed electrolyte material for solid oxide fuel cell
application, because of its high oxygen ionic conductivity
and chemical stability over a wide range of temperatures [1].
Mechanical and electrical properties of YSZ have been
studied extensively and found to be dependent on the final
density and microstructure. Considerable efforts have been
made in recent years to study the processing, densification
and microstructural refinement of this material. Sintering is
a critical step in fabricating a part with required density and
microstructure. Sintering mechanism and activation energy
of sintering are important for predicting the kinetics of
material transport and hence the microstructure evolution.
Through computer simulation kinetic analysis of the
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material transport, during sintering, has been studied by
many authors [2–4], which describes quantitatively the
elementary process involved in diffusional mass transport
during sintering. However, the analysis requires critical
evaluation with respect to the specific case, when various
mechanisms are simultaneously involved in sintering. It is
well known that the sintering behavior and microstructure
are affected not only by the starting particle sizes of the
material but also by the sintering parameters. Understand-
ing of the mechanism/s and corresponding temperature
regimes become important in arriving at the optimum
sintering schedule to control the microstructure with high
relative density. This can be achieved (by avoiding tem-
perature regions that result in excessive grain growth with-
out much densification) by a faster heating followed by a
relatively slower heating schedule that results in minimum
grain growth. Pushrod dilatometers are frequently used to
study the shrinkage behavior of the material as a function of
temperature or time at constant heating rates. Such studies
are useful in determining the kinetics of material transport
ll rights reserved.
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Fig. 1. The time–temperature evolution of the shrinkage (%) data of

8YSZ ceramics obtained from dilatometry.

Fig. 2. Shrinkage behavior of 8YSZ ceramics as a function of

temperature.
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and the dominant mechanism in sintering. The validity of
the sintering models is confined mainly to the early stage of
sintering in the conventional solid state sintering, which
were developed decades ago by Coble [5], Young and Cutler
[6], and Wang and Raj [2,7]. The literature data on sintering
mechanisms and activation energies for sintering and diffu-
sion are confusing in many cases. The theory of master
sintering curve (MSC) provides a new insight into the
sintering phenomena. Master Sintering Curve approach
was originally introduced by Su and Johnson [8,9] based
on the combined-stage sintering model [4]. MSC enables the
prediction of the densification behavior with the help of
minimum number of preliminary experiments on a given
sample. The relative density and a master variable follow a
unique relationship in sintering of ceramic using different
heating rates. The master variable combines the effect of
sintering temperature and time and is called ‘‘work of
sintering’’. The MSC has successfully been applied to the
sintering of CeO2 [10], TiO2 [11], micro and nano-sized ZnO
[12], nano 3Y-TZP [13] and ThO2 [14].

In the present work slip cast green compacts of submicron
8Y zirconia powder were subjected to dilatometry and the
corresponding sintering process (in the dilatometric experi-
ment) has been investigated by estimating the activation
energies from two different sintering models, the Wang and
Raj model and a modified MSC model. The estimated
activation energies, obtained from the two methods, have
been compared and the dominant sintering mechanism has
been identified for the slip cast 8YSZ ceramics sintered at
1550 1C with no soaking (in dilatometer) at different con-
stant heating rates of 5 1C/min, 10 1C/min, and 20 1C/min.

2. Experimental procedure

Commercially available 8 mol% yttria stabilized zirco-
nia powder (TZ-8Y, Tosoh, Japan), with an average
particle size of �205 nm, was dispersed in aqueous
medium to form slurries, with solid loading in the range
of 55–65 wt%, using 1 wt% Darvan 821A (R.T. Vander-
bilt Co., Inc., Norwalk, CT, USA) as the dispersant. The
suspension was then milled for 6 h in a pot jar mill using
polypropylene bottles and zirconia balls of 1 mm diameter
with 1:1 charge to balls ratio. The optimized slurry, with
respect to solid loading and rheological properties, was slip
cast into circular discs of 10 mm diameter and 4 mm
thickness in plaster of Paris mold with subsequent drying
in controlled humidity conditions of 50 1C and 75%
relative humidity. Green pellets with 50% of the theore-
tical density were subjected to sintering in a Netzsch 402C
dilatometer from room temperature to 1550 1C with no
soaking. The peak sintering temperature was reached at
different constant heating rates of 5, 10 and 20 1C/min.

8YSZ slip cast samples, in separate experiments, were
sintered at 1550 1C for 2 h by conventional ramp and hold
sintering (CRH) method at different heating rates (5, 10,
and 20 1C/min). The sintered samples were ceramographi-
cally polished and thermally etched at temperatures 50 1C
lower than the peak sintering temperature and were
subjected to microstructure analysis in a scanning electron
microscope (Model: HITACHI S-3400N SEM).
3. Results and discussion

3.1. Shrinkage

Fig. 1 shows the time–temperature evolution of shrink-
age (%) of the entire dilatometry data. No shrinkage is
observed till 1100 1C for all the heating rates. Shrinkage
starts at 1100 1C, increases with further increase in tem-
perature and attains a steady state value at around 1500 1C
for all the heating rates employed during dilatometry. For
a particular temperature shrinkage is highest for the
sample heated at 5 1C/min and least at 20 1C/min as shown
in Fig. 2.
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3.2. Microstructure

SEM micrographs of the 8YSZ samples, sintered at
1550 1C for 2 h by CRH method at different heating rates,
are shown in Fig. 3(a–c). Fairly dense microstructures are
observed with very few isolated pores here and there. The
average grain size, measured by the line intercept method,
is found to be around 7–8 mm. The dark spots in the
microstructures are yttria segregation in the YSZ matrix as
confirmed by the energy dispersive spectrometry (EDS) in
the SEM analysis. The SEM micrograph of the sample,
sintered at 1550 1C with no soaking and at a heating rate
of 5 1C/min, is shown in Fig. 3(d) for comparison.
The average grain size is smaller than that obtained from
the 8YSZ sample sintered at the same peak temperature
(1550 1C) and heating rate (5 1C/min) but soaked for 2 h
(Fig. 3(a)). Few interconnected pores are still seen in the
grain boundary regions. The effect of isothermal sintering
(at 1550 1C for 2 h) is observed in Fig. 3(a). A micro-
structure with significant grain growth and few isolated
pores in the matrix is obtained. In fact, 2 h soaking at the
peak sintering temperature (1550 1C) has suppressed the
effect of different heating rates (5, 10, and 20 1C/min) on
the grain growth kinetics in sintering. However, the
effect of soaking in the peak sintering temperature has
not been considered in this investigation in determining the
kinetics of sintering.
Fig. 3. Microstructure of 8YSZ samples sintered by the constant heating rate

heating rates of 10 1C/min, (c) for 2 h at heating rates of 20 1C/min and (d) w
3.3. Estimation of activation energy by Wang and Raj

method

This method was developed by Wang and Raj [2] for the
estimation of activation energy at constant heating rates.
In this method the equation for sintering rate can be
separated into temperature-dependent, grain-size depen-
dent and density-dependent quantities.
The mathematical form of the sintering rate equation is

given by

_r ¼A
e�Q=RT

T

f ðrÞ
dn

ð1Þ

where T is the temperature, R is the universal gas constant,
r is the instantaneous relative density of the sample, f(r) is
a density dependent function, r(dr/dt) is the densification
rate, Q is the activation energy, A is the pre-exponential
factor, d is the grain size, and n is the grain size exponent
(¼3, when densification is controlled by lattice diffusion,
and ¼4 by grain-boundary diffusion). The logarithm of
Eq. (1) gives

ln T _T
dr
dT

� �
¼�

Q

RT
þ ln f rð Þ½ �þ ln A�nln d ð2Þ

where _T is the heating rate which is held constant during
the experiment. The plot of left hand side versus 1/T of
Eq. (2) should give the value of Q provided that the data
method at 1550 1C (a) for 2 h at heating rates of 5 1C/min, (b) for 2 h at

ithout soaking at heating rates of 5 1C/min.



Fig. 5. Densification behavior of 8YSZ samples as a function of

temperature.

Fig. 6. Arrhenius plot, ln dr=dt
� �

� T � _T Þ versus 104=T
� ��

, of 8YSZ

samples obtained from Wang and Raj method.

K. Rajeswari et al. / Ceramics International 39 (2013) 4985–49904988
points are taken at constant values of r and d. The
variation in d is eliminated by careful green state proces-
sing [15,16] of the sample. Data for constant value of r are
obtained by changing the heating rates. The measurements
lead to values of Q at different values of r.

The instantaneous relative densities of the samples were
calculated from

r ¼
1

1� DL=Lo

�� ��
 !3

qo ð3Þ

where r is the relative density, 9DL=Lo9is the absolute
shrinkage in %, and ro is the green density. The variation
of instantaneous relative densities of the samples as a
function of temperature is shown in Fig. 4. No change in
relative density is observed up to 1150 1C for all heating
rates. For temperatures beyond 1150 1C, the relative
density increases with increase in temperature. Relative
density is also seen to increase with decrease in heating
rates at a particular temperature, a behavior observed
similar to the shrinkage variation with temperature shown
in Fig. 2. The densification rate (dq=dt) of the sample as a
function of temperature is shown in Fig. 5 for all the
heating rates. For all heating rates the densification rate
increases with increase in temperature, attains a maxima
and then decreases with further increase in temperatures.
The peak in the densification curves shifts to the higher
temperatures with increase in heating rates. Also, the
densification rates decrease with increase in heating rates.
The position and height of the densification curve are
indicative of the activation energy of sintering of 8YSZ
sample. In order to find the activation energy, the slopes of
the curves in Fig. 4, at different values of relative densities,
is measured. For each relative density, three values of
dr=dt at three different heating rates are obtained. These
three values are plotted in an Arrhenius plot. The results
are shown in Fig. 6 for five different values of relative
densities ranging from 0.65 to 0.85. The activation energies
for all relative densities were estimated from the slopes of
Fig. 4. Variation of relative density as a function of temperature for

sintered 8YSZ samples (1550 1C without soaking).
these curves. The activation energy obtained from such
estimation, 272–309 kJ/mol, is found to be in good agree-
ment with that reported, 307710 kJ/mol, by Yeh and
Sacks [17]. From a careful look at the plots in Fig. 6 it is
seen that the lines for all relative densities (0.65–0.85) are
strictly parallel to each other. In applying Eq. (2) on data
shown in Fig. 4, to find out the activation energy (Q), it is
assumed that no grain growth (coarsening) takes place
during the intermediate stage (r¼0.65–0.90) of the sinter-
ing process. Grain growth at the intermediate stage is
suppressed by improving the packing of the particles in the
green state. For a green sample with uniform compaction
the grain coarsening takes place in the final stage of
sintering (relative density more than 90%, r40.90), when
the nature of porosity changes from being open intercon-
nected to closed and isolated [2]. In this investigation
colloidal processing (slip casting) was adopted in proces-
sing the green 8YSZ samples to suppress coarsening in the
intermediate stage, which could have led all the relative
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density lines (r¼0.65–0.90) perfectly parallel to each other
(single activation energy in the whole relative density range
investigated). These data suggest the uniform compaction
of the 8YSZ particle in the slip cast green sample.
Fig. 7. Variation of mean residual square (MRS) with activation energy

(Q) for 8YSZ samples.
3.4. Estimation of activation energy by the master sintering

curve approach

The master sintering curve (MSC) [8,9,14] has been used
to estimate the activation energy (Q kJ/mol) for densifica-
tion. First, a Q value is assumed and the ‘work of sintering’
[8] for all the heating profiles (obtained from dilatometry)
is computed using Eq. (4).

H t;TðtÞð Þ ¼

Z t

0

1

TðtÞ
exp

�Q

RTðtÞ

� �
dt ð4Þ

where the parameter Y is known as ]work of sintering’ and
depends only on sintering activation energy (Q) and time
(instantaneous time in seconds; t) and temperature (T)
profile of the dilatometry data. The integration in Eq. (4)
has been evaluated by the trapezoidal rule and numerical
integration [18] method. In this case a simple quantitative
expression, Eq. (5), has been used to approximate the
‘‘work of sintering’’, which simultaneously accommodates
the temperature and time evolution of the dilatometry
data.

H t; T tð Þð Þ ¼
1

2

1

TðtÞ
exp

�Q

RTðtÞ

� ��

þ
1

T t¼ 0ð Þ
exp

�Q

RT t¼ 0ð Þ

� ��
Dt ð5Þ

The expression in Eq. (5) provides with the ‘‘work of
sintering’’ for the experimental dilatometry data without
further division of domain of integration. The works of
sintering for all the heating rates are taken as zero for the
starting temperature (T¼30.653 1C) of the dilatometry
data. Dt is the time difference and R is the universal gas
constant in Eq. (5).

The shrinkage curves obtained from the dilatometry
experiments, at different heating rates (5, 10, 20 1C/min)
are shown in Fig. 2. For all heating rates, the shrinkage
starts around 1100 1C and attains a steady value at
�1500 1C. From the shrinkage curves relative densities
are calculated using Eq. (3) and the relative density versus
temperature plot is shown in Fig. 4. The important
attributes of the plot shown in Fig. 4 are (i) the general
shape of the curves is sigmoidal and the curves shift to
higher temperatures with increasing heating rates and
(ii) the maximum density is found to depend on the
heating rates, the higher the heating rate lower is the
sintered density.

The estimated relative density, from Eq. (3), are plotted
against Log Y(t,T(t)), which represents the MSC for all
heating rates. The data sets are fitted by a Boltzmann
function, represented by Eq. (6), which is different from
the standard fitting used in the literature [19].

r¼ rf þ
ri�rf

1þexp Log H�a=b
� � ð6Þ

where a and b are fitting parameters, and ri and rf are the
green and final sintered density respectively. The estimated
rf, calculated from Eq. (6), for the three heating rates (5,
10 and 20 1C/min) are 96.93%, 97.48% and 92.12%,
respectively. If the correct value of Q is assumed all the
data points should converge to a single sigmoidal curve.
If they fail to converge, a new value of Q is chosen and the
above steps are iterated until the apparent activation
energy of sintering is obtained. The apparent activation
energy of sintering is the minimum value of the mean
residual squares (MRS; sum of residual squares divided by
the total number of data points) in the MRS versus Q

(chosen) plot. The residual squares have been calculated
using Eq. (7) [20] over a set of 23 equally spaced relative
density values (48%, 50%,y, 92%) in the shrinkage
region of the dilatometry data.

ðResidualÞ2 ¼ Log H all rate;rfix
� �	

�average Log H all rate;rfix
� �� �
2

ð7Þ

where rfix is the fixed value of relative density at which the
residual is calculated. A total of 69 residual squares,
obtained for a particular value of chosen Q, are averaged
out. This gives the mean residual square (MRS) for that
particular value of Q. Similar process has been repeated
for all other chosen values of activation energies. The
mean residual squares versus chosen values of Q are
plotted in Fig. 7. The minimum of MRS comes out to be
0.0228 for Q¼350 kJ/mol. This is the apparent activation
energy of sintering and the corresponding MSC is shown
in Fig. 8. The data points for all the three heating rates and
the constructed MSC show good convergence. The esti-
mated value of activation energy (350 kJ/mol) is within the
range of activation energies (309–373 kJ/mol) reported in
the literature for cubic zirconia [21,22]. The estimated



Fig. 8. Master sintering curve (MSC) of 8YSZ samples sintered at

1550 1C at constant heating rates of 5, 10, and 20 1C/min without soaking.
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activation energy suggests grain-boundary diffusion
(GBD) to be the dominant diffusional mass transport
mechanism in the solid state sintering of 8YSZ ceramics.

4. Conclusions

The activation energy of sintering for 8YSZ ceramics
has been estimated from the constant heating rate sintering
by the Raj and Wang method and MSC approach. The
estimated activation energy from the Wang and Raj
method is �307710 kJ/mol in the relative density range
65–85%. The apparent activation energy of sintering,
obtained from the MSC approach, for the entire shrinkage
region (relative density of 48–92%) is found to be
�350 kJ/mol. The difference in activation energies,
obtained from the two approaches, is probably due to
the difference in the range of relative densities considered
in this calculation. The estimated activation energy sug-
gests grain-boundary diffusion (GBD) to be the dominant
sintering mechanism in the early and intermediate stage of
sintering of 8YSZ ceramics.
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