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Abstract: Yttria stabilized zirconia (YSZ) nanocrystals were prepared by hydrothermal synthesis and were calcinated at different
temperatures and with different isothermal hold time. X-ray diffraction via whole powder pattern modeling approach was used to
study the grain growth as well as the evolution of grain size distribution of YSZ nanocrystals. Results show that YSZ nanocrystals
start to grow along with the grain size distribution broadening at about 300 <. The grain growth rate and the grain size distribution
of YSZ nanocrystals are dependent on the calcination temperature and the isothermal hold time. The grain growth exponent and the
active energy of grain growth were calculated. Grain rotation induced grain coalescence is suggested as the predominant way of grain

growth of YSZ nanocrystals.
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Yttria stabilized zirconia (YSZ) is a well known material
which is frequently used as structural ceramics'™, medical
implants™, sensors™®, thermal barrier coatings* and so on.
It is known that nanocrystalline YSZ (nYSZ) exhibits
higher strength, higher fracture toughness, higher iron
conductivity as well as lower sintering temperature®® as
compared to the coarse-grained YSZ. The deviation of
properties of nYSZ is attributed to its small grain size and
thus the presence of excess grain boundaries in it;
consequently, grain size is an important factor in
determining the properties of nYSz ¥,

Fabrication of nYSZ includes the synthesis of
appropriate YSZ nanocrystals and the sintering of green
body compacted from YSZ nanocrystals!'®. However,
nanocrystals tend to grow up fast even when being sintered
at low temperature because of the high specific surface and
thus the high driving force for sintering. Provided it can be
controlled, grain growth will lead to the deterioration of
properties of final counterparts ™%, Moreover, nanocrystals
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are generally heterogeneous with broad or narrow grain size
distribution depending on their synthesis route. Grain size
distribution is another important factor in determining the
properties of nYSZ because it influences the homogeneity
of properties ™**. Thus, for finely turning the micro-
structure and the properties of nYSZ, it is of technological
importance to understand the grain growth characteristics of
YSZ nanocrystals during sintering.

Transmission electron microscopy (TEM) and X-ray line
profile analysis (XLPA) are commonly used to study the
grain size and the grain size distribution of nanocrystals.
Compared with TEM, XLPA is more convenient because it
has inherently broad statistical basis**. Among approaches
of XLPA used to analyze the grain size of nanocrystals,
Whole Powder Pattern Modeling (WPPM) approach uses
physical models of microstructure (e.g. domain size, shape,
defects) to describe the line profiles of X-ray diffraction
(XRD) without requiring a priori assumption on the shape
of XRD line profiles™®®: thus, it provides a direct relation
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between the microstructural parameters of nanocrystal and
the XRD line profiles. In addition, the grain size
distribution of nanocrystals can be directly obtained
through WPPM analysis™®.

In the present paper, YSZ cubic nanocrystals were
prepared by hydrothermal synthesis. The hydrothermal
synthesis technique is used since it can prepare YSZ
nanocrystals with fine grain size and narrow grain size
distribution at low temperature®®®?!, The as-prepared YSZ
nanocrystals were calcinated at different temperatures and
with different isothermal hold time. XRD via WPPM
approach was used to study the grain size and the evolution
of grain size distribution of YSZ nanocrystals. The purpose
of this paper is to study the grain growth characteristics of
hydrothermally  prepared YSZ nanocrystals during
sintering.

1 Experiment

Hydroxides gel was co-precipitated from ZrOCl, 8H,0
and YCl; mixed aqueous solution with NH; H,0; the ratio
of Y,0; to Y,05 + ZrO, in solution was 8 mol% to obtain
cubic nanocrystals. The gel was aged for 24 h and then was
hydrothermally treated in an autoclave. The autoclave was
maintained at 250 <C for 2 h with autogenous pressure of 2
MPa and was cooled naturally to room temperature. The
product was washed with deionized water and alcohol to
remove Cl" ions. The washed product was dried at 120 T in
air for 10 h.

Non-isothermal sintering of the as-dried nanocrystals
was conducted at temperatures from 300 <C to 1200 <C.
When reaching the given temperature, the sample was
cooled down quickly by taking it out of the muffle furnace.
Isothermal sintering of the as-dried nanocrystals was
conducted at temperatures from 300 € to 1200 C with
different isothermal hold time of 60, 180 and 300 min at

each calcination temperature. The heating rate of
experiments was 2 <C/min.
High resolution transmission electron microscopy

(HRTEM) images were taken with JEOL 2100F. XRD
patterns were recorded using a powder diffractometer
(Advanced D8, Bruker) with nickel-filtered and Cu Ka
radiation; intensities were obtained in the 26 range 20=-80°
with a step rate of 0.0292 s per point. WPPM analysis of
XRD line profiles was conducted using program PM2K 2,

2 Results and Discussion

2.1 WPPM analysis

Since the WPPM approach uses physical model of
microstructure to describe the XRD profiles, factors which
cause the broadening of XRD profiles, such as instrumental
width of diffractometer, lattice defects, grain size and grain
shape of nanocrystals, should be determined before analysis 1.
In the present study of WPPM analysis, the instrumental

width was represented by Caglioti formula whose
parameters were evaluated from the experimental XRD
profiles of standard Si (NIST SRM 640c) . Grain shape of
YSZ nanocrystals was determined from HRTEM images
shown in Fig.1. From Fig.1, it can be seen that nanocrystals
are well crystallized with tetragonal shape. The grain size
of nanocrystals is about 10 and 20 nm. The lattice planes of
nanocrystals are sharp and straight, which implies the
presence of low level lattice defects. Thus, YSZ
nanocrystals can be treated as defects free and factor that
caused line broadening of XRD patterns is the small grain
size of nanocrystals.

Lognormal distribution function, which is frequently
used to describe the size distribution of particles, is chosen
for describing the grain size distribution in WPPM analysis.
Lognormal function is a positively skewed unimodal
distribution with two parameters: lognormal mean (u) and
variance (o); by refining the two parameters, the arithmetic
mean grain size (D) of nanocrystals can be obtained in
terms of u and ¢ as: *!

(72

D= e(x“?) 1)

An example of WPPM analysis result is plotted in Fig.2.
The residuals line (bottom of Fig.2) is flat, which means
good agreement between the experimental data and the data
calculated by WPPM approach.

2.2 Grain growth of non-isothermal sintering

Fig.3 is the effect of calcination temperature on the
average grain size of YSZ nanocrystals without isothermal
hold time. As shown in Fig.3, YSZ nanocrystals start to
grow at about 300 <C. The grain size of nanocrystals is
dependent on the calcination temperature: the higher the
calcination temperature, the larger the grain size. Further,
according to the shape of grain growth curve, two grain
growth regimes can be divided into and at each regime, the
grain size increases linearly with the increase of calcination
temperature. The first regime is from 300 <C to 800 <C; at
this regime, nanocrystals grow slowly from 8.70 nm to
17.09 nm with growth rate of about 1.68 nm per 100 <C.
The second regime is from 800 to 1200 <C; at this regime,
the grain growth clearly accelerates; the grain size reaches
to about 50 nm at 1200 <C with grain growth rate of about
6.58 nm per 100 <C. The grain growth rate at the second
regime is almost four times of that at the first regime.

Fig.4 shows the effect of calcination temperature of
non-isothermal sintering on the grain size distribution of
YSZ nanocrystals. Nanocrystals before growing up have
narrow grain size distribution with nearly symmetric
distribution curve. With the increase of calcination
temperature, the grain size distribution becomes broader
and broader, showing an increase of distribution width, an
increase of asymmetry of distribution curve and a decrease
of peak frequency. Moreover, a discontinued disappearance
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Fig.1 HRTEM images of YSZ nanocrystals calcinated at 300 <C (a)
and 900 <T (b)
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Fig.2 WPPM analysis result for nanocrystals calcinated at
300 C

of small grains and a discontinued appearance of large
grains can be observed between adjacent calcination
temperatures.

Grain growth of polycrystalline materials can be
empirically described by the equation %2":

D"-D] =kt (2)
where Dy is the initial grain size; D is the grain size at time t;
nis the grain growth exponent; k is a rate constant which
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Fig.3  Effect of calcination temperature of non-isothermal
sintering on the grain size of YSZ nanocrystals
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Fig.4  Effect of calcination temperature of non-isothermal
sintering on the grain size distribution of YSZ
nanocrystals

is a temperature dependent but time independent coefficient;

k can be described by the equation®*?™:
Q
k=ke® 3)

where Kk, is the pre-exponential coefficient; Q is the
apparent activation energy for grain growth; R is the gas
constant; T is the temperature. Because both T and t are
changed at the same time during non-isothermal sintering,
to evaluate the grain growth exponent as well as the
activation energy, Eq.(2) can be rewritten by replacing t
with T if a constant heating rate is used during sintering:
Q

D" - Dj =k,fTe & )
where g is the inverse of heating rate; the natural logarithm
of both sides of Eq.(4) is:

In(D" - D) = 2 () +In(k, ) +In(T) 5)
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By plotting In(D"-Dy")-In(T) vs /T in Eq.(5) with different
values of n, it is found that the data can follow a straight line fit at
the two regimes in Fig.3. Thus, linear regression by the least
squares method is performed to determine the slope of fitting line
for determining the activation energies of grain growth during
non-isothermal sintering. The regression fitting coefficients
using different grain growth exponents of two regimes are
shown in Table 1. From Table 1, it can be seen that n is 6 at
regime I and n is 1 at regime Il which have the best fit.

Fig.5 shows the plot of In(D"-Dg")-In(T) vs 1/T with
grain growth exponent of 6 for regime | and grain growth
exponent of 1 for regime Il. The activation energies
determined from the slope of fitting lines of the two
regimes are 53.16 and 42.48 kJ/mol, respectively.

2.3 Grain growth of isothermal sintering

Fig.6 shows the grain size as a function of isothermal
hold time at different calcination temperatures. As shown
in Fig.6, the grain size of nanocrystals increases with the
increase of isothermal hold time but the grain growth
rate is dependent on the calcination temperature. Below
800 <C, nanocrystals grow slowly and almost linearly
with the increase of isothermal hold time. Above 800 <C,
an obvious fast growth of grain size at the first hour of
isothermal holding can be observed. When the isothermal
holding time is longer than 1 h, the grain growth slows
down. Moreover, the grain growth rate at the first hour of

isothermal holding is dependent on the calcination
temperature: the higher the calcination temperature, the
larger the grain growth rate at the first hour during
isothermal holding.

Combined with Fig.3 and Fig.6, it can be concluded that,
the grain growth of YSZ nanocrystals mainly occurs at the
heat-up stage and in the first hour of isothermal holding.
Moreover, the influence of calcination temperature on the
grain size is more significant than isothermal holding time,
especially at temperature above 800 <C.
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Fig.5 Plots of In(D"—Dq")-In(T) vs. 1/T of YSZ nanocrystals at
two grain growth regimes

Table 1 Regression fitting coefficient using different grain growth exponent

n 1 2 3 4 5 6 7 8 9 10
Regime | 0.9637  0.9810 0.9908 0.9960 0.9984 0.9992 0.9990 0.9985  0.9977 0.9970
Regime 11 0.9984  0.9975 0.9966 0.9962 0.9960 0.9960 0.9960 0.9960  0.9960 0.9961

To compare the evolution of grain size distribution of
YSZ nanocrystals at different temperatures with different 60
isothermal holding time, the coefficient of variation (Cy/) of sol ///H’/AHHZOO o
grain size distribution is calculated from the follow ——1100 °C
x/"/k//x+1000°c
40+ —e—900°C

equation in term of the parameters of lognormal distribution =
+ o [25] o)
function .. = —»—800°C
> £ 30}t —<—700°C
C, =+ve° -1 (6) & ——600°C
—4—500°C

According to the definition of Cy, the increase of Cy 20'{/4/_/"l<+4oo°c
indicates that the grain size distribution becomes broader. — i —=—300°C
Fig.7 shows the Cy, value of grain size distribution of YSZ 10r k'e -
nanocrystals at different calcination temperatures and with 0 60
different isothermal holding time. It can be seen from Fig.7
that, Cy increases not only with the increase of calcination
temperature, but also with the increase of isothermal
holding time. The influence of isothermal holding time on
grain size distribution above 700 <C is more significant than

that below 700 <C.
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Fig.6 Grain size of nanocrystals as a function of isothermal hold
time at different calcination temperatures



Li Fei et al. / Rare Metal Materials and Engineering, 2017, 46(4): 0899-0905 903

0.40 -
Isothermal holding time: o
035} v 0 min o 8
o 60 min g §
0.30 o 180 min o v
2 © 300 min 5
> 0.25} 8
0.20 8
9
0.15+ g 9
0.10 9

400 600 800 1000 1200
Calcination Temperature/°C

Fig.7 Plot of Cy of grain size distribution of YSZ nanocrystals at
different temperatures and with different isothermal hold
time

Examples of grain size distribution of YSZ nanocrystals
at different calcination temperatures and with different
isothermal holding time are shown in Fig.8. The broadening
of the grain size distribution of YSZ nanocrystals during
isothermal sintering mainly occurs at the first hour of
isothermal holding.
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Fig.8 Evolution of grain size distribution of YSZ nanocrystals
calcinated at 400 <€ (a) and 1000 T (b) for different
isothermal holding time

To evaluate the grain growth exponent and the active
energy of grain growth of isothermal sintering, the grain
size at each calcination temperature without isothermal
holding is used as the start grain size (Do) in Eq.(2). Data
of (D"-D,") with different n are plotted as a function of
isothermal holding time at different temperatures; results
show that n = 2 has the best fit. Fig.9 is the plot of (D*-
Do?) as a function of isothermal holding time at different
temperatures. It can be seen from Fig.9 that the data of
(D~ Dy?) at different temperatures increases linearly
with isothermal holding time but with different slope, i.e.
different k in Eq.(2).

Fig.10 plots the natural logarithm of k with the inverse of
calcination temperature, where k is the slope of fitting line
at different calcination temperatures in Fig.9. The activation
energy derived from the slope of fitting line in Fig.10 is
37.18 kJ/mol.

2.4 Grain growth mechanism of YSZ nanocrystals

Previous studies have shown that grain growth of YSZ
microcrystals is a thermally activated diffusional mass
transport process at elevated temperatures, usually in the
temperature range between 0.5 and 0.8T,, (T, is the melting
temperature of YSZ) where diffusional mass transport is
appreciable®. The grain growth exponent of YSZ
microcrystals is 3 and the active energy is several hundred
kilojoules per mole®. However, in this study, YSZ
nanocrystals start to grow at very low temperature (about
0.14T,, of YSZ). Moreover, the grain growth active energy
is obviously lower than that of YSZ microcrystals. Thus,
the grain growth mechanism of YSZ nanocrystals is
different from that of YSZ microcrystals.

Recent studies proposed a grain growth mechanism of
nanocrystals named as grain rotation induced grain
coalescence (GRIGC) B3 Fig.11 is the hypothetic
diagram of GRIGC process between nanocrystals.
Nanocrystals can rotate to adjust the orientation to the same
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Fig.10 Plot of Ink with 1/T during isothermal hold
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Fig.11 Hypothetic diagram of the coalescence of nanocrystals

through GRIGC process

with neighboring grains. The adjacent nanocrystals which
have the same orientation can coalesce with each other by
eliminating the common grain boundaries. The rotation
process has very low activation energy or even a
zero-kinetic barrier ®*%: nanocrystals thus can grow at low
temperature and the grain growth of nanocrystals has low
active energy.

The grain growth of YSZ nanocrystals has low starting
temperature and low active energy. Moreover, from Fig.4
and Fig.8, it can be found that, with the increase of
calcination temperature or with the increase of isothermal
holding time, the small grains disappear discontinuously
and the distributions skew to right with a long tail towards
large grains at the same time. The discontinuous
disappearance of small grains can only come from the
coalescence between grains, because grain growth by mass
transport between nanocrystals will, on the other hand,
bring about an increase of smaller grains due to the mass
transport between grains which is always from the smaller
to the larger . Since grain growth through diffusion also
likely occurs at elevated temperature, the GRIGC process
can be considered as the predominant way of grain growth
of YSZ nanocrystals.

3 Conclusions

1) YSZ nanocrystals start to grow at 300 °C and have a
fast growth rate during non-isothermal sintering or
isothermal holding at above 800 <C.

2) The grain size distribution of YSZ nanocrystals
becomes broader with the increase of calcination
temperature or isothermal holding time, especially above
800 <C.

3) The active energies of grain growth of non-isothermal
sintering are 53.16 and 42.48 kJ/mol when the temperature
is below and above 800 <C, respectively. The active energy
of grain growth of isothermal sintering is 37.18 kJ/mol.

4) The GRIGC process is considered as the predominant
way of grain growth of YSZ nanocrystals.
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