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a  b  s  t  r  a  c  t

Gd2Zr2O7 nanoceramics  were  fabricated  using  pressureless  sintering  method,  in  which  the nanopowders
were  synthesized  via  solvothermal  approach.  The  effects  of starting  powders  on  grain  growth  and  den-
sification  during  sintering  of  ceramics  were  revealed.  Two  distinct  pressureless  sintering  methods  were
investigated,  including  conventional  and  two-step  sintering.  The  sample  grain  size  increases  abruptly  as
sintering  temperature  increases  during  conventional  sintering.  In contrast,  in  two-step  sintering,  abnor-
eywords:
d2Zr2O7 nanoceramics
ressureless method
ensification behavior
wo-step sintering

mal  or  discontinuous  grain  growth  was  suppressed  in the  second  step,  leading  to  Gd2Zr2O7 nanoceramics
formation  (average  grain  size  83  nm,  relative  density  ∼93%).  Such  distinct  behaviors  may  originate  from
the interplay  between  kinetic  factors  such  as  grain  boundary  migration  and  diffusion.  Moreover,  suppres-
sion  of grain  growth  and  promotion  of densification  in the  two-step  sintering  are  mainly  due to  dominant
role  of  grain  boundary  diffusion  during  the  second-step  sintering  process.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Substantial efforts have been made to design and optimize sin-
ering strategies to achieve accurately controlled grain growth
nd densification in fabrication of nanoceramics [1]. Nanoceram-
cs have many advantages, such as low energy, minimized residual
orosity and reduced crystallographic thermal expansion owing to
ecreased firing temperature [2].

Typically, the nanoparticles in ceramics have high surface
nergy, which may  alter its structure and morphology, for exam-
le, stabilizing a metastable phase [3]. However, fabrication of
ense bulk nanocrystalline ceramics is very challenging, since to
ake high-density ceramics high sintering temperature is neces-

ary, which usually leads to inevitable grain coarsening. In contrast,
intering at lower temperature can only produce materials with

maller grain size. High-density is usually sacrificed [4]. Moreover,
he sintered density is very sensitive to even slight sintering tem-
erature variation [5]. At high temperature, single grain can grow
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rapidly by consuming a large numbers of surrounding grains, in
which smaller grains dissolve and feed crystal growth of larger par-
ticles [6,7]. Notably, closed pores are mostly isolated from grain
boundaries as a result of discontinuous grain growth [8]. Fine grain
size and full densification are two competing factors of the most
importance for nanoceramic fabrication [9].

Owing to its promising applications for nuclear waste dis-
posal and thermophysical properties, numerous studies have been
performed on Gd2Zr2O7 [10,11]. Although it has potential to be
employed as thermal barrier coating material, the relatively poor
fracturing toughness limits its application [12]. Ceramics with
nano-sized grains can overcome these drawbacks [13]. Sintering
methods such as spark plasma and microwave sintering [14–16]
were employed to sinter Gd2Zr2O7 nanoceramics with improved
properties. Xu et al. [16] obtained ceramics with a 92% final density
and a grain size of 20 �m using microwave sintering of Gd2Zr2O7
compacts, while abnormal grain growth were observed. However,
spark plasma sintering has several intrinsic disadvantages. First, it
is difficult to analyze the diffusion mechanism and trace the exact
sintering process. In addition, this technique also requires expen-

sive equipment setup, which is not cost effective [1].

Using microwave sintering, Lu et al. sintered ceramics with
small grain size (2.4 �m)  and high density [17]. Nevertheless,
it was  difficult to monitor and control sintering temperature in
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Table 1
Conditions of preparing green pellets.

Samples Calcination
temperature of
starting powders (◦C)

Pressure (MPa) � (g/cm3) � (%)

1 800 10 3.59 ± 0.13 52.0 ± 1.88
2  900 10 3.95 ± 0.17 57.2 ± 2.46
3  1000 10 4.57 ± 0.11 66.2 ± 1.59
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Table 2
Summary of Two-Step sintering conditions.

Conditions TEMP1 (◦C) Time1 (h) TEMP2 (◦C) Time2 (h)

TSS1 1350 1 1213 10
TSS1 1382 1 1213 10
TSS1 1450 1 1213 10
TSS2 1350 1 1213 20
TSS2 1382 1 1213 20
4  1100 10 4.19 ± 0.19 60.7 ± 2.75
5  1200 10 3.71 ± 0.09 53.8 ± 1.30

icrowave sintering, which may  cause excessive grain growth
ue to liquid phase formation [1]. Chen and Wang [18] developed
n effective approach, two-step sintering (TSS), for Y2O3 fabri-
ation, which obtained fully dense nanoceramics by fine-tuning
he “kinetic window” between grain boundary diffusion and grain
oundary migration. However, Gd2Zr2O7 ceramics fabricated with
anoparticles by pressureless sintering has not been previously
eported.

Herein, we report a simple and cost-effective pressureless
ethod containing a two-step temperature schedule to manu-

acture Gd2Zr2O7 nanoceramics with high density. The ceramic
amples were fully characterized. The fabrication process was ana-
yzed and compared with the conventional, one-step sintering

ethod. Specifically, we interpreted the conventional sintering
rocess, in which the nanoceramics were sintered at various tem-
eratures. The temperature effects on grain growth behaviors and
ensification mechanisms were analyzed and discussed. For the
d2Zr2O7 nanoceramics system, the size of nanoscale grains of
tarting powders plays an important role. On the other hand, in
he two-step sintering, the sintering temperature in the first step
ollows the behavior of conventional sintering. Moreover, several
ifferent TSS programs were designed to study the effect of sin-
ering temperature, holding time and the grain size of the starting
owder on the formation of Gd2Zr2O7 ceramics, especially, its rel-
tive density and the grain growth.

. Experimental procedure

Solvothermal method was used in sample preparation. Specif-
cally, the starting materials, Gd(NO3)3·6H2O (>99.99%, Aladdin)
nd ZrOCl2·8H2O (>99.99%, Aladdin), were mixed according to
he appropriate molar ratios of 1:1 and dissolved in deionized
ater with a concentration of 0.03 mol/L (Gd3+ and Zr4+). This mix-

ure was pumped into diluted ammonium hydroxide until the pH
eached 10.3. The gelling product was filtered and washed for two
ounds, with deionized water (first round) and ethyl alcohol (sec-
nd round). Then, this homogeneous mixture dissolved in ethanol
as introduced into a stainless-steel autoclave and kept at 200 ◦C

or 24 h. The precipitates (precursors) were washed with ethanol
nd dried for dehydration to obtain the final powders, which were
urther sieved and calcinated at 500 ◦C for 2 h to produce the start-
ng Gd2Zr2O7 powders. In addition, to investigate the grain growth
nd densification of nanoceramics as the crystal size of powders
aries, we calcinated the starting Gd2Zr2O7 powders at a series of
emperature, ranging from 800 ◦C to 1200 ◦C.

The green pellets, 7 mm in diameter and 2–3 mm in thickness,
ere obtained by uniaxial pressing of the calcinated nanopowders
ith various particle sizes (see Table 1), which were heated to

250 ◦C at 5 ◦C/min and sintered for 10 h to fabricate the Gd2Zr2O7
eramics. In the conventional pressureless sintering method, a
eries of sintering temperatures ranging from 1250 to 1500 ◦C

holding 1 h) were applied. On the other hand, to fabricate nanoce-
amics with higher density, a two-step sintering approach (TSS,
ee Table 2) was introduced in the present study. Typically, in the
SS method, each sample was heated to a high temperature (T1) at
TSS3 1250 1 1100 20
TSS3 1382 1 1100 20

5 ◦C/min, held for 5 min  to 1 h. Subsequently, it was cooled down
to a lower temperature (T2) at 8 ◦C/min dwelling for 10–20 h.

The green density and the final densities of the sintered com-
pacts were determined by the Archimedes method with kerosene
and deionized water as immersion medium respectively, using the
value 6.90 g/cm3 as the theoretical density for all the samples. The
phases (crystal structures) of all samples were examined by powder
X-ray diffraction (XRD, Model DX-2700, Dandong Fangyuan Instru-
ment Co, Ltd, Liaoning, China). Transmission electron microscopy
(TEM, Tecnai G2 F20 S-TWIN, FEI, Hillsboro, OR) images were
collected to analyze the microstructure and morphology of all pow-
der samples. The microstructure of ceramics was monitored and
analyzed by scanning electron microscopy (SEM, Model S-4800,
Hitachi, Japan). The mean particle size of calcinated powders and
the average grain size of bulk ceramics were determined by XRD
data using Scherrer equation and also directly measured from the
SEM images. Prior to SEM experiments, the samples were polished
and thermally etched in air for 2 h at a temperature 200 ◦C below
the sintering temperature.

3. Results and discussion

3.1. Characteristics of powders

The microstructure of Gd2Zr2O7 nanopowders is presented in
Fig. 1. According to the TEM images, the starting powders calcined
at 500 ◦C are composed of spherical particles with homogeneous
size distribution. The mean particle size of the powder is 4 nm,
which is consistent with the average grain size calculated from
XRD data. The XRD patterns of the starting nanopowders calcinated
at different temperatures, from 800 to 1200 ◦C (2 h) are shown
in Fig. 2(a). All samples appear to be metastable fluorite phase.
As calcination temperature increases clear diffraction peak nar-
rowing is observed. This suggests that the grain size (crystallite
growth) of nanopowders is a function of calcination temperature.
The grain sizes can be derived quantitatively from the XRD data
using Scherrer equation. Specifically, the grain sizes are confirmed
to be nano-sized, ranging from 4 to 40 nm (see plot in Fig. 2(b)).

3.2. Conventional sintering

The relative density (%) and grain size (nm) of ceramics are plot-
ted in Fig. 3 as a function of calcination temperature applied on the
starting powders. Since all ceramics were sintered in air at 1250 ◦C
with a soaking time about 10 h, the general trends of plot a and
b in Fig. 3 reflect the effect of calcination temperature on relative
density and grain size. Generally, higher temperature can provide
sufficient driving force resulting in ceramics with higher den-
sity. At relatively low temperature, the relative density of sintered
Gd2Zr2O7 nanoceramics increases as the grain size of powders
increases. Interestingly, the relative density reaches a maximum

(80%) at about 1000 ◦C (see plot in Fig. 3). The corresponding
ceramic microstructure of this maximum point is shown in Fig. 4(c).
Further calcination temperature increase beyond 1000 ◦C leads to
relative density of ceramics depression from 80 to 75%. In con-
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Fig. 1. The transmission electron microscopy (TEM) images of Gd2Zr2O7 nanopowders.
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correlated to the particle and pore sizes of starting powders.
ig. 2. XRD patterns (a) and grain sizes (b) for the Gd2Zr2O7 powders synthesized
t  different temperatures for 2 h.

rast, the grain size of obtained ceramics derived from the SEM
mages using line intercept method (150 grains) exhibits to be

 positive function of calcination temperature. Specifically, the

rain size of ceramics increases from 78 nm (powders calcined at
00 ◦C) to 112 nm (powders calcined at1200 ◦C). At 1000 ◦C, the
eramics grain size is 90 nm.  This set of data suggests that for the
Fig. 3. Starting powders calcination temperature dependence of the relative density
and grain size of Gd2Zr2O7 ceramics sintered at 1250 ◦C for 10 h.

conventional pressureless sintering method the sample obtained
from powders calcined at 1000 ◦C presents the optimized property,
showing a relatively high density of 80% with grain size averaging
90 nm.

The SEM images are presented in Fig. 4 to elucidate the den-
sity and microstructure evolutions of Gd2Zr2O7 ceramics sintered
at 1250 ◦C. Interestingly, the ceramics fabricated from the powders
calcinated at 1000 ◦C have the least number of pores (see Fig. 4(c)).
Regardless crystallization acceleration, sintering of ceramics pre-
pared using starting powders with smaller particle size leads to
stronger driving force for densification (Fig. 4). In contrast, large
size particles result in formation of relatively larger pores in the
green compacts. These pores are more difficult to eliminate even
using much higher sintering temperature and/or longer sintering
time [19]. Further sintering introduces not only grain growth, but
also formation of expended pores (see Fig. 4(c)–(e)). Indeed, pore
coalescence due to grain arrangement is commonly observed in
sintering studies [20]. Once the pores and particles are too large,
low sintering temperature, such as 1250 ◦C, may  not be sufficient
enough to enable the rearrangement process. These results suggest
that powders with distinct particle size and wide pore size distribu-
tion clearly lead to the densification variation of the final ceramic
products. In other words, the densification of nanoceramic is tightly
The Gd2Zr2O7 nanoceramics prepared with powders calcinated
at 1000 ◦C were sintered at various temperatures until the desired
densification level was achieved. The grain growth rate of these
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ig. 4. Scanning electron microscopy (SEM) images of Gd2Zr2O7 ceramics sintered a

eramics is plotted in Fig. 5(a). Rapid grain growth can be avoided at
elow 1400 ◦C. However, once sintered at 1450 ◦C, the sample grain
ize grows quickly to 160 nm.  As temperature increases, the num-
er of large grains increases accordingly [21]. On the other hand,
he densification behavior of nanoceramics becomes increasingly
ignificant as the sintering temperature increases (see Fig. 5(b)).
articularly, the increasing rate of relative density appears to be
lower in low temperature sintering. Between 1300 and 1450 ◦C,

 much more positive temperature rising rate is observed, which
s in directly proportion to the sintering temperature. Further

intering at higher temperature results in decreased rate of densifi-
ation. However, a higher relative density, around 90%, is confirmed
hen the temperature goes beyond 1450 ◦C. Interestingly, a pre-

ious report suggests that the open pores are typically observed
0 ◦C from powders calcinated at (a) 800, (b) 900, (c) 1000, (d) 1100, and (e) 1200 ◦C.

during the intermediate stage of sintering, which corresponds to
collapse and formation of closed pores [15]. When the relative den-
sity exceeds 90%, the closed porosity is filled by atomic diffusion.
Moreover, fast grain coarsening is usually accompanied by grain
boundary migration, which is owing to closed pore coalescence. In
this work, we have successfully obtained Gd2Zr2O7 nanoceramics
with a relative density of 86% (1400 ◦C, 1 h holding time).

3.3. Two-step sintering
To achieve higher densification and finer grain size, we designed
a two-step sintering method to prepare Gd2Zr2O7 nanoceramics.
Optimized grain size at nanoscale is critical towards successful
fabrication of nanoceramics. Previous studies suggest that sample
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Fig. 5. a) Grain growth b) and relative density of the Gd2Zr2O7 ceramics fabricated
using conventional sintering method. Data were plotted as a function of sintering
temperature (10 h).
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Fig. 7. Grain size of Gd2Zr2O7 ceramics prepared via the two-step sintering
approach as a function of relative density. The sample heating profile is shown in
ig. 6. Grain size of Gd2Zr2O7 ceramics as a function of relative density (%) in con-
entional sintering for 1 h.

ith relative density higher than 75% after the first-step sintering
s necessary to achieve successful two-step sintering [10,11]. As a
omparison, the Gd2Zr2O7 ceramics were sintered in the first-step
intering at a temperature (T1) for 1 h followed by cooling down to
oom temperature. The average grain size of the ceramics evolves
s a function of relative density during the conventional pressure-
ess sintering (see Fig. 6). Increasing of relative density is usually
ccompanied by rapid grain growth in normal sintering [18]. When
he temperature in the first-step sintering is less than 1400 ◦C, fast
rain growth can be avoided (grain size between 78 and 90 nm).
urther sintering leads to significant grain coarsening. In summary,
he optimum sintering temperature scale for the first step of the
wo-step sintering is close to 1350 ◦C.

Fig. 7 shows the grain growth as a function of densification
f Gd2Zr2O7 ceramics sintered by the two-step method. The pore
orphology achieved after the first step of treatment strongly sug-

ests that low heating temperature is critical [4] since smaller grain
ize accelerates the speed of pore elimination. Compared with the
onventional pressureless sintering demonstrated in Fig. 6, we  suc-
essfully achieved Gd2Zr2O7 nanoceramics with higher density and

maller grain size using the two-step sintering. For the nanoce-
amics sintered with powders calcinated at 1000 ◦C, the grain size
f Gd2Zr2O7 ceramics are very well-controlled, ranging from 80
o 90 nm.  Heating beyond 1380 ◦C led to increasing of porosity in
the  figure inset. Three experimental conditions were applied to compare with the
conventional sintering method.

ceramics, while below 1380 ◦C, much less number of pores was
observed.

The SEM images of Gd2Zr2O7 ceramics sintered in three distinct
conditions are shown in Fig. 8. Specifically, closed pores distribute
extensively between particles during the first sintering condition
(TSS-1) with a holding time of 10 h in the second step (see Fig. 8a).
The relative low degree of densification is largely due to insufficient
time for grain diffusion. Pore structures observed in the second
sintering condition (TSS-2, 1350 ◦C) are demonstrated in Fig. 8(b).
Once the holding time in the second step is longer than 20 h, a nearly
pore-free microstructure without abnormal grain growth is clearly
detected (see Fig. 8(c)). In such sintering condition, the grain size of
Gd2Zr2O7 nanoceramics measured from the SEM image is around
83 nm,  which is in excellent arrangement with the XRD results.
Additionally, the sintered samples also present high relative den-
sity (93%). For the third sintering condition (TSS-3) (see Fig. 8(d)),
we found that reducing temperature in the second step to 1100 ◦C
has negative effect. Densification of ceramics using this approach
(TSS-3) results in sample similar as that of conventional sintering.

Grain boundary migration is nearly always associated with grain
growth, while the grain boundary diffusion usually leads to densi-
fication. This forms the basis for the two-step sintering method,
with which we were able to fabricate dense ceramics with a fine
grain size through fine-tuning the competing kinetics between
grain-boundary diffusion and grain-boundary migration [10,11].
Our study clearly suggests that the second-step in two-step sinter-
ing can promote the densification and maintain the particle size
without introducing detectable grain growth. In sharp contrast,
increasing of relative density is almost always accompanied by
rapid grain growth in the conventional sintering [22]. The low tem-
perature in the second-step sintering may  not be sufficient enough
to provide higher activation energy for grain boundary migration,
which may  keep the grain-boundary diffusion active, yet may sup-
press grain boundary mobility. As the temperature increases, the
inhibition of grain boundary motion decreases. The direct result
is that grain coarsening is possible. Typically, migration of grain
boundary happens upon reaching the highest surface energy [15],
which occurs at the necks between grains first. Such thermody-
namic and kinetic factors are very well manipulated to in our

study on Gd2Zr2O7 ceramics preparation. In summary, high den-
sity Gd2Zr2O7 ceramics with fine grain size distribution has been
successfully fabricated by two-step sintering.
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ig. 8. Scanning electron microscopy (SEM) images of Gd2Zr2O7 nanoceramics fab
ollowed by 1213 ◦C for 10 h, (b) 1350 ◦C followed by 1213 ◦C for 20 h, (c) 1382 ◦C fo

. Conclusions

High density Gd2Zr2O7 ceramics with nanometer grain size
as obtained by using a pressureless sintering method. The sam-
le densification is tightly correlated to the particle size of the
tarting powders. This is originated from rearrangement of par-
icles and pores in the green compacts. Meanwhile, as temperature
ncreases, grain growth of Gd2Zr2O7 nanoceramics was  observed.
he Gd2Zr2O7 nanoceramics with relative density around 80% can
e obtained by conventional sintering at 1250 ◦C. In contrast, for
d2Zr2O7 initially heated to 1382 ◦C, ceramics with higher den-
ity and closed packed configuration of nanoparticles was obtained
fter holding at 1213 ◦C for 20 h, which did not result in additional
rain growth. Specifically, the Gd2Zr2O7 nanoceramic fabricated
sing the pressureless two-step sintering method, has improved
elative density (93%) as well as ultrafine grain size (83 nm). In
ddition, the grain-boundary diffusion was separated effectively
rom grain growth by controlling the temperature and soaking time
n the first and second step of sintering. This two-step sintering

ethod may  provide an efficient yet economic pathway in nano-
tructured rare-earth zirconates fabrication, which can be applied
s nuclear waste forms and thermal barrier coatings.
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