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Abstract

This work investigates the feasibility to the fabrication of high density of nano-grained titanium dioxide ceramics by two-step sintering process
under spark plasma conditions. First step is carried out by fast-heating-rate sintering in order to obtain an initial high density and a second step is
held at a lower temperature by isothermal sintering aiming to increase the density without obvious grain growth. Experiments are conducted to
determine the appropriate temperatures for each step. The temperature range between 840 and 850 °C is effective for the first step sintering (7) due
to its highest densification rate. The isothermal sintering is then carried out at 810-830 °C (73) for various hours in order to avoid the abnormal
grain growth and improve the density at the same time. TiO, bulk ceramics with nano-sized grain were fabricated successfully by combination of
spark plasma sintering (SPS) with the two step sintering method (TSS). Titanium dioxide nano-ceramics with >95% theoretical density could be
obtained with 7 and T taken as 850 °C and 830 °C, respectively. The relative grain growth quotient D/D,, for the used starting powder was almost

~1. Further XRD investigations indicated no obvious anatase-rutile transition was found in the prepared nano-crystalline ceramics.
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1. Introduction

A nano-crystalline ceramic is a dense material with a mean
crystallite size below 100 nm. Nano-crystalline ceramics
exhibit ductility at low temperature, which is critical for the
fabrication of ceramic components. A literature overview on
sintering of nano-crystalline TiO, reveals that dense rutile,
two-phase anatase—rutile or pure anatase nano-ceramics can
be obtained via various techniques including classical
sintering, hot pressing and sintering forging, among which
the typical and prevailing sintering processes are two-step
sintering (TSS) and spark plasma sintering (SPS) [1-6].
Several researchers have successfully applied the two-step
sintering procedure to synthesize titania nano-ceramics [7,8].
A few others have used spark plasma sintering with the same
purpose [9,10]. These studies demonstrate that both of them
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are successful in densifying TiO, ceramics with a reduction in
grain size. However, till the present time, almost all the
reported TSS experiments are carried out under the
conventional sintering conditions. In most cases, the relative
grain growth quotient D/D, for the used starting powder is
usually high when TSS was applied. SPS is a process which
makes use of microscopic electrical discharge between
particles under pressure and so a combination of the hot-
press and the plasma generator. This process enables a
compact powders to be sintered under uniform heating to high
density at relatively low temperature and in a much short
sintering periods typically a few minutes. These character-
istics make it possible that both high density and refrained
grain growth can be achieved at relatively low T, if TSS was
operated under SPS conditions. However, up to now, no
attempts of TSS operation by SPS are found in the opened
literatures. So, in the present study, we design a system of
significant grain growth suppression based on simultaneous
TSS and SPS. Different regimes are envisaged to reveal the
role of a combined TSS/SPS procedure on the grain growth
and micro-structural evolution of the titania nano-ceramic.
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2. Experimental procedure

In the present study commercial ceramic powders of TiO,
were used as the raw materials, which were of AR grade
(analytical reagent). The TiO, powder was spherical and slight
agglomerated with an average particle size of 30—40 nm. SEM
of TiO, nano-powder was given in Fig. 1. The titanium oxides
powders were ball-milled with zirconia balls in ethanol for
10 h. After drying, the powders were passed through a 200-
mesh sieve. About 2.5-3.0 g of the as-received powders was
loaded without any pressure or sintering aids into a graphite die
with a diameter of 10 mm and then directly reactive-sintered
using an SPS-1050 apparatus (Sumitomo Coal Mining, Japan).
A low internal pressure was applied at the beginning of the
sintering experiment. During the sintering process the pressure
increases to 30 Pa while reaching maximal temperature. The
pressure applied at the punch unit reached a maximum of 7—
15 MPa.The temperature was measured by means of a
pyrometer on the surface of the graphite die cylinder. A
temperature gradient between the measured temperature and
the sample is expected. The heating rate was at 100 °C/min; the
dwelling time was kept from 1 min to 60 min. In order to
remove the carbon contamination, the as-prepared pellets were
annealed in air at 600 °C for 5 h.

The determination of the density of the compacted samples
was performed using Archimedes’ principle with ethanol as a
liquid medium. The phase characterization of the samples and
the subsequent crystallite size determination with X-ray
powder diffractometry were performed using an X-ray
diffractometer (XRD, D/max-RB, Japan) using copper Ko
radiation at 40 kV and 40 mA. The micro-structural investiga-
tion of the fracture surface of the compacted samples was
conducted by using a scanning electron microscopy (SEM 6700
Japan).

3. Results and discussions

Fig. 2 indicates the relative densities and the grain sizes of a
normally SPS sample versus the sintering temperatures. The
dwelling time is 1 min. It is easily found from Fig. 2 that an
explosive grain growth accompanied by densification occurs at

Fig. 1. SEM of the starting TiO, powders.
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Fig. 2. The dependence of relative densities and grain sizes on the sintered
temperatures.

the final stage of sintering where density increases from 90%
t.d. to 98% t.d. (t.d.: theoretical density). A dense titanium
oxides ceramics with the grain size of about 150 nm can be
obtained at 950 °C. The relative grain growth quotient D/D,, for
the used starting powder is about 4—5 where D, is the size of the
used powders and D is the grain size of the obtained nano-
crystalline TiO, ceramics. The similar result was also found by
P. Angerer and Jun Hong Noh et al. [5,10]. In order to find how
effectively the combined TSS—SPS would hinder grain growth,
TSS under SPS conditions was explored in our studies. The
sintering schedule of TSS procedure is characterized by two
regimes wherein the first regime at peak temperature (77)
dominates densification and complete elimination of residual
porosity followed by a second regime at significantly lower
temperatures (75) effecting controlled grain growth during final
stages of sintering. So the efficiency of TSS is mainly
dependent on the appropriate choice of 7, and 7,. The
temperature of the first sintering step for TiO, is able to be
decided on the basis of Fig. 2. According to the reports [7], the
density at T should reach a critical value below which no
remarkable densification occurring at 75 is usually possible. It
was reported that temperature guaranteeing relative densities
between 75% t.d. and 92% t.d. should be chosen for the first
sintering step (7). According to such a criterion, the
corresponding temperature region for 7 is marked by dashed
lines in Fig. 2, in which the grain size is also found to be
independent of temperature.

The temperature of the second sintering step is lower than
T,. T, can assure the residual subcritical and unstable pores
against shrinkage after the first sintering step of TSS is
eliminated in the following prolonged sintering. That is to say,
in order to obtain a fully dense structure, densification
mechanisms of the second sintering step should assure that
without applying any pressure, complete densification is able to
occur at a lower temperature without any significant grain
growth as the holding time is sustained. Various systems have
been investigated engaging TSS and the technique was proven
successfully for sintering ceramics with controlled grain sizes
since it was first reported by Chen and Wang in 2000 [11].



B.-r. Li et al./Ceramics International 38 (2012) 3693-3699 3695

However, some researchers also have found that for some
materials such as alumina, would never be densified even after
prolonged heat treatment in spite of its starting density of lower
than 92% TD [7]. So in order to find appropriate 7, under SPS
conditions, the compact TiO, powders were heated at different
temperature with a sustained isothermal time. The relative
density and the grain size versus the sintering time at various
temperatures are displayed in Fig. 3(a). Drawing on the data
from the literature, the decrease from 7 to T, was tested in the
range of 30-150 °C [11]. So, the temperature in Fig. 3(a) is
chosen from 700 to 850 °C. Considering the characterization of
SPS instrument, such as fast heating rate, promoted densifica-
tion rate and short sintering time during SPS process, the
holding time at 7, was designed from 1 min to 60 min. Fig. 3(a)
implies the increase of density in the second step of TSS could
be achieved when T, was higher than 810 °C. Fig. 3(b) is the
corresponding dependence of grain size on the calcinations
time at different temperatures. Do is the size of the used
powders. D is the grain size of nano-crystalline TiO, powder
compacts sintered at different temperature while the dwelling
time is 60 min. Fig. 3(b) indicates the growth of grains is
limited if the temperature of the second sintering step is below
840 °C. Based on the above analysis of Fig. 3, it is reasonable to

Fig. 4. SEM micrographs of the samples prepared from different sintering
patterns (a) SPS at 950 °C, 1 min (b) SPS-assisted TSS condition, 7 850 °C, T,
830 °C.

infer that the combination of SPS with TSS can yield a body of
identically high density but with a suppressed grain growth. The
optimistic 7, should be in the range from 810 °C to 840 °C.
Fig. 4 shows SEM micrographs of the samples sintered
under: (a) SPS at 950 °C, 1 min (b) SPS-assisted TSS condition,
T, 850 °C, T, 830 °C while the dwelling time is 60 min. High
magnification SEM image of the sample is shown in inset of
Fig. 4(b). In comparison with sample (a) (95.2% t.d.), higher
relative density can be obtained in sample (b) (97.7% t.d.) while
no obvious grain growth is found. For further investigations on
the efficiency of the combination of TSS with SPS, the other set
of TSS experiments under SPS conditions were done by
adjusting T to be 810, 820 and 840 °C, respectively, while 7 is
still taken as 850 °C. The obtained SEM micrographs of the
samples are shown in Fig. 5. By making comparison with Fig. 4,
it can be seen that no obvious changes in both the grain sizes
and shape are found in samples sintered at low T, temperature
(shown as Fig. 5(a) and (b)), but higher 7, value leads to
abnormal grain growth, which is easily observed in Fig. 5(c).
The resulting density and grain size for the specimens on
different sintering conditions are summarized in Table 1. The
results shown in Table 1 indicate that the sample with lower 75
always present a lower density regardless the holding time in
the second step. It is confirmed that setting 7, at 830 °C is the
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Fig. 3. (a) The relative density of the samples sintered at different temperatures
for various holding time and (b) the temperature dependence of D/D,,.
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Fig. 5. SEM micrographs of the samples prepared from different sintering patterns (a) SPS-assisted TSS condition, 7 850 °C, T, 810 °C while the dwelling time was
60 min. (b) SPS-assisted TSS condition, 7; 850 °C, 7, 820 °C while the dwelling time was 60 min. (c) SPS-assisted TSS condition, 7} 850 °C, T, 840 °C while the

dwelling time was 60 min.

best choice that allows saving the holding time for the second
step to achieve the full density. In Fig. 6 the dependence of the
grain growth D/D,, as a function of the relative density is shown.
For clarity, the selected part between the dashed lines 1 and 2 is
enlarged in the set of Fig. 6. The grain growth in TSS-SPS
experiments is shown to be significantly lower in comparison to
the other samples with an equivalent degree of densification.
Fig. 7 summarizes the reported processing methods (the
separated TSS or SPS operation shown in Refs. [2,5,12-
15,10,16-21]) and their influence on the relative densities and
grain growth quotient D/D,,. A magnified view of a selected part
between lines 1 and 2 is shown in the set of Fig. 7, in which the
dashed line represents D equal to D,,. Fig. 7 suggests that the

Table 1
Sintered densities and grain size of specimens under various heating parameters
of TSS assisted by SPS.

T, (°C) T, (°C) Holding Relative Grain
time (min) density (%) size (nm)

850 810 60 94.5 40

850 820 60 95.2 40

850 830 60 97.7 40

850 840 60 99.1 -

relative grain growth quotient D/D,, for the used starting powder
is higher than 1 in most cases in spite of varieties of the
materials. It was reported that the relative grain growth quotient
DI/ID, was approach to ~10 when TSS was applied to the
sintering of titania nano-ceramic while that of SPS was in the
range of 3-6 [5,6,8,10]. However, the relative grain growth
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Fig. 6. The dependence of the grain growth D/D, on the relative density.
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Fig. 7. The influences of the processing methods on grain growth quotient D/
D,. The relative densities of all the presented samples are higher than 95% t.d.

quotient D/D,, for the used starting powder is only ~1 under
SPS assisted by TSS. These facts suggested SPS modified by
TSS was more efficiency than the separated TSS or SPS
operation.

According to the solid state sintering mechanism, dispersed
open pores could pin grain boundaries and hider grain boundary
migration, for which the grain growth was suppressed when the
relative density is between 65 and 90% t.d. However, a
considerable grain growth could take place in the final stage of
sintering while at the same time no remarkable increase in
density was produced. This is because the collapsed open pores
in the final stage of sintering could weaken the pore pinning,
further resulting in the accelerated grain growth [22]. TSS
employing longer heat treatment, while reducing the firing
temperature, was reported to be able to suppress the grain
growth happened in the final stage of sintering effectively [11].
But there is a critical temperature for the second step as well as
for the first one in two-step sintering tests. Moreover, the
relative density of the sample obtained by isothermal dwelling
at 7, strongly depends on the peak temperature 7;. Low
temperatures (7 or T5) fail to eliminate the residual porosity of
samples while high temperatures (7', or T5) easily lead to an
accelerated grain growth. In order to make an enhancement in
density without significant grain growth having to occur, both
T, and T, should be kept as low as possible if the critical value
obtained at T could be satisfied and further densification
process at T5 is not interrupted. This usually makes the right
choice of T, very difficult under the conventional sintering
conditions. Another shortcoming of TSS is the prolonged
annealing time in the second step temperature, which has
seriously questioned the application of this method on some
special occasions although TSS is reputed as a successful
approach to avoid the accelerated grain growth. All these
questions are expected to be solved by the combination of TSS
with SPS. The most important feature of SPS is the efficiency of
heat-treatment. The graphite die heated directly by an electric
current results in rapid heating and cooling. Fast firing

postpones reaching the activation energy required for the grain
boundary mobility as the major cause of grain growth to the
higher temperatures. So, it can suppress the grain coarsening
effectively and further result in high density because the
increase of densification rate can take place either by the
increase of 6, D, or the decrease of G according to the following
equation, in which the influence of sintering heating rate on the
micro-structural evolution of the sintered specimens can be
described:

dp _ Cy,DN,
a G )
where p is density, C is a constant, and y, is the solid/gas
surface energy; D represents either the lattice diffusion coeffi-
cient (DL) or the grain boundary diffusivity (,Dj ), where 8 is
the grain boundary width and Dj, is the grain boundary diffusion
coefficient, N, is the number of boundary pores per grain, and G
is the grain size.

Another expected merit of SPS is generation of spark plasma
created by a pulse direct current during heat treatment of
powders in a graphite die. The pressed powders are heated by
the spark discharge between the particles. A volumetric heating
is produced in the whole bulk of the material. This is different
from the heating style in the conventional sintering, in which
the surface of the material is heated sooner than the core [23].
So compared with the conventional sintering method, the SPS
process enables a compact powders to be sintered under
uniform heating to high density at relatively low temperatures
and in a much shorter sintering periods. When TSS is combined
with SPS, the fast heating and cooling rate of SPS can lower T}
and T, of TSS significantly and lowered sintering temperature
carried out in the SPS process are advantageous in suppressing
exaggerated grain growth and further improve the efficiency of
TSS.

A phase transition of anatase into rutile is detected by XRD
for the powders sample densified at the temperatures from 800
to 850 °C with the dwelling time of 1 and 60 min. The results
are shown in Fig. 8. The dashed lines represent the most intense
diffraction lines of the rutile phase. Using the relative
intensities of the most intense (1 0 1) peak of anatase and
(1 1 0) peak of rutile, the composition of rutile phase content
with synthesis temperature is described in Fig. 8(b). It is easily
found that the onset of the anatase to rutile transformation by
SPS is at temperature higher than 850. Also the transformation
of nano-crystalline anatase to rutile at constant temperature is
affected greatly by the dwelling time, as shown in samples (d)
and (e) in Fig. 8(a). At 850 °C, the amount of rutile increase
from 1.5% to 17.8% when the dwelling time changes from
1 min to 60 min. However, the transition becomes extremely
sluggish at temperatures lower than 850 °C even if the holding
time is increased to 60 min. The above results suggest bulk
titania nano-ceramics with pure anatase or anatase accom-
panied with minimal amount of rutile can be obtained by the
combination of TSS with SPS because the first sintering step
(T}) in our studies is as low as 850 °C and the corresponding
holding time is only 1 min. This assumption is further
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Fig. 8. (a) X-ray diffraction patterns for samples sintered at different tempera-
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60 min; (e) 850 °C/1 min; (b) variations of the rutile phase as a function of
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confirmed by the actual XRD analysis on the sample (b) in
Fig. 8.

The anatase to rutile transition has been studies extensively
and it is generally accepted that the transformation takes place
in the temperature range from 400 to 1000 °C depending upon a
variety of factors including crystalline size, size distribution,
contact area of crystallites in the powder, impurity type and
concentration, and atmosphere [24]. Moreover, it was also
reported that anatase was stable at small grain size and the
critical size values, corresponding to the beginning of phase
transition into rutile, varied between 10 and 50 nm [4]. These
suggest the stabilization of anatase at temperatures lower than
850 °C in our studies might have close relations to the small
grain size resulting from suppressed grain growth. So the

similar compositions in samples a, b, ¢ and e, mainly composed
of anatase phase, could be found. In comparison with samples a,
b, c and e, the increased amounts of rutile in samples d and f can
be attributed to relative longer annealing time and higher
calcinations temperature because the long calcinations time and
high temperature can effectively control the rutile phase of TiO,
[25].

4. Conclusions

In summary, the present study shows the formation of nano-
grains during two-step sintering of titania nano-ceramics
assisted by the well-known SPS. The grain sizes of the normally
SPS samples were 200 nm or so. By taking the benefits of
combined SPS-TSS effects, a structure with finer grain sizes of
around 40 nm was obtainable. Moreover, further analysis of
XRD suggested the anatase phase was able to stabilize in the
sample because of the relative lower sintering temperatures in
comparison with SPS. These results confirmed SPS assisted by
TSS could suppress the grain growth more effectively than the
separated TSS or SPS operation.
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