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Abstract

The preparation of ultrafine-grained alumina ceramics by the fast sintering technique Self-propagating High-temperature Synthesis plus Quick
Pressing (SHS-QP) method and spark plasma sintering (SPS) technique was reported. The effects of different heating rates (SHS-QP-1600 °C/min,
SPS-200 °C/min) on the preparation of ultrafine structure were compared. The densification and grain growth as a function of sintering time and
temperature were discussed. Within a short sintering time (<3 min), the full-dense alumina with ultrafine-grained structure was obtained by SHS-
QP at 1550 °C under 100 MPa. By SPS, the sintering temperature was lower (1200 °C) than that of SHS-QP. The differences in densification
parameters were explained by analyzing the thermodynamics of sintering process.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Alumina; Fast sintering; Ultrafine-grained structure; Densification

1. Introduction

Dense ceramics with ultrafine-grained structure have
attracted increasing attention, because of their unusual
mechanical properties, high-temperature or optical properties
[1-3]. However, to obtain full dense ceramics, while preserving
their nanostructure character is still a challenging task. This is
mainly due to the inevitable grain growth during the final stage
of sintering. In addition, the relatively slow heating rate used in
conventional sintering allow long heating durations up to the
sintering temperature, during which the nanoparticles may also
coarsen [4,5]. To overcome the problem of grain growth,
unconventional sintering and densification methods have been
proposed. Fast sintering technique is regarded as a promising
method to limit grain growth because of short sintering duration
[5]. The significant difference between the conventional
sintering and fast sintering is the heating rate. Spark plasma
sintering (SPS) and Self-propagating High-temperature Synth-
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esis plus Quick Pressing (SHS-QP) method are among such
rapid sintering techniques. The SPS process is similar to
conventional hot pressing, in that the precursors are loaded in a
die and a uniaxial pressure is applied, but the heating rate in the
SPS process is high (up to 600 °C/min). SHS/QP is a new fast
fabrication technique for preparing nano-grained materials
[6,7]. The heat generated by a combustion reaction or self-
propagating high-temperature synthesis (SHS) is applied to act
as a high-temperature source, which is also called an “SHS
furnace”. A large mechanical pressure is applied when the
sintering temperature reach the maximum. Compared with
other fast fabrication techniques, this method has higher
heating rate (up to 2300 °C/min) and shorter densification time
[6-8].

In our previous study, we reported the feasibility of
preparing dense nanostructured alumina ceramic with high
heating rate (1600 °C/min) by SHS-QP method [6,7]. However,
the relative density of sintered Al,O; with ultrafine-grained
structure was only 98% [6]. This work is aimed to determine the
optimum processing parameters for making full-dense alumina
ceramic with ultrafine-grained structure by SHS-QP method.
The other purpose is to compare the effects of different heating
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rates (between SHS-QP method and SPS technique) on
densification and coarsening in the preparation of ultrafine-
grained alumina.

2. Experimental procedure

A fine powder with an average particle size of 200 nm
(Sumitomo Chemical Co., Tokyo, Japan) was used in this
experiment. Three grams of powder were uniaxially pressed in
a steel die into disks with a diameter of 2 cm and a height of
0.5 cm. Then, the disks were subjected to cold isostatic pressing
(CIP) at 200 MPa. An SHS reaction with high exothermic heat
was chosen [7]. The reaction is shown as follows:
3Cry0;5 + 6Al + 4C — 2Cr3C, + 3A1,0;3. The Cr,05, Al, and
C powders were mixed in a molar ratio of 3:6:4 according to the
above reaction. Series of sintered samples were prepared by
using the different weight SHS powders. The weight of SHS
powders was varied from 100 g to 400 g. With the variation of
the SHS reactant mass, the sintering times were ranging from
1 min to 4 min. The different mass mixtures with CIP alumina
body in the center were pressed into a cylindrical compact in
different diameters and heights. The alumina body was covered
by a thin sheet of graphite foil to separate the alumina and the
reactants. XRD spectrum (not shown here) reveals that only
alumina phase is found in the sintered specimen, suggesting
that no impurity (or contamination) is introduced in the sintered
alumina by use of chemical-furnace. Same experimental results
were also found in our previous studies [6,7]. The combustion
process was carried out in a homemade instrument and the
details of the technique were given in Refs. [6,7]. The
temperature of the alumina was measured using a WRe5/26-
type thermocouple inserted in the center of the alumina. The
measured maximum temperatures were maintained within
1660 + 20 °C and had the same heating rate of 1600 °C/min. In
the conventional sintering, the holding times were easily
controlled at a certain temperature. However, this is more
difficult for SHS because of the high reaction rates. For a
concise illustration, holding times were selected to the duration
of the temperature higher than 1550 °C [7]. The density range
and microstructure variation were adjustable at 1550 °C using
different sintering times. When the temperature reached the
maximum (1550 °C), a quick hydraulic pressing (100 MPa)
was applied on the sample and held constant until the ending of
the sintering time. Then the pressure was released and the
sample was allowed to cool naturally.

For comparison, SPS sintering of Al,O5 was also conducted
in this work. The CIP compact was placed into a 2-cm diameter
graphite die and sintered using a SPS system (SPS-1050,
Sumitomo Coal Mining Co. Ltd.) by heating to the sintering
temperature at a heating rate of 200 °C/min under a pressure of
100 MPa; the pressure also held constant until the ending of the
sintering time. The density was measured by Archimedes
method. The microstructure was investigated via field-
emission scanning electron microscope (SEM, FEI-Sirion200,
Amsterdam, and the Netherlands) after being polished,
thermally etched, and carbon coated. Grain size analysis
was performed from the digitized SEM photographs using

image analysis software (Nikon Image, Nikon Corporation,
Japan).

3. Results and discussions
3.1. SHS/QP results

The average grain size and relative density as a function of
sintering time at 1550 °C by SHS/QP are displayed in Fig. 1.
The relative density and grain size both increased with
increasing time. For densification, when the sintering time
increased from 1 to 3 min, that plot exhibited a faster
densification. The relative density increased from 95% to
99%. With a further increase in sintering time, it showed a small
increase in density. Compared with the variation of density, the
grain growth was rather limited at <2.5 min and tended to
follow a moderate trend. As the sintering time increased beyond
3 min, the grain growth increased dramatically. At a holding
time of 4 min, the size was increased to about 2 pwm.

The microstructural evolutions of SHS-QP samples are
illustrated in Fig. 2. The SEM image (Fig. 2(a) and (b)) shows
that the specimens (holding time 1 and 2.5 min) consists of
grains of approximately the same size as the corresponding
initial powders. The grain-grown rate was very low at the
time < 2.5 min and the ultrafine microstructure were clearly
observed. As shown in Fig. 2(c), whereas the time >3 min, the
grain grown became more rapid. Some closed pores were
formed and entrapped in Al,O3 grains. Long sintering times
resulted in a larger grain size in the sample.

3.2. SPS results

Fig. 3 shows the effect of sintering temperature on density
and grain size of SPS samples. Sintering temperatures were
increased from 1100 to 1300 °C with an interval of 50 °C and a
holding time of 2 min. As shown in this figure, the densification
rate increased dramatically when the temperatures went up to
1200 °C. When the sintering temperature was 1100 °C, the
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Fig. 1. Grain size and bulk density vs. sintering time of SHS-QP samples at
1550 °C under 100 MPa.
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Fig. 2. SEM micrographs of the SHS-QP specimens at different sintering time (applied pressure: 100 MPa, heating rate: 1600 °C/min, sintering temperature:

1550 °C) (a) 1 min; (b) 2.5 min; (c) 4 min.

relative density was about 90%. When the sintering temperature
increased from 1150 °C to 1300 °C, the relative density
increased from 95% to 99.8%. Above 1200 °C, the change
of the relative density was not obvious. For grain growth, as the
sintering temperature increased from 1100 °C to 1200 °C, no
obvious increase in size was seen. With subsequent increase in
sintering temperature, the grain size increased in an apparent
linear fashion. At a sintering temperature of 1300 °C, the grain
size was increased to about 1.5 pm.

The microstructure developments of SPS samples are
illustrated in Fig. 4. The SEM image (Fig. 4(a)) shows that
no obvious increase in size was seen. The microstructure was
not dense and some isolated pores were found. The dense
ultrafine-grained microstructure was clearly observed in
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Fig. 3. Grain size and bulk density vs. sintering temperature of SPS samples
with a holding time 2 min under 100 MPa.

Fig. 4(b). With the further increase of sintering temperature,
the grain size increased greatly to 1.5 wm (Fig. 4(c)).

The average grain size and relative density as a function of
sintering time at 1200 °C by SPS are displayed in Fig. 5. The
samples were sintered with different holding times from 1 min
to 10 min. The densification plot showed that, after sintering at
1200 °C for 1 min, a low relative density of 97% was obtained.
Fully densified samples were obtained with holding times of
2 min or longer. From this figure, it was also shown no
significant grain growth occurred at whole sintering period, and
the grain size of all sintered samples maintained at sub-micro
scale. At a holding time of 10 min, the grain size was the largest
and of about 0.6 pwm.

Fig. 6 compares the microstructures of sintered specimens
by two different fast processes (SHS-QP and SPS). SEM
images showed that both the samples were dense and had
ultrafine-grained structure. Image 6(a) revealed that the sample
had an average grain size of about 300 nm and the distribution
in grain sizes ranged from 150 to 600 nm. Image 6(b) shows
that the average grain size of the sintered specimen was about
250 nm and the distribution in grain sizes ranged from 100 to
600 nm.

3.3. Discussions

From above experiment results, it can be concluded that both
SHS-QP and SPS method could be used to prepare the full-
dense alumina ceramics with ultrafine-grained microstructure,
and the difference and similarity in densification parameters
can be observed obviously. One similar is that the variation
trends of density and grain size with holding time are same. At
given temperatures, density and grain size increased with
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Fig. 4. SEM micrographs of the SPS specimens at different sintering temperature (applied pressure: 100 MPa, sintering time: 2 min, heating rate: 200 °C/min) (a)

1100 °C; (b) 1200 °C; (c) 1300 °C.

holding time in both processes. The other similar is that a
shorter sintering time is the necessary condition for a limited
grain growth. The main differences between SHS-QP and SPS
are the sintering temperature (1550 °C and 1200 °C) and
heating rate (1600 °C/min and 200 °C/min); temperature and
heating rate have different impact on densification and grain
growth.

Compared with SHS-QP, the densification temperature for
SPS is lower (about 350 °C). In the densification process, the
high temperature and pressure are all contributed to the
densification. In the SPS technique, temperature is linked to DC
current pulse intensity and die size. It is assumed that diffusion
mechanisms are enhanced by current intensity. So the degree of
densification at lower temperature is enhanced [4,5]. Tem-
perature also plays a greater role in limiting grain growth. In
SPS process, the grain size would growth beyond micro level at
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Fig.5. Grain size and bulk density vs. sintering time of SPS samples sintering at
1200 °C under 100 MPa.

temperature above 1200 °C. It appeared that low temperature
(1200 °C) and short time was the key to prepare ultra-grained
structure. However, grain growth was found to be evitable when
sintered at a high temperature (1550 °C) in SHS-QP process.
The reason can be explained as follows. By considering the
thermodynamics of the sintering process, traditionally, the
isothermal rate of grain growth can be expressed by the
phenomenological kinetic grain growth equation [9,10]:

G" — Gl = k(T)t (1)

where G and G are the grain sizes at holding time rand t =0, n
and k(T) are constants for a particular grain growth mechanism.
Integrating grain grown law and the heating rate, Xu [9,10]
gives the following Eq. (2):

ke [T (-
G'— Gl = ;O exp <—Q) dr )

assuming that k(T) = ko exp( — Q/kT) and T = T + «at, where kg
is a constant, Q is the activation energy for grain growth, and k
is Bolzman’s constant. G" should be inversely proportional to
the heating rate, «. When « is large enough, G will be nearly
equal to Gy. This means that almost no grain growth will occur.
Xu et al. had provided a conformation of this conclusion [10];
experiment results on sintering ZnO were reported by Xu that
ultrahigh heating rates (500-4900 °C/min) could produce more
uniform microstructures than slow heating rates. At the same
time, high density can be achieved with almost complete
suppression of grain growth. Our previous results [7] have also
proved that the grain growth caused principally by surface
diffusion could almost be avoided at fast heating rate. The
sample quickly skips over a low-temperature regime (nonden-
sifying mechanisms such as surface diffusion active) and
proceeds directly to higher temperatures. Therefore, the grain
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Fig. 6. The surface micrographs with different heating rates under the same pressure of 100 MPa (a) SHS-QP sintered at 1550 °C, 2.5 min and 1600 °C/min; (b) SPS

sintered at 1200 °C, 2 min and 200 °C/min.

growths beginning at the initial and intermediate stages of
sintering can be controllable. By using fast heating rate,
significant control can be exerted over the mass transport
mechanisms, and ultrafine microstructure could be obtained.

4. Conclusion

The Al,O; powders with particle size 200 nm were sintered
with the heating rate of 1600 °C/min and 200 °C/min by SHS-
QP method and SPS technique, respectively. The densification
and grain growth as a function of sintering time and
temperature were discussed. The relative density and grain
size of both specimens increased with increasing sintering time.
Within a certain short sintering time and same applied pressure
(100 MPa), full-dense alumina with ultrafine-grained structure
could be obtained by SHS-QP at 1550 °C and SPS at 1200 °C.
For SPS, low temperature and short time was the key to prepare
ultrafine-grained structure. However, for SHS-QP, grain growth
was found to be evitable when sintered at a high temperature
(1550 °C) at higher heating rate.
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