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Abstract
The sub-micrometer alumina powder with an average particle size of 150 nm was sintered, using two different methods, i.e.
conventional sintering (CS) and two-step sintering (TSS). While the grain size of full-dense structures produced by conventional sintering
ranges between 1-2 m, the application of an optimum TSS regime led to a remarkable decrease of grain size down to ~500 nm. The
results show that low temperature isothermal dwell at 1150°C after heating the green compacts up to 1300°C decreased the grain size
from 1.2 m to 850 nm. A further decrease of the rst step temperature to 1250°C led to the formation of a ner structure with an average
grain size of 500 nm.
Keywords: Two-stage sintering, Al2O3, Microstructure

ZACHOWANIE SI ULTRADROBNYCH PROSZKÓW Al2O3 PODCZAS SPIEKANIA I ROZROSTU ZIAREN
Submikronowy proszek Al2O3 o rednim rozmiarze czstki wynoszcym 150 nm spiekano przy uyciu dwóch metod: konwencjonalnego
spiekania (CS) i spiekania dwuetapowego (TSS). Podczas gdy rozmiar ziarna ca kowicie zag szczonych struktur, wytworzonych za
pomoc konwencjonalnego spiekania, mieci si w przedziale 1-2 m, zastosowanie optymalnego reimu TSS prowadzi o do niezwyk ego
zmniejszenia rozmiaru ziarna poniej ~500 nm. Wyniki pokazuj, e izotermiczne niskotemperaturowe przetrzymanie w 1150°C,
zastosowane po wygrzaniu surowych wyprasek a do to 1300°C, zmniejsza rozmiar ziaren z 1.2 m na 850 nm. Dalsze obnienie
temperatury pierwszego etapu spiekania do 1250°C prowadzi o do utworzenia bardziej drobnoziarnistej mikrostruktury o rednim
rozmiarze ziarna wynoszcym 500 nm.
Sowa kluczowe: spiekanie dwuetapowe, Al2O3, mikrostruktura

1. Introduction
The outstanding attention that nanostructured materials
have recently drawn stem from their useful mechanical,
physical, optical, and magnetic properties [1-6]. These splendid characteristics stimulate several applications in different
technological elds, such as in electronics, catalysis, magnetic data storage, energy storage, structural components
and ceramics [7, 8]. The high surface area of nanoparticles
additionally supplies a substantial sintering driving force by
which the sintering temperature can be decently lowered
[9-13]. From the mechanical point of view, contrary to the brittleness of micro-grained ceramics, nanometer-grained ones
are typically capable of putting up with important elongation
before breaking at moderate temperatures (~0.5 Tm) [7, 14].
From the thermodynamics concept, in the temperature
range where the grain boundary diffusion is active while
grain boundary migration is sufciently sluggish, densication
would continue without any signicant grain growth. On the
basis of this idea, Chen and Wang [15] developed a novel

technique, called two-step sintering (TSS), to suppress the
accelerated grain growth at the nal stage of sintering by
triple junctions. To take the advantage of boundary dragging
by triple junctions, at rst a critical density should be achieved
where sufcient triple junctions exist throughout the body
as pins. Then with decreasing the sintering temperature to
a critical degree, the grain-growth would be stopped by triple
junctions while densication may not be impaired. In doing
so, samples have to be exposed to prolonged isothermal
heating at the second, low temperature step. Referring to
conducted successful TSS in open literature, different critical
densities were reported for various systems. For instance,
Chen and Wang [15] determined the density of 75 % theoretical density (TD) as the critical one for TSS of nano-yttria
to succeed. Li and Ye [16] reported that below 82 % TD,
alumina nanopowder would not be densied even after
prolonged soaking in the second step. As in a TSS regime,
the triple junctions are going to prohibit grain growth while
unstable pores can shrink with low temperature annealing;
seemingly the source of different densities lies in the pore
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size and distribution which needs to be further investigated.
Certainly, the formation of inhomogeneous porosity due to
the increased tendency of nanopowder to form agglomerates complicates the situation. To solve this problem, one
can use larger particles with a lower agglomeration degree
and shape green bodies with advanced methods to obtain
a more homogenous structure. Under this condition one can
expect successful TSS at lower temperatures.
In the present study, two step sintering was applied on
sub-micrometer Al2O3 powder to achieve a dense ultrane
structure. The sintering behavior and structural evolution
during densication were traced. The effect of temperature
of both sintering steps on densication and grain growth at
different TSS regimes were discussed.
Fig. 1. SEM micrograph of ultra pure alumina powder.

2. Experimental
Alumina powder (Taimicron TM-DAR; Taimei Chemicals Co., Ltd., Tokyo, Japan) with a mean particle size of
150 nm was used. The morphology of the powder was examined with a scanning electron microscopy (SEM, Philips
XL30, the Netherlands). The powder was rstly shaped
in a cylindrical die with 10 mm diameter under uniaxial
pressure of 50 MPa. The preformed green samples were
then cold isostatic pressed under 200 MPa. Sintering of
the green bodies shaped through CIP was carried out by
conventional sintering (CS) and two-step sintering (TSS)
methods. CS specimens were non-isothermally sintered
between 1050 and 1400qC in air with a heating ramp
of 10qC·min -1 . Different two-step sintering regimes
were applied to minimize the final grain size. On the
first step, pellets were heated up to T 1 with a heating ramp of 10qC·min -1. They were then cooled down
to the lower temperatures of T 2 with a cooling rate
of 50qC·min-1 and soaked for a prolonged period of time.
Table 1 lists the conditions under which TSS regimes were
carried out. The density of the sintered samples was measured by Archimedes method in water. To prevent penetration
of water to open pores, these were sealed by smearing the
specimens’ surface with wax. The sintered grain size was
determined from SEM micrographs (the mean diameter of
grains was measured) of fracture surfaces, counting at least
150 grains for each specimen. At least three specimens were
measured, and the average values are reported as the result.

Fig. 2 shows the structural evolution of green compacts
shaped via CIP while ring through heating up to 1400qC
with a heating rate of 10qC min-1. Up to 1250qC, no obvious
change in grain size was observed while a signicant increase in density occurred. A further increase of temperature
(1300qC) yielded a density of ~87 % TD and a grain size
of ~350 nm. Densication was, however, nearly complete
(~98 % TD) at 1400°C without isothermal dwelling. The nal
grain size of the nearly-fully dense structure was higher than
1.2 m. In other words, 11 % increase of relative red density
(from ~87 % to ~98 % TD) led to a remarkable grain growth
of more than 240 % (from ~350 nm to ~1.2 m). To suppress
the grain growth, different two-step sintering regimes were
applied to densify green compacts without the accelerated
grain growth at the nal stage of sintering. In doing so,
long time isothermal dwell at lower temperatures instead
of continuous heating up/isothermal dwelling at a constant
temperature was reported to be effective.

Table 1. The conditions for TSS regimes.

TSS regime

T1 [°C]

T2 [°C[

Maximum holding time
at T2 [h]

TSS1
TSS2
TSS3
TSS4
TSS5

1300
1300
1300
1200
1250

1200
1100
1150
1150
1150

15
15
50
15
64

3. Results and discussion
Fig. 1 shows the SEM micrograph of the as-received submicrometer (150 nm) alumina powder. As it can be seen, no
tight agglomeration can be observed.
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Fig. 2. Fractional density and grain size of sub-micron Al2O3 green
compacts through heating up with a constant heating ramp of 10oC/min.

Fig. 3 shows the variation of fractional red density and
grain size versus holding time at 1200qC for samples rstly
heated up to 1300qC (TSS1). Although the temperature was
decreased by 100qC in the second step, a signicant grain
growth was observed. In other words, the coarse structure with an average grain size of ~1.1 m was obtained,
comparable to that achieved via continuous heating up to

SINTERING AND GRAIN GROWTH BEHAVIOUR OF ULTRA FINE Al2O3 POWDER

1400qC. The maximum relative density of both samples was
~98 % TD. To succeed in inhibiting the grain growth, the
second step temperature was decreased further to 1100qC
(TSS2). As observed (Fig. 4), even after 16 h soaking at
1100qC only a slight increase in density was achieved. Most
obviously, the second step temperature was not sufcient for
elimination of the residual porosity. Figs. 3 and 4 illustrate
how important the temperate of the second step might be.
Not only did low temperature isothermal dwell in the second step fail to eliminate the residual porosity but also high
temperature soaking led to an uncontrolled grain growth.
Seemingly, there is a critical temperature between 1100qC
and 1200qC which could be chosen as the second step
temperature for elimination of the residual porosity without
accelerated grain growth.

Fig. 3. Fractional red density and grain size versus holding time
at 1200oC for sub-micron Al2O3 green compacts rstly heated up to
1300oC (TSS1).

time. With decreasing the temperature in the rst step, the
density (obtained at the end of the rst step) was decreased
from ~87.5 % TD to ~69 % TD. After 9 h soaking at 1150qC
the density increased up to ~90 % TD while further soaking
did not affect densication any more. The grain size was
increased from ~200 nm to ~310 nm. The results indicate
that the initial density after the rst step was lower than the
critical one, which resulted in failure of the procedure. To
increase the initial density, the samples were heated up to
1250qC. Fig. 7 shows structural evolution of green compacts
rstly red through heating up to 1250qC, followed by holding
at 1150qC (TSS5). Successfully, 50qC increase of the rst
step temperature led to the formation of a nearly-full dense
structure with an average grain size of ~500 nm. The nal
density of sintered bodies achieved 98 % TD.

Fig. 5. Fractional red density and grain size versus holding time
at 1150oC for sub-micron Al2O3 green compacts rstly heated up to
1300oC (TSS3).

Fig. 4. Fractional red density and grain size versus holding time
at 1100oC for sub-micron Al2O3 green compacts rstly heated up to
1300oC (TSS2).

Fig. 6. Fractional red density and grain size versus holding time
at 1150oC for sub-micron Al2O3 green compacts rstly heated up to
1200oC (TSS4).

Fig. 5 shows the results of density and grain size measurement for TSS3 cycle conducted at T1 = 1300qC and T2 =
1150qC (1100qC < T2 < 1200qC). After 50 h dwell at 1150qC,
green compacts were densied and relatively ner structures
with an average grain size of ~0.85 m were obtained. To
nd how effective the rst step temperature might be, T1 was
decreased from 1300qC down to 1200qC (TSS4).
Fig. 6 shows the effect of decreasing the temperature of
the rst step on densication and grain growth versus holding

Two-step sintering results show that there is a critical
temperature for the second step as well as for the rst one.
For instance, low temperature isothermal dwelling at 1100qC
in the second step failed to eliminate the residual porosity of
samples which were rstly heated up to 1300qC (TSS2). High
temperature soaking at 1200qC led to an accelerated grain
growth (TSS1), while with further decrease of the second
temperature (T2) the two-step sintering was successfully
conducted (TSS3). Fig. 7 shows that initial density of 75 % TD
is sufcient for removal of pores in the second step (TSS3).

MATERIA£Y CERAMICZNE /CERAMIC MATERIALS/, 62, 3, (2010)

299

M. MAZAHERI, Z. RAZAVI HESABI, M. HAGHIGHATZADEH, S.K. SADRNEZHAAD

4. Conclusions
The sub-micrometer Al2O3 powder with an average
particle size of 150 nm was sintered via the two-step sintering method. To obtain the minimum grain size different
TSS cycles were designed. The structural evolution during
sintering was traced. The results show that low temperature
isothermal dwell at 1150qC, after heating the green compacts
up to 1300qC, decreased the grain size from 1.2 m down
to 850 nm. A further decrease of the rst step temperature
to 1250qC led to the formation of a ner structure with an
average grain size of 500 nm.
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Fig. 9. SEM picture of sintered sub-micron Al2O3 under TSS5 regime
(The green sample rstly heated up to T1 = 1250oC, cooled down to
T2 = 1150oC and held at T2 for 64 h).
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