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Abstract
Two-step sintering and hot pressing methods were applied on nanocrystalline ZnO to control the accelerated grain growth occurring
during the nal-stage of sintering. The sintering conditions (temperature and total time) and results (density and grain size) of two-step
sintering (TSS), conventional sintering (CS) and hot pressing (HP) methods were compared. The grain size of the high density (> 98 %)
ZnO compact produced by the two-step sintering was smaller than 1 m; while the grain size of those formed by the conventional sintering
method was ~4 m. The HP technique versus CS was shown to be a superior method to obtain higher nal density (99 %), lower sintering
temperature, shorter total sintering time and rather ne grain size. The maximum density achieved via HP, TSS and CS methods were
99, 98.3 and 97 %, respectively. The nal grain size of samples obtained by HP was larger than that of TSS method. However, the ultraprolonged sintering total time (88 ks) and the lower nal density (98.3 %) are the drawbacks of TSS in comparison with the faster HP
method (17 ks and 99 %, respectively).
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SPIEKANIE NANOKRYSTALICZNEGO TLENKU CYNKU SPOSOBEM KONWENCJONALNYM,
DWUETAPOWO I DROG PRASOWANIA NA GORCO
Metody spiekania dwuetapowego i prasowania na gorco zastosowano w przypadku nanokrystalicznego ZnO, aby kontrolowa
przypieszony rozrost ziaren wystpujcy w ko cowym etapie spiekania. Porównano warunki spiekania (temperatura i czas ca kowity)
i rezultaty spiekania (gsto i rozmiar ziarna) metodami dwuetapow (TSS), konwencjonaln (CS) i prasowania na gorco (HP). Rozmiar
ziarna wypraski ZnO o wysokiej gstoci (> 98 %), wytworzonej w wyniku spiekania dwuetapowego, by mniejszy ni 1 m, podczas gdy
rozmiar ziarna wyprasek spiekanych konwencjonalnie wynosi ~4 m. Technika HP w porównaniu z CS by a lepsz metod prowadzc do
uzyskania wy szej gstoci ko cowej (99 %) i raczej drobny rozmiar ziarna w ni szej temperaturze spiekania i przy krótszym ca kowitym
czasie spiekania. Maksymalna gsto uzyskana metodami HP, TSS i CS wynosi a odpowiednio 99, 98.3 i 97 %. Ko cowy rozmiar ziarna
w próbkach pochodzcych z metody HP by mniejszy ni z TSS. Jednak e, skrajnie wyd u ony ca kowity czas spiekania i ni sza gsto
ko cowa (odpowiednio 88 ks i 98.3 %) stanowi wady metody TSS w porównaniu z szybsz metod HP (99 % TD przy czasie 17 ks).
Sowa kluczowe: spiekanie dwuetapowe, prasowania na gorco, spiekanie konwencjonalne, ZnO, nanoproszek

1. Introduction
ZnO is an attractive ceramic material usable in electrical,
optical and medical applications [1-3]. Due to photoluminescence properties, ZnO is used in green displaying devices.
Because of the high volume of grain boundaries in the
as-produced nanocrystalline ZnO ceramics by SPS, these
materials produce both strong-green and weak-ultraviolet
emissions [2-7]. These materials are also used in the production of varistors, gas sensors, ultrasonic transducers
and surface-acoustic-wave (SAW) devices due to their
high piezoelectricity. Identical to the optical properties, the
electrical ones strongly depend on the density and microstructure uniformity. The properties of ZnO varistors have, for
instance, been reported to be highly inuenced by proportion
of grain boundaries [6-9]. Kiselev et al. [8] have shown that
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if the value of the grain boundary depletion-length is xed,
increasing grain size can decline the conduction nonlinearity.
Duran et al. [7] have reported that a breakdown voltage for
the varistors increases by decreasing the grain size.
There have been three main approaches, usually applied
to avoid the accelerated grain growth associated with densication and, therefore, provide ne microstructures. The
rst one is the addition of second phase particles (dopants)
to modify diffusion processes, prevent the grain boundary
migration and, hence, suppress the grain growth. Nevertheless, the second phase can be destructive to densication
and physical behaviour. Han et al. [10] have, for instance,
shown that, while the addition of Al signicantly inhibits the
grain growth of ZnO and increases the grain growth kinetic
exponent from 3 to 6 for pure and Al-Doped ZnO, respectively, the ZnO system is a notable decline in the densication
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rate. Sedky et al. [11] have studied the sintering behaviour of
Fe-doped ZnO samples. They have reported that in spite of
the grain growth suppression caused by the Fe content, the
above-mentioned approach diminishes nal density of the
sintered specimens. On the other hand, their investigation
exposed the detrimental effect of Fe dopants on the electrical
conductivity of pure ZnO samples.
The second approach is a new technique called the
two-step sintering (TSS). This method offers a promising
approach for fabrication of bulk nanograin ceramics, thereby,
exploiting the difference in kinetics between grain boundary diffusion and grain boundary migration [12, 13]. TSS
is carried out by the high temperature ring, followed by
rapid cooling and low temperature holding of the samples.
Using the two-step sintering method, the authors managed
to manufacture submicrometer grained ZnO bodies for the
rst time in their previous work [14].
The third is the use of particular consolidation techniques,
such as hot pressing or spark plasma sintering. The application of external pressure increases the driving force for
densication. Hot pressing provides one of the most reliable
techniques to adjust the relative rates of densication [15, 16].
According to the best knowledge of the authors, few reports are available in the literature talking over the densication and grain growth, during hot pressing of nanocrystalline
ZnO samples. Hynes et al. [17] hot pressed nanophase ZnO
compacts (at 60 MPa and 550°C for 30 min) to obtain bodies
with the relative density of 95 % TD. But, they do not have
any clear report on densication and grain growth during the
hot pressing method.
In the present work, the densication and microstructural
evolution of samples during hot pressing were investigated.
The sintering conditions (such as total time and temperature
of sintering) and results (nal density and grain size) of HP,
CS and TSS methods were compared.

2. Experimental procedure
2.1. Raw material

intervals and a heating ramp of 0.05qC·s1. The specimens
were held at the highest temperature for 60 s in order to
obtain a uniform temperature throughout the sample. For the
rst step of TSS, the samples were heated under the same
conditions as conventional sintering. The cooling rate of TSS
between T1 to T2 was 1qC·s1. The samples were held at T2
up to 72 ks so as to reach a higher density.

2.4. Hot pressing
The powder was hot pressed at the pressure of 50 MPa
using cylindrical graphite dies coated with boron nitride with
an inner diameter of 10 mm. The sintering temperature
varied from 400 to 850°C with interval of 50°C. The heating
rate was adjusted at 0.05qC·s1. After heating to maximum
temperature, the specimens were held at this temperature
for 1 min, so as to yield a homogenous temperature in the
whole body of the samples.

2.5. Characterization
The density of the sintered sample was measured by
the water displacement (Archimedes) method. For microstructural characterization, sintered pellets were fractured
and then studied using scanning electron microscopy (SEM,
Philips XL30, Netherlands). An image analyzer calculated
the mean grain size of the samples.

3. Results and discussion
Fig. 1 represents TEM micrographs of the nanocrystalline ZnO powder. It can be observed that particles are
mainly of a round shape and the particle size ranges from
20 to 40 nm. According to the information given by the supplier, the specic surface area of the powder determined by
Brunauer-Emmett-Teller (BET) method was 35 m2·g1. The
particle size, determined by the TEM observation, is in good
agreement with the average particle size, calculated from the
BET result (~31 nm).

Pure (> 99.7 %) ZnO nanopowder was obtained from
Inframat Advanced Materials Farmington, CT. Morphological studies and particle size determinations were performed
by transmission electron microscopy (TEM, CM200 FEG,
Philips, Netherlands). According to the supplier, the specic
surface area of the powder determined by Brunauer-EmmettTeller (BET) method was 35 g·cm2.

2.2. Compaction
The powder was uniaxially cold-pressed at 200 MPa into
pellets with diameter of 10.2 mm and thickness of 3 mm.
Based on the ZnO theoretical density (TD) of 5.606 g·cm3,
the average green density of the nanocrystalline ZnO powder
compacts was determined to be ~0.61 TD after pressing.

2.3. Conventional and two-step sintering
Sintering of the green bodies was carried out by conventional (CS) and two-step sintering (TSS) methods. CS was
carried out at 600 to 1200qC in air with 50qC temperature

Fig. 1. Transmission electron microscopy (TEM) micrograph of
nanocrystalline ZnO.

Fig. 2 shows the variation of density and grain size of hot
pressed nanocrystalline ZnO versus sintering temperatures.
As shown in this gure, the sintering plot exhibits a sigmoidal

MATERIA£Y CERAMICZNE /CERAMIC MATERIALS/, 62, 4, (2010)

507

M. MAZAHERI

shape. The densication starts at around 450°C and the
densication rate increases dramatically with the temperature rise up 600°C. It can be seen that a 200°C increase
(from 500°C to 700°C) in temperature results in the fractional
density evolution from ~0.65 to ~0.95. The specimens with
the relatively full density of 99 % TD are produced by hot
pressing at 850°C. As it can be seen, the grain size of ZnO
samples increases with the temperature and the rate of grain
growth shows a signicant improvement at temperatures
higher than 650°C. The dense ZnO samples, sintered at
850°C, have microstructures with the mean grain size of
about 1.4 m. From the above experimental results and
analysis, it can be found that despite improving the sample
density, an increase in the sintering temperature increases
the grain size. Employing the pressure through the sintering
procedure is not only helpful to remove the porosities from
the powder compacts but also provides an additional driving
force for densication and, hence, yields full dense samples
(99 % of TD).

In order to have an accurate comparison between TSS,
HP and CS methods, the results concerning the sintering path
(grain size versus fractional density) are presented in Fig. 4.
The results (Fig. 4) indicate that, no matter both methods
of CS and HP show the parabolic growth in the sintering nal
stage (fractional density > 90 %), the grain growth tends to
follow a moderate trend during the HP in comparison with CS.
In contrast, the results of TSS method demonstrate no trace
of the triggered growth, even in the nal stage of sintering.
The fact is that the grain growth is not directly contributed
by the applied pressure. Therefore, the effect of an external
pressure becomes more obvious in the system when the
grain growth rate relative to the densication rate is high (for
example, in the sintering nal stage of CS (Fig. 4)). Since the
application of an external pressure in the system increases
the densication rate, it leads to a reduction of sintering
temperature (Fig. 3) and consequently, to the further grain
growth suppression (Fig. 4). As it was presented in many
pervious publications [12-14], the TSS method is naturally
a favorable method to control the grain growth during densication in the nal stage of sintering. The lower sintering
temperature (T2) in the TSS second step is the parameter
to account for decent grain growth suppression provided by
this method. The immobile triple point junctions, at this low
temperature (T2), can suppress the grain boundaries as the
major motivator of the grain growth, while the grain boundary
diffusion is still active to obtain near full dense samples (detail
of TSS condition for nanocrystalline ZnO is available in [14]).

Fig. 2. Fractional density and grain size of hot pressed nanocrystalline ZnO under 50 MPa versus temperature.

Final densities achieved by hot pressing and conventional
sintering are displayed in Fig. 3 as a function of temperature.
As shown in this gure, CS, generally, results in the signicantly lower densities than HP at equivalent temperatures,
and the densication starts ~200°C earlier when the pressure
is applied during the HP.
Fig. 4. Sintering path (grain size vs. fractional density) for sintered
nanocrystalline ZnO compacts by three different method.

Fig. 3. Fractional density of hot pressed and conventionally sintered
nanocrystalline ZnO compacts versus temperature.
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Fig. 5 shows the fractional density of the samples
sintered via three different methods versus the total time
of sintering. Although the two-step sintered specimens
have smaller grains than the hot pressed bodies, the ultraprolonged sintering time of TSS method as well as the lower
density of the specimens have set severe restrictions on
the technological application of this method (see Fig. 5).
Therefore, the HP is an efcient method to remove the
problems that many other sintering techniques are involved
in. This high efficiency stems from two major aspects,
i.e. rst, the high pressure that accelerates the densication process and second, the lower sintering temperature
(Fig. 3) of the powder together with the shorter sintering time
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4. Conclusions
A density of 99 % TD with the mean grain size of about
1.4 m was obtained for the nanocrystalline ZnO samples
hot pressed at 850°C.
The comparative studies showed that the sintering efciency of HP is higher than other methods and it managed
to provide the maximum density for the HP specimens.
The nal grain size of the hot pressed specimens was
found to be larger than that of TSS method. However, the
ultra-prolonged sintering total time concerning two-step
sintering and the lower density of the specimens restrict the
practical application of this method.
Fig. 5. Fractional density of samples sintered using three different
methods versus total time of sintering.
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