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Abstract

Experimental sintering studies on Al2O3 powder (200 nm and 600 nm) were done at a heating rate of 1600 8C/min. The microstructural changes

of specimens were examined and corresponding detailed data on the densification and grain size as a function of sintering time were presented. The

grain-growth transition behavior during sintering was discussed. The results showed that the neck growth caused principally by surface diffusion

could be negligible within 2 min. With subsequent increases of sintering time, grain growth promoted by grain boundary and lattice diffusion

occurred.
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1. Introduction

Recently, densification of nano-grained ceramics has

generated considerable interest. Dense ceramics with a fine

grain structure are desirable, because a smaller size results in

enhanced mechanical, high temperature, and optical properties

[1–3].

One of the primary goals in the processing of nano-grained

ceramics is the production of full-dense bodies while retaining

the grain size on the nanometer scale. However, to obtain full

density 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 rates used in conventional sintering

allow significant heating durations up to the sintering

temperature, during which the nanoparticles may coarsen.

Nowadays, a new fast fabrication technique for nano-

grained materials has been developed [4]. The heat generated

by a combustion reaction or self-propagating high-temperature

synthesis (SHS) was applied to act as a high-temperature

source, which was also called an ‘‘SHS furnace’’. A large
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mechanical pressure was applied when the sintering tempera-

ture reached the maximum. Full-dense nano-grained alumina

ceramics with almost no grain growth were obtained under a

pressure of 120 MPa in 2 min. However, there was little

knowledge about grain-growth kinetics as well as densification

mechanism at such high heating rate. Clearly, our ability to

understand and control the grain-growth behavior can be a key

factor in the optimization of the densification process.

Optimization of the process parameters is also essential for

preserving the nanostructure character of the fully dense

compacts. In this presentation we will focus on the grain-

growth kinetics and densification process in order to understand

this superfast densification mechanism well.

2. Experimental procedure

The experimental procedure for the fabrication of nano-

grained alumina specimen was described in our previous study

in detail [4]; it is mentioned only briefly here.

Two kinds of a-Al2O3 powders (Sumitomo Chemical Co.,

Tokyo, Japan) with different particle sizes (200 nm and

600 nm) were used in this experiment. A fine powder

(200 nm) was designated as F and a coarse powder (600 nm)

was designated as C. The powders (F or C) were uniaxially

pressed in a steel die into disks with a diameter of 2 cm and a
na Group S.r.l. All rights reserved.
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Fig. 1. Dependence of relative densities and grain sizes of sintered F and C on

the sintering time.
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height of 1 cm. Then, they were subjected to cold isostatic

pressing (CIP) at 200 MPa.

An SHS reaction was chosen as follow:

3Cr2O3þ 6Al þ 4C ¼ 2Cr3C2þ 3Al2O3 (1)

The Cr2O3, Al, and C powders were mixed in a molar ratio

of 3:6:4 according to the above reaction. In conventional

sintering, the microstructure (grain size and density) is

directly controlled by altering the sintering time under a

certain temperature. In this novel sintering technique, the

sintering times were conducted by varying the mass of SHS

mixtures. In the combustion synthesis process, the combus-

tion time can be altered by addition or decrease the mass of

initial reactant powders. Owning to the same composition

and particle size of the reactant mixture, the maximum

reaction temperature and heating rate would remain near

constant [5]. Series of sintered samples were prepared by

using the different weight SHS powders. The weight of SHS

powders was varied from 100 g to 1500 g with an interval of

100 g. With the variation of the SHS reactant mass, the

sintering times were ranging from 1 min to 10 min. The

different mass mixtures with CIP alumina body in the center

were pressed into a cylindrical compact in different

diameters and heights. The combustion processes was

carried out in a homemade instrument and the details of

the technique were given in Ref. [4]. 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 8C and had the same heating rate of 1600 8C/

min. In the conventional sintering, the holding times was

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 8C. The density

range and microstructure variation were adjustable at

1550 8C using different sintering times.

The initial density of the green sample was calculated by

measuring the dimensions of the sample. The sintered density

was measured by Archimedes principle. The microstructures of

the samples were investigated via field-emission scanning

electron microscopy (FESEM, FEI-Sirion200, Amsterdam, the

Netherlands). The grain size was measured from the SEM

micrographs by the intercept method.

3. Results and discussion

3.1. Grain-growth kinetic

The average grain size and relative density as a function of

sintering time are displayed in Fig. 1. The relative density and

grain size increased with increasing time. For powder C, when

the holding time was 2 min, the relative density was about 82%.

When the holding time increased from 3 min to 9 min, the

relative density increased from 86% to 96%. For powder F, the

relative density was slightly higher than that from powders C

under the same sintering time. Fig. 1 also shows the change of
grain size with different holding time. No obvious increase in

size was seen as the holding time increased from 1 min to

3 min. With subsequent increase in sintering time, the grain size

increased in an apparent linear fashion. At a holding time of

9 min, the sizes of powder C and F were increased to about

4 mm and 7 mm, respectively.

3.2. Grain-growth developments

The microstructure developments of the sintered F and C at

different holding times are illustrated in Figs. 2 and 3,

respectively. The SEM images (Figs. 2(A) and 3(A)) showed

that the specimens (holding time 2 min) consisted of grains of

approximately the same size as the corresponding initial

powders. Moreover, there were no obvious neck-growth and

grain-shape change. Some pores between Al2O3 grains were

found and the pore structure consisted of open channels (open

porosity) surrounded by three or more grains. As the sintering

time increased, some grain-neck formed and grain-shape had an

obvious change (Figs. 2(B) and 3(B)). The grains had an

obvious growth and the sample appeared a chainlike structure

(Fig. 2(B)). Some pore channels had collapsed and were found

to be isolated (Fig. 3(B)). With the further increase of sintering

time, the grain size of sample C and F increased greatly to 4 mm

and 7 mm respectively (Figs. 2(C) and 3(C)).

3.3. Grain-growth transitions

The result of the grain-size measurements (specimens F and

C) is plotted vs. relative density in Fig. 4. The high-temperature

holding time was varied from 1 min to 9 min. Within relative

density regime I, no grain growth took place. Whereas in

regime II densification occurred accompanied by very limited

grain growth. Within higher density regime III fast grain

growth occurred. It is obvious that the grain growth is quite fast

with the increase of sintering time, implying that both grain-

boundary migration and grain-boundary diffusion are

enhanced.



Fig. 2. SEM micrographs of fracture surfaces of sintered specimen F for different sintering time (a) 2 min; (b) 2.7 min; (c) 9 min.

Fig. 3. SEM micrographs of fracture surfaces of sintered specimen C for different sintering time (a) 2 min; (b) 3.5 min; (c) 9 min.
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From the relationship between the grain size and density, it

was found that the grain-growth behavior fell into two distinct

regions. In the region where the relative density was lower than

90%, grain growth was negligible; when the relative density

grew over 90%, grains grew rapidly.

For comparison, calculations of grain-growth transition

were also made using the relationship proposed by Raj et al.
The equation can be expressed in the general form [6–8]:

ln
1� r

1� r0

� �
¼ � 1

t

� �
t (2)

The transition in the grain-growth rate can be obtained by

plotting [ln(1 � r) � ln(1 � r0)] vs. t; the value of r is the



Fig. 4. Relative density vs. grain size curve of sintered specimen F and C.
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instantaneous relative density, r0 is the green body density, and

t is the sintering time. t is a time constant, which depends on the

grain size, d, and the temperature [6–8]. In the case of a ceramic

at certain temperature, the parameter t / d3, and t will change

with grain growth through the diffusion kinetics. Since t

depends on the grain size, the slope will change if there is grain

growth. If the grain size remains constant, then a linear fit to

Eq. (2) is expected. If the grains begin to grow at a certain point,

then that would be reflected in a change in the slope of the data

when fitted to Eq. (2).

The plot of [ln(1 � r) � ln(1 � r0)] vs. t is shown in Fig. 5.

The sintering data between density and time were presented in

Fig. 1. The calculated result indicated that the grain-growth

transition occurred at relative density of near 90%. The region

of r < 0.9 showed a reasonably linear fit. Different time

constant was found when the relative density was higher than

90%. The transition from a high time constant to a low time

constant could be due to a fundamental change in the

morphology of the sintering microstructure. This agrees with

the experiment observation. Detailed microstructural analysis
Fig. 5. The plot of [ln(1 � r) � ln(1 � r0)] vs. t of sintered F and C.
has also provided a confirmation of this result. Similar behavior

was observed on ZnO reported by De Jonghe et al. [9]. Wong

and Pask [10] and Cameron and Raj [6] also showed that the

time constants for intermediate-stage sintering and final-stage

sintering were different using this formulation.

3.4. Discussions on grain-growth mechanism

In the preparation of nano-grained ceramics, surface

diffusion is a dominating diffusion mechanism in the initial

and intermediate stages of sintering, compared to grain

boundary and lattice diffusion. This diffusion generally results

in the grain-shape change and grain coarsening. The neck

growth and further grain growth caused principally by surface

diffusion mechanism have been proved in both experiment and

theory calculation [11–13]. The calculations of Wilson showed

that neck growth in the sintering of Al2O3 must occur primarily

by surface diffusion. The ratio of the neck-growth rate by

surface diffusion to that by boundary diffusion in alumina with

10 nm particle size was also calculated to be as high as 105 [13].

It had been demonstrated that only surface diffusion

contributed to neck growth during the initial sintering stage

of Al2O3 at 900 8C [14]. Surface diffusion on TiO2 particles was

also observed directly for both grain growth and densification in

the initial and intermediate sintering stages, which is

accompanied by the diminishing of smaller grains [11]. That

coarsening is considered to be detrimental to the preparation of

nanoceramics.

Our results indicate that: the effect of fast heating rate and

sintering times on grain growth appears obvious. The grain

growth caused principally by surface diffusion has almost been

avoided at a certain sintering condition. At a fast heating rate,

the sample quickly skips over a low-temperature regime

(nondensifying mechanisms such as surface diffusion active)

and proceeds directly to higher temperatures. At the same time,

densifying mechanisms (such as grain boundary or volume

diffusion active) are in control within a short sintering time.

Therefore, the grain growths beginning at the initial and

intermediate stages of sintering can be controllable. The

original nanostructure grain size may be preserved. This result

was obtained in the intermediate stage of sintering, which is for

0.80 � r � 0.90. With increasing sintering time, neck growth

occurs. With further growth, the neck disappears by multiple

transport mechanisms, e.g. surface, grain boundary, and volume

diffusion. This period enters the final stage of sintering and the

relative density is higher than 0.90. Thus, by using fast heating

rate, significant control can be exerted over the mass transport

mechanisms, microstructure evolution, and final microstruc-

ture.

4. Conclusion

Two kinds of Al2O3 powders (200 nm and 600 nm) were

sintered at 1550 8C with the heating rate of 1600 8C/min using

SHS-furnace method. The microstructural changes and the

densification, grain growth as a function of sintering time were

discussed. The relative density and grain size of both specimens
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increased with the increasing sintering time from 1 min to

9 min. The grain growth promoted by surface diffusion was

limited within 2 min. Grain-growth transitions occur at relative

densities of about 0.9. After that transition, the grain growth

promoted by grain boundary and lattice diffusion was stronger

and grains grew rapidly.
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