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Abstract

This paper investigates the evolution of densification and grain growth during free sintering of pure alumina ceramics. In earlier
work, interface reaction process was verified the dominant sintering mechanism of stage 1 of sintering of the material prepared here.
We also limit our attention to stage 1 of sintering, i.e. when the porosity is in the form of interconnected channels. Based on the
experimental data obtained and the constitutive laws employed, activation energies of densification and grain growth are deter-
mined. Grain size-relative density plot is plotted to express the development of densification and grain growth. © 2001 Elsevier

Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Sintering is one of the most important processes for
the production of ceramic materials. Almost all the
ceramic materials have been made through the powder
route, and also a variety of components used in modern
technology have undergone sintering as one of the pro-
duction steps. This may be one of the reasons why,
compared to the economic importance and technical
problems, publications on sintering studies are without
doubt over-presented. Another reason is certainly the
complexity of the sintering process that makes this field
a fascinating area for research.

During the sintering of a powder compact, both den-
sification and grain growth occur simultaneously [1]. It
has been recognised that the relationship between den-
sification and grain growth must be assessed in order to
understand and control the sintering process. This
requires a full understanding of the material constitutive
laws governing the sintering process. The development
of the constitutive relationship is closely related to the
microstructural evolution of the sintering component.
Several mechanisms are involved in the densification of
a sintering powder compact [2]. For high temperature
sintering of fine-grained materials, it is well accepted
that diffusional mechanisms dominate the sintering
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process. It is also noted that the dominant path for
diffusion is usually along the grain boundary [3]. Grain-
boundary diffusion controlled sintering assumes that
grain boundaries act as perfect sources and sinks for the
diffusing atoms during the diffusion process. In practice,
however, it is noted that some energy is expended in
adding or removing a vacancy from a grain boundary,
i.e. an interface reaction takes place. Therefore, the rate
of densification can then be either controlled by the rate
of diffusional transport between the sources and sinks or
the rate at which the sources and sinks can provide,
or accept, material for the diffusional process. The rate
of operation of the sources and sinks is considered as
interface reaction controlled sintering [4]. In diffusion
processes, grain-boundary diffusion and interface reac-
tion are two sequential processes, hence, the slower
mechanism will dominate the sintering process. The
smaller the mean grain size is, the shorter the transpor-
tation path is and therefore the faster the grain-bound-
ary diffusion does, therefore, interface reaction become
important. Ma [5] verified that the sintering mechanism
of pure alumina ceramics is interface reaction dominant
when grain size is less than 3 um and indicated that the
constitutive model of interface reaction proposed by
Cocks [6] accurately describes the sintering process.

In the present work, pure alumina ceramics is pre-
pared by powder route and some important parameters
of sintering are evaluated. We limit our attention to
stage 1 of sintering, i.e., when the porosity is in the form

0272-8842/01/$20.00 © 2001 Elsevier Science Ltd and Techna S.r.l. All rights reserved.

PII: S0272-8842(00)00073-0



262 Z. He, J. Ma | Ceramics International 27 (2001) 261-264

of interconnected channels [2,7], because the dominant
densification mechanism of this stage was identified as
interface reaction in earlier work [8]. Activation energies
of densification and grain growth are determined by the
constitutive law describing interface reaction proposed
by Cocks [6] and grain-growth law proposed by Du and
Cocks [9]. Grain size-relative density plot is drawn to
express the trends of densification and grain growth
during sintering.

2. Experimental procedure

The raw material for the experiment was Baikowski
99.99% ultrapure o-alumina powder with initial grain
size 0.9 um.

The raw powder was weighed and then it was fed into
a steel die for compression. After being formed, the
green compacts were placed in Carbolite RHF 1600
high-temperature electrical furnace for free sintering.
The sintering profile was started with the heating rate of
2°C/min up to 600°C, and then with 10°C/min until the
holding sintering temperature. The sintering tempera-
tures chosen in this experiment were 1400, 1450, and
1500°C, respectively. For a given sintering temperature,
different holding times were selected. They were 1, 3, 5,
10 and 15 h. The sample was cooled with the rate of
20°C/min to room temperature.

After the sample was prepared, mass was weighed by
Scientech SA 510 analytical balance, and diameter and
thickness were measured by Vernier calliper and Digital
micrometer, respectively. The relative density, p, volu-
metric strain, &,, could be calculated from the measured
data. This paper considers the value of volumetric strain
positive, which is convenient for further determination.

JSM-5310 scanning microscope was employed to
obtain the SEM image of the sample. The mean grain
size measurement was determined by counting the
number of grains traversed by a straight line of known
length in the image. The final mean grain size, L, was
taken as 1.56 times the average intercept length [10].

Other parameters, including volumetric strain rate, &,,
and grain-growth rate, L, can be evaluated from the
derivatives of the curves, which were plotted from the
corresponding parameters, volumetric strain and grain
size, against holding time, 7.

Table 1

Experimental data of samples at sintering temperature of 1400°C

t (h) p L (um) &y L (um/h) &y (1/h)
1 0.6364 1.026 0.221 0.1585 0.0567
3 0.6963 1.086 0.302 0.0634 0.0249
5 0.7271 1.114 0.340 0.0414 0.0170
10 0.7754 1.404 0.400 0.0233 0.0101
15 0.8111 1.623 0.439 0.0166 0.0075

3. Results and discussion
3.1. Sintering stages

The experimental results of the property parameters of
the samples prepared at different sintering temperature
and different holding time are shown in Tables 1-3. Once
again, stage 1 of sintering is concentrated, and this clas-
sification was proposed by Ashby and co-workers [2,7],
who divided the process of sintering into two stages
based on the microstructure. The first stage, or stage 1,
describes the early stage of densification when the pores
are connected and discrete necks exist between the parti-
cles. The relative density of this stage is less than 0.9. For
relative densities greater than 0.9, the pores close leaving
isolated near equilibrium shaped pores between the
grains. The material has then entered stage 2.

Fig. 1 shows one of the SEM images of the samples,
which can be considered as the representative of the

Table 2

Experimental data of samples at sintering temperature of 1450°C
t(h) o L (um) &y L (um/h) & (1/h)
1 0.6965 1.193 0.303 0.3206 0.0757
3 0.8076 1.560 0.430 0.1445 0.0252
5 0.8512 1.805 0.478 0.0998 0.0151
10 0.8734 2.006 0.497 0.0604 0.0076
15 0.8864 2.674 0.509 0.0450 0.0050
Table 3

Experimental data of samples at sintering temperature of 1500°C
t(h) o L (pm) &y L(wm/h) & (1/h)
1 0.8004 1.537 0.425 0.4533 0.0437
3 0.8735 2.028 0.495 0.2119 0.0163
5 0.8825 2.229 0.509 0.1488 0.0103
10 0.9267 3.008 0.549 0.0920 0.0055
15 0.9393 3.566 0.559 0.0696 0.0038

Fig. 1. SEM image of sintered sample (1500°C, 1h).
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other samples, whose relative densities are less than 0.9,
to be applied to reveal the microstructure. It is can be
observed from Fig. 1, the microstructure shows loosely
packed particles and pores form an interconnected net-
work through the material.

3.2. Activation energies of sintering

In this subsection, the activation energies of densifi-
cation and grain growth are evaluated by means of the
constitutive laws of densification and gain growth.

When interface reaction is dominant, the volumetric
strain rate for stage 1 can be obtained from Cocks [6] as

éV=3%<€>ﬂmPnﬂC2f+ﬂm
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where &g is the uniaxial strain rate under an applied
stress oy for a fully dense material of grain size L. f{p)
and c(p) are dimensionless functions of the relative
density, and o., o, and oy are effective stress, mean
stress and sintering potential, respectively. Sintering
potential, or sintering stress, o is a fundamental para-
meter in the constitutive relationship. A porous com-
pact will shrink during sintering, even without an
externally applied load. This is due to the effect of sin-
tering potential. For free sintering, in Eq. (1), o, and o,
are all zero. The volumetric strain rate of free sintering
then can be obtained as
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Compared with the mechanism of densification,
grain-growth mechanism seems very simple, but it is
also important for studying the sintering process. The
driving force for this process is the difference in energy
between fine-grained and large-grain particles resulting
from the decrease in grain boundary and the total
boundary energy. According to the grain-growth law
presented by Du and Cocks [9], in stage 1, the equation
for the grain-growth rate is

L=L(%>G—MZ 3)

where L is a temperature-dependent kinetic constant
and L; is the initial grain size.

The activation energies of densification, Q4, and grain
growth, Q,, have the relationship with £, and Ly as

&0 = €00€XP (%%?) “4)

and
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where &oo and Lo are material constants of densification
and grain growth, which are independent of tempera-
ture. R and T are gas constant and absolute tempera-
ture, respectively.

By combining all the constants into one constant for
the equation concerned, the volumetric strain rate [from
Eq. (2)] and grain-growth rate [from Eq. (3)] can be
derived as general forms at a given temperature as
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respectively, d and g are combined constants of densifi-
cation and grain growth respectively, they are still tem-
perature-dependent. For a given sintering temperature,
by fitting the experimental results of the volumetric
strain rate, grain-growth rate, relative density and grain
size, obtained at different holding time, to the corre-
sponding Egs. (6) and (7), the temperature-dependent
constants, d and g, at different sintering temperatures
can be determined. The activation energies of densifica-
tion and grain growth can then be evaluated by deter-
mining the slope of the curves of the logarithm of the
corresponding temperature-dependent constants, d and
g, against the reciprocal of the absolute sintering tem-
perature, T, see Fig. 2. During determination, the sin-
tering potential and the dimensionless density function
used are given by Ashby [2] and Du and Cocks [9] as
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Fig. 2. Variation of logarithm of temperature-dependent constants
with reciprocal of absolute sintering temperature.
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and
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respectively, where y is the surface energy per unit area
of the materials (1 J/m? for alumina), and p, is the green
relative density of the compact, which is taken as
0.5083. The value of initial grain size, L;, is taken as 0.9
um for calculation.

The densification activation energy and grain-growth
activation energy, determined from Fig. 2, are 342 KJ/
mol and 476 KJ/mol, respectively. The value of densifi-
cation activation energy is close to the one determined
by Ma [5], 325 KJ/mol, when interface reaction is the
dominant sintering mechanism. This value indicates
again that interface reaction is the controlled process of
the material under investigated.

By comparing the activation energies, it can be found
that the value of grain-growth activation energy is
larger than the value of densification activation energy.
This result provides a thermodynamic prediction for the
evolution relationship between densification and grain
growth in stage 1. The behavior of densification pro-
ceeds more easily compared with the process of grain
growth, due to higher grain-growth activation energy.

3.3. Grain size-relative density plot

The grain size-relative density plot of the sintered
samples in stage 1, at different sintering temperature, is
generated to express the relationship of densification
and grain growth, which is shown in Fig. 3. In such a
plot, the path along which the state of the material
evolves can be known.
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Fig. 3. Grain size-relative density plot.

It can be seen from Fig. 3 that grain size increases
with increasing density. In stage 1, the increasing rate of
the grain size (from 0.9 to 2.674 um) changes very
slowly as the change of the relative density (from 0.5083
to 0.8864). This behavior is in conformity with the
thermodynamic prediction presented in Subsection 3.2.
The feature of the microstructure in stage 1 can be used
to explain this phenomenon. Actually, the slower grain
growth in stage 1 is caused by the interconnected pores,
which have a strong pinning effect on the grain bound-
ary and restrain grain-boundary movement.

4. Conclusions

This paper investigates the evolution of densification
and grain growth during stage 1 of sintering of pure
alumina ceramics, when interface reaction process is the
dominant sintering mechanism. Densification activation
energy and grain-growth activation energy are deter-
mined as 342 and 476 KJ/mol, respectively, by means of
the constitutive laws employed and experimental para-
meters achieved. From the results of activation energies
of densification and grain growth determined, and grain
size-relative density plotted, it is concluded that grain
grows very slowly compared with densification in stage
1 of sintering, due to the pinning effect of the inter-
connected pores on grain-boundary movement.
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