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Non-thermal effect on densification kinetics during microwave
sintering of a-alumina

F. Zuo, S. Saunier,⇑ C. Meunier and D. Goeuriot

Centre Sciences des Matériaux et des Structures, CNRS-UMR 5307, Ecole Nationale Supérieure des Mines de Saint-Etienne,

158 cours Fauriel, 42023 St-Etienne, France
The microstructural evolution and densification kinetics of a-alumina were investigated and compared between conventional sin-
tering and microwave sintering at 2.45 GHz in the intermediate stage, where the microwave seems to be the most efficient. Based on 
classical kinetics models, the calculated kinetics parameter demonstrated that the densification is greatly influenced by the presence of 
an electromagnetic field during sintering. It was assumed that the grain boundary diffusion is enhanced by an electromagnetic 
pressure induced by the microwave.
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In recent decades, many researchers reported
applications of microwave energy to sinter alumina
[1–3]. It is well known that microwave sintering results
in a higher heating rate and a lower sintering time com-
pared with conventional sintering. This enhanced densi-
fication was usually regarded as a specific action of
microwaves on mass transport in crystalline solids, so-
called “microwave ponderomotive effect” [4]. Experi-
mental results demonstrated a lower activation energy
in the case of microwave sintering vs. conventional sin-
tering of alumina [5,6]. This is in favor of microwave
enhancement from the viewpoint of kinetics. However,
the mechanistic difference in this enhanced effect is still
questionable.

The goals of the present work were to clarify the non-
thermal effect of microwave sintering on alumina. Based
on a recent study comparing the microwave and conven-
tional sintering of alumina [7], the densification kinetics
in the intermediate stage of sintering, where the micro-
wave effect was mostly activated, were investigated.
The investigation was set to compare the microstruc-
tural evolution of alumina under these two methods of
heating and to formulate hypotheses about the diffusion
mechanisms controlling the intermediate stage of micro-
wave sintering.
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The starting material was high-purity commercial
a-Al2O3 powder (>99.99%, BWP-15, Baikowski Inter-
national, France) with a specific surface area of
19 m2 g�1. It was uniaxially pressed into disks (12 mm
in diameter by 4 mm thick for microwave sintering
and 8 mm in diameter by 4.5 mm thick for conventional
sintering) at 390 MPa for microwave sintering or at
400 MPa for conventional sintering, in order to achieve
a similar green density. The binder was removed by
heating at 2 �C min�1 to 600 �C with a dwell time of
1 h in air, and weight losses after binder removal were
�1.7%. The average density of green bodies after
debinding was 52.3 ± 0.2% of total density (TD).

The microwave sintering experiments were performed
in a 3 kW, 2.45 GHz multimode microwave cavity (SAI-
REM, France). The configuration of this heating and
measuring system was reported by Zuo et al. [7]. This
system makes possible the in situ measurement of the
shrinkage during sintering. Conventional sintering was
carried out in air, using a dilatometer (Setsys 16/18,
SETARAM, France). For non-isothermal sintering, a
heating rate of 25 �C min�1 was used to reach 1550 �C,
with a holding time of 5 min, which is a common ther-
mal cycle for both sintering methods. Moreover, a high
heating rate of 100 �C min�1 and a low one of
1.6 �C min�1 were chosen for microwave and conven-
tional sintering at 1420 and 1290 �C, respectively. Iso-
thermal sintering kinetics were investigated from 1000
to 1300 �C for microwave sintering and only at



1250 �C for conventional sintering, with a heating rate
of 100 and 25 �C min�1, respectively, and with different
dwell durations.

Densities and densification rate were calculated from
the final densities measured by Archimedes’ method and
from the recorded shrinkage data. The average grain
size for each sintered sample was observed by scanning
electron microscopy (JSM-6500F, JEOL, Japan). It
was measured by the intercepts method on at least 250
grains on fractured surfaces. A statistical correction fac-
tor of 1.56 was applied to the measured apparent grain
size [8].

The density and densification rate curves of alumina
under microwave and conventional non-isothermal sin-
tering are shown in Figure 1. According to the density
curves, for a given temperature during sintering, the
density of the microwave-sintered sample is higher than
that of the conventionally sintered sample. A similar
phenomenon has been observed among the densification
rate curves. Microwave heating promotes the densifica-
tion of the samples at a higher rate, and then reaches
the top densification rate at 1293 �C, which is 46 �C low-
er than that obtained during conventional heating.
These phenomena provide a strong verification of the
microwave effect in the case of Al2O3 sintering. Further-
more, the curves clearly show that, beyond a rising
stage, the difference between the two sintering processes
gradually reduced at the high temperature stage. This
means that the microwave enhancement mostly acts in
the intermediate stage of the sintering process. This re-
sult is in good agreement with the literature [7]. Thus,
the densification kinetics have been investigated in the
intermediate stage.

To study the densification kinetics of isothermal sin-
tering, Coble’s geometrical model of intermediate stage
sintering was used [9]. Based on this model, the relative
densification rate can be written as [10]:
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ð2Þ
Figure 1. Densification curves of 15 m2 g�1 Al2O3 powder during
microwave (MW) and conventional (CS) sintering at a heating rate of
25 �C min�1.
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where Dl is the lattice diffusion coefficient, cs is the spe-
cific surface energy of the solid, Vm is the molar volume
of the solid, Db is the grain boundary diffusion coeffi-
cient, db is the diffusion thickness of grain boundary dif-
fusion, G is the grain size, R is the Boltzmann constant,
and T is the absolute temperature. In order to determine
the dominant diffusion mechanism controlling the densi-
fication, the interrelationship between grain size and rel-
ative density of a sample is necessary. This sintering
trajectory before the final stage is shown in Figure 2.

According to Figure 2, the plots follow a single path,
which means that there is no noticeable difference in the
grain growth trajectory for samples sintered by different
thermal sources or cycles. The intrinsic driving force of
sintering is the reduction in the total interfacial energy.
The same grain size evolution, depending on the density,
corresponds to the same intrinsic driving force for con-
ventionally sintered and microwave-sintered samples
throughout densification. As a result, the enhanced den-
sification process under an electromagnetic field should
benefit from enhanced diffusion, corresponding to the
existence of an external driving force for sintering.

By means of the interrelationship between grain size
and density, the densification kinetics results are given
in Figure 3.

For this continuous calculation, the relative density
ranged between 70% and 90% TD (70–85% TD for
1200 �C), corresponding to the intermediate stage of sin-
tering. By observing each curve, it can be seen that the
plots may be approximated using a linear equation. The
derived slopes n are noted beside the curves in Figure 3.

According to this analysis, densification of alumina
during the intermediate stage of conventional sintering
seems to be predominantly controlled by grain bound-
ary diffusion (Fig. 3B, n � 4). This result is in good
agreement with the literature [11]. Compared with con-
ventional sintering, there is a significant difference in n
for microwave sintering. For pressureless sintering, the
value of n (�3) suggests that densification is controlled
by lattice diffusion. However, this hypothesis conflicts
with the consensus that the dominant path for diffusion
in the intermediate stage of alumina sintering is along
the grain boundary. The question appeared to be what
could the electromagnetic field be doing to the sample
to produce such apparent changes in the diffusion?
Figure 2. Grain size (G)–relative density (q) trajectory of microwave-
sintered (MW) and conventionally sintered (CS) samples.



Figure 3. (A and C) Densification behavior and (B and D) kinetics in isothermal sintering of alumina: (1) conventional sintering at 1250 �C; (2)
microwave sintering at 1200, 1250 and 1300 �C.
Rybakov and Semenov [12] reported that the plastic
deformation of the crystal took place as a result of an
enhanced vacancy motion caused by a high-frequency
electric field in the near-surface layer. This microscopic
phenomenon indicates that microwave sintering is sim-
ilar to pressure-assisted sintering. Elsewhere, Badev
et al. [13] suggested that the enhanced sintering
behavior of ZnO in a microwave field is due to the
creation of a strength applied on the granular com-
pact. Therefore, in the present work, the densification
under a microwave could be considered as pressure-
assisted sintering. In this way, the value of n (�3) sug-
gests that the grain boundary diffusion mechanism
may be predominant throughout densification during
the intermediate stage of microwave sintering [10].
The electromagnetic field would lead to an additional
force to diffusion, like the application of external
pressure to powder compacts, and hence the driving
force of densification and densification kinetics are
increased.

The microstructural evolution and the densification
kinetics in the intermediate stage of microwave sintering
of a-alumina were investigated. A comparative study
was simultaneously achieved in conventional sintering.
The results show the difference in the densification
mechanisms between these two modes of sintering.
Microwaves should provide electromagnetic pressure to
powder compacts and result in an additional driving
force for sintering and, consequently, in densification
kinetics.
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