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Pulse electric current sintering and microstructure of industrial
mullite in the presence of sintering aids
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Abstract

A commercially available mullite powder with stoichiometric composition was densified by the pulse electric current sintering (PECS)
technique at 1500◦C with a holding time of 2 min to produce a fully dense microstructure. Transition metal oxides such as 0.5 wt.% of SrO
and 0.2 wt.% MgO were added as sintering aids for mullite. The sintering aids greatly assisted for the modification of mullite grains in the
sintered specimens. MgO added mullite exhibited equiaxed morphology, whereas SrO addition led to an equiaxed and anisotropic morphology
of mullite grains.
© 2003 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Mullite of stoichiometric ratio (3:2) is one of the most
common components of traditional ceramic materials. It is
also considered as a candidate material for high temperature
applications because of its dependable chemical, thermal,
and mechanical properties over a wide range of tempera-
ture. Though, mullite has been widely used, the severe im-
pediments to the application of mullite in several advanced
structural applications are its poor tendency for densification
and low strength, and fracture toughness.

Recently much interest has been focused on the sinter-
ing aids of mullite [1–7]. A number of dopants such as
MgO, B2O3, Fe2O3, CeO2, TiO2, etc. have been reported to
promote the anisotropic grain growth in mullite[4–7]. The
dopants primarily aid for the reduction in the viscosity of
glassy (or liquid) phase[7] or for the reduction in the mullite
formation temperature in gel-derived powders[8], thereby
leading to a higher mobility of the diffusing species. From
above studies, it is clear that a close compositional and mi-
crostructural control is necessary to maximize the densifi-
cation. This composition-controlled microstructure of mul-
lite ceramics directly controls the mechanical properties of
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materials. In most conventionally sintered high pure mul-
lite, in which very little or no glassy phase is detected, bend
strengths between 250 and 400 MPa at room temperature
are reported and these values are maintained up to temper-
atures ranging from 1200 to 1400◦C. While there is a trade
off relation between flexural strength and fracture tough-
ness of monolithic mullite, it is observed in present study
that there is a better balance of flexural strength and fracture
toughness by the addition of suitable sintering aids. In this
work, mullite was doped individually with MgO and SrO,
in proper weight ratio. The samples were densified by the
pulse electric current sintering (PECS) technique and their
room temperature mechanical properties were studied. The
fractographic features of mullite were discussed.

2. Experimental procedure

2.1. Materials processing

A commercially available coarse-grained mullite (Ky-
oritsu Yowgow Co., KM: 102,d50: 1.3�m) was used as
the starting material.Table 1shows the characteristics of
mullite powder used in present study; 0.2 wt.% of MgO
and 0.5 wt.% of SrO were used as the sintering aids for
mullite and each of the sintering aids was added to a batch
of mullite before wet milling. The powders were wet ball
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Table 1
Characteristics of mullite powder

Characteristics Value Testing method

Specific surface area (m2/g) 8.1 BET method
Average particle size,d50 (m) 1.3 Laser diffraction method

Crystalline phases (wt.%) XRD
Mullite 98.9
Crystobalite 1.3

Chemical composition (wt.%) ICP
Al2O3 71.4
SiO2 28.1
ZrO2 0.183
Fe2O3 + TiO2 + CaO+ Na2O + K2O ∼0.065

Ignition loss (wt.%) 0.44 At 1050◦C/2 h

mixed in an appropriate ratio in polyethylene jar for nearly
24 h in ethanol using alumina balls as grinding media. The
milled slurry was dried in a rotary evaporator at 70◦C for
1 h, dried at 110◦C for nearly 24 h, and then screened to
pass through #250 mesh sieve.

2.2. Pulse electric current sintering

Sintering experiments were carried out by the PECS tech-
nique (Model SPS-1050, Sumitomo Coal Mining Co., Ltd.,
Kanagawa, Japan). The PECS process has an unique advan-
tage of self-heating system; heat transfer and mass transfer
take place simultaneously due to discharges suppose to take
place in voids between the particles, which are tremendous
driving forces for the preferential neck growth of grains.
The sieved powder was packed in graphite die with graphite
punches on both sides and rapidly heated to desired temper-
ature (1500◦C) by pulsed electric current under an applied
load of 15 MPa in vacuum. The temperature was increased
at a rate of 100◦C/min up to the sintering temperature and
after holding for 2 min at the sintering temperature, the dc
power was shut off to let the system rapidly cool at a rate of
>300◦C/min. During sintering, the linear change in shrink-
age along the press direction was determined to compute the
densification behavior. The temperature was measured with
an optical pyrometer focusing on the surface of graphite die
but not directly on the specimen, and there probably existed
a difference between the temperature of the die and the spec-

Table 2
Mechanical properties of mullite compacts

Property Ref.[11] Ref. [12] SrO dopeda MgO dopeda

Sintering temperature (◦C) 1580 1550 1500 1500
Sintering condition PLS HP PECS PECS
% of TD 99 98.3
Flexural strength (MPa) 265± 2 320± 15 450± 50 441± 34
Fracture toughness (MPa m1/2) 2.97 ± 0.37 1.9± 0.2 2.9± 0.11 2.0± 0.75
Vicker’s hardness (GPa) 13 13 12.3
Young’s modulus (GPa) 223 ± 3 222

PLS–pressureless sintering; HP–hot pressing; PECS–pulse electric current sintering.
a Present study.

Fig. 1. Microstructures of sintered mullite; the polished surfaces were
thermally etched at 1450◦C for 30 min: (a) SrO added mullite and (b)
MgO added mullite.

imen considering a very fast heating rate and short holding
time. The density of the sintered samples was determined
by Archimedes method using water as medium.

2.3. Mechanical properties

Young’s modulus was measured by the pulse echo
method. Vicker’s hardness was measured by applying a
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load of 10 kgf for 15 s on the polished surface of the spec-
imens. The flexural strength was evaluated by three-point
bend test for specimens of size 3 mm× 4 mm × 23 mm
with a span length of 16 mm and a crosshead speed of
0.1 mm/min. The effective volume has been applied to ex-
plain the strength characteristics depending on specimen
geometry, by using the well-known Weibull size-scaling
relationship[8]. The fracture toughness was estimated by
single edge V-notched beam (SEVNB) technique[9] for
specimens having dimension of 3 mm× 4 mm × 23 mm,
with a span length of 16 mm. For SEVNB specimens, a
V-shaped notch introduced by a specially designed dia-
mond wheel had a very sharp root radius of around 10�m

Fig. 2. Fracture surface of mullite: (a) SrO added mullite (insert shows typical intergranular fracture) and (b) MgO added mullite.

with a notch angle less than 30◦. Three-point bend test was
carried out for V-notched specimens under mode-I loading.
The microstructure of the tensile surface and the fractured
surface was observed using scanning electron microscope
(SEM, Model—LEICA STEREOSCAN S440).

3. Results and discussion

Pulse electric current sintering of industrial mullite at
1500◦C for 2 min and under an applied load of 15 MPa
reproducibly yielded cylindrical disks (30 mm diame-
ter, 10 mm height) with density greater than 98% of the
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theoretical density[10]. Table 2shows the mechanical prop-
erties of the sintered industrial mullite specimens. Both SrO
and MgO added mullite in our present study showed better
mechanical properties when compared with previous stud-
ies [11,12]. Although, previous study[11] reported higher
fracture toughness (because of the elongated morphology
of mullite grains) than in the present study, the strength
was as low as 265 MPa. In present study, there is a better
balance of flexural strength, 450 MPa (393–503 MPa) and
fracture toughness, 2.9 MPa m1/2, for mullite compacts.
The increase in flexural strength must be related to finer
microstructure of mullite compacts sintered by the PECS
technique. As a factor to influence the fracture toughness,
the difference in grain size should be considered. The grains
of SrO and MgO added sintered mullite compacts are simi-
lar in size; the grain size is not directly associated with the
change in fracture toughness in the present case.

Fig. 1a and bshow the microstructures of thermally
etched SrO and MgO added mullite compacts sintered at
1500◦C, respectively. The sintered mullite compacts had
relatively finer microstructure. Mullite compact sintered
with SrO showed a duplex microstructure consisting of
very fine equiaxed and elongated grains. The microstructure
of MgO added mullite shows equiaxed, and the grains are
observed to be smoother. There was no appreciable grain
growth, when considering the particle size (1.3�m) of the
starting material.

Fig. 2a and bshow the fracture surfaces of SrO doped
and MgO doped mullite, respectively. Growth of rod-like
particles in the SrO added mullite changed the fracture mode
from mainly transgranular to the mixed type of intergranular
and transgranular in monophasic mullite ceramics. Though,
a lower magnification micrograph showed predominantly
transgranular mode of fracture, fracture also occurred along
the grain boundaries in some places (see the insert). On
experiencing a grain boundary fracture, the area of fracture
increased and it could absorb much more energy. Therefore,
the growth of rod-like mullite should increase the fracture
energy of mullite ceramics. This is for the reason that SrO
added mullite compacts exhibited higher fracture toughness
when comparing MgO added mullite. In this approach, an
enhancement of the fracture toughness of the monolithic
ceramic is achieved by the development of an interlocking
microstructure of elongated grains[12]. Hence, it is fair to
relate the fracture toughness to the corresponding changes in
the microstructure and the fracture mode due to the addition
of sintering aids.

MgO added mullite showed completely typical transgran-
ular mode of fracture (Fig. 2b). Some holes or pores were
present in the fractured surface. It is also noted that these
pores varied in size from very small to large. The spher-
ical pores (insert ‘a’) might be originated during sinter-
ing of mullite compact. Conversely, sharp-edged pores (in-
sert ‘b’) might be due to diffusion at high temperatures,
which can lead to clustering and collapse of vacancies at
grain boundaries. In region near the sharp-edged pores and

Fig. 3. Fracture surface of MgO added mullite: (a) fracture surface of
mullite showing spherical and sharp-edged pores and surface marking;
(b) higher magnification showing cleavage steps; and (c) micrograph of
the formation of a ‘river pattern’ of steps after passage of grain boundary
(MgO added mullite).
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in many other areas, surface markings and cleavages were
also observed. An example of this is shown inFig. 3a.
Area A is a sharp-edged pore. The grain B has extensively
cleaved, and the regions C and D in other grains show
some cleavage. A magnified view of surface markings is
shown inFig. 3band these surface markings are believed to
be the cleavage planes. The presence of sharp-edged pores
at grain boundaries and grain boundary junctions is found
to favor the cleavage, with the pores acting as stress con-
centrators[13]. Fig. 3c is a typical ‘river pattern’, which
occurred in the samples. River pattern often forms at the
passage of a grain boundary[16]. As neighboring grains
may have slightly different orientations, the cleavage crack
changes direction at a grain boundary to continue propaga-
tion on the preferred cleavage plane. Within a grain, a crack
may grow simultaneously on two parallel crystallographic
planes. The two parallel cracks join along the line where
they overlap, either by secondary cleavage or by shear to
form a step[14,15]. A number of cleavage steps may join
and form a multiple step; cleavage steps of opposite sign
may join and disappear. Merging of cleavage steps results
in a ‘river pattern’ so called because of its resemblance to
a river and its tributaries. Hence, high fracture toughness
values in the MgO added sample (∼2.75 MPa m1/2) must
be related to the additional toughening from the formation
of cleavage steps. Step formation restraints the propagation
of brittle cracks by absorbing extra energy in the vicin-
ity of the connecting stress-riser between adjacent crack
planes.

4. Summary

The PECS of industrial mullite at 1500◦C for 2 min repro-
ducibly yielded mullite compacts of near theoretical density.
The dopants influenced the morphology of mullite grains
and hence the fracture mode. The PECS sintered mullite
compacts exhibited a better balance of strength and fracture
toughness, i.e. the strength and fracture toughness of mullite
were increased to 450± 50 MPa and 2.9 ± 0.1 MPa m1/2,
respectively. The fracture toughness exhibited a slight de-
pendency on the mode of fracture. The fracture surface
of MgO added mullite was highly crystallographic in na-
ture and the grains showing extensive fine cleavage were
observed.
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