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Abstract

Mullite—-Mo (10 vol.%) composites and monolithic mullite were fabricated using a pulse electric current sintering technique. Both
monolith and composites of mullite were sintered up to theoretical density at 1500°C within few minutes. MgO of 0.25 wt.% was
added as a sintering aid to both the mullite and composites. Addition of MgO significantly increased the bending strength of the
monolithic mullite and mullite/10 vol.% Mo composites to 441 and 634 MPa respectively. The apparent increase in the bending
strength of the composites was attributed to the combinational effect of Mo and MgO present in the composites. The fracture
toughness of the composites also increased from 2 to 3.9 MPa.m® for the mullite/10 vol.% Mo composites, which was nearly twice
that of the mullite. Crack-bridging and frontal process-zone elongation were expected to be the toughening mechanisms operated in
these composites. The addition of Mo having high thermal diffusivity slightly increased the thermal diffusivity of the composites,
because the 10 vol.% Mo particles were well dispersed and discontinuous in the matrix. Elongated mullite grains were observed for
the composites without MgO, whereas the composites with MgO have a controlled microstructure. © 2001 Elsevier Science Ltd

and Techna S.r.1. All rights reserved.
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1. Introduction

Although structural ceramics have ionic and/or cova-
lent bonding and exhibit high bonding strength and
chemical stability, fracture toughness of ceramics is
quite low because of the poor plasticity. Among many
researchers who have made contributions to develop-
ments of toughening ceramics such as ceramics reinforced
by ductile metal dispersions, Niihara [1] developed a
new concept of ceramic-based nanocomposites and
showed a drastic improvement of toughness and strength
of ceramics. The microstructure of the nanocomposites
was composed of second-phase nano-size particles dis-
persed within the matrix grains. Thermal expansion
mismatch between the matrix and the second-phase
particles produced the significant improvement of the
fracture strength by additional annealing, which was
due to the further development of sub-grain boundaries
around the second phase particles.
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Recently Awaji et al. [2] classified the toughening
mechanisms in ceramic matrix composites (CMCs)
based on Griffith’s energy equilibrium into three groups.
(A) The frontal process-zone toughening mechanism,
which is related to the intrinsic fracture energy of a
material and creates a damaged zone ahead of a crack
tip. The toughening in nanocomposites proposed by
Niihara is mainly based on this mechanism where the
intrinsic fracture energy rate increases in the energy
equilibrium equation. (B) The crack-bridging toughen-
ing mechanism, which operates in a process-zone wake
in a material. This mechanism produces an extrinsic
increase in crack resistance after a certain extension
from the initial crack length, which is caused by reduc-
tion of the stress concentration at the crack tip by the
shielding. The toughening of CMCs composed of micro
and macroscopic heterogeneous particles [3,4], whiskers
[5] and platelets [6] is related to this mechanism. (C) The
micro and macroscopic crack-deflection mechanism,
where the crack is forced to deflect at the crack tip.
The deflection decreases the energy-release rate in the
energy equilibrium equation and consequently increases
the critical stress-intensity factor at the crack tip.
Toughening mechanisms of materials with multi-layered
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structures such as combinations of tough/weak
materials [7-10], dense/porous materials [11,12] and
structure controlled self-reinforced composites [13]
belong to this group.

In this regard, new ceramic/metal composites were
successfully developed [14,15]. Molybdenum (Mo) rein-
forced mullite matrix composites have a unique advan-
tage of similar thermal expansion coefficients at room
temperature (4.8x107% C~! for mullite and 4.9x10~¢
C~! for Mo at 25°C). Because the residual stresses due
to thermal expansion mismatch are expected to be
small, the mullite-Mo system is used effectively in
FGMs with ceramics [16,17]. MgO was added in smaller
composition (0.25 wt.%) as a sintering aid for better
densification.

A pulse electric current sintering (PECS) technique
was used as the sintering method for consolidating
the mullite-Mo composites. This sintering method is
applicable to sintering poor sinterable materials at low
temperature within a short time. The aim of this work is
to study the influence of MgO on mechanical and ther-
mal properties of the mullite/10 vol.% Mo composites,
where the notations of 1090 and 1090N represent 10
vol.% Mo composites with and without the addition of
M¢gO, respectively.

2. Experimental procedure
2.1. Powder preparation

Mullite powder (Kyoritsu Yogyo Co., KM102) of
average particle size of 1.3 um and molybdenum
powder (Mitsuwa’s Pure Chemical Co.) of average
particle size of 2.7 pum were used as the starting
materials to synthesis the mullite-Mo composites. MgO
(Hayashi Pure Chemicals Ltd.) was added as the
sintering aid to the monolithic mullite and 1090 com-
posite specimens. These powders were well mixed in
a polyethylene pot for 24 h taking uniform sized
alumina balls as milling media in ethanol. This milled
mixture was allowed to dry at 110°C for 24 h. Then,
the mixture was ground with a high purity alumina
mortar and sieved to pass through a screen of 350 um in
size.

2.2. Sintering

Mo gets easily oxidized in the air atmosphere at high
temperatures. Also, the evaporation rate of Mo due to
oxidation is high having exothermic reaction and it is
very difficult to sinter mullite—-Mo composites in normal
atmospheric conditions [15]. Hence, the PECS tech-
nique was carried out in a vacuum of 4.5x10~> Torr
using the apparatus SPS-515S (Sumitomo Coal Mining
Co., Ltd., Japan). The mixed and sieved powder was

well packed in a graphite die with the outer and inner
of 40 and 20 mm in diameter, respectively, with a pair
of graphite punches on both sides, and was placed
inside a vacuum chamber. The pressure of about
20 MPa was applied during the sintering process. The
temperature could reach 1500°C in 10 min from room
temperature. At the maximum temperature, specimens
were held for 10 min until they showed no shrinkage
and then reduced to room temperature. The sintered
specimens were about 20 mm in diameter and 10 mm in
height.

2.3. Characterization

The sintered density of the specimens was measured
by means of Archimedes method in water medium.
Young’s modulus measurement was carried out using
an ultrasonic method. Test bars (2x2x10 mm?) for a
flexural strength test were sliced from the sintered spe-
cimens and polished with diamond paste. A three-point
bending test was carried out with the cross-head speed
of 0.1 mm/min and the lower span of 8§ mm. The frac-
ture toughness was determined using an indentation
fracture (IF) method by applying a load of 196 N for 15
s. The microstructure of the polished and fractured sur-
faces of the sintered specimens was observed by scan-
ning electron microscopy (SEM). Thermal properties of
the mullite and mullite—Mo composites were evaluated
for the cylindrical discs with 10 mm in diameter and 1
mm in thickness by means of a laser flash technique.
The thermal conductivity was calculated from values of
specific heat, density, and thermal diffusivity of each
sample.

3. Results and discussion
3.1. Density and densification curves

The relative densities of sintered specimens are shown
in Table 1. The specimens were sintered using the PECS
technique at 1500°C for the monolithic mullite and
mullite—-Mo composites. These materials have more
than 97% of theoretical density.

Fig. 1 shows the shrinkage curves of the monolithic
mullite, 1090 and 1090 N composite specimens. The
densification started around 1050°C for all the speci-
mens. MgO promotes sintering and densification rate
for the monolithic mullite and 1090 composite with
MgO, compared with the 1090 N composite without
MgO addition. Since MgO is dissolved at higher tem-
perature to promote the sintering, it is not detected in
the microstructures [18]. Sintering at high temperature
of the 1090 N composite without MgO showed elon-
gated grains of mullite but the grain sizes are small, as
shown in Fig. 2(a).



Table 1

Mechanical properties of mullite-Mo composites sintered by pulse electric current sintering
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Relative density Total porosity Vicker’s hardness Young’s modulus Bending strength Fracture toughness
(%) (%) (GPa) (GPa) (MPa) (MPam®?)
1090 N 97.1 2.9 10+0.5 204 438+139 3.1£1.0
1090 99.0 1.0 11+0.25 228 634443 3.940.5
Mullite 98.3 1.7 13£0.5 222 441434 2.04+0.75
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Fig. 1. Shrinkage curves of PECS treated specimens.

3.2. Microstructures

The micrographs of polished and thermally etched
surfaces, and fracture surfaces of the 1090 N, 1090
composites and monolithic mullite are shown in Figs. 2
and 3 respectively. Thermal etching was carried out at
1450°C for 30 min in air atmosphere. Elongated grains
of mullite are observed in the 1090 N composite as
shown in the Fig. 2(a). This preferential grain growth of
mullite grains in the 1090 N composites is due to sin-
tering without addition of MgO. The microstructure of
the 1090 composite is shown in Fig. 2(b). The addition
of MgO influences the uniform dispersion of Mo grains
in mullite matrix without forming any agglomeration.
Also, the microstructure could be controlled due to
pinning effect [19,20] of secondary phase Mo particles
which are present on the crack surface. Fig. 2(c) shows
the micrograph of thermally etched monolithic mullite.
The mullite grains showed complete absence of elon-
gated morphology due to presence of MgO. The average
grain size of mullite is 2 pm.

Regarding the fracture modes of the monolithic mul-
lite and mullite-Mo composites, the monolithic mullite
indicates a mixture of intergranular and transgranular

Fig. 2. Thermally etched surfaces of PECS sintered specimens. (a)
1090 N composite, (b) 1090 composite and (c) mullite.

fracture as shown in Fig. 3(c). On the other hand, the
mullite—-Mo composites indicate transgranular fracture
mode predominantly, except for the grain boundaries of
Mo as shown in Fig. 3(a) and (b). The change in the
fracture mode is a result of grain boundary strengthen-
ing of the mullite due to reduction of residual stresses
on the interfaces. On the cooling of monolithic mullite,
residual stresses may generate on the interface caused by
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the anisotropic thermal expansions according to the
crystal axes. However, isotropic and ductile Mo par-
ticles, which are located in between mullite grains or
dispersed inside the mullite grains may release the resi-
dual stresses on the interfaces of mullite grains.

3.3. Mechanical properties

The mechanical properties of the mullite-Mo compo-
sites and mullite fabricated by means of the PECS
technique are given in Table 1. The hardness of the
composites is lower than the mullite due to the addition
of ductile molybdenum particles. The decrease in the
Young’s modulus of the 1090 N composites may be
attributed to the decrease in density, inspite of the
Young’s modulus of Mo is higher than that of the mul-
lite. The porosity of the 1090 composites is about a third
of the 1090 N composite’s porosity (Table 1).

Fig. 3. Fractured surfaces of PECS sintered specimens. (a) 1090 N
composite, (b) 1090 composite and (c) mullite.

The fracture strength and toughness simultaneously
increased for the 1090 composite compared to the
monolithic mullite. The bending strength of mullite
increased significantly from 441 to 634 MPa, where 10
vol.% Mo and a small amount of MgO were incorpo-
rated in the matrix. The strengthening of the 1090 com-
posite of mullite-Mo is mainly due to the smaller mullite
grains, which is related to the reduction of the flaw size.
Added MgO and molybdenum particles suppressed the
grain growth of mullite. Reduced strength of the 1090 N
composites is associated with agglomeration of Mo
particles, relatively high porosity and elongated mullite
morphology due to no addition of MgO.

The fracture toughness of the 1090 composites is
nearly twice that of the monolithic mullite. Referring to
the types of the toughening mechanisms mentioned
above, the mechanisms of the 1090 composite may be
due to the mechanism (A) of the frontal process-zone
toughening mechanism and the mechanism (B) of the
crack-bridging mechanism. Although the initial grain
sizes of both mullite and Mo powder are slightly larger
than 1 um, the toughening mechanism of nanocompo-
sites proposed by Niihara will be possibly expected in
the 1090 composites, because the frontal process-zone
size will be about 10 um for structural ceramics [2]. As
shown in Fig. 3, both of the composites 1090 and 1090
N indicate transgranular fracture and Mo particles are
found on the fracture surface, which suggests that the
Mo particles are mainly dispersed inside the mullite
grains. However, the thermal expansion mismatch
between the Mo and mullite is so small that nano-
toughening mechanism will not operate enough in this
case. In addition, the connection between the mullite
matrix and Mo seems to be weak, because several holes
after removing the Mo particles are observed on the
fracture surface as shown in Fig. 3(b). Therefore, the
ductile Mo particles may play a role of crack-bridging
which increases an extrinsic fracture resistance of
mechanism (B).

3.4. Thermal properties

Thermal properties of the monolithic mullite and
mullite—-Mo composites are given in Table 2. The ther-
mal diffusivity is slightly higher for the composites than
the mullite. This can be due to addition of Mo with high

Table 2
Thermal properties of mullite-Mo composites sintered by pulse elec-
tric current sintering, which were measured at room temperature

Thermal diffusivity ~ Specific heat  Thermal conductivity

(x10~°m?/s) (J/kg/K) (W/m/K)
1090N  2.5+0.3 66048 5.940.8
1090 2.6:£0.02 710475 6.9+0.8
Mullite ~ 2.440.05 93043 6.94:0.05
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thermal diffusivity (63x10~® m?/s) to the mullite. The
thermal conductivity of the 1090 N composite is low
because of the high porosity. The 1090 composites has
the same thermal conductivity as the value of the
monolithic mullite. Mo particles with high thermal
conductivity (138 Wm~'K~!) are not contributed to
increase in thermal conductivity of the composites,
because they are well dispersed and discontinuous in the
mullite matrix.

4. Conclusions

The monolithic mullite and Mo particles reinforced
mullite matrix composites were fabricated using the
PECS method. Dense samples obtained were more than
97% of the theoretical density under the sintering con-
dition of 1500°C for 10 min. MgO has influence on the
microstructural control and thus improved the mechan-
ical and thermal properties of the mullite-Mo compo-
sites. Uniform dispersion of Mo particles in a mullite
matrix having no agglomerations showed high fracture
strength and toughness values by adding MgO. Strength
of the 1090 composites increased to 634 MPa from 441
MPa for monolithic mullite due to smaller mullite grain
size with reduced critical flaw size. For the 1090 N
composites, the elongated mullite grains and agglomer-
ate of Mo particles were found, which is mainly due to
absence of MgO. Thus, the fracture strength and
toughness for 1090 N composites were inferior to the
1090 composites. The elongation of mullite particles
prevented by MgO addition promoted the sintering. Mo
particles in mullite matrix could have pinned to control
the microstructure of the 1090 composites, and resulted
in improving the mechanical properties. The toughening
mechanisms of mullite-Mo composites are mainly based
on crack-bridging and nano-toughening, and the tough-
ness increased twice that of the monolithic mullite. The
slight increase of thermal diffusivity of the 1090 compo-
sites was obtained due to addition of Mo particles.
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