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Abstract

The mechanical strength of mullite materials sintered by the conventional route or by microwave was evaluated by diametral compression at room
temperature and 1400 °C. Crack patterns and fracture mechanisms were analyzed and the results were discussed in terms of the final microstructures.
The conventional and microwave sintered materials showed similar densification degrees and homogeneous microstructures with small equiaxial
grains. Independent of the sintering route, the fracture strength did not change as the temperature increased. However, the mechanical strength of
microwave sintered mullite was always higher than the conventionally sintered materials. Moreover, in both mullite materials, microcracks produced
by the effects of thermal expansion and/or elastic anisotropies during sintering and/or mechanical testing were critical defects. In the early steps,
microcracks occurred in transgranular mode. However, upon approaching the critical condition, their propagation was more intergranular until
they coalesced and the specimen failed, generally in a triple-cleft fracture.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

High-temperature applications of structural ceramics require
optimized long-term high-temperature mechanical properties, as
is well known. Maximum working temperatures are determined
by the presence of intergranular glassy phases which soften at
temperatures that depend on their chemical composition. Thus,
the study of the mechanical properties of structural components
in conditions similar to in-service ones provides key information
for improving their performance.

The diametral compression test (also called the Brazilian disc
test) is suitable for the mechanical evaluation of sintered ceramic
materials, especially for comparative purposes. This test consists
of applying a uniaxial compressive load diametrally on a disk
until failure.’? It has been employed mostly to evaluate green
compacts and less frequently to test sintered bodies, but its use
for high-temperature testing is very unusual.>~> The advantages
of this test include simple specimen preparation and specimen
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geometry, rapid testing, independent surface finish data, and the
absence of edge effects. However, this test may present difficul-
ties involving changes in the load distribution due to friction in
the contact zone.

Mullite is a technologically attractive material due
to its excellent mechanical properties (i.e., strength and
creep resistance) at high temperature, low thermal expan-
sion (¢=4.5-5.5x 1079K~!), low thermal conductivity
(k~2Wm~L K1), low dielectric constant (¢ = 6-7) and chem-
ical inertness.t!1 Therefore, mullite-based materials have
been used as high-temperature structural components, infrared
transparent windows and electronic packages, among other
applications.®!'? Furthermore, it has good thermal stability
and requires high temperatures to achieve a high degree
of densification, partly due to its low diffusion coefficient
at the grain boundary.'> Dense mullite materials have been
prepared by several processing methods,'>~'> which include
reaction-sintering of silica—alumina powder mixtures, solid-
state sintering of fine powders prepared by several synthesis
routes, etc. Microwave energy has recently emerged as a poten-
tial technology for processing ceramic materials (i.e., drying,
sintering).!6-20
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Fig. 1. Cumulative distribution of the commercial mullite powder.

In conventional thermal processing, energy is transferred to
the material through convection, conduction, and radiation of
heat from the surfaces of the material. In contrast, microwaves
transfer energy directly into the material, where it is converted
into heat by molecular interaction with the electromagnetic
field. Microwave heating involves the conversion of electro-
magnetic energy to thermal energy rather than heat transfer.
This difference in the way energy is delivered may offer many
potential advantages when microwaves are used for process-
ing materials.'%20 Thus, because microwaves penetrate into the
material, heating occurs throughout the entire volume of the
material.!” This allows thick materials to be heated rapidly and
uniformly while significantly reducing their processing time and
enhancing their overall quality. Some researches are using this
technique to synthesize and sinter mullite.'®>* However, data
on the mechanical evaluation of mullite materials microwave-
sintered at room and high temperature have not been reported in
the literature yet.

The aim of this work is to evaluate the fracture strength of
microwave sintered mullite disks at room and high temperatures,
using the diametral compression test. For purposes of compar-
ison, a mechanical evaluation of mullite disks sintered by the
conventional route is also carried out. The results are analyzed
based on the final microstructures (grain and pore sizes and mor-
phologies, microcracks) developed by the two sintering routes,
and the testing temperature.

2. Experimental

Commercially available high-purity (99.5%) mullite powder
(MP40, SCIMAREC Co. Ltd., Tokyo, Japan) was used in this
work.

The particle size distribution of the mullite powder was mea-
sured by a centrifugal sedimentation technique based on the
principle of liquid-phase photosedimentation, using a Capa-
700 particle size distribution analyzer (Horiba Instruments Ltd.,
Tokyo, Japan) operating at an increasing rotational speed of
460 rpm/min (Fig. 1). A mean particle size of 1.5 pum was
determined. Approximately 30 wt.% of the particles showed

equivalent spherical diameters of <1.0 wum and 20 wt.% had
equivalent spherical diameters of >2.0 pm.

The as-received mullite powder was deagglomerated in
an alcoholic medium by ball milling for 8h. Disk-shaped
samples (12mm diameter and 3mm thick) were prepared
by unidirectional pressing at 40MPa, followed by cold
isostatic pressing (CIP) at 200 MPa. The average green den-
sity of the disks, which was determined by measuring the
dimension and weight, was 58% of the theoretical density
(8m=3.16 g/em?).

Two sets of green samples were sintered, one set by the con-
ventional method (CM) and the other by the microwave method
(MM). Conventional sintering was performed at 1600 °C (max-
imum temperature of the furnace) for 2h in an electric furnace
(Lindberg/Blue M Furnace), applying a heating rate of 5 °C/min.
Microwave sintering was carried out in a microwave furnace
(multi-mode cavity, Cober Electronics, MS6K) at 2.45 GHz
using susceptor materials as heating aids. Details of the sintering
setup are given elsewhere.>! Aninput power of 2.4 kW and a sin-
tering time of 40 min at this power were used as control in the
microwave sintering process (experimental drawback avoided
the measurement of the sintering temperature, although it can
be assured that it was higher than 1400 °C). The input power
was adjusted with the aim of achieving a final volume poros-
ity similar to that of the conventionally sintered samples. The
cooling schedule was not controlled, but the entire microwave
cycle (heating and cooling) took <1.7h. The overall duration
of the microwave sintering cycle was significantly shorter than
the time required for the complete conventional sintering cycle
(13h).

Open porosities (%P;) of the CM and MM samples were
determined by immersion in water (Archimedes method). The
powdered samples were analyzed by X-ray diffraction (XRD;
Siemens D-500, Cu K, radiation, at 40kV and 40mA) to
identify the phases present after each sintering route. The
microstructural analysis was performed by scanning electron
microscopy (SEM; Philips, models XL30-FEG and XL30-
TMP). The surfaces to be observed by SEM were prepared
according to standard ceramographic techniques (cross sections
of the samples were polished and thermally etched). Grain sizes
(dg) and pore sizes (d,,) were measured using the linear-intercept
technique and a stereographic correction factor of 1.56. At least
600 grains were measured in each region, using Image-Pro Plus
software (Media Cybernetics).

The sintered disks were mechanically evaluated under diame-
tral compression at room temperature (RT) and at 1400 °C, using
a servohydraulic testing machine (Instron model 8501) equipped
with alumina/mullite push-rods, and coupled to an electric fur-
nace (SFL). A heating rate of 10 °C/min was employed, with
a soaking time of 15 min before testing. The tests were car-
ried out with displacement control (of the actuator), at a rate
of 0.5 mm/min (duration of tests ~1—1.5 min) on a number of
disks considered sufficient for statistical purposes. The diameter
of the tested disks (D) was fourfold greater than the thickness
() to ensure a plane stress state (#/D < 0.25).> This assumption
is implicit in the theoretical treatment of diametral compression
loading (Eq. (1)).>2%:26



P.M. Souto et al. / Journal of the European Ceramic Society 31 (2011) 2819-2826 2821

MM

20 25 30 35 40 45
°260

Fig. 2. XRD patterns of the sintered mullite samples.

The maximum load (P) was extracted from the experimental
load vs. displacement curves to calculate the mechanical strength
(oF), using the following relationships:

_ 2P
" Dt

oF 6]
Fracture features of tested disks were analyzed by visual inspec-
tion, while a fractographic analysis of broken specimens was
performed by SEM (Jeol JSM-6460). The proportion of inter-
granular fracture was calculated using the SEM micrographs as
the sum of intergranular mode areas in respect of the total area
of the image.

3. Results and discussion
3.1. Sintered mullite materials

The open porosity values (%P;) of the CM and MM samples
were very similar: 7.50 £ 1.03% for CM and 7.60 £ 0.63% for
MM samples.

Fig. 2 shows XRD patterns of CM and MM. The crystalline
mullite was identified in both samples (ICDD File 15-776).
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In addition, the absence of a baseline rising in the range of
20-30° 26 (region of maximum diffraction peaks of silicate crys-
talline phases) in both X-ray patterns indicates a low content of
siliceous glassy phase (<5 wt.%) in CM and MM samples.

SEM micrographs of conventional and microwave sintered
mullite samples are shown in Fig. 3. Small mullite grains with a
predominantly equiaxial morphology were observed in CM and
MM samples. Elongated grains were scarcely observed in both
types of mullite indicating a low amount of liquid phase present
during sintering!'2” which is consistent with XRD findings.

Within a similar range of sizes, the average grain size
(dgy) was larger (42%) in CM (1.86 £1.11 pm) than in MM
(1.31 £ 0.68 wm). Moreover, small asymmetric pores were dis-
persed throughout the volume of both samples. However,
the pore sizes (dp) of both mullite materials were similar
MM=0.37£0.21 pm and CM=0.48+0.28 wm), being in
both cases fourfold lower than d.

3.2. Mechanical behavior

Fig. 4 shows specimens of CM and MM after mechanical
testing at 1400 °C. The two materials showed the same type of
fracture in the RT tests, characterized by a central fissure running
along the diametral load axis (diametral fracture) together with
secondary cracks parallel to the center breaking the specimens
into four fragments. This type of cracks pattern, the so-called
triple-cleft fracture,'>>8 is considered a valid mode for using Eq.
(1).13 The tongue and groove shape is characteristic of this type
of fracture. In some cases, the specimen broke into more than
four parts due to the additional failure of the internal fragments,
expressing high energy stored at the time of rupture.

No deformation was observed in the contact region of the
disks, where the load was applied, in any testing conditions.
Moreover, the load—displacement curves were completely lin-
ear up to the sudden drop of the load when the specimens failed.
This behavior was displayed at room temperature and at 1400 °C,
as is observed in Fig. 5, which shows typical load—displacement
curves for CM and MM specimens tested at 1400 °C. These
facts evidence the absence of plasticity and the brittleness of
the fracture even at 1400 °C. If glassy phase exists at the grain
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Fig. 3. SEM micrographs of samples sintered by conventional (CM) and microwave (MM) routes.
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boundaries, plastic deformation should occur at high tempera-
ture, as has been observed in other materials tested under similar
conditions.?*3% The brittleness of the fracture at 1400 °C would
indicate that the low amount of glassy phase inferred from
microstructural and mineralogical analysis is mainly confined
at grain junctions’! in both types of mullite. On the other hand,
the absence of a plastic behavior validates the use of Eq. (1) to
compute the fracture strength.>26

Fig. 6 shows the variation in mechanical strength (of) of
the two mullite materials as a function of testing temperature.
The mechanical strength of the conventionally sintered mullite
measured at room temperature was practically the same as that
determined at 1400 °C, as has been reported by other authors for
similar materials.>%3! This fact is a consequence of the materi-
als stability due to the confinement of the low amount of glassy
phase at the grain junctions. On the other hand, the mechanical
strength of CM at room temperature and 1400 °C were lower
than those reported in the literature for similar materials evalu-
ated in flexure tests.>*3% This is attributed to differences in the
porosity of materials and in the type of test, since the values
of mechanical strength obtained by diametral compression are
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Fig. 5. Load—displacement curves of CM and MM at 1400 °C.

MM

Fig. 4. Fracture patterns of CM and MM tested at 1400 °C.

always lower than those determined by flexion.*3 Moreover,
the mechanical strength values measured for CM were lower
than those obtained for MM at room temperature (considering
75.0% confidence limits) and at 1400 °C (considering 87.5%
confidence limits). Similarly to CM, no significant difference
between the o values of MM at both testing temperatures was
determined.

A discussion of the factors causing the differences between
CM and MM strengths requires an analysis of the possible flaws
limiting the mechanical strength of each type of material. In
order to obtain a reference range for the critical flaw sizes a for
each type of mullite materials, the following equation was used:

1 (Kic\*
az(“) @)
T oF
where o is the stress for mode I fracture (tensile stress) and
the Kjc is the critical stress intensity factor. Eq. (2) was applied
using mechanical strength values of CM and MM corrected by

porosity and by the test configuration. The correction by porosity
can be carried out using Eq. (3):

oF = o' exp(—bp) 3)
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Fig. 6. Flexural strength of CM and MM as a function of testing temperature.
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Table 1
Values of the corrected mechanical strength, critical flaw size and size of the
limited regions with dominant transgranular mode of fracture.

T o2 (MPa)  o% (MPa) a(um) %% (um)  d; (um)
CMRT 92 +£24 276 £ 72 245 26 107 + 83

1400 95426 284 +77 234 25 116 + 79
MMRT 130 £ 46 389 £ 138 118 13 91 + 63

1400 121 £15 361 + 46 137 15 111 £ 76

where o(} is the mechanical strength at zero porosity, b is a
parameter that depends on pore size and morphology, and p is the
pore volume fraction. Table 1 shows the mean and standard devi-
ation values of the fracture strengths of CM corrected by porosity
(010;), taking a value of 7 for b.3* The values of J% were around
three times lower than the reported strengths for similar mullite
tested in flexion,3%32 which agrees with the published differ-
ences between flexural and diametral compression strengths.>>
Then, a correction of O'OF values of CM by the test configura-
tion can be further done using a factor of 3; the corrected values
(010;*) are also reported in Table 1. Considering 2.5 MPam!/?
as the value of Kj¢ for dense mullite materials taken from the
literature,!*3! the flaw sizes for CM (Table 1) were calculated
based on the mean mechanical strength corrected by porosity
(ao) and also by the type of mechanical test (ao*). Furthermore,
based on the similar microstructure of MM and CM, the same
values of b, Kjc and the ratio between flexural and diametral
compression strengths (3) used for CM were assumed to esti-
mate O’OF, a%*, a® and a%* for MM materials (Table 1). The critical
flaw sizes of CM and MM estimated using the above consider-
ations were taken solely for purposes of reference for further
discussion.

Among the microstructural factors (before testing) that may
have been responsible for the differences between the mechani-
cal strength of CM and MM are the pores, grain boundaries and
cracks or microcracks originated during processing (although
they were not observed in the SEM micrographs of the polished
surfaces, Fig. 3, their presence cannot be ruled out).

The pore sizes of the conventionally sintered mullite (mean
dp: 0.48 pm) and the microwave sintered material (mean d:
0.37 wm) were rather smaller than the critical flaw sizes calcu-
lated as references values (a° and a°*). Based on this finding,
pores are not considered critical defects in CM and MM mate-
rials. Nevertheless, pores may interact with strength-limiting
flaws and thus participate to a certain extent in the fracture of
the specimens.

Secondly, grain boundaries may also act as sharp flaws due
to the grooving process that occurs during the sintering heat
treatment. This is one of the reasons why mechanical strength
is dependent on grain size in as-fired specimens.’®> Grooving
is more pronounced the higher the temperature, the longer the
treatment time or the larger the grain size.’3> The microwave
sintering heat treatment was significantly shorter than that of
the conventional sintering which could be a reason for a more
pronounced grooving in CM and therefore its lower fracture
strength. Moreover, depending on grain size, the flaw leading
to the fracture may involve several grains or only part of one

grain. The values of d,, for both types of mullite materials were
lower than the reference critical flaw sizes (Table 1). Thus, if the
grain boundaries become the critical defects due to grooving,
the sharp flaw thus originated would involve several grains (in
the range of 14-130 grains in CM and 10-90 grains in MM).

Finally, other defects that may have governed the frac-
ture of the materials under study were cracks or microcracks
formed during the processing and/or the mechanical testing. The
anisotropy of the thermal expansion coefficient (¢) exhibited by
mullite materials® induces microcraking during the material sin-
tering (mainly in the cooling) and the mechanical tests at 1400 °C
(during the heating and the soaking time). Moreover, the elastic
anisotropy of mullite materials®> may also contribute to the ini-
tiation and propagation of microcracks during the mechanical
tests at both RT and 1400 °C. The fact that the coalescence of
microcracks is commonly observed as the fracture mechanism
in compression®? supports the notion of microcracks as strong
candidates responsible for the fracture of CM and MM materials.

Figs. 7 and 8 show SEM micrographs of fracture surfaces of
CM and MM tested at RT and 1400 °C, respectively. Microwave
and conventionally sintered mullites tested in both conditions
showed distinct regions where different predominant fracture
modes. Limited zones with different shapes and predominant
transgranular fracture were visible in a matrix dominated by an
intergranular mode. This change in fracture mode was reported
in other works concerning the mechanical behavior of mul-
lite flexure-tested under three- or four-point loading.3!-32-36
However, the particular distribution exhibited in the specimens
evaluated in the present study has so far not been reported.

The sizes of the limited regions in which transgranular failure
predominated (d;), taken as the diameter of an equivalent sphere,
were determined by analysis of the SEM micrographs (Table 1).
The values of d; for CM and MM at both testing temperatures
were into the range delimited by the estimated flaw sizes of
reference (aO and ao*). Based on these findings, these limited
regions would be considered microcracks acting as critical flaws
in every case. The homogeneous distribution of microcracks
over all the fracture surfaces (Figs. 7 and 8) was consistent with
their initiation during processing or mechanical loading. The
latter may occur due to the stresses distribution in the disks
during the diametral compression test: the stresses are uniform
through the thickness, and the tensile stresses increase toward
the center of the specimen along the diameter.2°

Taking into account the experimental error, the microcracks
sizes (d;) were similar between CM and MM at both testing
temperatures, whereas the mechanical strength was lower in the
former (and considering the same K¢ for both materials3!). On
the other hand, d; values for MM were much more close to
the respective critical flaw size a° (Table 1) than those of CM.
This fact indicates that factors additional to the flaw size were
also affecting the mechanical resistance of the materials. The
flaw size distribution affects the likelihood of finding a defect
of critical size and, as a consequence, the mechanical strength.
The lower load bearing capacity of CM would imply a higher
proportion of flaws with critical size. On the other hand, microc-
racks formation could be associated to the grooving of the grain
boundaries (during sintering); it was considered that this process
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Fig. 8. SEM micrographs of fracture surfaces at 1400 °C.
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was more pronounced in CM which could lead to more severe
defects (i.e., with a higher capacity for stress concentration).
The onset of such microcracking in association with pores was
neither discarded.

Regarding the microcracking fracture mechanism
(Figs. 6 and 7), microcracks propagated in a smooth, mainly
transgranular mode due to the limited stress-intensity/strain-
energy-density available to enable significant crack deflection
or wandering.>> This condition could be satisfied during
sintering or in the first stage of mechanical testing, provided
that the applied load is subcritical. Then, close to critical load
conditions when the stored strain energy was high enough, the
cracks grew at higher velocities and crack branching occurred,
enhancing the intergranular failure. Finally, the microcracks
coalesced, leading to macroscopic failure.

For the two tested mullites, the proportion of intergranular
fracture mode at both mechanical testing conditions was sim-
ilar (considering an experimental error of +15%): ~70% for
CM and ~60% for MM. This fact is consistent with the stead-
fast of mechanical strength values of CM and MM between RT
and 1400 °C. In the presence of a glassy phase in grain bound-
aries, the intergranularity of failure is expected to increase at
1400 °C. The similarity of the fracture propagation between RT
and 1400 °C confirm once again the presence a low content of
glass phase confined to grain junctions.

The proportion of intergranular failure in CM specimens was
higher than in MM (considering 75.0% confidence limits). The
higher contribution of the intergranular mode to the global fail-
ure of the specimens may have been favored by grooving and
by the presence of thermal expansion and elastic anisotropies.>*
The more pronounced grooving in CM specimens could account
for the higher intergranularity of its fracture path.

4. Conclusions

In short, the behavior of mullite materials obtained from
two different routes, conventional and microwave sintering,
shows that the glassy phase (in a low amount) is confined to
the grain junction and does not affect the mechanical response
in the tested temperature range. The microstructure (volumet-
ric porosity, grains morphology, content and location of glassy
phase) of the mullite materials obtained by conventional (CM)
or microwave (MM) sintering was similar, although the second
route involved a significant reduction of the treatment duration.
In spite of these microstructural similarities, the mechanical
strength of MM was higher; one probable reason is the less pro-
nounced grain boundary grooving, produced by the main effect
of the sintering conditions, on the defects considered as strength
limiting (microcracks).
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