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Abstract

This work analyses the effect of mullite additions on the fracture mode of alumina. Mullite is proposed as an alternative to SiC for the second phase
particles because the thermal expansion mismatch between alumina and mullite is of the same sign and order as that between alumina and SiC.
Three alumina—5 vol.% mullite composites formed by alumina matrices with similar average grain sizes in the micrometric range (1 wm) and
second phase sub-micrometric (50-350 nm) and nanometric mullite (<50 nm) particles located at grain boundaries and triple points were prepared.
The fracture mode of the alumina matrix changed from predominantly intergranular to predominantly transgranular. This change became more
significant as the size of the sub-micrometric fraction of mullite particles decreased.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the initial work by Niihara! alumina/SiC nanocom-
posites have been widely studied. Significant room temperature
strength improvements (20-50%) together with very slight or no
toughness increases have been reported by different authors.'
Now it is known that the observed strength increases are par-
tially due to the refinement of the structure by the limiting of the
alumina grain growth by Zener pinning of SiC particles. Also,
Niihara! has reported creep improvement for the alumina/SiC
nanocomposites and attributed it to dislocation pinning by the
SiC particles. Nevertheless, as signalled by Ortiz-Merino and
Todd,* the most remarkable and reproducible benefits offered by
the alumina—SiC nanocomposites are in their tribological prop-
erties, where great improvements compared with pure alumina
in the resistance to severe wear, and surface finish following
grinding and polishing have been reported. There is currently
no accepted general explanation for these effects.

There is a general agreement on the fact that even very small
amounts (*2-5 vol.%) of SiC nanoparticles originate a change
of the fracture mode of the alumina matrix from predominantly
intergranular to predominantly transgranular; thus, limiting the
pull-out sizes under wear conditions.*> The origin of the fracture
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mode change is not completely clear. It has been attributed to
the compressive residual stresses developed at the alumina grain
boundaries by intra-granular SiC particles due to thermal expan-
sion mismatch between alumina and SiC. Such stresses would
have a shielding effect more pronounced than the grain boundary
opening effect eventually associated with the thermal expansion
anisotropy of alumina.%= For this explanation to be correct, par-
ticle location inside the alumina grains is essential. In this sense,
Ferroni and Pezzotti” reported that transgranular crack propaga-
tion in alumina/SiC nanocomposites depended on the location of
the SiC dispersoids within the matrix texture; the higher the frac-
tion of dispersoids located inside the alumina grains, determined
by quantitative fractography analysis, the more transgranular the
fracture mode. On the contrary, data reported for a wide range
of aluminas and nanocomposites with systematic variations in
the main microstructural features (alumina and SiC sizes, SiC
location, 2, 5 and 10 vol.%) indicated that intra-granular particles
were not necessary to change the fracture mode of alumina*!%-11
and that it may even be preferable for them to be on the grain
boundaries for 2 vol.% SiC nanocomposites.“’5 Therefore, the
possibility that the primary explanation is a chemical in origin
rather than being a mechanical effect has been raised.
Alumina—mullite nanocomposites with small mullite
amounts have also been reported by Zhang et al.'>!3 to present
increased strength and wear resistance as compared to that of
monophase alumina. In these composites, that have slightly
reduced toughness, the fracture mode of alumina experiences
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the same transition from intergranular to transgranular as that
observed in the alumina—SiC composites. As discussed by the
authors, the change in the bulk mechanical properties of the
materials could not explain the reduction of the area fraction of
pull-out on the worn surfaces; conversely, it could be originated
by the change in the fracture mode, as in alumina—SiC. The
authors claimed the change of fracture mode to be originated
by the residual stresses present in the alumina matrix due to
the thermal expansion mismatch between alumina and the
intra-granular mullite particles, which should be of the same
sign as that between alumina and SiC. The studied materials
were fabricated from alumina—SiC green bodies, by sintering
in oxidizing atmosphere; the finer and larger mullite particles
were described to be located inside the grains and at the grain
boundaries, respectively.

In this work, the fracture behaviour of alumina + 5 vol.% mul-
lite composites prepared by different routes leading to different
mullite particle sizes has been studied. The fracture behaviour
has been compared to that of a monophase alumina material
fabricated using the same alumina raw material and with similar
density and grain size as the alumina matrices in the compos-
ites.

2. Experimental

Three different alumina + 5 vol.% of mullite materials and
one reference monophase alumina were fabricated. In all cases,
acommercial @-alumina (Condea HPAOS, USA) with an average
particle size of 0.4 wm and specific surface area of 9 m?/g was
used.

For the fabrication of the composites, three different kinds
of green bodies were prepared. Two of them, A5SM and ASMC,
were prepared by mixing alumina and 5 vol.% of mullite pow-
ders to a relative ratio of 95/5 (v/v) whereas the other one,
A5MRS, was made from a mixture of alumina and colloidal
silica suspension (LEVASIL 200A/40%, Germany) contain-
ing 40 wt.% particles with an average size of 15nm, specific
surface area of 200m?/g and pH of 9. Colloidal silica was
added in the concentration needed to obtain 5vol.% mul-
lite after sintering. ASM specimens were fabricated from the
as received alumina powders and commercial mullite pow-
ders (Baikalox, Baikowski, France) which were attrition milled
for 7h up to reach an average particle size of 0.7 um.!*
For the ASMC compacts a porous mullite powder (particle
sizes ~100 wm) synthesized by combustion process'> was
attrition milled for 5h down to an average particle size of
3 pm.

Concentrated suspensions of alumina/mullite 95/5 (v/v) and
alumina/silica 98.2/1.8 (v/v) were prepared in deionised water
to total solid loadings of 50 vol.% (75 wt.%). The alumina, sil-
ica and mullite suspensions were independently prepared and
then mixed in the adequate proportions to obtain the composite
suspensions. In all cases 1.2 wt.% of an ammonium salt of a poly-
acrylic acid PAA (Duramax D3005, Rohm & Haas, PA, USA)
was added as a polyelectrolyte to provide electrosteric stabili-
sation at moderate pH values. The composite suspensions were
homogenised in alumina jar mill for 6 h. In all cases, the final

pH of the obtained suspensions was 67 and it did not change
significantly with time. The green compacts were obtained by
slip casting on plaster of Paris moulds and treated at 1550 °C/2 h,
using heating and cooling rates of 5 °C/min in an electrical box
furnace (Termiber, Spain) to obtain the final materials A5M,
ASMC and ASMRS. The presence of mullite in the reaction sin-
tered specimens (ASMRS) was confirmed by X-ray diffraction,
XRD, using an apparatus with a lynx eye (D8 Advance, Bruker,
Germany). Diffractions corresponding to the 0 1 2 plane for alu-
mina (ASTM 46-1212) and the 120 and 2 1 0 planes for mullite
(ASTMO1-079-1458) were recorded using a step of 0.05 and
exposure time of 5s.

Additional green compacts were fabricated from the as
received alumina and the attrition milled mullite powders by
isostatic pressing (200 MPa). Alumina was sintered at 1450
during 1h to reach 99% of theoretical density. Mullite was
sintered at 1630°C during 4h to reach 97% of theoretical
density. Specimens for elastic properties and thermal expan-
sion determinations were diamond cut and rectified from the
sintered compacts. Plates (3 mm x 40 mm x 40 mm) were used
for Young’s modulus and Poisson’s coefficient determinations
from the resonance frequency of the plates tested by impact
in flexure and shear, determined using a commercial apparatus
(Grindosonic, Lemmens, Leuven, Belgium). Parallelepipedic
(4mm x 6 mm x 15 mm) specimens were tested in a linear volt-
age displacement transducer dilatometer (Adhamel Lomargy,
Roissy en Brie, France) with a quartz rod for the determina-
tion of the average thermal expansion coefficients between room
temperature and 1000 °C. Three samples were tested for each
material.

Apparent densities were determined using the EN
1389:2003 standard and relative densities were calculated using
3.987 g/lem? (ASTM-46-1212) and 3.16 g/cm? (ASTM-15-776)
for alumina and mullite, respectively.

Sintered composite and monophase alumina specimens were
diamond polished (down to 3 pwm) and indented using 100 N.
Afterwards, they were thermally etched at 1400 °C/1 h with a
heating rate of 5°C/min. Fractured pieces were obtained by
impact. The microstructure of the composite materials was deter-
mined in the polished and fractured samples by field emission
scanning electron microscope (FE-SEM, Hitachi S-4700 type I,
Japan). The alumina grain size distributions were determined
from FE-SEM micrographs of polished random cut surfaces
samples using an image processing and analysis program (Leica
Qwin, Leica Microsystems Ltd, Cambridge, England) consid-
ering more than 300 grains for each material. The program
calculates the diameters of the equivalent spheres from the mea-
sured areas of the grains. From these values, the true diameter
of the particles was calculated using the Abercrombieis factor
(4/71/2).16 For mullite, diameters of the particles were directly
evaluated in polished and fracture surfaces. The fracture mode
of the alumina grains, in terms of number of grains presenting
trans- or intergranular fracture was quantified on the indentation
crack paths. FE-SEM micrographs at 10,000x were taken ran-
domly and the fracture mode of the grains interacting with the
cracks was established. At least 50 grains were considered for
each material.
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Fig. 1. X-ray diffraction patterns for the material ASMRS. The 012 peak for
alumina (ASTM 46-1212) and the 120 and 2 1 0 peaks for mullite (ASTMO1-
079-1458) are signalled.

3. Results and discussion

Fig. 1 shows the characteristic XRD peaks of mullite (planes
120,d=3.4273,and 210, d=3.3874) for the reaction sintered
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material, ASMRS, demonstrating the presence of the crystalline
mullite.

All composites were made of the same alumina powder
(0.003 and 0.001 wt.% of Na,O and Fe; O3, respectively) thus,
any compositional difference would come from mullite. The
main impurity related to mullite was NayO, coming from
LEVASIL (0.2 wt.%) or from Baikowski mullite (0.18 wt.%).
Calculations taking into account the composition of the mate-
rials give similar total amounts of NayO in the three materials
(0.005 wt.% in the AMC and AMRS composites and 0.01 wt.%
in the AM composite). Thus, the composite materials presented
slightly higher amounts of NayO that the monophase alumina.
Moreover, some residual silica might be present in the compos-
ites which, added to the impurities will lead to the formation of
residual glass located at triple points and/or grain boundaries. If
this were the case, the grain boundaries would be weakened as
compared to those of the monophase alumina which is contrary
to what was observed, as discussed below. Therefore, the effect
of the small compositional differences on the fracture mode can
be neglected.

Characteristic micrographs of polished surfaces of the ref-
erence alumina and the three composites showing indentation

(b)
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Fig. 2. FE-SEM of polished and thermally etched specimens showing characteristic microindentation cracks. (a) Monophase alumina specimen, A. Intergranular
fracture is mostly observed. Only the largest grains are traversed by the crack (arrow). (b) Alumina+ 5 vol.% composite from commercial mullite powders, ASM.
Mixed trans-intergranular fracture is observed. Even sub-micrometric alumina grains present transgranular fracture (enlarged region). Small mullite grains (average
diameter ~300 nm) of darker gray are observed (some of them are encircled to highlight). (¢) Alumina+ 5 vol.% composite from mullite powders fabricated by
combustion, ASMC. Mixed trans-intergranular fracture is observed. Small (average diameter ~ 370 nm) mullite grains of darker gray are observed at alumina triple
points and grain boundaries (some of them are encircled to highlight). (d) Reaction sintered alumina—5 vol.% mullite composite specimen, ASMRS. Transgranular
fracture is mostly observed. Small (2240 pwm) mullite grains of darker gray are observed at alumina triple points and grain boundaries (some of them are encircled

to highlight).
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Fig. 3. Alumina grain size distributions. (a) Monophase alumina specimen, A. (b) Alumina+ 5 vol.% composite from commercial mullite powders, ASM. (c)
Alumina + 5 vol.% composite from mullite powders fabricated by combustion, ASMC. (d) Reaction sintered alumina—5 vol.% mullite composite specimen, ASMRS.

cracks are presented in Fig. 2. The corresponding alumina grain
size distributions are plotted in Fig. 3. Fig. 4 shows character-
istic fracture surfaces of the composites. Table 1 summarises
the quantitative microstructural and fracture mode parame-
ters.

Average alumina grain sizes were similar for all of the mate-
rials (Table 1) and most alumina grains in the four materials
had sizes under 2.5 pm (Figs. 1 and 2; 2.1, 2.4, 3.8 and 4.3% of
grains between 2.5 and 5 pm, for A, ASM, ASMC and ASMRS,
respectively).

Since the four materials were dense (>96% of theoretical,
Table 1) and presented similar grain sizes, the behavioural dif-
ferences during fracture could be attributed to the presence of
mullite secondary phase and its characteristics.

The fracture mode in the monophase alumina was mostly
intergranular (Fig. 2a, Table 1) with only the largest grains

Table 1
Characteristics of the studied materials.

being traversed by the crack, as is generally observed in high
purity fine grained aluminas. This fracture mode changed sig-
nificantly in the composites, as more than 64% of the alumina
grains were traversed by the crack in the composites vs 21%
in the monophase alumina (Figs. 2b—d, and 4, Table 1). In
the ASMRS material there were observed some large grains
abnormally grown (Fig. 2d) that were traversed by the crack.
Nevertheless, the relative amount of large grains in this mate-
rial as compared to alumina (4.3% vs 2.1% grains between
2.5 and 5 pum) cannot explain the amount of fracture mode
change.

In the four composites, sub-micrometric (50-400 pm;
average sizes ~300, 370 and 240nm, for materials ASM,
A5SMC and ASMRS, respectively) mullite grains were observed
homogeneously dispersed at alumina triple points and grain
boundaries in the polished surfaces (Fig. 2b—d). Additionally,

Material Density (g/cm3) Relative density (% pi) Fracture mode ~ Number of grains (%) Average alumina grain size (sd) (nm)
Intergranular Transgranular

A 3.90 + 0.03 98 +1 79 21 1.0 (0.7)

ASM 3.84 £ 0.03 9 +1 30 70 0.9 (0.7)

ASMC 3.80 + 0.03 96 + 1 36 64 1.0 (0.7)

ASMRS 3.92 +0.03 99 + 1 18 82 0.9 (1.0)
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Fig. 4. Characteristic fracture surfaces of the studied alumina+ 5 vol.% mullite composites. FE-SEM micrographs. Most alumina grains present transgranular
fracture. Nanometric mullite grains (<50 nm) are revealed by the fracture (clearer colour) inside the alumina grains and at grain boundaries and triple points. (a, b)
Alumina + 5 vol.% composite from commercial mullite powders, ASM. (c, d) Alumina + 5 vol.% composite from mullite powders fabricated by combustion, ASMC.
(e, ) Alumina + 5 vol.% composite fabricated by reaction sintering of alumina and colloidal silica, ASMRS.

nanometric (<50nm) mullite grains were revealed in the
fracture surfaces (Fig. 4).

The material that presented the highest proportion of trans-
granular fracture, ASMRS, had the smallest average mullite
grain size in FE-SEM micrographs and numerous nanometric
particles were revealed in the fracture surfaces of this composite
(Fig. 4e—f). Both materials fabricated from mixtures of alu-
mina and mullite powders, ASM and ASMC, presented a lower
proportion of transgranular fracture than the reaction sintered
one, ASMRS, and the mullite particles were significantly larger.
The composite fabricated from commercial powders, A5SM, with
higher transgranular fracture mode than ASMC (Table 1), had

smaller mullite particle sizes in the polished surfaces (= 300,
370 nm for ASM and ASMC) and, moreover, numerous nano-
metric grains were detected in the fracture surfaces (Fig. 4b).
As a summary, the three alumina—5 vol.% mullite compos-
ites presented homogeneous microstructures formed by alumina
matrices with similar average grain sizes in the micrometric
range (~1 wm) and second phase sub-micrometric (50-350 nm)
and nanometric mullite (<50nm) particles located at grain
boundaries and triple points. The failure mode of the alumina
matrix was changed from intergranular, for a monophase alu-
mina material fabricated from the same alumina powder and
similar grain sizes, into mixed trans-intergranular in the com-
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posites. The extent of transgranular fracture mode increased for
decreasing sizes of the mullite grains.

As discussed in the introduction, the change of fracture mode
has been observed by different authors in alumina—-SiC and
alumina—mullite nanocomposites. Moreover, it has also been
reported for a 10 vol.% SiC microcomposite with SiC sizes of
about 3 um!® and for a 2 vol.% SiC microcomposite with SiC
sizes of about 1 wm.* However, no quantitative evaluation of
the extent of change as a function of the size of second phase
particles has been reported.

As discussed above, the alumina matrix in alumina—mullite
composites should develop residual stresses upon cooling of the
same sign as those developed in alumina—SiC composites. The
hydrostatic stress caused by the thermal mismatch in the alumina
matrix is given by:

o = K*(Tp — T)(aa — am) (1

Ty represents the temperature below which the stresses cannot
be relaxed by plastic deformation, @a and oy are the thermal
expansion coefficients of alumina and the second phase, respec-
tively, and K* is an effective elastic modulus which depends on
the elastic constants and volume fractions, fa M, of the com-
ponent phases as well as on the sample topology.!” For second
phase particles embedded in a continuous matrix.'®

% _ 3nKaKwm fm
Kmfa +nKafa+nKuvfm + Kvfm

K is the bulk modulus (K = (E/3 — 2v)), where v is the Pois-
son’s coefficient.

The densities, the elastic properties and the thermal expansion
coefficients of the monophase alumina and mullite materials
used for the determination of the elastic and thermal expansion
parameters together with those of a dense SiC reported by other
authors'® are summarised in Table 2. From the elastic data and
the densities, the Young’s modulus for 100% density materials,
Ey, are calculated using the well known relationship:

@

E = Eygexp(—bP) 3)

where E is the Young’s modulus of a material with P porosity
and b =3 for alumina materials with spherical pores.
Assuming Tj = 1200 °C for alumina materials, the calculated
residual stresses at room temperature in the alumina matrix
are, not only of the same sign but also of the same order for
alumina—SiC (65 MPa) and alumina—mullite (73 MPa) compos-
ites. It is important to remark that these stresses are rather low

during wear processes on ceramic specimens,’’ the residual
stresses will be significantly reduced (=40%). Thus, it is most
probable for the observed change in the fracture mode of the
alumina—mullite composites subjected to wear'® not to be asso-
ciated to residual stresses. Moreover, it has been observed that
the fracture mode of alumina—SiC composites is also predomi-
nantly transgranular at high temperature.?!

Apart from the development of residual stresses due to ther-
mal expansion mismatch, the fracture mode of the matrix in a
composite might change due to the modification of the grain
boundary fracture energy, Ggp, by the second phase particles.??
The fracture mode will be determined by the existing relation-
ships between Ggyp, the fracture energy of the interface between
the second phase and the matrix particles Gj, and the transgranu-
lar fracture energy G.1. When Gi/Ggp, > 1, the particle strengthens
the grain boundary whereas for Gi/Ggp <1, the particle weak-
ens the grain boundary. Moreover, the relationship between G;j
and G indicates when a change in crack propagation mode
is likely. When Gj/G. > 1, an approaching intergranular crack
would tend to become transgranular instead of proceeding by
the tougher interface and when G;i/G < 1 it would tend to prop-
agate along the interface. Other factors influencing the failure
mode will be residual stresses and the extra energy required
for deflection.The relationships between Gj, Ggp and G, are
determined by the surface energies of the matrix, y™, and the
particles, yP, the grain boundary energy, yop, and the interfacial

energy, yi:

G _W+R-n @
Gl 27/31

Gi v +¥ -
Ggp 278 — Yo

&)

As there are no reported values for the surface free energy
of mullite, it is not possible to determine using Eqs. (4) and (5)
whether the condition for approaching intergranular cracks to
become transgranular instead of proceeding along the tougher
interface are fulfilled. Nevertheless, some comments can be
made about the effect of the mullite particles on the interfacial
energy. Assuming that a particle on a grain boundary achieves
thermodynamic equilibrium, grain boundary-interface dihedral
angles can be used to correlate interfacial energy with grain
boundary energy, as proposed by Jiao and co-workers.?

. . 1 sin

and that they will decrease as the temperature of the material rno_ . . = — 2i (6)
increases. For T=500°C, a flash temperature easily achieved =~ Yeb  COS81 +sinby x cosfa/sin6y  sin(6) + 62)
Table 2
Materials properties used for calculations.
Material Young’s modulus (GPa) 100%TD Experimental

Poisson’s ratio Average CTE5_goo°c (X 10=6°C—1) Young’s modulus (GPa) %TD
Alumina 422 0.223 + 0.004 84 +£0.2 405 £ 5 98.8 £ 0.5
Silicon carbide!® 431 0.16 5.0 415 98.7
Mullite 226 0.274 £ 0.006 4.1 £0.1 206 + 3 97.1 £ 04
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