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bstract

his work contains a study on the room temperature-fracture strength of three aluminium titanate-based materials containing mullite and different
hermal stabilizers (namely Fe2O3 and MgO). The highest inert strength was reached by the material sintered without any stabilizer. The MgO-
oped material had a comparable inert strength, but a significantly higher Weibull modulus. Finally, the Fe2O3-doped material showed the worst

echanical properties. In all cases, a critical load above which strength degraded was apparent. These behaviours have been analyzed in terms of

he type of additives and the particular microstructures. Conclusions about the potential use of these materials are briefly stated.
2011 Elsevier Ltd. All rights reserved.
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. Introduction

Ceramic materials based on aluminium titanate (Al2TiO5)
xhibit low thermal conductivity and excellent thermal shock
esistance, among other properties. These make them usable
n automobile and glass industries, in metallurgy and, more
enerally, in applications where good thermal insulation is
equired.1 The properties of Al2TiO5 are greatly influenced by
wo facts. On one hand, aluminium titanate is chemically unsta-
le at temperatures below 800 ◦C, from which it decomposes
nto the parent oxides alumina and rutile. The stabilization of
he compound makes necessary the use of thermal stabilizers,

ainly SiO2, Fe2O3 and MgO2; the latter form with Al2TiO5
he solid solutions Al2(1−x)Fe2xTiO5 and Al2(1−x)MgxTi1+xO5,
espectively.3,4

On the other hand, the microstructure of (stabilized)
luminium titanate exhibits a severe microcracking. Microc-

acks appear under cooling from the sintering temperatures
ue to the sharp anisotropy of the thermal expansion
ensor5; its components (referred to the crystal normal
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xes) are αa = 10.9 × 10−6 K−1, αb = 20.5 × 10−6 K−1 and
c = −2.7 × 10−6 K−1 between room temperature and 1273 K.6

icrocracking appears provided that the grain size is above a
ritical value (typically 1–3 �m),7,8 and it is responsible for the
xcellent thermal shock resistance of these materials, but also
or their poor mechanical properties (in particular, very low inert
trength). To minimise the characteristic microcracking, rein-
orcing oxide phases are commonly added during processing;
hese are mainly mullite (Al6Si2O13), zirconia and/or alumina,
nd remain as secondary phases once the material is cooled.
he presence of these secondary phases gives rise to duplex
icrostructures.9,10

Both factors (the presence of secondary phases and need of
hermal stabilizers) may well alter the mechanical properties
f Al2TiO5. For instance, the grain size of aluminium titanate
eramics containing secondary phases depends upon their
oncentration11; the creep and thermal expansion behaviours
f this system have been shown to be affected by the presence
f stabilizers as well.9,12 However, to the authors’ knowledge
he effect of the additives on the fracture strength of aluminium
itanate-based materials has never been put forth in a system-

tic way. In this work, a preliminary study on the mechanical
trength of three aluminium titanate/mullite ceramics contain-
ng different types of thermal stabilizers is presented. The results

dx.doi.org/10.1016/j.jeurceramsoc.2011.03.012
mailto:melendez@unex.es
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received AT material. The grains of the main phase (labelled as
“AT”) are equiaxed, with an approximate size of 5 �m. Mullite
grains (labelled as “m”) are dispersed homogeneously all over
696 F.H. Perera et al. / Journal of the Europ

how a dependence on the type of additives, and are analyzed
n terms of their particular microstructures. Conclusions for the
otential use of these ceramics are briefly stated.

. Experimental

.1. Materials

The three aluminium titanate materials studied here were sup-
lied by Starck Ceramics GmbH & Co. (Rödental, Germany).
he detailed processing route, including amount of additives
nd sintering temperatures, is a property of the supplying com-
any. All the three were fabricated by reactive sintering of an
quimolar mixture of Al2O3 and TiO2 powders. The mixture
as homogenized with organic binders by milling. In one case,

he homogenization took place without adding additives to the
tarting powder mixture; the resulting material will be referred
o as AT hereafter. For the other two materials, either MgO or
e2O3 was added to the starting powders to stabilize the resulting
icrostructure; these materials will be labelled as Mg-AT and
e-AT, respectively. In all cases, 10 wt.% mullite (Al6Si2O13)
as added to the powder mixture in this first stage. Subsequently,

he green bodies were sintered in air. After sintering, the density
f the three materials was 3.3 g cm−3 (∼90% of the theoretical
ensity).

.2. Microstructural characterization and mechanical tests

The microstructure and fracture surfaces of the as-received
nd tested materials were studied by optical microscopy with
omarsky illumination (OM, Nikon Epiphot 300, Japan) and by

canning electron microscopy (SEM, Hitachi S-3600N, Japan).
amples for SEM observations were cut, ground and polished
ith diamond paste down to 1 �m finish, and then thermally

tched; the thermal etching was carried out at 1450 ◦C during
5 min for AT and Mg-AT materials, and at 1500 ◦C during
0 min for Fe-AT. From the SEM micrographs, the grain size of
ach sample and phase (taken as the equivalent planar diameter
= (4A/π)1/2, with A the grain area) was estimated by averaging
n a population including no less than 500 grains.

The fracture strength was measured by four-point bending
ests. Specimens were cut as parallelepipeds of approximate
imensions 2.5 mm × 2 mm × 30 mm; the tensile face and adja-
ent sides of each sample were ground and polished down to
�m finish to remove pre-existing flaws. These faces were sub-

equently indented by WC spheres of 1.58 mm radius under
oads ranging between 0 N and 1000 N; these Hertz indenta-
ions were carried out to introduce defects of controlled size in
he testing samples to cause their fracture. In bending tests, these
mprints were kept at the tensile side. Hertz indentations and
our-point bending tests were performed in a universal testing
achine Instron 4465 (Instron Corp., USA) coupled to a proper

ata acquisition and analysis software. An inner span of 10 mm

nd an outer span of 20 mm were used for the measurements; the
rosshead speed was set to 0.5 mm min−1. At least five samples
ere used for each testing condition. OM observations were
erformed on fracture surfaces; in a few cases, samples were

F
a
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bserved from one side to reveal the possible damage mode
nderneath the contact.

. Results

.1. Microstructure of the as-received samples

The micrograph in Fig. 1a shows the microstructure of the as-
ig. 1. SEM micrograph showing the microstructure of the AT (a), where the
rrows point some characteristic microcracks, Mg-AT (b) and Fe-AT (c).
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sition is highlighted by a dashed line in the figure. Fig. 3b and c
represent, respectively, the fracture strength vs. indentation load
curves for Mg-AT and Fe-AT. These are qualitatively similar to
F.H. Perera et al. / Journal of the Europ

he sample, mainly located at contact points between several AT
rains. They are mostly equiaxed, with an average size around
�m, although some acicular grains could also be seen. The
bservation of acicular mullite grains as well as the stabilization
f the AT material (which did not contain any additive) suggest
he presence of glassy SiO2.13 Porosity was also detected, either
s cavities of relatively large size in triple points of the grain
tructure or as intragranular small pores less than 1 �m in size;
oth types of porosity are apparent in Fig. 1a.

Apart from these cavities or pores, the main flaws observed
re the characteristic microcracks; some of them are indicated
y arrows in Fig. 1a. The microcracks appear in either inter- or
ntragranular location, the former usually extending over sev-
ral grains (either of the main phase or mullite). Microcracks
eem to locate preferentially near nuclei of cavitation, with
he cracks joining large-sized pores. These features are com-

only observed in aluminium titanate ceramics with secondary
hases.11,12

The morphologic characteristics of Mg-AT (Fig. 1b) are
ssentially analogous to those of AT. Two main differences
rise however. Firstly, the grain size of the main phase is
maller (around 4 �m for Mg-AT). Secondly, the intergranu-
ar microcracks appear preferentially at the boundaries between
imilar grains (i.e., titanate–titanate or mullite–mullite). This
act may be associated with the presence of additives, since
here is evidence suggesting that MgO increases the inter-
acial cohesion between the aluminium titanate and mullite
hases.14

In opposition, the microstructure of Fe-AT is quantitatively
ifferent than the previous ones. Figs. 1c and 2 display SEM
mages of this material at different scales. Despite the thermal
tching did not allow to reveal the grain boundaries (and, there-
ore, not to estimate the grain size of any phase either), it is
easonable to assume, according to what follows below, that this
ust be larger than that for AT. Anyway, the most important

ifference is that microcracks have a significantly larger size

which is evident in Fig. 2; note the different scale compared to
ig. 1a or b), to such an extent that they should no longer be con-
idered as microscopic in a strict sense. These cracks also locate

ig. 2. SEM micrograph of Fe-AT at a lower magnification, note the relative
ize of the cracks compared to those shown in Fig. 1a or b.
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ntra- and intergranularly, and their concentration is higher than
n both AT and Mg-AT.

.2. Mechanical tests

Fig. 3a shows the fracture strength of AT as a function of
he Hertzian indentation load applied to introduce defects. The
nert strength of this material is 59 ± 9 MPa, and remains con-
tant up to around 500 N. From that load on, the fracture strength
ecreases linearly with the indentation load up to 850 N; the tran-
ig. 3. Fracture strength vs. indentation load for AT (a), Fe-AT (b) and Mg-AT
c). The dashed lines depict the critical load for each material. The insets shows
he top surfaces of failed samples previously indented under a 300 N load. The
hite circles fit approximately to the imprint of the Hertzian contact.
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Table 1
Results of the Weibull analysis for the three studied materials.

Material σ0 (MPa) m

AT 60 ± 20 8.1 ± 0.5
Mg-AT 49 ± 15 24.4 ± 1.2
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ach other, and to that for AT. For Mg-AT, the inert strength
s 49.4 ± 0.7 MPa up to an indentation load of around 700 N,
rom where it decreases linearly with the indentation load. For
e-AT, the inert strength is significantly lower (23 ± 7 MPa),
nd remains constant up to an indentation load which is also
ower than the previous (300 N); from this value on, the afore-
entioned lineal fall down is again observed. The dashed lines

epresent the proper transitions. The insets in Fig. 3a–c corre-
pond to optical images of the top surfaces of failed samples
ndented with a 300 N load.

The fracture strength measured for each material under
ero indentation load are within the range found in the litera-
ure for aluminium titanate ceramics with similar morphologic
haracteristics15; in all cases, the inert strengths are higher
han that of the corresponding monolithic, no-reinforced, mate-
ial (which is around 10 MPa16 regardless the stabilizer), the
ifference being quite significant for AT and Mg-AT. The rein-
orcement of the materials is attributable to the presence of
ullite.11,15,16

The observed trends can be put forth in an alternative way
y means of the Weibull analysis. A material fails when a flaw
rows uncontrolled after the stress intensity factor at the tip of the
aw reaches a critical value. Thus, failure requires the existence
f a flaw of certain size conveniently located within the tensile
egion of the stress field: a flaw with these characteristics will
e called a “proper flaw” hereafter. As a consequence, there is
ot a well-defined failure stress, but a failure stress distribution
nstead, because flaws of different sizes may be present within
he tensile stress field. From a macroscopic point of view, the
robability of failure under an applied stress σ may be accurately
escribed by the so-called Weibull distribution,17 namely:

(σ) = 1 − exp

[(
− σ

)m]
(1)
σ0

here σ0, the central value of the distribution, is a characteristic
tress and m, the Weibull modulus, is a positive coefficient. The
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ig. 4. Weibull plot for the materials considered in this study. According to Eq.
1), the log–log plot of ln(1/(1 − P)) vs. σ should yield a straight line with slope

and intercept m ln σ0, this quantity is plotted in the right axis. The left axis’
cale is probabilistic.
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e-AT 24 ± 12 11.6 ± 1.2

haracteristic stress lacks of any precise physical meaning, but
ay be taken as an estimation of how high the inert strength is.
he Weibull modulus provides pieces of information about the

eliability of the material: the higher its value, the more reliable
he material is (i.e., it has a narrower probability distribution).

Fig. 4 displays the inert strength vs. applied stress for unin-
ented samples of the three materials. Each point corresponds
o a four-point bending test performed on an unindented sample,
nd the straight lines are the best-fit ones of Eq. (1) to the exper-
mental data. The respective central values and Weibull moduli
re recorded in Table 1. According to these results, the most
eliable material is Mg-AT which, however, exhibits an inter-
ediate strength. Fe-AT has an intermediate Weibull modulus,

nd the characteristic value of the distribution is markedly lower
han that for Mg-AT. Finally, the undoped AT material exhibits
he highest strength, but also the minimum Weibull modulus.

.3. Microstructural damage

The damage induced by the Hertzian contact was observed
y OM. In a general sense, the damage pattern under Hertzian
ndentation may include cone cracks nucleated at the con-
act border, radial cracks generated underneath the contact and
uasi-plastic damage below the contact under the surface of the
ample18; the appearance of each damage mode depends on the
acroscopic conditions as well as on microstructural features.

n our case, there was no evidence of any kind of cone or radial
racks nearby the indentation imprint. There were instead clear
igns of damage accumulation underneath the contact; this con-
isted essentially in the coalescence of cracks. The density and
ean size of these were found to increase with the indenta-

ion load, so that it is reasonable to assume that some of them
ppeared under the action of the Hertzian stress field.

In addition, the analysis of the optical images revealed that
ailure of all the non-indented samples took place by the catas-
rophic growth of a proper crack located at an arbitrary position
ithin the tensile field. For the indented samples, however, fail-
re was caused always by the growth of proper cracks which
rossed the indentation imprints.

The SEM micrograph in Fig. 5 shows the fracture surface
f a non-indented AT sample. In this figure, the external faces
f the grains (either of aluminium titanate or mullite phases)
re clearly observed, which indicates that the fracture is inter-
ranular in essence. The same conclusion may be stated for
g-AT. The situation for Fe-AT is markedly different however.

he SEM micrograph in Fig. 6 displays the fracture surface of

non-indented Fe-AT sample. In this case the external faces of

he grains are not observed; on the contrary, the fracture sur-
ace is smooth, which indicates that the fracture is essentially
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Fig. 5. SEM image of the fracture surface of an AT sample failed under zero
load.
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between the ionic radii of the dopant and host cations are thus
ig. 6. SEM image of the fracture surface of a Fe-AT sample failed under zero
oad.

ransgranular. This distinctive character is likely to be associated
ith the features of the cracking exhibited by this material (cf.
ig. 2).

. Discussion

The analysis of the fracture mechanisms in materials with so
omplex chemical compositions and microstructures as those
escribed here is a formidable task, all the more since some
rucial details about the exact processing routes (such as the
mount of additives) are unknown. Despite this, it is possible to
tate some semi-quantitative arguments in order to rationalize
he experimental findings in terms of the type of additives and
he particular microstructures.

Let us begin by analyzing the Weibull plot shown in Fig. 4 (or,
quivalently, the data for zero indentation load in Fig. 3). Accord-
ng to this, the lowest and highest inert strengths are for Fe-AT
nd AT, respectively. In addition, we have stated above that fail-
re is caused by the presence of relatively large flaws at regions
here the stress field is intense enough (i.e., proper flaws). It
eems then that the characteristic microcracking may well play
ome role. Several studies based on either energetic or mechan-
cal criteria have allowed to derive a relationship between the

1
s
A
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ritical grain size for the appearance of microcracking and the
emperature difference which causes it.19,20 In addition, Ohya
nd co-workers have obtained the following (empirical) rela-
ionship between the effective volume of microcracks Vmic and
he grain size d in an aluminium titanate-based material21:

mic = 100.16 · d0.5 (2)

here Vmic is expressed in percentage and d in microns. Eq. (2)
emains valid regardless the type and amount of used additives,
nd also the amount of porosity existing in the materials. Eq.
2) relates the inert strength of the materials with the relative
olume of microcracks. Indeed, the strength of a dense brittle
aterial relates to its grain size as22:

f = σf0 · d−r (3)

here σf0 is a constant and r > 0. In a general sense, the r value
aries depending on the physical–chemical and morphological
haracteristics of each material. Taking into account Eq. (2),
he relation between the fracture inert strength of an aluminium
itanate-based material and the volume fraction of microcracks
hich it contains may be written as:

f ∝ V
−p
mic (4)

ith p > 0. This conclusion is reasonable, since the higher the
olume fraction of cracks, the higher also the probability to find
proper one at the tensile region of the stress field. In addition,

t is in good agreement with the experimental findings, which
how the order Fe-AT, Mg-AT and AT for the inert strength to
ncrease, and with data reported elsewhere.23

A second argument may be argued which is based on the
henomenon of impurity segregation. Essentially, segregation
n a ceramic alloy takes place when it contains impurities of
onic radius larger than that of the host atoms; in this case, the
nclusion of dopants implies an elevated lattice distortion which

ay be relaxed through the expulsion of the dopant to a free
urface, typically a grain boundary. When the impurities are
liovalent, there exists an additional contribution to the driving
orce for segregation which arises from the different effective
lectric charges of each species and that of the point defects
enerated to guarantee the electro-neutrality of the system.

In the case considered here, several studies have shown that
he Al3+ and Ti4+ cations are disorderedly and equiprobably
istributed within the cationic sublattice of Al2TiO5 regard-
ess the thermal stabilizer employed.17,18 On the other hand, in
e2O3-doped materials, the Al3+ cations equimolarly substitute

he Fe3+;4 in MgO-doped ones, on their own, the correspond-
ng substitution is 1 Mg2+ + 1 Ti4+ → 2Al3+.24 In both cases,

noticeable dissimilarity between the ionic radii of the host
nd dopant cations does exist; in particular, those for aluminium
nd titanium are, respectively, 0.50 Å and 0.68 Å, whereas those
or iron and magnesium are 0.64 Å and 0.65 Å, respectively.
n materials stabilized with iron and magnesium, the ratios
.28 and 1.33, respectively; in the YTZP system, where yttrium
egregation has been widely reported, such a ratio is 1.16.25

ccordingly, if further crystallographic or morphologic consid-
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rations (like the dependence of segregation on the grain size and
n the disorientation between grains, for instance) are neglected,
t is reasonable to expect segregation to the grain boundaries
n the aluminium titanate-based materials studied here. Studies
evoted to detect it are in course; its presence could influence
he different behaviours observed in our samples.

There exist some other parameters (not considered here),
hich may well affect the mechanical behaviour of the materials.
he particular morphology of the grains (which is a key parame-

er when texture exists) or the shape of the grain size distribution
ould be relevant variables as well. Finally, the fracture strength
s also highly influenced by the intensity of the interfacial joining
t the grain boundaries.

The analysis of the complete curves displayed in Fig. 3 pro-
ides additional pieces of information. In all the cases, the
trength exhibits the same trend: it remains constant up to a
ertain load which depends on the type of additive used, and
t decreases monotonically from that load on. The observations
uggest that this fall down is due to the damage accumulation as
racks coalesced underneath the Hertzian contact. Indeed, the
igher the indentation load above the critical, the higher also the
mount and size of potential proper flaws (coalescence is likely
o proceed easier as the number of cracks increases), and there-
ore the probability of failure. The main difference between the
hree materials, apart from their particular inert strengths, is then
he critical load after which the strength decreases. We think that
his load could also be related to the size and relative volume
raction of pre-existing cracks. Thus, Fe-AT exhibits the lowest
ritical load because it already contains a high number of large
racks (i.e., a high number of potential proper cracks). In oppo-
ition, Mg-AT has the highest critical load probably due to the
ohesive effect of MgO mentioned above.

The question remains as to the effect of the additives on
he strength of our materials. This may be systematized, in the
simplified) schedule used here, attending to the amounts of
icrocracks to which they give rise. The very few bibliograph-

cal references to the effect of Fe2O3 on the microcraking of
luminium titanate show that this additive does not reduce sig-
ificantly the amount of microcracks with respect to the undoped
onolithic materials.4 Fe-AT exhibits higher inert strength than
onolithic AT because it contains mullite, but its volume frac-

ion and size of microcracks is similar than those for monoliths,
hence its much low strength and critical load for strength degra-
ation.

For MgO-AT, there is evidence suggesting that MgO pro-
uces a light decrease in the amount of microcracks (or,
lternatively, the grain size) in relation to undoped materials.21

his is attributed to the formation of dislocations inherent to the
olid solution Al2TiO5–MgTi2O5

26; the existence of these dis-
ocations provides an additional mechanism for stress relaxation
uring cooling from the sintering temperatures which reduces
he amount of microcracks. It is then reasonable to think that the
trength of an aluminium titanate ceramic stabilized with MgO

hould be comparable to (or even slightly higher than) the corre-
ponding undoped material (provided that both of them contain
ullite), also in relative agreement with the experimental results

hown here. The fact that Mg-AT has the highest critical load for
eramic Society 31 (2011) 1695–1701

trength degradation could be related to the improved interfacial
ohesion between aluminium titanate and mullite phases in the
resence of MgO.14 Thus, a higher load would be required for
he critical crack density to be reached, which would justify the
bserved trend.

These assessments, although preliminary and somewhat sim-
lified, are relevant in what relates to the potential uses of
luminium titanate ceramics. Indeed, in many of its applica-
ions not only thermal stability is required, but also appropriate

echanical properties which assure at least the integrity of the
aterial under working conditions. In this sense, although both
gO and Fe2O3 are effective as thermal stabilizers, the room

emperature mechanical properties of the corresponding alu-
inium titanate based materials may be drastically different.

n particular, Fe2O3 should be avoided if mechanical resistance
s required.

. Conclusions

The experimental study presented here allows to justify that
he fracture strength of aluminium titanate-based materials con-
aining mullite as secondary phase is greatly influenced by
he presence of additives. In all cases, mullite acts as a rein-
orcing phase, increasing the fracture strength with respect to
he monolithic materials. MgO does not produce a significant
hange in the mechanical properties relative to the undoped
aterial containing mullite; Fe2O3, in opposition, induces a

evere microcracking of the samples which leads to a noticeable
ecrease of the fracture strength. These results have practical
mplications in situations where the mechanical integrity of sta-
ilized aluminium titanate-based materials may be required.
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