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Abstract

This work contains a study on the room temperature-fracture strength of three aluminium titanate-based materials containing mullite and different
thermal stabilizers (namely Fe,O; and MgO). The highest inert strength was reached by the material sintered without any stabilizer. The MgO-
doped material had a comparable inert strength, but a significantly higher Weibull modulus. Finally, the Fe,O3-doped material showed the worst
mechanical properties. In all cases, a critical load above which strength degraded was apparent. These behaviours have been analyzed in terms of
the 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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1. Introduction

Ceramic materials based on aluminium titanate (Al,TiOs)
exhibit low thermal conductivity and excellent thermal shock
resistance, among other properties. These make them usable
in automobile and glass industries, in metallurgy and, more
generally, in applications where good thermal insulation is
required.! The properties of Al,TiOs are greatly influenced by
two facts. On one hand, aluminium titanate is chemically unsta-
ble at temperatures below 800 °C, from which it decomposes
into the parent oxides alumina and rutile. The stabilization of
the compound makes necessary the use of thermal stabilizers,
mainly SiO;, Fe;O3 and MgOz; the latter form with Al;TiOs
the solid solutions Aly(j_)Fe, TiOs and Alp(j Mg, Tij4,Os,
respectively.>*

On the other hand, the microstructure of (stabilized)
aluminium titanate exhibits a severe microcracking. Microc-
racks appear under cooling from the sintering temperatures
due to the sharp anisotropy of the thermal expansion
tensor’; its components (referred to the crystal normal
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axes) are oy=109x 107K, p=20.5x10"°K"! and
oe =—2.7 x 1079 K~! between room temperature and 1273 K.
Microcracking appears provided that the grain size is above a
critical value (typically 1-3 wm),”® and it is responsible for the
excellent thermal shock resistance of these materials, but also
for their poor mechanical properties (in particular, very low inert
strength). To minimise the characteristic microcracking, rein-
forcing oxide phases are commonly added during processing;
these are mainly mullite (AlgSi2013), zirconia and/or alumina,
and remain as secondary phases once the material is cooled.
The presence of these secondary phases gives rise to duplex
microstructures.”!?

Both factors (the presence of secondary phases and need of
thermal stabilizers) may well alter the mechanical properties
of Al;TiOs. For instance, the grain size of aluminium titanate
ceramics containing secondary phases depends upon their
concentration'!; the creep and thermal expansion behaviours
of this system have been shown to be affected by the presence
of stabilizers as well.>!2 However, to the authors’ knowledge
the effect of the additives on the fracture strength of aluminium
titanate-based materials has never been put forth in a system-
atic way. In this work, a preliminary study on the mechanical
strength of three aluminium titanate/mullite ceramics contain-
ing different types of thermal stabilizers is presented. The results
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show a dependence on the type of additives, and are analyzed
in terms of their particular microstructures. Conclusions for the
potential use of these ceramics are briefly stated.

2. Experimental
2.1. Materials

The three aluminium titanate materials studied here were sup-
plied by Starck Ceramics GmbH & Co. (Rodental, Germany).
The detailed processing route, including amount of additives
and sintering temperatures, is a property of the supplying com-
pany. All the three were fabricated by reactive sintering of an
equimolar mixture of Al;O3 and TiO, powders. The mixture
was homogenized with organic binders by milling. In one case,
the homogenization took place without adding additives to the
starting powder mixture; the resulting material will be referred
to as AT hereafter. For the other two materials, either MgO or
Fe> O3 was added to the starting powders to stabilize the resulting
microstructure; these materials will be labelled as Mg-AT and
Fe-AT, respectively. In all cases, 10 wt.% mullite (AlgSinO13)
was added to the powder mixture in this first stage. Subsequently,
the green bodies were sintered in air. After sintering, the density
of the three materials was 3.3 gcm™> (~90% of the theoretical
density).

2.2. Microstructural characterization and mechanical tests

The microstructure and fracture surfaces of the as-received
and tested materials were studied by optical microscopy with
Nomarsky illumination (OM, Nikon Epiphot 300, Japan) and by
scanning electron microscopy (SEM, Hitachi S-3600N, Japan).
Samples for SEM observations were cut, ground and polished
with diamond paste down to 1 wum finish, and then thermally
etched; the thermal etching was carried out at 1450 °C during
45 min for AT and Mg-AT materials, and at 1500 °C during
60 min for Fe-AT. From the SEM micrographs, the grain size of
each sample and phase (taken as the equivalent planar diameter
d=(4A/m)"?, with A the grain area) was estimated by averaging
on a population including no less than 500 grains.

The fracture strength was measured by four-point bending
tests. Specimens were cut as parallelepipeds of approximate
dimensions 2.5 mm x 2 mm x 30 mm; the tensile face and adja-
cent sides of each sample were ground and polished down to
1 wm finish to remove pre-existing flaws. These faces were sub-
sequently indented by WC spheres of 1.58 mm radius under
loads ranging between ON and 1000 N; these Hertz indenta-
tions were carried out to introduce defects of controlled size in
the testing samples to cause their fracture. In bending tests, these
imprints were kept at the tensile side. Hertz indentations and
four-point bending tests were performed in a universal testing
machine Instron 4465 (Instron Corp., USA) coupled to a proper
data acquisition and analysis software. An inner span of 10 mm
and an outer span of 20 mm were used for the measurements; the
crosshead speed was set to 0.5 mm min~!. At least five samples
were used for each testing condition. OM observations were
performed on fracture surfaces; in a few cases, samples were

observed from one side to reveal the possible damage mode
underneath the contact.

3. Results
3.1. Microstructure of the as-received samples

The micrograph in Fig. 1a shows the microstructure of the as-
received AT material. The grains of the main phase (labelled as
“AT”) are equiaxed, with an approximate size of 5 pm. Mullite
grains (labelled as “m”) are dispersed homogeneously all over

Fig. 1. SEM micrograph showing the microstructure of the AT (a), where the
arrows point some characteristic microcracks, Mg-AT (b) and Fe-AT (c).
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the sample, mainly located at contact points between several AT
grains. They are mostly equiaxed, with an average size around
1 pwm, although some acicular grains could also be seen. The
observation of acicular mullite grains as well as the stabilization
of the AT material (which did not contain any additive) suggest
the presence of glassy SiO,.!'® Porosity was also detected, either
as cavities of relatively large size in triple points of the grain
structure or as intragranular small pores less than 1 pm in size;
both types of porosity are apparent in Fig. 1a.

Apart from these cavities or pores, the main flaws observed
are the characteristic microcracks; some of them are indicated
by arrows in Fig. 1a. The microcracks appear in either inter- or
intragranular location, the former usually extending over sev-
eral grains (either of the main phase or mullite). Microcracks
seem to locate preferentially near nuclei of cavitation, with
the cracks joining large-sized pores. These features are com-
monly observed in aluminium titanate ceramics with secondary
phases.!112

The morphologic characteristics of Mg-AT (Fig. 1b) are
essentially analogous to those of AT. Two main differences
arise however. Firstly, the grain size of the main phase is
smaller (around 4 pm for Mg-AT). Secondly, the intergranu-
lar microcracks appear preferentially at the boundaries between
similar grains (i.e., titanate—titanate or mullite—mullite). This
fact may be associated with the presence of additives, since
there is evidence suggesting that MgO increases the inter-
facial cohesion between the aluminium titanate and mullite
phases.!4

In opposition, the microstructure of Fe-AT is quantitatively
different than the previous ones. Figs. 1c and 2 display SEM
images of this material at different scales. Despite the thermal
etching did not allow to reveal the grain boundaries (and, there-
fore, not to estimate the grain size of any phase either), it is
reasonable to assume, according to what follows below, that this
must be larger than that for AT. Anyway, the most important
difference is that microcracks have a significantly larger size
(which is evident in Fig. 2; note the different scale compared to
Fig. laorb), to such an extent that they should no longer be con-
sidered as microscopic in a strict sense. These cracks also locate

Fig. 2. SEM micrograph of Fe-AT at a lower magnification, note the relative
size of the cracks compared to those shown in Fig. la or b.

intra- and intergranularly, and their concentration is higher than
in both AT and Mg-AT.

3.2. Mechanical tests

Fig. 3a shows the fracture strength of AT as a function of
the Hertzian indentation load applied to introduce defects. The
inert strength of this material is 59 4+ 9 MPa, and remains con-
stant up to around 500 N. From that load on, the fracture strength
decreases linearly with the indentation load up to 850 N; the tran-
sition is highlighted by a dashed line in the figure. Fig. 3b and ¢
represent, respectively, the fracture strength vs. indentation load
curves for Mg-AT and Fe-AT. These are qualitatively similar to
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Fig. 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
the top surfaces of failed samples previously indented under a 300 N load. The
white circles fit approximately to the imprint of the Hertzian contact.
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each other, and to that for AT. For Mg-AT, the inert strength
is 49.4 £ 0.7 MPa up to an indentation load of around 700 N,
from where it decreases linearly with the indentation load. For
Fe-AT, the inert strength is significantly lower (23 &7 MPa),
and remains constant up to an indentation load which is also
lower than the previous (300 N); from this value on, the afore-
mentioned lineal fall down is again observed. The dashed lines
represent the proper transitions. The insets in Fig. 3a—c corre-
spond to optical images of the top surfaces of failed samples
indented with a 300 N load.

The fracture strength measured for each material under
zero indentation load are within the range found in the litera-
ture for aluminium titanate ceramics with similar morphologic
characteristics!; in all cases, the inert strengths are higher
than that of the corresponding monolithic, no-reinforced, mate-
rial (which is around 10 MPa'® regardless the stabilizer), the
difference being quite significant for AT and Mg-AT. The rein-
forcement of the materials is attributable to the presence of
mullite,! 1516

The observed trends can be put forth in an alternative way
by means of the Weibull analysis. A material fails when a flaw
grows uncontrolled after the stress intensity factor at the tip of the
flaw reaches a critical value. Thus, failure requires the existence
of a flaw of certain size conveniently located within the tensile
region of the stress field: a flaw with these characteristics will
be called a “proper flaw” hereafter. As a consequence, there is
not a well-defined failure stress, but a failure stress distribution
instead, because flaws of different sizes may be present within
the tensile stress field. From a macroscopic point of view, the
probability of failure under an applied stress o may be accurately
described by the so-called Weibull distribution,!” namely:

o m
P(o)=1—exp {(—@) } (D

where o, the central value of the distribution, is a characteristic
stress and m, the Weibull modulus, is a positive coefficient. The
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Fig. 4. Weibull plot for the materials considered in this study. According to Eq.
(1), the log—log plot of In(1/(1 — P)) vs. o should yield a straight line with slope
m and intercept m In oy, this quantity is plotted in the right axis. The left axis’
scale is probabilistic.
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Table 1

Results of the Weibull analysis for the three studied materials.

Material oo (MPa) m

AT 60 £ 20 8.1£0.5
Mg-AT 49 £ 15 244 £ 1.2
Fe-AT 24 £ 12 116 £ 1.2

characteristic stress lacks of any precise physical meaning, but
may be taken as an estimation of how high the inert strength is.
The Weibull modulus provides pieces of information about the
reliability of the material: the higher its value, the more reliable
the material is (i.e., it has a narrower probability distribution).
Fig. 4 displays the inert strength vs. applied stress for unin-
dented samples of the three materials. Each point corresponds
to a four-point bending test performed on an unindented sample,
and the straight lines are the best-fit ones of Eq. (1) to the exper-
imental data. The respective central values and Weibull moduli
are recorded in Table 1. According to these results, the most
reliable material is Mg-AT which, however, exhibits an inter-
mediate strength. Fe-AT has an intermediate Weibull modulus,
and the characteristic value of the distribution is markedly lower
than that for Mg-AT. Finally, the undoped AT material exhibits
the highest strength, but also the minimum Weibull modulus.

3.3. Microstructural damage

The damage induced by the Hertzian contact was observed
by OM. In a general sense, the damage pattern under Hertzian
indentation may include cone cracks nucleated at the con-
tact border, radial cracks generated underneath the contact and
quasi-plastic damage below the contact under the surface of the
sample'8; the appearance of each damage mode depends on the
macroscopic conditions as well as on microstructural features.
In our case, there was no evidence of any kind of cone or radial
cracks nearby the indentation imprint. There were instead clear
signs of damage accumulation underneath the contact; this con-
sisted essentially in the coalescence of cracks. The density and
mean size of these were found to increase with the indenta-
tion load, so that it is reasonable to assume that some of them
appeared under the action of the Hertzian stress field.

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

The SEM micrograph in Fig. 5 shows the fracture surface
of a non-indented AT sample. In this figure, the external faces
of the grains (either of aluminium titanate or mullite phases)
are clearly observed, which indicates that the fracture is inter-
granular in essence. The same conclusion may be stated for
Mg-AT. The situation for Fe-AT is markedly different however.
The SEM micrograph in Fig. 6 displays the fracture surface of
a non-indented Fe-AT sample. In this case the external faces of
the grains are not observed; on the contrary, the fracture sur-
face 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.

Fig. 6. SEM image of the fracture surface of a Fe-AT sample failed under zero
load.

transgranular. This distinctive character is likely to be associated
with the features of the cracking exhibited by this material (cf.
Fig. 2).

4. Discussion

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

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

critical grain size for the appearance of microcracking and the
temperature difference which causes it.'>?? In addition, Ohya
and co-workers have obtained the following (empirical) rela-
tionship between the effective volume of microcracks Vy,ic and
the grain size d in an aluminium titanate-based material®':

where Viic is expressed in percentage and d in microns. Eq. (2)
remains valid regardless the type and amount of used additives,
and also the amount of porosity existing in the materials. Eq.
(2) relates the inert strength of the materials with the relative
volume of microcracks. Indeed, the strength of a dense brittle

material relates to its grain size as>2:

0’f=0f()~d_r 3)

where o is a constant and 7> 0. In a general sense, the r value
varies depending on the physical-chemical and morphological
characteristics of each material. Taking into account Eq. (2),
the relation between the fracture inert strength of an aluminium
titanate-based material and the volume fraction of microcracks
which it contains may be written as:

opox V.- 4)

with p> 0. This conclusion is reasonable, since the higher the
volume fraction of cracks, the higher also the probability to find
a proper one at the tensile region of the stress field. In addition,
it is in good agreement with the experimental findings, which
show the order Fe-AT, Mg-AT and AT for the inert strength to
increase, and with data reported elsewhere.?

A second argument may be argued which is based on the
phenomenon of impurity segregation. Essentially, segregation
in a ceramic alloy takes place when it contains impurities of
ionic radius larger than that of the host atoms; in this case, the
inclusion of dopants implies an elevated lattice distortion which
may be relaxed through the expulsion of the dopant to a free
surface, typically a grain boundary. When the impurities are
aliovalent, there exists an additional contribution to the driving
force for segregation which arises from the different effective
electric charges of each species and that of the point defects
generated to guarantee the electro-neutrality of the system.

In the case considered here, several studies have shown that
the AI** and Ti** cations are disorderedly and equiprobably
distributed within the cationic sublattice of Al,TiOs5 regard-
less the thermal stabilizer employed.!”!® On the other hand, in
Fe,03-doped materials, the Al3* cations equimolarly substitute
the Fe3*:% in MgO-doped ones, on their own, the correspond-
ing substitution is 1 Mg>* + 1 Ti** — 2AI**.2* In both cases,
a noticeable dissimilarity between the ionic radii of the host
and dopant cations does exist; in particular, those for aluminium
and titanium are, respectively, 0.50 A and 0.68 A, whereas those
for iron and magnesium are 0.64 A and 0.65 A, respectively.
In materials stabilized with iron and magnesium, the ratios
between the ionic radii of the dopant and host cations are thus
1.28 and 1.33, respectively; in the YTZP system, where yttrium
segregation has been widely reported, such a ratio is 1.16.%
Accordingly, if further crystallographic or morphologic consid-
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erations (like the dependence of segregation on the grain size and
on the disorientation between grains, for instance) are neglected,
it is reasonable to expect segregation to the grain boundaries
in the aluminium titanate-based materials studied here. Studies
devoted to detect it are in course; its presence could influence
the different behaviours observed in our samples.

There exist some other parameters (not considered here),
which may well affect the mechanical behaviour of the materials.
The particular morphology of the grains (which is a key parame-
ter when texture exists) or the shape of the grain size distribution
could be relevant variables as well. Finally, the fracture strength
is also highly influenced by the intensity of the interfacial joining
at the grain boundaries.

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

The question remains as to the effect of the additives on
the strength of our materials. This may be systematized, in the
(simplified) schedule used here, attending to the amounts of
microcracks to which they give rise. The very few bibliograph-
ical references to the effect of Fe,O3 on the microcraking of
aluminium titanate show that this additive does not reduce sig-
nificantly the amount of microcracks with respect to the undoped
monolithic materials.* Fe-AT exhibits higher inert strength than
monolithic AT because it contains mullite, but its volume frac-
tion and size of microcracks is similar than those for monoliths,
thence its much low strength and critical load for strength degra-
dation.

For MgO-AT, there is evidence suggesting that MgO pro-
duces a light decrease in the amount of microcracks (or,
alternatively, the grain size) in relation to undoped materials.?!
This is attributed to the formation of dislocations inherent to the
solid solution Al,TiO5—MgTi»O52°; the existence of these dis-
locations provides an additional mechanism for stress relaxation
during cooling from the sintering temperatures which reduces
the amount of microcracks. It is then reasonable to think that the
strength of an aluminium titanate ceramic stabilized with MgO
should be comparable to (or even slightly higher than) the corre-
sponding undoped material (provided that both of them contain
mullite), also in relative agreement with the experimental results
shown here. The fact that Mg-AT has the highest critical load for

strength degradation could be related to the improved interfacial
cohesion between aluminium titanate and mullite phases in the
presence of MgO.'# Thus, a higher load would be required for
the critical crack density to be reached, which would justify the
observed trend.

These assessments, although preliminary and somewhat sim-
plified, are relevant in what relates to the potential uses of
aluminium titanate ceramics. Indeed, in many of its applica-
tions not only thermal stability is required, but also appropriate
mechanical properties which assure at least the integrity of the
material under working conditions. In this sense, although both
MgO and Fe;O3 are effective as thermal stabilizers, the room
temperature mechanical properties of the corresponding alu-
minium titanate based materials may be drastically different.
In particular, Fe;O3 should be avoided if mechanical resistance
is required.

5. Conclusions

The experimental study presented here allows to justify that
the fracture strength of aluminium titanate-based materials con-
taining mullite as secondary phase is greatly influenced by
the presence of additives. In all cases, mullite acts as a rein-
forcing phase, increasing the fracture strength with respect to
the monolithic materials. MgO does not produce a significant
change in the mechanical properties relative to the undoped
material containing mullite; Fe;O3, in opposition, induces a
severe microcracking of the samples which leads to a noticeable
decrease of the fracture strength. These results have practical
implications in situations where the mechanical integrity of sta-
bilized aluminium titanate-based materials may be required.
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