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Abstract
The mechanical behavior of low (and negative) thermal expansion and low stiff-
ness Al2TiO5 materials and Al2TiO5–3Al2O3.2SiO2–ZrTiO4 composite materi-
als was studied by diametral compression test at room temperature 400 and
800◦C. The effect of both temperature and composition was analyzed. Stress–
strain curves were obtained and, from them, apparent elastic modulus (Eapp)
and mechanical strength (σF) were determined. Fracture mechanisms and frac-
ture patterns were also analyzed. All materials showed a brittle behavior up to
800◦C. The thermal variation of σF, that was even higher as testing temperature
increased, was interpreted based on the microcracks behavior. A double linear
correlation of Eapp was found with temperature (T) and zircon content ([Z]),
with a fitting coefficient > .9. The particular low stiffness and the mechanical
and thermal behavior of the studied materials suggest that they would be able to
withstand thermal stresses.
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1 INTRODUCTION

Aluminum titanate (AT, Al2TiO5) is a ceramic material
with a high melting point (1860◦C), very low thermal
expansion coefficient and thermal conductivity, and excel-
lent thermal shock resistance. These properties make it

suitable for applications where thermal insulation and
thermal shock resistance are required.1–7 AT crystallizes
in a pseudobrookite-type structure. This type of crystalline
structure is characterized by a high thermal expansion
anisotropy, which generates an important microcracking
when thematerial is cooled from its sintering temperature.
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Microcracking can improve resistance to thermal shock
but lower the mechanical strength of pure AT material,
limiting its technological application. Furthermore, pure
AT tends to decompose into Al2O3 and TiO2 at temper-
atures ranging from 800 to 1300◦C. After decomposition,
the material loses its good properties (the low thermal
expansion coefficient and favorable thermal shock behav-
ior), limiting some applications.6 To avoid these disadvan-
tages, several authors have studied the incorporation of
other phases and additives to AT ceramics. Additives allow
to stabilize the AT phase and/or restrict the catastrophic
microcracking of the pure AT materials during process-
ing and usage, without decreasing the refractoriness. Some
examples of studied additives are: MgO,8 Fe2O3,9 SiO2,10
and ZrO2.11 If the amount of the second phases is high, the
materials can be considered as a composite.12
In a previous paper, AT materials and AT–

mullite–zirconium titanate composite materials were
investigated.13 In that work, the studied materials were
prepared from alumina and titania powders, using zircon
as an additive in the initial formulation, in different
proportions. The reaction-sintering process, developed
crystalline phases, and final microstructures were stud-
ied, in addition to the mechanical behavior at room
temperature (RT). The obtained results suggest that
these materials are potential candidates to be used in
severe thermomechanical conditions. In order to get
more and better evidence for these hot applications, the
study of mechanical behavior at high temperatures is
essential.
Three-point bending tests on AT ceramics sintered with

the presence of the Gairome clay have been carried out
from ambient temperature to 700◦C,5,14 showing a con-
siderable increasing both of fracture strength and frac-
ture toughness with increasing the temperature due to
the blockage and adhesion of the microcracks. The high
temperature performance of AT ceramics with iron oxide,
magnesium oxide, and silica-based glassy phase, between
1000 and 1200◦C by flexural testing, has been also stud-
ied by Liu and Perera.15 A healing effect on the mechan-
ical properties has been reported and thoroughly analyzed
by other authors.7,16 Otherwise, the mechanical properties
of Al2TiO5–mullite composites with iron oxide have been
studied in compression at constant load and constant ini-
tial strain rate in the temperature range 1300–1450◦C.17 A
brittle-ductile transition has been observed under those
testing conditions.
Moreover, recently AT-based materials have been pro-

posed as flexible ceramics due to their distinctive low
stiffness (elastic modulus in bending between 1.32 and
6.81 GPa).18–21 This behavior has been described as a conse-
quence of itsmicrocrackedmicrostructure,whichhas been
compared with that of flexible natural stone itacolumite.

This behavior expands technological applications of these
materials, which are still under study.
The aim of the present work is to understand the high

temperature mechanical response of an AT––mullite––
zirconium titanatematerials family in terms ofmicrostruc-
ture and material properties. This analysis is essential to
establish the range of temperatures for hot applications,
and to define design strategies for high temperature appli-
cations with severe thermomechanical requests, as melted
aluminum metal crucibles, and diverse linings.
In the present work, diametral compression test22,23

was employed for studying the mechanical behavior of
AT materials and AT–mullite–zirconium composite mate-
rials up to 800◦C. This mechanical test has not been
applied to ATmaterials before, but it has been successfully
used for the high temperature evaluation of other type of
ceramics.24–26 The test gives an indirect tensile strength (a
biaxial stress is developed and the fracture stress is asso-
ciated with a transverse compressive stress), but it has
the advantage of simplicity and the lack of edge effects,
being especially useful for comparative studies, such as the
present one.

2 EXPERIMENTAL PROCEDURE

2.1 Starting materials and processing

Commercial powders were used to prepare initial mix-
tures: Al2O3 (α-alumina A-16SG, Alcoa Inc., Pittsburgh,
PA, USA), 95% anatase-5% rutile TiO2 (Titanium (IV)
oxide, Cicarelli), and ZrSiO4 (Zircon KREUTZONIT R©
Super Extra Weiß, Helmut Kreutz Mahlwerke GmbH).
Processing and some technological properties of the start-
ingmaterials were recently reported in thementioned pre-
vious work.13
Three equimolarmixtures of Al2O3 andTiO2 with differ-

ent percentages of ZrSiO4 were studied (the initial content
between parenthesis): ATZ5 (5 wt% ZrSiO4), ATZ15 (15 wt%
ZrSiO4), and ATZ30 (30 wt% ZrSiO4) made in the same
experimental conditions described in the previous work.13
Disks (10 mm in diameter) were shaped by uniaxial press-
ing at 50 MPa and fired in an electric furnace (MHI N17,
USA)with a heating rate of 5◦C/minup to 1500◦C, 2 h soak-
ing and cooling at 10◦C/min down to 300◦C. The diame-
ter (D) of the sintered disks was approximately four times
greater than the thickness (t) to ensure that only a plane
stress state was tested in the analysis (t/D ≤ .25).22 This
assumption is implicit in the theoretical treatment of the
diametral compression loading case (Equation 1).23,27
The main properties of the three materials are summa-

rized in Table 1. Here, Edyn represents the dynamic elas-
ticmodulusmeasured by the impulse excitation technique,
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516 VIOLINI et al.

TABLE 1 Technological properties of the studied materials

ATZ5 ATZ15 ATZ30
Apparent density (g/cm3) 3.23±.02 3.39±.07 3.55±.01
Open porosity (%) 9.4±.5 5.3±.2 3.5±.2
Mean pore diameters (μm) .35 .29 .14
MOR (MPa) 15±2 26±4 49±2
Edin (GPa) 9.8±.7 17±1 36±1
Est (GPa) 1.1±.1 4.0±.6 7.7±.5
αapp (x10–6◦C–1) −1.50 .26 2.53

TABLE 2 Mineralogical composition of the studied materials (Rietveld quantification)

Sample Rwp

Crystalline phases
AT (Al2TiO5) ZT (ZrTiO4) M (3Al2O3.2SiO2) A (Al2O3)
wt% Error wt% Error wt% Error wt% Error

ATZ5 15.4 95.3 .6 3.2 .1 – – 1.5 .3
ATZ15 15.3 81.1 1.1 11.9 .2 6.9 .4 .2 .1
ATZ30 19.5 44.7 .9 28.2 .9 27.2 .7 – –

Est represents the static elastic modulus determined by the
three-point bending test, and MOR represents the flexu-
ral strength measured by three-point bending, all tested
at RT. αapp corresponds to apparent thermal expansion
coefficient measured in the range from 25 to 800◦C. Addi-
tionally, Table 2 reports mineralogical compositions. The
experimental conditions of each test are specified inRef. 13.

2.2 Mechanical testing

Mechanical behavior of sintered bodies was evaluated by
diametral compression test at RT 400 and 800◦C, using
an INSTRONmodel 8501 servohydraulic machine (Instron
Ltd, HighWycombe, Bucks, UK) with high stiffness. In the
test, uniaxial compressive load is applied diametrally on a
disk until failure. The tests at RT were carried out using
steel plates (HRc 65) with a controlled displacement rate
(of the actuator) of .1 mm/min and load cell of 5 kN. Oth-
erwise, the high temperature tests were performed using
alumina rods (60 mm in a diameter) and an electric fur-
nace (heating elements of SiC; Termolab-Fornos Eléctricos
Lda., Águeda, Portugal), using a heating rate of 5◦C/minup
to the test temperature (400 and 800◦C). During heating,
a slight preload was applied to maintain contact between
the specimen and the load-bearing system.
From the experimental load versus displacement curves,

the apparent stress (σ) versus strain (Ɛ) relationship was
obtained by following calculations:

𝜎 =
− (2 × 𝑃)

𝜋 × 𝐷 × 𝑡
, (1)

𝜀 =
𝑑

𝐷
, (2)

where P is the applied load, D and t are the diameter and
the thickness of the disk, respectively, and d is the actua-
tor displacement. Why just an apparent stress–strain rela-
tionship is obtained has been discussed in a previous work
of the authors,28 being the fact that σ and ε correspond to
different spatial directions (orthogonal and parallel to the
compression axis, respectively) one of the reasons. On the
other hand, since a high stiff loading system and testing
machine were used for the testing, the actuator displace-
ment was considered as a good estimation of the sample’s
diameter variation in the compression axis, given support
of using Equation (2) as the disk strain.
From the stress (σ)–strain (Ɛ) curves, the apparent elas-

tic modulus (Eapp) and the mechanical strength (σF) were
determined. The modulus was calculated as the slope of
the linear part of the curves, and the strength was taken
as the maximum stress. Differences between the Young’s
modulus of the material (E) and the apparent elastic mod-
ulus have been already analyzed and reported;28 in fact,
the experimental parameter Eapp includes the product of E
and the Poisson modulus (υ) of the tested material (factors
originated in irreversible deformation processes, such as
microcracking, could also be included). After each diame-
tral compression test, the microstructure of the fracture
surface was analyzed by scanning electron microscopy
(SEM) (JEOL, JCM −6000). For this observation, the frac-
ture surfaces were previously coated with carbon.
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VIOLINI et al. 517

F IGURE 1 Typical stress (σ)–strain (Ɛ) curves at RT 400 and
800◦C for (A) ATZ5, (B) ATZ15, and (C) ATZ30

3 RESULTS AND DISCUSSION

Figure 1 shows the typical stress–strain curves obtained at
RT 400 and 800◦C for the three tested systems. According
to these curves, thematerials exhibit a linear elastic behav-
ior between RT and 800◦C, with brittle rupture. No signifi-
cant glassy phase was observed in thesematerials,13 hence,
the linear behavior is expected and explained in terms

TABLE 3 Eapp and σF values

Material – Temperature Eapp (MPa) σF (MPa)
ATZ5 – RT 470±20 5.7±.1
ATZ5 – 400◦C 990±10 5.9±.2
ATZ5 – 800◦C 1900±200 12±1
ATZ15 – RT 800±100 9.4±.6
ATZ15 – 400◦C 1500±200 13±3
ATZ15 – 800◦C 1900±200 13±2
ATZ30 – RT 1400±20 18.3±.5
ATZ30 – 400◦C 1700±100 13±2
ATZ30 – 800◦C 2000±300 12±1

of microcracks. There is no evidence of deviation from
linear response at high temperatures (up to 800◦C) by
microcracking. Values of σF and Eap, obtained from these
curves, are shown in Table 3 and their variations with tem-
perature and the amount of initial zircon can be observed
in Figure 2.
At RT, themechanical strength increaseswith the zircon

content. The same tendency was reported in the previous
work of the authors13 for the flexural strength measured
by the three-point bending tests. Similarly, this behavior
can be explained by the higher sintering degree and the
lower microcracks development as the initial zircon con-
tent increases.
Furthermore, the mechanical strength measured by

three-point bending (MOR, Table 1) was∼2.6 times the val-
ues determined by diametral compression for each type
of composite (considering mean values), in the range
between 2 and 3 previously reported in the literature.29
This fact and the constancy of the MOR/σF ratio for the
three different materials give support to the present results
to be used as good indicators of the tensile mechanical
resistance of the studied composites. Differences between
the mechanical strength obtained by both of these tests,
three-point bending and diametral compression, have
been previously discussed.30,31 The following factors are
considered as responsible: (1) the effective specimen vol-
ume under loading (smaller in the former), (2) the fracture
condition (the maximum tensile strain criterion is equiv-
alent to the maximum tensile stress criterion in the bend-
ing test because only tension occurs at the point of frac-
ture, conversely to diametral compression test where this
point is subjected to biaxial stresses), (3) the failure fea-
ture (shear stress at the contact region between the disk
and the platens may be involved in the specimen fracture
under diametral compression), and (4) the type of material
(mainly the presence of plasticity). Since the tested ATZ
composites exhibited a linear brittle behavior at RT (and
also at high temperature), it was not expected an effect
of the last factor on the MOR/σF ratio. Conversely, the
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518 VIOLINI et al.

F IGURE 2 Compression resistance (A) and apparent elastic modulus (B), as a function of test temperature and composition

fracture pattern observed when the disks were tested at
RT, which will be discussed later, indicates the presence
of shear stresses involved in the disks failure. In this case,
factor (3) would be one of the responsibles for differences
betweenMOR values and diametral compressionmechan-
ical strengths (together with factors (1) and (2)).
The dependence of the mechanical strength with the

testing temperature increase was different for each type
of material. For ATZ5, the higher the temperature, the
higher the value of σF, whereas AT30 shows the oppo-
site behavior (σF decreases with temperature increasing).
Meanwhile, the strength of ATZ15 was higher when tem-
perature changed from RT to 400◦C, but then remained
practically constant up to 800◦C. The increase of σF with
the testing temperature for ATZ5 can be explained by the
closure of the microcracks due to the expansion of the
Al2TiO5 phase in two of its axes.16 During the heating
stage previous to the mechanical test itself, the material
experiments a thermal expansion that is not completely
free because of the application of the slight compressive
preload to keep the contact of the load system. In this con-
dition, microcracks closure can take place, as was reported
in other ceramics with this type of defects.32 The resulting
material has less or smaller flaws, and a highermechanical
resistance.
On the other hand, due to differences between the inher-

ent thermal behavior of each phase in the composite,
which also depend on the spatial direction (ATanisotropy),
besides the restriction to the free expansion imposed by the
preload, stresses can be developed during heating (previ-
ous to the test itself); this could be a source of new micro-
cracks or help to extent the original ones. Furthermore,
the larger the thermal volumetric changes of the mate-
rial, the higher the developed stresses. As was previously

reported for this family of materials,13 increasing the ini-
tial content of zircon increases the expansion thermal coef-
ficient (αapp, in 25–800◦C range), which leads to higher
volumetric changes during heating up to the test temper-
ature. Thus, more fissures could nucleate at the interfaces
between different phases, increasing the number of defects
and decreasing the mechanical resistance. In the case of
ATZ30, the increase in the amount and/or size of microc-
racks dominates over the closure effect and a decrease of
σF with testing temperature is observed. For ATZ15, with
an intermediate amount of second phases, themicrocracks
closure effect dominates up to 400◦C, but it is counter-
balanced by the nucleation and/or extension of fissures
whenhigher temperatures are reached.At 800◦C, the three
materials have approximately the same σF value.
The values of the Young’s modulus determined in a

dynamic test and by three-point bending at RT (Table 1)
show that although mullite (a stiff phase with a Young’s
modulus around 225 GPa33,34) is present as a second phase,
the composites can still be considered as low stiffness
material. Furthermore, the same tendency observed in
Edyn and Est as the content of ZrSiO4 increases (Table 1)
was observed in the values of apparent elastic modulus
Eapp at RT (Table 3). The ratio between Eapp/Edyn was ∼

.04–.05 for the three different composites (considering
mean values), which also gives support to the apparent
elastic modulus values. The effect of zircon addition is
understand considering that this materials family presents
less development of microcracks, during processing, if
the initial content of the additive increases.13 Meanwhile,
the Eapp/Est ratio reduced as the zircon content increased.
If the material behaves as linear elastic body, this ratio
corresponds to the Poisson modulus, which means that
this elastic parameter is higher as microcracks are more
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VIOLINI et al. 519

F IGURE 3 Three typical obtained fracture patterns. The images correspond to (A) ATZ5 tested at 400◦C; (B) ATZ15 tested at 800◦C; and
(C) ATZ30 tested at 400◦C

developed.35,36 Physically, the microcracks may be con-
sidered as discontinuities, which contribute to reduce
the strain in the direction perpendicular to the stress
axis, increasing υ modulus. However, the contribution of
irreversible deformation processes, such as microcracking
to the values of both elastic moduli Est and Eapp, cannot be
ruled out; this contribution may be even different for each
parameter, and also dependent on the amount and size of
microcracks (i.e., on the additive content). On the other
hand, an increase in Eapp with the testing temperature is
also observed for the three types of materials. Likewise,
this behavior can be associated with the aforementioned
process of microcracks closure that occurs during heating
up to the test temperature. The previous analysis also
explains that the magnitude of the increase in Eapp with
increasing testing temperature is lower with increasing
initial zircon content. Differences between the thermal
dependency of σF and Eapp originate in the effect of the
flaws characteristics: even both properties depend on
the amount and size of microcracks, only the strength is
determined by the probability to find a defect of critical
size and the processes which take place at the crack tip.
The apparent elastic modulus values as a function of ini-

tial zircon content and test temperature were fitted to the
equation of a plane (Equation 3), which allows estimating
values under conditions other than those experimentally
evaluated:

𝐸𝑎𝑝𝑝 = 500 + 1.3 × 𝑇 + 23 × [𝑍] , (3)

where Eapp is apparent elastic modulus in MPa, T is test
temperature in◦C, and [Z] is zircon content of the initial
mixture inwt%. The resulting fitting coefficientwasR2: .91,
showing the goodness of the double linear correlation.
It is important to point out that Equation (3) is just an

empirical relationship between apparent elastic modulus
(not Young’s modulus), temperature, and content of zir-
con. Considering the high regression coefficient, it can
be used as a good predictor of the mechanical parameter

for another temperatures and/or compositions, for similar
material and test characteristics.
The mechanical behavior observed for the tested com-

posites up to 800◦C cannot be explained only as a function
of theoretical (or crystalline scale) mechanical and elas-
tic properties of the present phases, but is related to the
complexity of a larger microstructural hierarchy (involv-
ing effect of grains, cracks, or fissures and degree of sinter-
ing). It is worth to point out that the low stiffness of this
materials family compared with other structural ceramics
(related to themicrocrackedmicrostructure), coupledwith
a brittle behavior, results in a new range of potential tech-
nological applications (such as antivibratory and impact-
resistant systems, or involving severe thermomechanical
solicitations, for instance), which are still under study.18–21
Figure 3 shows examples of typical fracture patterns. As

expected, all tested samples showed a central diametral
fracture parallel to the load application axis. In some cases,
it was accompanied by secondary fragmentation in the
contact zone that did not extend through the entire spec-
imen. In other cases, a load region fracture was observed
in the region of contact between the disk and the platens,
where it was possible to observe a clear defined shear
prism at generator37; sometimes, small debris of material
detached (spalling). In extreme cases, a complete fragment
of the disk separated.
Comparatively, although all the samples fractured dia-

metrically, ATZ15 specimens showed fractureswith greater
deviations from the central axis, whereas the ATZ5 disks
showed the lowest degree of fragmentation. The latter sug-
gests that ATZ5 material stores smaller amount of strain
energy as a consequence of its lower mechanical strength.
Figures 4 and 5 show SEM images of the fracture sur-

faces of the three materials being tested at 400◦C, and of
ATZ30 after being tested at RT 400 and 800◦C, respectively.
The general microstructure features observed for each

material are in agreementwith those previously reported.13
A matrix of microcracks apparently interconnected and
the presence of pores can be seen in every case. At RT,
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520 VIOLINI et al.

F IGURE 4 SEM images of the three samples tested at 400◦C

F IGURE 5 SEMmicrographs of ATZ30 fracture surfaces tested at RT 400 and 800◦C, for two magnifications (x1000 and x2000)

the size of the pores decreases with the initial zircon con-
tent due to the higher sintering degree, and the amount of
cracks also decreases with the zircon content, due to the
smaller amount of AT phase.

No significant changes in fracture surface features were
observed as the testing temperature increases up to 800◦C,
suggesting that the fracture mechanism does not change
in this temperature range, in spite of the microstructural
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VIOLINI et al. 521

alteration related to the amount of secondary phases and
microcracks.
The intergranular fracture mode was the dominant in

all of specimens and testing temperatures, in agreement
with what has been reported previously for AT-based
materials.38

4 CONCLUSIONS

- The mechanical behavior was determined by diametral
compression at RT 400 and 800◦C, for AT materials and
AT–mullite–zirconium titanate composite materials.

- All materials showed a brittle behavior combined low
stiffness (if compared with other structural ceramics),
accompanied by the low (or null) thermal expansion
behavior in the RT-800◦C range.

- Direct proportionality of Eapp with temperature (T) and
zircon content ([Z]) was observed. This behavior was
fitted by a plane function 𝐸𝑎𝑝𝑝 = 𝑎 + 𝑏 × 𝑇 + 𝑐 × [𝑍],
which allows estimating values under conditions other
than those experimentally evaluated.

- Not only the compression resistance (σF) of AT materi-
als and composites was not reduced up to 800◦C but also
this property was even high at high temperature when
5 wt.% of ZrSiO4 was added, which encourages the struc-
tural application of these materials coupled with excel-
lent thermomechanical performance.

- The thermal dependency of the mechanical behavior
was different for the three studied systems, and was
related to the competition of the following effects: the
closure of microcracks with increasing temperature (by
volume expansion) and the stresses generated by differ-
ences between the expansion coefficients of the present
phases during heating.

- No significant changes in fracture patterns and fracture
surfaces were observed among the three materials and
testing conditions; this suggests that the fracture mecha-
nism is not altered by either the composition or the tem-
perature.

- The particular mechanical and thermal properties of
the studied materials suggest that they would be able
to withstand thermal stresses, thus justifying the eval-
uation of their behavior under thermal shock condi-
tions, which will be carried out in a further step of the
study.
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