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Abstract

Aluminum titanate Al,TiO5 materials were successfully processed from different fine commercial powders and characterized.
Particularly, two calcined aluminas were compared through a multitechnique approach including differential thermal analysis
and dilatometry together with structural, microestructural, and mechanical characterization. This allowed the description of all
the thermochemical processes during thermal treatment. Developed phases were established. Relatively dense ceramics were
obtained, and complex microstructures were described with interlocked grains and an interconnected microcrack matrix that
do not jeopardize the material integrity. Multistep sintering and reaction sintering processes were observed in both samples.
The first stage consists of the sintering of the starting powders (alumina and titania). A second sintering stage of the starting
powders was observed for both samples as well. Once advanced, the second one is overlapped with Al,TiO5 formation that
starts at 1380 °C and finishes at 1440 °C. They affect crack development and, in consequence, the thermal behavior. The
lower alumina particle size enhances the sintering and reaction advance processes. In the technological temperature range
(room temperature—1000 °C), low or even negative thermal expansion behaviors were observed in the developed materials.
This, together with the mechanical behavior, encourages structural applications with high thermomechanical solicitations
of Al,TiO5 based materials.
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Introduction have been employed that demonstrated certain efficiency for

stabilizing microstructures [6, 10—15].

Aluminum titanate (Al,TiOs) is a material with high refrac-
toriness and excellent thermal shock resistance. It presents
a high melting point (over 1800 °C) and anisotropic thermal
expansion coefficients [1-5]. Hence, it is suitable for several
applications at elevated temperatures where insulation and
thermal shock resistance are required [6-9], such as com-
ponents of internal combustion engines, exhaust port liners,
metallurgy, and thermal barriers. The thermal instability of
Al,TiOs is one of its disadvantages [6]. Several additives
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The material is isomorphous with pseudobrookite, crys-
tallizing in the orthorhombic space group Cmcm and is
characterized by a pronounced anisotropy in the thermal
expansion coefficient resulting in a distinct hysteresis. This
anisotropy is the reason for the severe microcracking dur-
ing cooling that leads to the poor mechanical properties
of the sintered material. The microcracking phenomenon
is closely related to the material microstructure. Below a
critical grain size, the elastic energy of the system is insuffi-
cient for microcracks formation during cooling, and thus, the
mechanical properties are considerably enhanced. This criti-
cal grain size depends on the thermal history of the sample
and is in the range of 1-2 pm. The density of microcracks
increases drastically with grain size increase once above
the critical size [2, 6, 16]. The microcracking phenomenon
finally determines the thermal expansion behavior of the
material and the thermal diffusivity, the strength and the
elastic modulus.
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The Al,TiO5 formation is an endothermic process that
occurs at 1280 °C [9]. Below this temperature, it is unstable
and dissociates spontaneously. This represents a disadvan-
tage for this material, so grain size and stabilizing phase
incorporation have been the strategies used to overcome this
tendency [6, 11].

Buscagliua et al. [17, 18] described the direct sintering
process up to 1600 °C. They proposed a three-step process:
the initial contraction due to the densification of the starting
oxide mixture, followed by the expansion related to Al,TiO;
formation and a final second contraction due to AL, TiO;
sintering. They found that the formation of pure AL, TiOs
initially occurs by a nucleation and rapid growth process
and, afterward, by the slow conversion of unreacted oxides
controlled by solid-state diffusion.

Different strategies have been proposed and employed
for obtaining Al,TiO5 based materials, including the direct
oxide mixture and firing, several chemical routes based on
sol—gel synthesis and other chemical routes [6, 11, 16], and
even other industrial by-products [19].

Although the alumina—titania system has been studied,
there is still interest in the practical features for designing
this family of materials, especially from commercial indus-
trial grade starting powders, since the processing—property-
behavior relations have not been completely described.

In the present work, we report a full characterization of
two Al,TiO5 materials obtained from simple equimolar alu-
mina—titania mixtures with different alumina particle sizes
(0.5 and~ 2.5 um), focusing on the dynamic thermal
shrinkage behavior. The difference in the starting particle
size results in different thermal behaviors and properties.
This comparison will enlighten the design strategies of this
kind of material.

Experimental

Material processing

Three commercial powders with industrial availability
were studied. Two equimolar mixtures of a-Al,O5 and TiO,

were compared. As mentioned, the alumina powders size
was the principal difference. For the titanium oxide source,

TiO, (titanium (IV) oxide, Cicarelli) with 95% anatase and
5% rutile (Dsy: 2 um) was chosen. Aluminum oxide: A-2G
(ground, G) and A-16SG (super ground, SG) were com-
pared; both powders are from Almatis GmbH, Germany.
Aluminas properties are shown in Table 1. Samples were
labeled based on the alumina employed: G-AT and SG-AT,
respectively.

An initial mixture was carried out in a planetary ball mill
Fritsch Pulverisette 7, with isopropyl alcohol performing 5
cycles of 2 min at 500 rpm, with 1 min of pause between
cycles. The mixed slurry was dried and sieved through a
100-mesh screen. The samples were shaped by uniaxial
pressing at 50 MPa. Thus, 20 3 x 3 mm? prismatic probes
were obtained. These probes were fired in an electric furnace
with a heating rate of 5°C min~! up to 1500 °C with 2 h
soaking and a cooling rate of 10 °C min~' down to 300 °C.
The maximum temperature was chosen after a dilatometric
study and taking into account previous reports [8, 9, 20].

Materials characterizations

Simultaneous thermogravimetric (TG) and differential ther-
mal analysis (DTA) was performed on starting mixtures on
Netzsch STA 409c equipment, at 10 °C min~' heating rate
in air atmosphere up to 1450 °C. To understand the sintering
behavior, thermomechanical analysis on vertical prismatic
sample (20.0x3.5x 3.5 mm?) was also performed, with a
5 °C min~! heating rate in air atmosphere up to 1450 °C
(TMA Rigaku Evo plus II, Japan); this has been recently
carried out for ceramic based composites [21-23].

The crystalline phases of the sintered samples were deter-
mined by X-ray diffraction (XRD) using CuKa radiation
operating at 40 kV and 35 mA. Materials calcined at inter-
mediate temperatures (1150 and 1250 °C) were also studied
in order to confirm the thermal processes observed in TMA.

The apparent density and open porosity of the sintered
samples were evaluated by the Archimedes method in water.
Mercury intrusion tests were performed by using a mercury
porosimeter Thermo Scientific Pascal 440 Series [24]. The
microstructure analysis was done by scanning electron
microscopy (SEM) (JEOL, JCM- 6000); free fracture gold-
coated surfaces were analyzed. Afterward, the dilatometric

Table 1 Mean particle size
and chemical composition of

Commercial Mean particle

Chemical composition/mass%

alumina size Dso/um

alumina powders TiO,

AlL,O;  Fe,0; SiO, Na,0O B,0; MgO  CaO

A-2G

2.92% -
A-165G 0.5 -

99.6 0.02 0.03 0.25 0.01 - -
99.8 0.02 0.03 0.07 <0.005  0.05 0.02

4Queiroga JA, Nunes EHM, Souza DF, Vasconcelos DCL, Ciminelli VST, Vasconcelos WL. Microstruc-
tural investigation and performance evaluation of slip-cast alumina supports. Ceramics International. 2017;
https://doi.org/10.1016/j.ceramint.2016.12.037
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behavior of the completely converted material was estab-
lished (Rigaku Evo II, Japan).

Flexural strength (o;) was measured on the bars with
rectangular Section (3.5 3.5 %20 mm?®) using the 3-point
bending test with 15 mm of span, and a displacement rate
of 0.1 mm min~! was employed (universal testing machine
INSTRON 5985). The dynamic elastic modulus, E, of the
materials was measured by the excitation technique with
a GrindoSonic, MKS5 “Industrial” Model. Eight bars were
evaluated for the mechanical characterizations [25].

Results and discussion

The DTA has previously shown to be adequate for evaluating
Al,TiO5 formation from pure oxides [9]. Figure 1 shows the
DTA curves of the two studied mixtures. The peak shape
is Gaussian in both cases (R*: above 0.9). The onset tem-
peratures of endothermic peaks in both curves are 1380 and
1385 °C, respectively. The local minimum is also differ-
ent: the SG-AT sample peak is centered at 1405 °C, and for
the coarser alumina mixture G-AT, it is centered at a 10 °C
higher temperature. Both samples finish AT formation at
around 1440 °C.

The intensity of the signal is also different. The SG-AT
presents a higher intensity (2.5 times higher). Evidently,
there is a difference on the advance of the reaction for the
different alumina powders, and the DTA test permits to
observe this difference only proportionally. It is worth point-
ing out that for both systems, the reaction is advanced in a
range of 60 °C at 10 °C min~!.

Figure 2 shows the diffraction patterns of the sintered
materials. They confirm Al,TiO5 conversion. It is complete
for the SG-AT material and incomplete for the G-AT one.
In the latter, alumina (Al,O3) and titania (TiO,) diffraction
lines accompany the Al,TiO5 peaks. These could be due
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Fig. 1 DTA curves of the alumina-titania mixtures
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Fig.2 XRD patterns of the sintered alumina—titania mixtures. AT:
AL, TiOs (PDF 00-041-0258), A: Al,O; (PDF 01-083-2080), T(r):
TiO, rutile (PDF 01-078-1509)

to a partial decomposition during cooling or because some
not negligible portion of the reagents can get trapped in the
AT product without a counterpart being available for AT
formation [17].

Dynamic sintering characterization TMA-dTMA

The dynamic reversible sintering curves (TMA) are plot-
ted in Fig. 3. The shrinkage—temperature behavior of the
alumina—titania mixtures is complex [17]. For better visu-
alization and to establish the limit of the thermal processes,
both the AL/L% curve and its derivative curve are shown in
Fig. 4. The shrinkage—temperature behaviors of both sam-
ples present two sigmoidal shrinkages that start at 900 °C
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Fig.3 Reversible sintering curves of the alumina—titania mixtures at
5°C min~'; AL/L, as a function of temperature/°C
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Fig.4 Range of sintering and reaction sintering of the TMA and dTMA curves of the alumina—titania mixtures. a G-AT; b SG-AT

and finish around 1400 °C (1403 and 1390 °C for G-AT
and SG-AT samples, respectively). Afterward, an expan-
sion can be observed up to the maximum tested tempera-
ture (1450 °C). It is important to take into account that the
reaction range is between 1380 and 1440 °C (DTA curve
in Fig. 1), which shows that the mentioned first shrinkages
occur without reaction; only the second process is over-
lapped with Al,TiO5 formation.

Figure 5 shows the XRD patterns of quenched samples
after the first alumina—titania sintering stage; the final tem-
perature was established after TMA tests (SG-AT: 1250 °C,
G-AT: 1150 °C). Above this temperature, the reaction sinter-
ing (RS) processes began. Strictly, it consists of a sintering
process, which could be understood as a second sintering
stage of the starting powders, that starts at 1200 °C for the
G-AT and 1280 °C for the SG-AT and is accompanied by the
reaction above 1380 °C only. Afterward, for both samples,
above 1430 °C the only thermal effect is the thermal expan-
sion up to the final maximum temperature.

The cooling behavior presents a slight shrinkage of the
developed phases. In the SG-AT material, this shrinkage is
followed by a constant size stage from 700 °C to room tem-
perature (RT). This was already observed in several Al,TiOs
studies [11, 12]. During the cooling cycle, the contraction
is possibly accompanied by the development and closure of
the typical microcracks [2, 15-17].

The two-step sintering process of the starting materials is
the main difference observed. This results in a different final
shrinkage, which for SG-AT powder is % 12% and for G-AT
half of that of the former.

In fact, the main difference is observed in the first sigmoi-
dal shrinkage assigned to the alumina sintering (Fig. 4). Evi-
dently, the finest SG-AT starting alumina powder presents a
more important sintering, which is 2% for G-AT and around
9% for SG-AT. This first sintering stage ends at different
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Fig.5 XRD patterns of the alumina-titania mixtures after the first
sintering stage. AT: AL TiOs (PDF 00-041-0258), A: Al,O; (PDF
01-083-2080), T(r): TiO, rutile (PDF 01-078-1509), T(a): TiO,
anatase (PDF 01-078-2486), *: NaAl,,0,; diaoyudaoite (PDF
01-079-2288)

temperatures also: 1150 °C and 1285 °C for the G-AT and
SG-AT respectively. After this multitechnique approach,
the complete thermal cycle was studied in a reversible way.
The whole thermochemical processes are listed in Table 2.
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Table 2 Initial and final temperatures of the thermochemical processes of the alumina—titania mixtures

Stage Processes

Initial Temp./°C Final Temp./°C G-AT

SG-AT

Initial AL/Ly/% Final AL/Ly/% Initial AL/Ly% Final AL/Ly/%

1 Reagent (alumina and titania) RT 900 0 0.5 0 0.5
thermal expansion
2 Starting powders sintering, first 900 1150 (G-AT) 0.5 -15 0.5 -9.5
stage. 1280 (SG-AT)
3 Starting powders sintering, second 1200 (G-AT) 1400 -1.5 -6.5 -9.5 -11.0
stage. 1280 (SG-AT)
4 Al,TiO5 formation (from DTA) 1380 (SG-AT) 1440 Not applicable
1385(G-AT)
5 Al,TiOy thermal expansion up to 1400 1450 -6 -5.0 —-11.5 -10.5
final temperature
Al TiOs shrinkage during cooling 1450 700 -5.0 -55 -10.5 -11.0
Al TiOs final cooling down to 700 RT =55 =55 —11.0 -11.0

room temperature

Table 3 Textural properties of the sintered alumina—titania mixtures

Sample Immersion test Hg Porosimetry

Apparent Open porosity/ % Do/um Dsy/um Dgyy/um
density/
gcm_3

G-AT  256+0.04 27.7x0.1 3.0 2.0 1.2

SG-AT 3.02+0.03 12.5+0.2 2.1 1.0 0.2

This is more detailed if compared with Buscaglia et al. [18]
description. The finer the alumina the faster the sintering of
the starting powders previous to Al,TiO5 formation, with
the expectable corresponding differences in the developed
microstructure.

Textural properties and microstructure

The analysis consisted of the immersion test, the mercury
intrusion test, and microstructural characterization by SEM.
Table 3 lists the immersion test results, showing an impor-
tant difference in the achieved porosities and densities.
While the achieved density of the SG-AT material is higher
than that of G-AT, the resulting porosity of G-AT doubles
that of the SAG-T mixture. In both cases, the achieved den-
sification is low, as was previously observed [11, 12, 18]. A
complete densification would require a different processing
route. Perhaps a first formation step followed by a sinteriza-
tion would be a better route for this purpose [15].
Different pore size distributions were achieved (see
Table 3). Both materials presented fine microstructures with
pores below 4 um. As expected, the D5, values of G-AT dou-
ble the Dy, of the SG-AT material. The SG-AT material pre-
sented an important volume fraction of pores below 0.5 pm.

Figure 6 shows SEM images of the G-AT and the SG-AT
free fractures. The developed microstructures are compara-
ble to the ones described elsewhere [6, 11, 12, 15]. Particu-
larly, in both materials a homogenous grain size distribution
can be observed. Rounded Al,TiOs grains are observed. The
higher sinterization of the SG-AT material is evident. In
the G-AT material, the interstitial porosity is visible (darker
gray). The crack presence is clear in both samples, but the
higher sintering of SG-AT permits a better observation.

The grain size distribution is difficult to evaluate from
the SEM images. Roughly, the grain size of SG-AT mate-
rial is around 1-5 um, although it presents some bigger sin-
tered grains. On the other hand, the grain sizes for G-AT are
noticeably wider; small grains (1-3 um) can be observed
together with other bigger grains up to 5-7 pum. With this
analysis, no further differentiation of the developed micro-
structures can be carried out. However, the difference would
be more evident in the mechanical and thermomechanical
characterization of the samples at a macroscopic level, as is
shown in the following sections.

Mechanical properties and thermal expansion
behavior

It is known that the mechanical behavior of a ceramic mate-
rial is related to its microstructural features. Particularly,
this is affected (lowered) by the presence of pores and or
cracks [2, 16, 26]. The achieved flexural strengths are around
the reported values [11, 17] for undoped Al,TiO5 materi-
als (Table 4). The evaluated relative dispersion is slightly
high, but this fact is expectable for these cracked micro-
structures. The evaluated dynamic stiffness is also low and
remarkably similar; apparently, the combination of both
porosity and crack effects is similar for the two materials.
The observed dispersion in the dynamic stiffness is good and
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Fig.6 SEM images (x1000 and x2000) of the developed Al,TiOj
materials

Table4 Flexural strength (oy), dynamic elastic modulus (E;) and
thermal expansion coefficient (aty5_;0g o) of the sintered materials

Sample o/MPa E4/GPa s 1000 /X 1076 °C1
G-AT 52+12 5.8+0.3 0.014
SG-AT 55+1.8 55+1.1 -0.872

is a consequence of the global behavior characterization of
this method. On the other hand, the 3-point bending test is
strongly affected by the particular presence and distribution
of defects in the center of prismatic samples [27, 28].

As mentioned, the low thermal expansion of the Al,TiOs
based materials is one of their distinctive characteristics
[6-8, 11, 15, 17]. The values of the thermal expansion coeffi-
cients are shown in Table 4 in the technological temperature
range (below 1000 °C). Both materials present remarkably
low thermal expansion coefficients; in fact, the SG-AT mate-
rial presents a negative value in the 0-800 °C range. This
encourages the use of these materials in severe thermome-
chanical applications [6, 7]. However, the titanate chemical
stabilization must be performed if high temperature applica-
tions are intended, due to the thermal instability of Al,TiO;
[6, 11, 15].

The actual expansion behavior would be related, for
example, to the particular anisotropic crystal thermal
expansion, the presence of pores, and developed cracks.
At this point, it is not easy to establish a direct relation
between the described microstructural features and this
difference in the expansion behavior. The higher sinteri-
zation grade of the SG-AT material leads to higher crack
development, which close during subsequent heating of
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Fig.7 Complete reversible dilatometric curve of the sintered Al,TiOs
materials

the materials. This local crack closure results in a macro-
scopic low or even negative thermal expansion coefficient
[2, 16].

The observed hysteresis in the complete dilatometry
(Fig. 7) of the fired samples presents the typical hysteresis
behavior and is a consequence of the anisotropic thermal
expansion of the Al,TiO5 grains, and the crack matrix devel-
oped during the reaction sintering process [7, 16]. This is
also similar to the ones observed in similar materials [2,
4, 6, 7, 16]. However, it could be said that the observed
differences evidence the difference in the crack matrix,
showing the effect of the starting powder on the developed
microstructure.

Conclusions

¢ Aluminum titanate materials were successfully processed
from different fine commercial powders and character-
ized. Particularly, two calcined aluminas were compared
through a multitechnique approach. This allowed the
description of all the thermochemical processes dur-
ing thermal treatment. An incomplete sintering was
observed, which is expectable for this system.

e Developed phases were established; ceramics with
complex microstructures were obtained and described.
They presented interlocked grains and an interconnected
microcrack matrix that do not jeopardize the material
integrity.

e The lower alumina particle size enhances the sintering
and reaction advance processes. The thermal treatment
was optimized. The sintering process of the unreacted
reagents (alumina and titania) was described (between
900 and ~ 1250 °C). This is the main difference observed
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between samples and becomes more important with the
finer alumina.

In both mixtures, a two-step sintering process was
observed. The second process is partially overlapped
with a reaction (Al,TiO5 formation) process. These were
delimited after the performed analysis, demonstrating the
adequacy of the employed thermal techniques.

In the technological range (RT-1000 °C), low or slightly
negative thermal expansion coefficients were observed.
This, together with the mechanical behavior, encourages
structural applications with high thermomechanical
solicitations of Al,TiO5 based materials.
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