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bstract
Fine-grained ceramics of the Al2O3–TiO2 system were synthesised by reactive sintering of sol–gel precursors (Al- and Ti-alkoxides). The thermal
ehaviour of the as-prepared xerogels was examined by thermal analysis and X-ray powder diffraction. Preliminary results concerning powder
onsolidation into bulk ceramic parts using spark plasma sintering (SPS) are discussed.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Aluminium titanate (tialite, Al2TiO5) is a refractory ceramic
ell-known for its thermal shock resistance and low thermal

xpansion [1–3]. Further properties like low thermal conductiv-
ty [4], low Young modulus and inertness to molten non-ferrous
lloys [5], recommend Al2TiO5 for high-temperature applica-
ions like thermal shields in combustion engines, furnace linings,
uclear reactor shields or components for high-temperature sen-
ors [6]. Tialite is as well used as additive in ceramic matrix
omposites to improve thermal shock resistance, flaw tolerance
nd toughness [7].

The wider use of Al2TiO5 is limited by two major difficul-
ies, namely the decomposition into Al2O3 and TiO2 between
50 and 1350 ◦C [8], and the loss of mechanical strength due
o microcracking caused by strongly anisotropic thermal expan-
ion [9]. According to the alumina–titania phase diagram, the
nstability of Al2TiO5 occurs below 1200 ◦C [10]. Tialite decom-

osition correlates with the ability of Al atoms to migrate
way from their lattice sites, leading to structural dissolution to
utile and corundum [11]. After decomposition, the low thermal
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xpansion and thermal shock resistance are lost. The intrinsic
hermal expansion anisotropy of tialite [9] causes microcracking
t the grain-boundaries, which translates into poor mechanical
trength.

Several synthesis methods, e.g. sol–gel [12,13], reaction sin-
ering of metal alkoxides [9,16], hydrothermal processing [5],
lasma flame oxidation [17], powder electrofusion [8] or infiltra-
ion [18] were explored to counteract these problems. Chemical
odification routes using oxide additives were used to suppress

ialite decomposition. Pseudobrookite structures isomorphous
ith Al2TiO5, e.g. Fe2TiO5, Ti2MgO5, (Al,Cr)2TiO5, result

rom solid solution with Fe2O3, Cr2O3 or MgO [2,13,14]. Addi-
ives which do not form solid solutions with tialite like SiO2,
rO2 or �-Al2O3 attenuate the decomposition tendency of tialite

13,15]. Microstructure refinement below a critical grain size
f 0.5–1 �m was shown to suppress microcracking [10,19–22]
nd improve densification. A comprehensive review of the latest
chievements related to the development of tialite-derived mate-
ials and their thermomechanical performance can be found in
23].

We report on the synthesis of ultrafine ceramics in the

l2O3–TiO2 system by the reactive sintering of sol–gel pre-

ursors (Al- and Ti-alkoxides). The thermal behaviour of
he as-prepared xerogels was examined by thermal analysis
nd X-ray powder diffraction. Preliminary results on in situ
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Fig. 1. Morphology of the as-prepared xerogels.

Fig. 2. Thermogravimetric analysis of the as-synthesized alumina–titania pow-
ders.
E. Otterstein et al. / Thermo

igh-temperature synchrotron radiation diffraction and on the
reparation of bulk ceramic bodies by spark plasma sintering
SPS) are presented.

. Experimental

Titanium (IV) isopropoxide [Ti(OC3H7)4] and aluminium
ec-butoxide [Al(OC4H9)3] (Fluka) were used as precursors for
l2O3 and TiO2. At first, appropriate amount of aluminium sec-
utoxide was dissolved into ethanol (C2H5OH) under vigorous
tirring for 15–20 min. The titanium isopropoxide was added to
ttain an atomic ratio Al:Ti of 2:1 in the final solution. Distilled
ater was further added dropwise to complete the hydrolysis

eaction in an ultrasonic bath. The mixed solution was homog-
nized for 2 h with a magnetic stirrer and finally aged at room
emperature for 48 h.

Differential scanning calorimetry (NETZSCH Pegasus
04C) and thermogravimetry (SETARAM Labsys) were used to
haracterize the high-temperature evolution of the as-prepared
erogels up to 1400 ◦C. Powder X-ray diffraction analysis
as performed at room temperature using a D8 GADDS
iffractometer (Bruker AXS) using Cu K� radiation. In situ high-
emperature synchrotron radiation diffraction experiments were
erformed in energy dispersive mode at the MAX80 station at
ASYLAB (Hamburg, Germany). Fine-grained bulk ceramics
ere obtained by spark plasma sintering (SPS). We used a Sum-

tomo 2050 SPS machine (Sumitomo Coal Mining Co. Ltd.,
apan). The as-prepared powders were filled into a graphite die
inner diameter 12 mm) and pre-pressed to 100 MPa before heat-
ng. The green body density at this stage was around 50%. The
ressure was maintained throughout the heating and isother-
al dwell (3 min at 1350 ◦C) steps. Microstructure analysis was

erformed by scanning electron microscopy (Zeiss DSM 960A).

. Results

The typical morphology of the as-prepared xerogels is shown
n Fig. 1. The powders form porous agglomerates with sizes
anging between 3 and 20 �m. Conventional X-ray diffraction
nalysis (not shown) shows that the as-prepared powders are
morphous.

The drying, crystallization and phase transformation
ehaviour of the alumina–titania powders upon continuous heat-
ng was investigated using differential scanning calorimetry
DSC) and thermogravimetric analysis (TGA). The results of
he TGA experiments are shown in Fig. 2. Upon continuous
eating at 20 ◦C/min, the as-prepared powders complete dry-
ng at temperatures between 450 and 600 ◦C, with a significant
eight loss of 43% at 600 ◦C. At temperatures above 600 ◦C,

he weight loss is less than 1%. Upon cooling from 1200 ◦C,
o further weight losses occur (Fig. 2). A typical DSC trace
btained during continuous heating at 20 ◦C/min up to 1420 ◦C
s shown in Fig. 3. The broad endothermal peak at lower tem-

eratures (50–450 ◦C), corresponds to water removal (∼150 ◦C)
nd to the evaporation of residual EtOH solvent molecules. The
rying process appears to be completed at about 500 ◦C, in full
greement with the TGA results (Fig. 2). The crystallization

Fig. 3. Differential scanning calorimetry trace showing the drying and crystal-
lization behaviour of the alumina–titania xerogels.
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BN diffraction lines.

The formation of tialite presumably starts during the anatase-
to-rutile transition (Fig. 7). Tialite Al2TiO5 and rutile TiO2
ig. 4. X-ray powder diffraction pattern after isothermal annealing for 30 min
t 880 ◦C.

vent given by the exothermal peak at 782 ◦C (onset 736.5 ◦C,
nd 815.6 ◦C) is followed by a second phase transformation evi-
enced by the exothermal peak at 989 ◦C (onset 960 ◦C, end
013 ◦C). Another phase transition is observed at higher tem-
eratures, described by the endothermal event at 1380 ◦C (onset
emperature 1350 ◦C).

In order to identify the nature of the crystallization prod-
cts following the first exothermal event (Fig. 3), an isothermal
nnealing DSC experiment was performed for 30 min at 880 ◦C.
he thermal treated specimens were investigated by powder
iffraction using Cu K� radiation (Fig. 4).

The powder specimens annealed for 30 min at 880 ◦C con-
ain a mixture of tetragonal rutile TiO2 (S.G. 136, P42/mnm,
= 4.589 Å, c = 2.954 Å, PDF 01-073-1765) and of rhom-
ohedral Al2O3 (corundum, S.G. 167, R-3c, a = 4.7587 Å,
= 12.9929 Å, PDF 46-1212). The X-ray diffraction pattern after
eating in the DSC and cooling down from 1420 ◦C is shown
n Fig. 5. The ceramic aluminium titanium oxide samples con-
ist mainly of orthorhombic Al2TiO5 (tialite, S.G. 63, Cmcm,

= 3.557 Å, b = 9.436 Å, c = 9.648 Å, PDF 01-074-1759), yet
oexisting with unreacted rutile TiO2 and (traces of) Al2O3
hases.

ig. 5. X-ray powder diffraction pattern after non-isothermal heating up to
420 ◦C.
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d
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The X-ray diffraction results thus indicate that the exother-
al event at 782 ◦C (Fig. 3) corresponds to the nucleation of

utile TiO2 which further triggers the crystallization of Al2O3
described by the exothermal transition at 989 ◦C). These results
re in good agreement with previous observations [5]. The
ormation of tialite Al2TiO5 via the reaction sintering of the
utile and alumina constituents seems to occur at temperatures
ell above 1100 ◦C (endothermal reaction at 1350 ◦C, Fig. 3),
owever X-ray diffraction reveals that nuclei of the Al2TiO5
rthorhombic phase exist already at temperatures as low as
00 ◦C (see for example, the unidentified diffraction line at 48◦
θ in Fig. 4; this diffraction peak corresponds to tialite, as clearly
een in Fig. 5).

The evolution of as-prepared powder specimens under con-
inuous heating was investigated in situ, using time-resolved
ynchrotron radiation diffraction. The in situ experiments were
erformed in energy dispersive mode at the MAX80 beamline
n DESY/HASYLAB. The powder diffraction patterns (Fig. 6)
ere collected during heating at 10 ◦C/min up to 1150 ◦C. A

ew selected diffraction patterns are shown in Fig. 7 to illus-
rate in more detail the structural changes of the powders during
on-isothermal heating.

The as-prepared powders are amorphous up to 200 ◦C, only
N (boron nitride sample container) diffraction lines being
bserved in the low temperature range. The nucleation of
natase TiO2 (PDF 00-021-1272; diffraction lines at ∼27, 39
nd 49 keV) is observed immediately above 200 ◦C (Fig. 6).
natase growth can further be followed up to 800 ◦C (Fig. 7).
bove 800 ◦C the gradual transition of anatase-to-rutile TiO2

s observed. This phase transition is completed at 820 ◦C, in
greement with our DSC results (Fig. 3). The crystallization of
lumina is difficult to quantify due to strong overlap with the
ig. 6. Overview of structural changes during continuous heating (in situ powder
iffraction using synchrotron radiation).
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Fig. 8. Typical morphology of the outer surface of the spark plasma sintered
ceramic pellets, showing almost full densification and fine grain sizes in the
submicron range.
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ig. 7. Selected powder diffraction patterns of Al–Ti–O specimens collected
uring continuous heating.

re the main phase constituents above 900 ◦C. Above 1000 ◦C,
iffraction lines (e.g. close to ∼26 and 42 keV) corresponding
o (Al,Ti)2O3 (PDF 01-071-1284) were as well observed. The
utile–tialite mixture is retained upon cooling to room tempera-
ure [24].

Preliminary attempts to reaction sinter tialite-containing
eramics from co-gelified precursors using spark plasma sin-
ering (SPS) were performed at a dwell temperature equal to
350 ◦C [25]. The morphology of the outer surface of the SPS-
intered pellets is shown in Figs. 8 and 9.

We first notice the fine grain size of the SPS-sintered ceramic
ellets. The particle sizes range between 0.2 and 1 �m (Fig. 8).
ery fine isolated pores (submicron range) yet exist in those
reas where the densification is nearly completed (Fig. 8). Sig-
ificantly larger pores (up to 2 �m) and extended microcracks
xist in surface areas which apparently consist of a mixture of
hases (Fig. 9). Local composition analysis by SEM/EDX has

ndeed confirmed that the darker regions in Fig. 9 are enriched
n titanium. We also clearly observe that the formation of micro-
racks exclusively occurs within the Ti-rich regions, which
urround most of the entrapped pores [25].

T
s
n
a

ig. 9. Outer surface area of bulk ceramic pellets obtained by SPS sintering,
howing larger pores and microcrack formation mediated by the (darker) Al-
epleted regions.

. Discussion and conclusions

Amorphous alumina–titania xerogels were prepared by co-
elification of Ti-isopropoxide and Al-sec-butoxide precursors.

he crystallization behaviour of the as-prepared xerogels was
tudied by thermogravimetric analysis and by differential scan-
ing calorimetry. Upon heating, the xerogels complete drying
t temperatures between 450 and 600 ◦C. The rutile TiO2 phase
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rystallizes at 782 ◦C. The TiO2 nuclei seem to serve as het-
rogeneous nucleation centers for the crystallization of Al2O3
t 989 ◦C. The �-Al2TiO5 (tialite) phase forms endothermally
y reaction sintering of alumina and titania above 1350 ◦C,
lthough nanosize tialite nuclei already exist above 800 ◦C. After
ooling from 1420 ◦C, the powder specimens consist mainly of
ialite and rutile phases.

Fine-grained bulk alumina–titania ceramics (tialite content
etween 20 and 30%) with average grain sizes below 1 �m were
btained by spark plasma sintering (SPS) for 3 min at 1350 ◦C.
he microstructure analysis of the outer surface areas of the
PS-sintered pellets by SEM indicates that in most cases the
onsolidation to near full density is completed, only few iso-
ated submicron-sized pores being observed. However, surface
egions yet exist in which the distribution of Al and Ti species is
ot even. Within these regions, Al-rich phases coexist with Ti-
ich ones. The pore density is higher, while larger pores and
xtended microcracks seem to be exclusively surrounded by
i-rich regions.

The presence of fine microcracks is not detrimental to the
echanical performance of the ceramic parts. Under thermome-

hanical load, a network of fine microcracks may also act like
built-in buffer against mechanical stresses caused by thermal

xpansion. Microcracks were here frequently observed within
uter surface regions with composition gradients (mixed-phase
egions). Their formation seems to be particularly related to the
resence of Ti-rich phases. Such mixed-phase regions may form
ither because the reaction sintering process was not completed
uring the heating and dwell stages or following tialite decom-
osition during cooling. Further optimization of bulk ceramics
ynthesis by SPS to allow tailoring of the tialite content and/or
f the thermomechanical behaviour of the ultrafine ceramic
omposites thus requires further in situ high-temperature X-ray
iffraction studies of the reaction sintering process during both
eating and cooling stages.
cknowledgements
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