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bstract

he crystal structure studies of aluminium titanate (Al2TiO5) in the temperature range of 25–1200 ◦C have been investigated by X-ray and neutron
owder diffraction. The use of simultaneous refinement of the X-ray and neutron data has enhanced the refinement precision of the structure

odel of Al2TiO5 with the concomitant improvement in values such as atomic coordinates, site occupancies and unit-cell parameters. Results from
ietveld refinements showed that the disordering of Ti and Al atoms in the metal 1 and metal 2 sites. High-temperature neutron diffraction studies
f the Al2TiO5 crystal structure revealed an increasing substitution of Al for the Ti atoms in the crystal structure. It is proposed that this increased
ubstitution is responsible for the decomposition of Al2TiO5 that is observed between 900 and 1280 ◦C.
rown Copyright © 2008 Published by Elsevier Ltd. All rights reserved.
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. Introduction

Aluminium titanate (Al2TiO5) is an excellent refractory and
hermal shock resistant material due to its relatively low ther-

al expansion coefficient (∼1 × 10−6 ◦C−1) and high melting
oint (1860 ◦C). It is these properties that make Al2TiO5 suitable
or high-temperature applications where thermal shock resis-
ance and thermal insulation is required, such as components
f internal combustion engines, exhaust port liners, metallurgy,
nd thermal barriers.1–4

Al2TiO5 is one of several materials which is isomorphous
ith the mineral pseudobrookite (Fe2TiO5).5–8 In this struc-

ure, each Al3+ or Ti4+ cation is surrounded by six oxygen
ons forming distorted oxygen octahedra. These AlO6 or TiO6
ctahedra form 〈0 0 1 〉 oriented double chains weakly bonded
y shared edges. This structural feature is responsible for the
trong thermal expansion anisotropy which generates localised
nternal stresses to cause severe microcracking. Although this
icrocracking weakens the material, it imparts a desirable low
hermal expansion coefficient and an excellent thermal shock
esistance. In addition, Al2TiO5 is only thermodynamically

∗ Corresponding author. Tel.: +61 8 9266 7544; fax: +618 9266 2377.
E-mail address: j.low@curtin.edu.au (I.M. Low).
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table above 1280 ◦C and undergoes a eutectoid-like decom-
osition to �-Al2O3 and TiO2 (rutile) within the temperature
ange of 900–1280 ◦C.9–20 The eutectoid decomposition occurs
t 1280 ◦C (equilibrium), but takes place upon undercooling.10

his thermal behaviour of Al2TiO5 is due primarily to the
omplex system of internal stresses and fractures that develop
n the material during cooling from elevated temperatures,
nd thus are the result of the anisotropic structural proper-
ies of individual grains which form the bulk of the ceramic
ody.6,9,10

Early crystal structure studies of Al2TiO5 by Austin and
chwartz5 established that the crystal structure is isomorphous
ith the mineral pseudobrookite (Fe2TiO5) which crystallizes

n the orthorhombic symmetry with space-group Bbmm. Both
tructures are differentiated only by small differences in the
tomic coordinates of the constituent atoms. Al2TiO5 crys-
allises as an orthorhombic unit-cell in the Cmcm (no. 63)
pace-group (using a c-face centred unit-cell) with lattice param-
ters of a = 3.557 Å, b = 9.436 Å, and c = 9.648 Å. The structure
f Al2TiO5 consists of distorted edge-shared oxygen [MeO6]
ctahedra surrounding the metal sites, M1 and M2 which have a
oordination number of 6. The metal atoms exist on fourfold (4c)
ymmetry sites and the oxygen atoms on eightfold (8f) symme-

ry sites.6 The crystal structure of Al2TiO5 is shown in Fig. 1.
he distorted octahedra are clearly seen to be linked by edge
haring in the b and c lattice directions and apex sharing in the
-direction.

All rights reserved.
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Fig. 1. Conventional crystal structure of Al2TiO5 showing both the (a) distorted,
edge-shared oxygen octahedra about each metal site and (b) the oxygen–metal
bonds (green: Al, purple: Ti, red: O). The square structure on each image
is the outline of a single unit-cell. (For interpretation of the references to
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step size (0.02◦) and longer counting time (4 s) to improve the
olour in this figure legend, the reader is referred to the web version of the
rticle.)

Hitherto, the crystal structure of Al2TiO5 has not been well
esearched and the literature models have not fitted the measured
ata very well. Discrepancies in the peak positions and/or peak
ntensities were found to exist between the models available and
he measured data in this work. There is thus a need to improve on
he exiting models for the crystal structure of Al2TiO5 in terms
f atomic coordinates, site occupancies and unit-cell parameters
hich are essential for the accurate determination of quantita-

ive phase abundances from the Rietveld analysis of diffraction
ata in a multi-phase Al2TiO5-based system. In addition, the
elationship between the variations of lattice constants and the
hermal stability of Al2TiO5 at elevated temperatures is not
ully understood. Similarly, the effect of temperature on the

tomic positional coordinates and on the site occupancies of
he metal atoms within the crystal structure remains poorly
nderstood.
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n Ceramic Society 29 (2009) 67–75

. Experimental procedure

.1. Sample preparation

Aluminium titanate was synthesised from �-alumina and
utile. Equimolar mixtures of Al2O3 (A1000SG, ALCOA, USA;
article size: ∼1.0 �m) and TiO2 (SCM Chemicals, Bunbury,
est Aust.; particle size: ∼1.0 �m) were wet-milled together

or 4 h in an attrition mill to obtain an intimate mix and also
o reduce the particle size in order to enhance the rate of the
olid-state reaction. After drying, the mixed powder was placed
n an �-alumina crucible and sintered in air at 1550 ◦C for 4 h.
he resulting powder was then examined using X-ray diffrac-

ion (XRD) to confirm the formation of Al2TiO5. This sintering
tep was repeated a number of times in an attempt to reduce the
mount of residual �-alumina and rutile in the Al2TiO5 powder
ue to an incomplete reaction. After four such sintering runs, the
RD pattern of the powder showed that it was predominately
l2TiO5 with minor phases of �-alumina and rutile according

o the relatively close pattern matches with the ICDD powder
iffraction cards, 41-258, 42-1468 and 21-1276 for Al2TiO5,
-alumina and rutile, respectively.

.2. X-ray diffraction

X-ray diffraction patterns were collected on the samples for
hase identification and analysis. A Siemens D500 diffractome-
er fitted with a Cu tube operating at 40 kV, 30 mA was used. The
iffractometer using Bragg–Brentano geometry was fitted with
NaI scintillation detector and a graphite monochromator. The

amples were mounted in aluminium sample holders and held
n place with an adhesive (Blu-Tack, Bostick, Australia). Scans
ere taken over the 2θ angular range of 10–100◦ with a step size
f 0.04◦ and a counting time of 1.0 s at each step. Quantitative
hase analysis was undertaken using the Rietveld pattern fitting
ethod.

.3. Pattern indexing and unit-cell refinement

The software PCPIRUM21 was used to refine the unit-cell
arameters and review the space-group of the crystal structure.
ndexing of the XRD pattern using PCPIRUM, confirmed that
he space-group of the crystal system is Cmcm (no. 63), with
eflection conditions; h k l: h + k = 2n and h 0 l: h = 2n, l = 2n.
he crystal unit-cell parameters, obtained from the literature,

or Al2TiO5 were used as a starting model for PCPIRUM. The
efined unit-cell parameters were a = 3.593(2) Å, b = 9.433(1) Å
nd c = 9.641(1) Å. The figures of merit22,23 were found to be,

20 = 14 and F20 = 15 (0.027, 49).

.4. Rietveld refinement of X-ray diffraction data

The diffraction patterns were re-collected using a smaller
ounting statistics of the data. The data was analysed using
HPM.24 A pseudo-Voight function was used to model the shape
f the diffraction peaks. All parameters of interest including
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measured pattern and the differences between two profiles are
plotted along the bottom. From the refinement results, the R
parameters were found to suggest a relatively accurate refine-
ment. The GOF is an overall measure of the match between the

Table 1
Refined atomic coordinates for Al2TiO5 from XRD data and Morosin and
Lynch6

Atom This study Morosin & Lyncha

x y z x y z

Ti1 0 0.1883 (8) 0.25 0 0.1854 (1) 0.25
Al1 0 0.1883 (8) 0.25 0 0.1854 (1) 0.25
Ti2 0 0.1373 (7) 0.5645 (8) 0 0.1348 (1) 0.5615 (1)
Al2 0 0.1373 (7) 0.5645 (8) 0 0.1348 (1) 0.5615 (1)
O1 0 0.7618 (9) 0.25 0 0.7577 (3) 0.25
O2 0 0.0359 (8) 0.1063 (7) 0 0.0485 (2) 0.1167 (2)
R.D. Skala et al. / Journal of the Eur

ackground, zero-point, scale factors for all phases, half-width,
symmetry parameters, preferred orientation, unit-cell parame-
ers, atomic positional coordinates, temperature factors and in
he case of neutron data site occupancies of the metal atoms
ere refined step-by-step for avoiding correlations. The start-

ng positional parameters and temperature factors, as reported
y Morosin and Lynch6 for Al2TiO5, were transformed to the
tandard setting, Cmcm (no. 63).25

.5. Neutron diffraction (ND)

Al2TiO5 powder (>98% purity) was also analysed using the
igh-resolution powder diffractometer (HRPD) for complimen-
ary crystal structure information to the XRD study conducted.
hermal neutrons of wavelength λ = 1.493 Å were used with a 2θ

ngular scan range of 5–155◦, at a step size of 0.05◦ and a mon-
tor count of 100,000 (approximately 36 s counting time/step)
ith the powder sample contained in a 16-mm diameter vana-
ium can.

The same Al2TiO5 powder sample was also run on the
edium resolution powder diffractometer (MRPD) for struc-

ure studies at high temperature. The powder was contained in
16-mm stainless steel (type 253MA) can and surrounded by

n alumina tube furnace with MoSi2 heating elements (Ceramic
ngineering). ND patterns for the powder sample were obtained
t 25, 400, 800 and 1200 ◦C. In this phase of study, thermal neu-
rons were used with a wavelength, λ = 1.664 Å. The patterns
ere collected over the angular range of 5–135◦ with a step size
f 0.1◦, and a monitor count of 70,000 (approximately 25 s/step).

.6. Rietveld refinement of neutron diffraction data

The ND data was analysed using the same software packages
s previously used for the X-ray analysis. The use of neutrons
or the analysis of the sample proved to be complimentary to the
-ray source used previously. XRD occurs, primarily, through

he interaction of the incident X-ray beam with the electrons
f the constituent atoms. As such, the scattering factors for the
-ray beam are simply proportional to the atomic number of

he elements within the sample. It is this feature which makes it
ifficult to distinguish the atoms for which the atomic numbers
re relatively close together. The mechanism of neutron scatter-
ng, on the other hand is fundamentally different. The incident
eutrons are scattered by atomic nuclei. The underlying mecha-
ism of scattering by atomic nuclei is a combination of potential
nd resonance scattering which leads to scattering lengths that
ary irregularly across the periodic table. The neutron scattering
engths for Al and Ti are 0.35 and −0.34 × 10−12 cm, respec-
ively. Therefore, these atoms are relatively easy to distinguish
rom one another. As a consequence of this, the refinement of the
ite occupancies of the Al and Ti atoms using ND was expected
o be more reliable than using XRD.

The structure of Al2TiO5, that was previously optimised

sing XRD, was used as a starting model for the refinement
f the ND data. All possible parameters were varied during the
efinement process, including the site occupancies of the metal
toms. The occupancies of the oxygen atoms were not refined

O

R

g
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nd were adjusted to balance the overall charge of the crystal to
aintain neutrality.

. Results

.1. Rietveld refinement of X-ray diffraction data

The XRD pattern of synthesized powder displays a high
oncentration of Al2TiO5. Residual �-alumina and rutile are
lso present in the sample most probably due to spontaneous
ecomposition of Al2TiO5 during furnace cooling to room tem-
erature. Calculation of the phase abundances from the scale
actors obtained from the Rietveld refinement of the diffrac-
ion data confirms that the Al2TiO5 is the major phase, with the

inor phases being �-alumina and rutile. The crystalline phase
oncentrations were normalised to 100% and were determined
o be 94.1 ± 0.8 wt.% Al2TiO5, 5.2 ± 0.1 wt.% �-alumina and
.7 ± 0.1 wt.% rutile.

The results of this work are shown in Table 1. The ini-
ial starting values used, and those of Morosin and Lynch6 are
lso shown. For comparative purposes, the atomic coordinates
eported by Morosin and Lynch has been transformed to Cmcm
etting. The slight discrepancies between the atomic coordinates
eported by Morosin and Lynch and those of this study can be
ainly attributed to the different sample preparation techniques

mployed which also resulted in the differences observed in
he site occupancies of the cation atoms. In addition, a single
rystal of Al2TiO5 was used by Morosin and Lynch, whereas a
ulti-phase powder sample was used in this study. The multi-

hase refinement strategy employed in this study may also have
higher chance of correlation between the parameters varied; to
ias the final positional parameters determined from the Rietveld
efinement. The values obtained for the atomic coordinates in
his study are in relatively good agreement with those of Morosin
nd Lynch.

Fig. 2 shows a typical pattern plot after refinement of all
arameters of interest. The calculated pattern is overlaid on the
3 0 0.3142 (7) 0.0681 (5) 0 0.3125 (2) 0.0721 (2)

p = 13.12, Rwp = 17.97, Rexp = 5.87, GOF = 9.54.
a Atomic coordinates transformed from Bbmm space-group to Cmcm space-
roup used in this study.26
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Fig. 2. XRD profile plot of Al2TiO5 powder after Rietveld refinement. Measured
pattern indicated by crosses, calculated pattern indicated by solid line. Intensity
d
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Fig. 3. Neutron diffraction profile plot of Al2TiO5 powder after Rietveld refine-
ment. Measured pattern indicated by crosses, calculated pattern indicated by
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ifferences between the two patterns are shown along the bottom of the plot.
ertical bars represent the allowable peak positions for each of the phases,
= 1.5406 Å (top: Al2TiO5, middle: Al2O3, lower: TiO2).

easured and calculated patterns. The relatively high value for
he GOF, in this case, could be related to the conditions employed
uring data collection.

.2. Rietveld refinement of neutron diffraction data

Table 2 shows the refined atomic coordinates from the ND
tudy of Al2TiO5. Fig. 3 shows the resulting diffraction pattern
fter the refinement has been completed. The calculated pattern
s overlaid on the measured pattern and a difference plot is gen-
rated. The difference plot can be used as a qualitative measure
f the goodness-of-fit of the calculated pattern, obtained from
he refined crystal structure model, to the measured data.

.3. Simultaneous Rietveld refinement of X-ray and neutron
iffraction data

In order to yield a more precise structure and elucidate the
xtent of cation substitution, a simultaneous Rietveld refinement
f both the XRD and ND data was conducted. The result of this

efinement is a more precise structural determination to date and
rovides a better understanding of disordering for both metal
ites. The complete structure parameter listing for Al2TiO5 from
his simultaneous refinement is given in Table 3.

able 2
efined atomic coordinates for Al2TiO5 from neutron diffraction data

tom x y z

i1 0 0.1897 (6) 0.25
l1 0 0.1897 (6) 0.25
i2 0 0.1427 (5) 0.5585 (6)
l2 0 0.1427 (5) 0.5585 (6)
1 0 0.7568 (3) 0.25
2 0 0.0483 (3) 0.1167 (2)
3 0 0.3122 (3) 0.0725 (2)

p = 5.23, Rwp = 6.52, Rexp = 2.57, GOF = 6.45.

o
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olid line. Intensity differences between the two patterns are shown along the
ottom of the plot. Vertical bars represent the allowable peak positions for each
f the phases, λ = 1.493 Å (top: Al2TiO5, middle: Al2O3, lower: TiO2).

The results from this simultaneous refinement are believed
o represent an accurate structure model for Al2TiO5. The stan-
ard deviations associated with each value are much smaller
han previously which indicates that the refinement precision
f the structure model and values such as atomic coordinates,
ite occupancies and unit-cell parameters have improved. Fig. 4
hows the diffraction patterns after simultaneous refinement of
he X-ray and neutron data.

.4. Interatomic distances and bond angles

The interatomic distances and angles, calculated from the
efined structure parameters,27 are shown in Table 4. The two
etal sites M1 (Ti, Al) and M2 (Ti, Al) have octahedral coor-

ination, with each site surrounded by six oxygen atoms. This
s not clearly indicated by Morosin and Lynch. In considering
he angles between the oxygen atoms on the plane of the metal
tom, the structure can be considered a distorted octahedra. This
s evident for both metal sites and is in agreement with the results

btained by Morosin and Lynch. The angles between the oxygen
toms at the vertices of the octahedra and the metal atom also
how a distortion for both octahedra.

able 3
inal structure parameters for Al2TiO5 from simultaneous refinement of X-ray
nd neutron diffraction data

tom Site x y z B N

i1 4c 0 0.1881 (4) 0.25 1.59 (9) 0.412 (3)
l1 4c 0 0.1881 (4) 0.25 1.59 (9) 0.588 (3)
i2 8f 0 0.1370 (3) 0.5614 (3) 1.17 (4) 0.288 (4)
l2 8f 0 0.1370 (3) 0.5614 (3) 1.17 (4) 0.712 (4)
1 4c 0 0.7572 (2) 0.25 0.48 (4)
2 8f 0 0.0481 (2) 0.1164 (2) 0.66 (2)
3 8f 0 0.3120 (2) 0.0718 (2) 0.58 (2)

p = 9.56, Rwp = 9.79, GOF = 16.40.
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Table 4
Interatomic distances and angles for Al2TiO5

Polyhedra 1 Å Polyhedra 2 Å

M1–O11 1.861 (2) M2–O11 2.015 (3)
M1–O12 1.861 (2) M2–O21 1.869 (3)
M1–O21 1.893 (3) M2–O22 1.943 (3)
M1–O22 1.893 (3) M2–O31 2.081 (3)
M1–O31 2.019 (3) M2–O32 1.833 (7)
M1–O32 2.019 (3) M2–O33 1.833 (7)
O11–O21 2.954 (2) O32–O11 2.531 (2)
O11–O22 2.954 (2) O32–O31 2.552 (2)
O11–O31 2.531 (1) O32–O21 2.893 (2)
O11–O32 2.531 (1) O32–O22 2.854 (2)
O12–O21 2.954 (2) O33–O11 2.531 (2)
O12–O22 2.954 (2) O33–O31 2.552 (2)
O12–O31 2.531 (1) O33–O21 2.893 (2)
O12–O32 2.531 (1) O33–O22 2.854 (2)
O21–O22 2.579 (3) O21–O11 3.031 (2)
O21–O31 2.524 (3) O11–O31 3.161 (2)
O22–O32 2.524 (3) O31–O22 2.524 (3)
O32–O31 3.425 (3) O22–O21 2.411 (3)
O21–M1–O22 86.59 (3)◦ O22–M2–O21 80.78 (3)◦
O22–M1–O32 81.90 (3)◦ O21–M2–O11 97.82 (3)◦
O32–M1–O31 104.51 (3)◦ O11–M2–O31 98.39 (2)◦
O31–M1–O21 82.90 (3)◦ O31–M2–O22 81.35 (2)◦
O11–M1–O12 115.13 (3)◦ O32–M2–O33 117.29 (5)◦

Values in parentheses indicate estimated standard deviations. Space-group
Cmcm.

Fig. 5. Crystal structure of Al2TiO5 showing distorted edge-shared octahedra
ig. 4. Diffraction patterns of Al2TiO5 after simultaneous refinement of X-
ay and neutron data. Upper pattern represents the X-ray dataset and the lower
epresents the neutron dataset. (Top: Al2TiO5, middle: Al2O3, lower: TiO2).

The structure parameters show that both Ti and Al atoms have
disordered distribution on the sites, M1 (4c) and M2 (8f) in

he structure. The site occupancies of Ti and Al are 41.2% and
8.8% on the M1 (4c) and 28.8% and 71.2% on the M2 (8f)
ites, respectively. These values deviate from the values pub-
ished by Morosin and Lynch which are similar for both the M1
nd M2 sites of 33.3% Ti and 66.7% Al. These discrepancies
n the site occupancies for both the Ti and Al atoms between
his study and that of Morosin and Lynch may be attributed
o the sample preparation method and purity of the sample
sed.

Fig. 5 shows the crystal structure of Al2TiO5 determined from
his study. The octahedral with the two edges shared are clearly
isible. The octahedra themselves are distorted, with the oxygen
toms (O11, O12 for M1 and O32, O33 for M2) at the vertices
f each polyhedra shifted slightly from directly above the metal
tom. The four oxygen atoms (O21, O22, O31, O32 and O11,

21, O22, O31 for the M1 and M2 sites, respectively) which

orm the plane around the metal atom are also distorted, as shown
y the figure and the values for the angles between the oxygens
nd the metal atom (Table 4).

about each metal site. Metal 1 octahedra coloured orange, metal 2 octahedra
coloured blue. Oxygen atoms are located on the vertices of each octahedra. Unit-
cell represented by the box on the image. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of the
article.)
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.5. High-temperature neutron diffraction

Rietveld analysis of the high-temperature diffraction was
erformed to observe the effect of temperature on the atomic
ositional coordinates and on the site occupancies of the metal
toms within the structure. The results of these analyses are
hown in Table 5. From the results, it can be seen that for the

1 site, there is a significant decrease in the atomic positional
oordinates as the temperature increases from room temper-
ture to 400 ◦C. However, as the temperature increases from
00 to 1200 ◦C, the positional coordinates remain relatively
onstant. The y positional coordinate of the M2 site remains
onstant over the temperature range studied. However, the z
ositional coordinate is seen to decrease over the same tem-
erature range. The coordinates for the O1, O2 and O3 oxygens
re also found to remain constant within the range of uncer-
ainties associated with the values. It was unexpected that the
tomic positional coordinates of the oxygen atoms were less
nfluenced by temperature than those of the metal sites. A

arginal decrease in the y coordinate of the O1 site was observed
hen the temperature was increased to 800 ◦C, also a slight

ncrease in the y coordinate of the O2 site occurred between

00 and 1200 ◦C. The coordinates of the O3 site were seen
o remain relatively constant over the temperature range stud-
ed. The important point to note about these results, are the
ite occupancies of the cations on the M1 and M2 sites. As

f
f
G
t

able 5
tomic coordinates and occupancy factors for Al2TiO5 at room temperature, 400, 80

tom RTa

x y z N

i1 0 0.1986 (5) 0.25 0.348 (4)
l1 0 0.1986 (5) 0.25 0.652 (4)
i2 0 0.1438 (3) 0.5646 (3) 0.306 (3)
l2 0 0.1438 (3) 0.5646 (3) 0.694 (3)
1 0 0.7568 (1) 0.25
2 0 0.0485 (1) 0.1157 (1)
3 0 0.3129 (1) 0.0719 (1)

3.5823 (4)
9.4062 (4)
9.6134 (4)

tom 800 ◦Cc

x y z N

i1 0 0.1733 (8) 0.25 0.322 (6)
l1 0 0.1733 (8) 0.25 0.678 (6)
i2 0 0.1409 (7) 0.5607 (6) 0.303 (7)
l2 0 0.1409 (7) 0.5607 (6) 0.697 (7)
1 0 0.7527 (2) 0.25
2 0 0.0489 (2) 0.1159 (2)
3 0 0.3118 (2) 0.0713 (3)

3.5744 (5)
9.4872 (6)
9.7621 (6)

a Rp = 3.87, Rwp = 4.43, GOF = 3.16.
b Rp = 4.13, Rwp = 4.84, GOF = 3.84.
c Rp = 3.74, Rwp = 4.38, GOF = 3.17.
d Rp = 4.00, Rwp = 4.83, GOF = 3.97.
n Ceramic Society 29 (2009) 67–75

he temperature increases, it is seen that the site occupancies
f the Al atoms within the M1 and M2 sites increased. The
ite occupancy of Al on the M1 site increases from 65.2%
t room temperature (20 ◦C) to 71.5% at 1200 ◦C. A simi-
ar trend is also seen with the Al atoms in the M2 site, with
n increase from 69.4% at room temperature to 73.3% at
200 ◦C.

The largest increase in site occupancies of Al for both the
1 and M2 sites occurs when the temperature increases from

00 to 1200 ◦C. This temperature range is also the range in
hich Al2TiO5 decomposes into its constituent phases, namely
-alumina and rutile.

During the refinement of the neutron datasets, the unit-cell
arameters were also refined. This allows an assessment of the
ariation of unit-cell parameters as a function of temperature.
he results were plotted and a line of best-fit fitted to each of

he datasets. The gradient of this line of best-fit allows the deter-
ination of the thermal expansion coefficient in each of the

hree crystallographic directions. The results of this are shown
n Fig. 6.

Table 6 shows the results from this work when compared
o those of other researchers. It can be seen that the results

or the thermal expansion coefficients for this work compares
avourably with those of Morosin and Lynch,6 Buessem and
ruver28 Bayer29 and Freudenberg.30 The results show that

he Al2TiO5 crystal contracts during heating in the a lattice

0 and 1200 ◦C

400 ◦Cb

x y z N

0 0.1793 (6) 0.25 0.332 (4)
0 0.1793 (6) 0.25 0.668 (4)
0 0.1446 (4) 0.5621 (3) 0.314 (4)
0 0.1446 (4) 0.5621 (3) 0.686 (4)
0 0.7547 (2) 0.25
0 0.0483 (2) 0.1162 (1)
0 0.3131 (2) 0.0716 (1)

3.5795 (4)
9.4499 (5)
9.6881 (5)

1200 ◦Cd

x y z N

0 0.1711 (9) 0.25 0.285 (7)
0 0.1711 (9) 0.25 0.715 (7)
0 0.1419 (8) 0.5534 (8) 0.267 (6)
0 0.1419 (8) 0.5534 (8) 0.733 (6)
0 0.7519 (4) 0.25
0 0.0509 (3) 0.1152 (3)
0 0.3120 (4) 0.0726 (3)

3.5700 (6)
9.5415 (7)
9.8512 (7)
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Table 7
Interatomic distances and angles for the M1 octahedra of Al2TiO5 at room
temperature, 400, 800 and 1200 ◦C

Room temperature
(Å)

400 ◦C (Å) 800 ◦C (Å) 1200 ◦C Å

M1–O11 1.873 (2) 1.926 (3) 1.939 (3) 1.947 (3)
M1–O12 1.873 (2) 1.926 (3) 1.939 (3) 1.947 (3)
M1–O21 1.913 (2) 1.792 (2) 1.762 (2) 1.755 (2)
M1–O22 1.913 (2) 1.792 (2) 1.762 (2) 1.755 (2)
M1–O31 2.021 (3) 2.142 (4) 2.185 (3) 2.204 (3)
M1–O32 2.021 (3) 2.142 (4) 2.185 (3) 2.204 (3)
O11–O21 2.952 (3) 2.947 (2) 2.939 (3) 2.937 (3)
O11–O22 2.952 (3) 2.947 (2) 2.939 (3) 2.937 (3)
O11–O31 2.533 (3) 2.548 (3) 2.559 (3) 2.562 (2)
O11–O32 2.533 (3) 2.548 (3) 2.559 (3) 2.562 (2)
O12–O21 2.952 (3) 2.947 (2) 2.939 (3) 2.937 (3)
O12–O22 2.952 (3) 2.947 (2) 2.939 (3) 2.937 (3)
O12–O31 2.533 (3) 2.548 (3) 2.559 (3) 2.562 (2)
O12–O32 2.533 (3) 2.548 (3) 2.559 (3) 2.562 (2)
O21–O22 2.581 (2) 2.592 (3) 2.618 (2) 2.655 (2)
O21–O31 2.522 (2) 2.539 (2) 2.532 (2) 2.526 (3)
O22–O32 2.522 (2) 2.539 (2) 2.532 (2) 2.526 (3)
O32–O31 3.422 (4) 3.457 (3) 3.489 (3) 3.494 (4)
O21–M1–O22 86.19 (3)◦ 91.81 (2)◦ 94.02 (3)◦ 95.50 (4)◦
O22–M1–O32 81.77 (4)◦ 81.46 (4)◦ 80.56 (3)◦ 79.90 (4)◦
O32–M1–O31 104.85 (4)◦ 100.82 (4)◦ 99.94 (2)◦ 99.30 (4)◦
O
O

T
Al2TiO5 in the literature necessitated a step-by-step analysis
of each model with respect to the XRD data. From this analysis,
the space-group of Al2TiO5 was accepted as Cmcm. The index-

Table 8
Interatomic distances and angles for the M2 octahedra of Al2TiO5 at room
temperature, 400, 800 and 1200 ◦C

Room temperature
(Å)

400 ◦C (Å) 800 ◦C (Å) 1200 ◦C (Å)

M2–O11 2.013 (2) 2.054 (3) 2.105 (3) 2.186 (3)
M2–O21 1.874 (2) 1.897 (3) 1.881 (2) 1.937 (3)
M2–O22 1.952 (3) 1.952 (2) 1.932 (2) 1.874 (2)
M2–O31 2.062 (2) 2.052 (3) 2.071 (3) 2.044 (4)
M2–O32 1.838 (2) 1.836 (3) 1.845 (3) 1.851 (3)
M2–O33 1.838 (2) 1.836 (3) 1.845 (3) 1.851 (3)
O32–O11 2.532 (3) 2.548 (3) 2.559 (2) 2.563 (3)
ig. 6. Variation of unit-cell parameters of Al2TiO5 as a function of temperature.
ashed lines represent lines of best fit for each dataset. (©) da/a, (�) db/b and
♦) dc/c.

irection, and expands in the other two directions, b and c, at
ifferent rates.

The results of the analysis of the interatomic distances and
ngles for the high-temperature ND data are summarised in
ables 7 and 8. From these results it can be clearly seen that
s the temperature is increased, the distortion of the octahedra,
bout the M1 site becomes more pronounced, whereas the dis-
ortion about the M2 octahedra remains more or less constant.
urthermore, as the temperature is increased, the site occupan-
ies of Al on the M1 and M2 sites increased. This implies that no
ecomposition of Al2TiO5 at high temperature had taken place
ecause the same crystal structure was maintained only substitu-
ional sites have been changed. However, the changes in Al and
i sites indicate that these are pre-eutectoid changes at the atomic
cale that may enhance subsequent eutectoid decomposition.

From the results presented in Tables 7 and 8, the bond lengths
etween the M1 and O sites and the M2 and O sites were also
een to increase with increasing temperature. This is then related
o the increases in the b and c unit-cell parameters, as shown
n Table 5. It can also be inferred that, due to the increases
n the b and c unit-cell parameters, the volume of
he unit-cell must also increase with increasing tempera-
ure.

. Discussion
The crystal structure of Al2TiO5 has been successfully exam-
ned and characterised using the Rietveld refinement method.

able 6
hermal expansion coefficients obtained from neutron diffraction studies of
l2TiO5 powder at elevated temperatures

a(×10−6 K−1) αb(×10−6 K−1) αc(×10−6 K−1) Reference

2.38 ± 0.32 11.97 ± 0.60 20.80 ± 0.57 This study
.8 20.6 −1.4 6

1.8 19.4 −2.6 28

3.0 11.8 21.8 29

3.0 12.0 22.0 30

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

31–M1–O21 82.21 (3)◦ 82.86 (3)◦ 82.37 (3)◦ 81.97 (3)◦
11–M1–O12 115.68 (4)◦ 113.02 (3)◦ 112.26 (4)◦ 111.79 (4)◦

he relatively large number of crystal structure models for
32–O31 2.554 (2) 2.558 (2) 2.550 (3) 2.576 (2)
32–O21 2.880 (2) 2.886 (3) 2.906 (3) 2.925 (2)
32–O22 2.857 (3) 2.868 (3) 2.877 (3) 2.885 (2)
33–O11 2.532 (3) 2.548 (3) 2.559 (2) 2.563 (3)
33–O31 2.554 (2) 2.558 (2) 2.550 (3) 2.576 (2)
33–O21 2.880 (2) 2.886 (3) 2.906 (3) 2.925 (2)
33–O22 2.857 (3) 2.868 (3) 2.877 (3) 2.885 (2)
21–O11 3.031 (2) 3.062 (3) 3.101 (3) 3.146 (3)
11–O31 3.164 (3) 3.181 (2) 3.195 (2) 3.236 (2)
31–O22 2.522 (3) 2.539 (2) 2.531 (2) 2.526 (3)
22–O21 2.405 (3) 2.429 (2) 2.446 (2) 2.468 (3)
22–M2–O21 80.56 (2)◦ 80.86 (2)◦ 82.18 (2)◦ 82.71 (2)◦
21–M2–O11 98.22 (2)◦ 97.71 (2)◦ 98.12 (3)◦ 96.45 (3)◦
11–M2–O31 97.71 (3)◦ 97.40 (3)◦ 96.34 (3)◦ 96.17 (2)◦
31–M2–O22 80.61 (3)◦ 81.31 (3)◦ 81.14 (3)◦ 82.73 (2)◦
32–M2–O33 117.47 (2)◦ 117.50 (3)◦ 116.88 (2)◦ 116.48 (2)◦
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ng of the diffraction lines in the XRD pattern, after least squares
efinement using PCPIRUM, allowed the extraction of refined
nit-cell parameters for the crystal system. The refined unit-cell
arameters, a = 3.593(2) Å, b = 9.433(1) Å and c = 9.641(1) Å,
ompare favourably with those proposed by Morosin and
ynch.6

Rietveld refinement of both the X-ray and neutron data
llowed the optimisation of the structure parameters associated
ith the Al2TiO5 crystal. The use of ND data for the refine-
ent of the crystal structure has allowed the optimisation of the

ite occupancy factors, especially those of the M1(Ti/Al) and
2(Ti/Al) metal sites. The values obtained for the atomic posi-

ional coordinates agree well with those proposed by Morosin
nd Lynch. There is however, a discrepancy between their
eported site occupancy factors and those obtained from this
tudy. Morosin and Lynch reported the M1 and M2 sites as
eing a mixed occupancy of Ti and Al atoms with values of
3% and 67%, respectively. This is in contrast to the values for
he site occupancies obtained in this study, 41.2% and 58.8%
or the Ti and Al atoms in the M1 site, and 28.8% and 71.2%
or Ti and Al, respectively in the M2 site. In their work on
he crystal structure of Al2TiO5, Morosin and Lynch did not
efine the occupancy parameters, instead they set the values to
toichiometric and used a least squares fitting method to deter-
ine the goodness of fit. They continued this process until

he goodness of fit parameter was a minimum. The final step
n the optimisation of the crystal structure model of Al2TiO5
as a simultaneous refinement of both the X-ray and neu-

ron data. The net effect of this simultaneous refinement of
he data on the structure model was a substantial reduction
n the standard deviations associated with each of the param-
ters and a very slight change in the metal site occupancy
actors.

Neutron diffraction data was collected at elevated temper-
tures and refined using the Rietveld method. The interesting
oint in this series of refinements was that as the temperature
as increased from 800 to 1200 ◦C, there is a relatively large

ncrease of Al site occupancies in both the M1 and M2 sites.
he site occupancies of Al increased from 67.8% to 71.5% for

he M1 site and 69.7% to 73.3% for the M2 site. The changes in
l and Ti sites may indicate that these are “pre-transformation”
r pre-eutectoid changes at the atomic scale that may enhance
ubsequent eutectoid decomposition on cooling. It is also inter-
sting to note that this increase in the occupancy of the Al
toms and the temperature range over which it occurs coincides
ith the temperature range over which Al2TiO5 decomposes

o its constituent materials, i.e. �-alumina and rutile. This is
ccompanied by an expansion of the unit-cell of Al2TiO5 as
he temperature is increased. It is proposed that, as the mate-
ial is heated through this temperature range, the crystal system
ontracts, so much so that it effectively ejects the Ti atom
rom the structure leaving the aluminium in place to form �-
lumina.
The effect of temperature on the unit-cell parameters
f Al2TiO5 was also examined and it was found that as
he temperature increases, the a lattice parameter contracts.

hen the incremental change in lattice parameters as a func-

N
W
t

n Ceramic Society 29 (2009) 67–75

ion of temperature is plotted, it is found that the crystal
xhibits three distinct thermal expansion coefficients, which
eads to the high degree of thermal anisotropy that Al2TiO5
xhibits. The values obtained for the three thermal expan-
ion coefficients agree well with those reported by other
esearchers.6,28–30

When looking at the structure of Al2TiO5, it is found that the
rystal is composed of two distorted [MeO6] octahedral units,
ith six oxygen atoms surrounding each metal site. These octa-
edra form continuous chains that are strongly bonded by apex
haring of the oxygen atom along the a lattice direction. These
hains are then relatively weakly bonded together by edge shar-
ng in the bc lattice plane. This is consistent with the observations

ade by Morosin and Lynch, where in their structure model, the
ctahedral units formed infinite chains along the c lattice direc-
ion and weak bonding along the shared edges in the ab lattice
lane.

The relationship was investigated between lattice constants
nd thermal stability of Al2TiO5. Through studying the varia-
ion of lattice constants of Al2TiO5 with temperature, the authors
iscovered an abnormal phenomenon that lattice constant c of
l2TiO5 decreases with the increase of temperature. The authors
roposed that the thermal stability of Al2TiO5 is closely related
o its lattice constant c. The stability of Al2TiO5 can be reflected
y its lattice constant c. The larger lattice constant c, the more sta-
le Al2TiO5. Lattice constant c corresponds to the height of the
istorted [MeO6] octahedra in the crystal structure of Al2TiO5
nd its increase will lead to a reduction of distortion of the octa-
edra, so that the stability of Al2TiO5 is improved. The effect of
ring process on lattice constants and stability of Al2TiO5 was
lso explored. The result shows that with increase of firing tem-
erature and extension of soaking time, Al2TiO5 exhibits larger
attice constant c and its stability increases correspondingly.31

. Conclusions

The use of simultaneous refinement of the X-ray and neu-
ron data has resulted in the improvement of the structure model
or Al2TiO5. In addition, structural values of Al2TiO5 such as
tomic coordinates, site occupancies and unit-cell parameters
ave improved. High-temperature ND studies of the Al2TiO5
rystal structure revealed an increasing substitution of Al for
he Ti atoms in the crystal structure. It follows that the tyranny
f the ubiquitous spontaneous decomposition of Al2TiO5 in
he reported temperature range 900–1280 ◦C may be related to
his increased substitution and the process is accompanied by
n expansion of the unit-cell of Al2TiO5 as the temperature is
ncreased.
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