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Abstract

CaAl,,0,, which can incorporate Ti as both Ti** and Ti** (charge coupled substitution with Mg?*), is one of the first miner-
als to condense from a gas of solar composition and is used as a ceramic. It is variously known as hibonite, calcium hexalu-
minate (Ca0.6Al,05), and CAg. The lattice parameters and unit cell volumes of Ti-substituted hibonite (P6s/mmc) with the
formulae CaAl,, gTi**,0,o and CaAly ¢Ti*" s,Mg, ¢;Ti*" 530, Were determined as a function of temperature from ~ 10
to 275 K by neutron powder diffraction. The thermal expansion is highly anisotropic with the expansion in ¢ a factor of ~5
greater than that in a. The change in a is approximately equal for the two compounds whereas the change in ¢ is almost 50%
larger for CaAl,, ¢ Ti**,,0,o. CaAl,, ¢Ti**,0,, also exhibits negative thermal expansion between 10 and 70 K. The change
in unit cell volume with temperature of both compositions is well described by a two term Einstein expression. The large
change in c is consistent with substitution of Ti onto the M2 and M4 sites of the R-block structural unit.
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Introduction

CaAl,;,0,4 is known as hibonite when naturally occurring
and as calcium hexaluminate (CaO.6Al,05 or CAy) in the
ceramics industry, where it is used in composite materi-
als (e.g. Salomao et al. 2016). Hibonite can contain Ti
as both Ti’*, which substitutes for AI**, and Ti**, which
undergoes a charge coupled substitution with Mg>* (Ti** +
Mg = 2A1’*). A general formula for Ti-bearing hibonite
is CaAl12_2X_yMgXTi4+XTi3+yOl9. Hibonite is thought to have
been the second mineral to condense from the Solar nebula
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and the ratio of Ti** to Ti**, expressed as Ti>* / >Ti where
XTi = Ti** + Ti**, may record the oxygen fugacity of the
nebular gas (Thinger and Stolper 1986; Beckett et al. 1988;
Doyle et al. 2016; Berry et al. 2017; Zanetta et al. 2023).

Hibonite is hexagonal (P6s/mmc, Z=2) and has the mag-
netoplumbite structure (Utsunomiya et al. 1988; Hofmeister
et al. 2004). There are five Al sites (M1-MS5) and their coor-
dination numbers and multiplicity are given by ['2/Cal®'M 1
IM24M3,[%1M4,[]M 5,0,y (Where coordination numbers are
superscripted in square brackets and the multiplicity of the
site is subscripted). The structure is shown in Fig. 1 and can
be described in terms of polyhedral layers, called the R- and
S-blocks, perpendicular to c¢. The R-block contains the Ca,
M2 and M4 sites, while the S-block contains the M1, M3
and MS sites. The unit cell is formed by stacking the R- and
S-blocks along ¢ in the order RSR'S', where R' and S' are
rotated 180° about ¢ relative to R and S (Bermanec et al.
1996). Ti** occupies adjacent face-sharing octahedral M4
sites, Ti** occupies both the trigonal bipyramidal M2 and
M4 sites, and Mg occupies the tetrahedral M3 site (Doyle
et al. 2014; Giannini et al. 2014). Ti occupancy of neigh-
bouring M4 sites is stabilised by Ti—Ti interactions (Doyle
et al. 2014).

How a material responds structurally to changes in tem-
perature affects its bulk properties and hence use in appli-
cations. Most structures expand when heated (positive
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Fig.1 The crystal structure of CaAl;,0,, hibonite, with the c-axis
vertical, shown as a composite ball-and-stick and polyhedral rep-
resentation. The structural units called the R- and S-blocks are indi-
cated. The R-block comprises the Ca site, trigonal bypyramidal M2
site and the octahedra face-sharing M4 site. The S-block comprises
layers of M5 octahedra either side of a layer containing M3 tetrahedra
and M1 octahedra. M1 polyhedra purple, M2 polyhedra orange, M3
atoms pink, M4 polyhedra and atoms green, M5 polyhedra and atoms
grey; Ca atoms white; Ol light blue, O2 mid blue, O3, O4 and OS5
dark blue

thermal expansion), but some may contract (negative ther-
mal expansion), and others may show little or no change.
Materials with small coefficients of thermal expansion are
better able to withstand thermal shock and have potential
uses in ceramics. A compound with negative thermal expan-
sion can be used as a component in a composite material
to give a net thermal expansion of zero, or one that can be
tuned to a desired value (e.g. Evans 1998a). Thermal expan-
sion as an intrinsic property depends on how the unit cell
parameters and hence volume changes with temperature.
Unit cell parameters can be determined by the refinement
of diffraction data but as only peak positions rather than
intensities are required the data do not need to be as good
as those needed for a full structural refinement. As a result
suitable patterns can be recorded quickly, enabling data
to be acquired at multiple temperatures. As an example,
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ZrW,0, (and HfW,0,) is a cubic material that exhibits
isotropic negative thermal expansion from below 2 K to
1050 K (where it decomposes) (Mary et al. 1996). More usu-
ally, negative expansion may occur in one crystallographic
direction and positive expansion in another, which together
may result in a negative or positive change in volume with
temperature. Compounds where this behaviour is observed
over their entire stability range include Sc,(WO,); (Evans
et al. 1998b), Zn;(PO,),-4D,0 (Schofield et al. 2007),
Ag;[Co(CN)4] (Goodwin et al. 2008), and MgSO,.4DH,0
(Meusburger et al. 2021). Other compounds exhibit both
negative and positive thermal expansion over different
ranges (e.g. LiAlS1,0,,, Knight 2014; $-SiO,, Welche et al.
1998; CaSO,.2D,0, Schofield et al. 1996). The relative rate
at which a material expands with increasing temperature is
given by a, which is typically between 0 and 20x 107° K~!,
although values > 100 are known (termed "colossal"; Good-
win et al. 2008).

The thermal expansion of a natural hibonite with the
simplified composition CaAl,;Mg, sTi*", 50, has been
determined between 100 and 923 K by single crystal
X-ray diffraction (Nagashima et al. 2010) but there are no
data for hibonite containing Ti** or at low temperatures.
The heat capacity of CaAl;,0,4 has been predicted by
Hofmeister (2004). Here we investigate the thermal expan-
sion of Ti**-substituted hibonites with the stoichiometry
CaAly; gTi**,04 and CaAl g Ti**) 5,Mg 3 Ti* 53015, for
which the structure and site occupancies have been deter-
mined previously by neutron powder diffraction (Doyle et al.
2014).

Methods

Samples were prepared with the simplified stoichi-
ometry CaAl;; ¢Ti3*;,0 o(Ti**/ZTi = 1.0) and
CaAlygTi’*) Mg 53 Ti**( 43010 (Ti** /ZTi = 0.4) by heat-
ing mixtures of CaCO;, Al,O5, TiO,, and MgO as pellets
in a graphite crucible and atmosphere of CO at 1400 °C.
Full experimental details are given in Doyle et al. (2014),
where the samples are described by the nomenclature
(Ti pfu, Ti3+/ETi), corresponding to (0.20, 1) and (1.37,
0.39) for the samples discussed here.

Neutron time-of-flight (TOF) powder diffraction data
were recorded for each sample using the high-resolution
powder diffractometer HRPD (Ibberson et al. 1992; Ibber-
son 2009) at the ISIS neutron spallation source, Ruther-
ford Appleton Laboratory, UK. Samples were packed into
the Al sample block of a continuous cycle cryostat and
cooled to~ 10 K. Neutron diffraction data were collected
from~ 10 to 275 K in 5 K steps (with an equilibration time
at each temperature of 5 min) for a total beam exposure of 9
pAhours over a TOF range of 32—-126 ms (corresponding to
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d-spacings of 0.663-2.610 A) using a backscatter detector
bank at 168°. Data were binned for At/t=0.0003 ms, back-
ground subtracted, normalised and corrected for absorption.

Lattice parameters were determined from whole pat-
tern profile fitting of the diffraction data within the General
Structure Analysis System (GSAS) code of Larson and Von
Dreele (2004) interfaced with EXPGUI (Toby 2001). The
unit cell, background (five term shifted Chebyschev func-
tion) and peak shape were refined using the model dependent
Le Bail method with the initial model for each sample based
on the structures reported in Doyle et al. (2014). The results
for a given temperature were used as the starting parameters
for the refinement of the data at the next temperature.

Results

A typical diffraction dataset and refinement are shown in
Fig. 2 for CaAl,, ¢Ti**,0,, at 8 K. The data are sufficient for
accurately determining lattice parameters but not for detailed
structural refinement. This is due to the short acquisition time
that allowed multiple temperature steps. Data obtained with
a longer acquisition time, at a single temperature, were used
for structural refinement and are reported in Doyle et al. 2014.
Changes in the unit cell of the samples with temperature are
evident from shifts in the diffraction peaks, as shown in Fig. 3.
The unit-cell parameters and hence volumes determined from

lattice parameters and volumes as a function of temperature
are shown in Fig. 4.

The unit cell parameters of both CaAl;, 3Ti;,0,9 and
CaAlg ¢ Ti**, ,Mg, 3 Ti** 430, generally increase with
increasing temperature, with the change in ¢ being signifi-
cantly larger than that of a (0.022 A compared to 0.003 A for
CaAl,, gTi,,0,4 between ~10 and 275 K; Fig. 4a, b). While
the change in a for the two compounds is similar the change
in ¢ for CaAl, 4Ti(,0,4 is almost 50% larger.

The thermal expansion of ¢ in CaAl;; ¢Ti;,0, is nega-
tive up to~70 K. The change is small (~0.001 10%) but clearly
defined (Figs. 3, 4a). A decrease in the volume of the unit cell
is not seen over this range (Fig. 4c) since the decrease in c is
countered by an increase in a, resulting in an almost constant
volume. Negative thermal expansion was not observed for
CaAlgsTi™ Mgy s3Ti*,53015.

Discussion

The thermal expansion of materials can be described empiri-
cally (e.g. Hazen and Prewitt 1977) or by a theoretical model
(e.g. Knight 1996; Knight et al. 1999; Knight and Price 2008).
The latter approach is based on the assumption that the specific
heat capacity can be described by an Einstein model such that
the variation of the unit cell as a function of temperature can
be modelled by the expression (Knight 1996; Schofield et al.
1996):

the refinements, and the goodness of fit parameters, at each XT)=X,+ _K ¢h)
. . . eve/T — 1
temperature are given in Tables S1 and S2. The changes in
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Fig.2 Model dependent Le Bail fit (red) to the neutron powder diffraction pattern (black symbols) between 0.7 and 2.5 A of CaAl;, gTiy,0,9 at
8 K (difference in grey). The blue box corresponds to the region shown in Fig. 3
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Fig.3 Diffraction patterns between 2.183 and 2.217 A as a func-
tion of temperature from 8 to 27§ K (8 K at the bottom) for
CaAl,; §Tiy,0;o. The peak at~2.19 A corresponds to 0010 and that

where X is the unit cell parameter, T the temperature in K,
X, the unit cell parameter at 0 K, K the Einstein constant,
and v, the effective Einstein temperature. To precisely fit the
data in Tables S1 and S2, particularly at low temperatures,
a two-term Einstein expression (Knight 2014) of the from:

K, K
e /T -1

X(T) =X, + 2)

en/T —
was required, whereby K; <0 and K, >0 can model a change
from negative to positive thermal expansion. The fits to the
data are shown in Fig. 4 and the resulting parameters are
given in Table 1.

The isobaric thermal expansion coefficient of the unit

cell parameter, a(X), is given by:
Kv v, /T K,v Vi, /T
a(X)=L>< LB = =% €
Xo T? (e/T - 1)2 T (e - 1)2
3)

The thermal expansion coefficients a(a), a(c) and (V) at
275 K were calculated to be 4.2(2) x 1075, 7.9(2)x 107°,
and 16.7(4) x 107, respectively, for CaAl,, §Ti*",,0,,
and 5.1(9)x 107, 5.9(7)x 107, and 16.1(7) x 107, respec-
tively, for CaAly ¢Ti**, s, Mg ¢3Ti*"( §30;0. The temperature
dependence of these coefficients is shown in Fig. 5.

Alternatively, assuming that e=/T &~ (1 4+v,/T) at high
temperatures (Schofield et al. 1996), Eq. (3) can be sim-
plified to:

@ Springer

at~2.205 to 204. The shift in the 0010 peak as a function of tempera-
ture shows the negative thermal expansion along the c-axis between
8 and~70 K and positive thermal expansion between~ 70 and 275 K

Kl VE K2 VE
1+ — |+ 1+ =
XoVE, < T > XoVE, < T > @

and thus the high temperature limits of a(a)=6.6(2) x 107°,
a(c) =10.0(1) x 10° and o(V)=25.0(4)x 107°
for CaAl,, 4Ti’*;,0,9, and a(a)=8.9(4)x 107,
a(c) =10.2(6) x 107® and a(V)=27.3(5)%x107° for
CaAly g Ti** 5, Mg g3 Ti* ) 53010.

The thermal expansion of the ¢ lattice parameter
is significantly larger than that of a. Further, while the
change in a is similar for both compounds the change in ¢
is larger for CaAl,, 4Ti**,,0,, than for the mixed valent
sample (Fig. 4a, b). To understand these differences it
is useful to consider the R- and S-block description of
the structure (Fig. 1). The R-block includes the M2 and
M4 sites onto which Ti substitutes. The thickness of the
R-block corresponds to the distance between the apical
oxygens (O1) of the trigonal bipyramidal M2 site, where
01-M2-01 is parallel to ¢, while the vector between the
face-sharing pairs of octahedral M4 sites is also parallel
to c. Differences in the Ti occupancy of the M2 and M4
sites between the two samples will therefore produce dif-
ferences in c¢. The mean expansion coefficient determined
for a Ti**-substituted M4 site is larger than that predicted
for Al occupancy (Nagashima et al. 2010). Ca, which also
resides in the R-block, is under-bonded and "rattles" in its
site, as a result of which the Ca-O bond expansion is only
about half of that predicted (Nagashima et al. 2010).

aX) =
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Fig.4 Change in the a (squares) and c (circles) lattice parameters
of a CaAl;; 4Ti*"(,0,9, and b CaAlyTi*" s, Mgy ¢3Ti*"( 43019, and
change in the unit cell volume (circles) of ¢ CaAl,; ¢Ti;,0,9, and d
CaAlg g Ti**; Mg, 43Ti*" 530,09, as a function of temperature. The
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fits to the data using Eq. (2) are shown in red. A reduced temperature
range is shown to highlight the agreement between the data and fit for
negative expansion. Errors are smaller than the size of the symbols

Table 1 The unit cell parameter

(a, ¢) or volume (V) at 0 K CaAly, gTip,049 CaAl9.sTi3+o,s4Mgo.x3Ti4+o.s3019
(Xy), the Einstein constant a c \'% a c \
(K), and the effective Einstein
temperature (v) obtained by Xy 5.56305(6)  21.89661 (2) 586.8544 (8)  5.624430(5)  22.10064 (3)  605.469 (1)
fitting the data in Tables S1 and K, 0.00087 (4)  —1.190 (9)x 107 1.54 (2) 0.0039 (1) 0.0075 (4) 0.93 (2)
S210 ke @) ve, 1306 10620 308 2) 291 (5) 207 (8) 255 (4)

K, 0.0223 (8) 0.103 (1) 7.4 (2) 0.032 (2) 0.15 (1) 10.6 (4)

v,  744(8) 4503) 765 (6) 875 (19) 806 (18) 824 (10)

In the S-block, only the M3-O2 bond of the tetrahedral M3
site is parallel to c. Incorporation of Mg on this site causes
the M3-0O2 bond to lengthen (Doyle et al. 2014) resulting in
an increase in the thickness of the S-block. The presence of
Mg on M3 is thus likely to affect the thermal expansion of the
S-block, although the expansion coefficient of Mg-substituted
M3 is smaller than that of Ti**-substituted M4 (Nagashima
et al. 2010), and hence changes in the R-block will dominate
the expansion along c. We note that Ti substituted Ba hexafer-
rite, which also has the magnetoplumbite structural type, shows
larger expansion along ¢ than a (Hernandez-Gomez et al. 2000),
consistent with that found here.

The thermal expansion of the CaAl,, ¢Ti**,0,, lattice
parameters is controlled by the CaAl;,0,, "base" structure
and by the presence of Ti** on the M4 site. For the mixed-
valent sample the presence of Ti** on both the M2 and M4
sites, and Mg on M3, must also be considered. The presence
of 0.2 Ti** per formula unit (pfu) causes a greater expan-
sion in ¢ than the addition of 0.54 Ti** pfu plus 0.83 Ti**
pfu and 0.83 Mg pfu. The fact that the mixed valent sam-
ple contains more Ti** than CaAl}, ¢Ti,,0,¢ and yet has
a smaller expansion suggests that either Ti** or coupling
between the substituents reduces the thermal expansion.
Density functional theory calculations of the energies of

@ Springer
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Fig.5 Temperature dependence of the isobaric thermal expan-
sion coefficients a(a) (blue), a(c) (red) and (V) (black) of a
CaAlu,sTiHoAzOl% and b CaAl9,8Ti3+0A54MgO,83Ti‘4+0.83019

different Ti substitutions in hibonite indicate Ti**-Ti**and
Ti**-Ti*" interactions across neighbouring sites, while
Ti**-Ti** interactions may also occur and be associated
with a charge transfer transition (Doyle et al. 2014). Indeed,
the thermal expansion coefficient a, for CaAl,;,0,9 of
11.8x 107% K~! (Sanchez-Herencia et al. 2000) is larger than
that of 11.2x 1076 for CaAl;;Mg, sTi*",50,, (Nagashima
et al. 2010).

The change in unit cell volume of CaAl,; ¢Ti**;,04
from the present study (10-275 K) is compared to that
of a natural sample with the simplified composition
CaAl,; Mg, sTi**; 50,9 (100-923 K; Nagashima et al. 2010)
in Fig. 6. The results are in good agreement for the over-
lapping range despite the differences in Ti oxidation state
and site occupancies. Thus, there is little difference in the
volume change for Ti**, Ti**, or mixed Ti**-Ti** hibonites.

Of particular note is the negative thermal expansion
of ¢ in CaAly, ¢Ti**,,0,o between 10 and 70 K, which
balances the positive thermal expansion of a to give an
effectively constant volume between 10 and 60 K. The
fact that the Ti**-Ti* sample does not exhibit this behav-
iour suggests that it may be due to Ti**, which exclusively

@ Springer
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Fig.6 Change in the unit cell volume of CaAl; (Ti*"),0,y (black)
and CaAl;; Mg, sTi*", 50,4 (red; Nagashima et al. 2010) as a function
of temperature. Errors are smaller than the size of the symbols

occupies the octahedral face-sharing M4 site. The energy
of Ti** occupying adjacent M4 sites (i.e. clustering) was
calculated to be 83 kImol~! more favourable than a ran-
dom distribution on M4 (Doyle et al. 2014). In other
oxides negative thermal expansion has been attributed to
rotations of polyhedra linked by bridging oxygens (e.g.
Knight 2014; Evans et al. 1998a, b; Welche et al. 1998)
that reduce the amount of "free space” in the structure.
Such a mechanism is unavailable for face-sharing octahe-
dra. We speculate that the Ti**-Ti® interaction produces
a contraction in the M4 octahedra, which affects the
expansion of the R-block. The effect of this contraction is
greater than that of the thermal expansion in the absence
of Ti**, resulting in negative thermal expansion, which
persists until conventional thermal expansion increases to
a point that it dominates.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00269-024-01286-5.
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