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Abstract The unit-cell parameters and volumes of gei-
kielite (MgTiO3) and ilmenite (FeTiO3) were investigated
at high temperatures up to 700 K and ambient pressure,
using in-situ angle-dispersive synchrotron X-ray diffrac-
tion. No phase transition was detected over the experi-
mental temperature range. Using (Berman in J Petrol
29:445-522, 1988. 10.1093/petrology/29.2.445) equations
to fit the temperature-volume data, the volumetric thermal
expansion coefficients at ambient conditions (otyg) of
MgTiO; and FeTiO3 were obtained as follows: 2.55
(6) x 10° K~' and 2.82 (10) x 10~ K", respectively.
We infer that the larger effective ionic radius of Fe? T (VI)
(0.78 A) than that of Mg>*(VI) (0.72 A) renders FeTiO;
has a larger volumetric thermal expansivity than MgTiOj3.
Simultaneously, the refined axial thermal expansion coef-
ficients under ambient conditions are o,y = 0.74
(3) x 10° K~ ! and 0.0 = 1.08 (5) x 10> K~ ! for the a-
axis and c-axis of MgTiOj3, respectively, and o,y = 0.95
(5) x 107° K" and a9 = 0.92 (12) x 107> K~! for the a-
axis and c-axis of FeTiOs;, respectively. The axial thermal
expansivity of MgTiOs is anisotropic, but that of FeTiOj; is
nearly isotropic. We infer that the main reason for the
different axial thermal expansivity between MgTiO; and

P< Dawei Fan
fandawei@vip.gyig.ac.cn

Key Laboratory of High-Temperature and High-Pressure
Study of the Earth’s Interior, Institute of Geochemistry,
Chinese Academy of Sciences, Guiyang 550081, Guizhou,
China

University of Chinese Academy of Sciences, Beijing 100049,
China

Guizhou Polytechnic of Construction,
Guiyang 551400, Guizhou, China

@ Springer

FeTiOs; is that the thermal expansion mode of the Mg-O
bond in MgTiO5 is different from that of the Fe—O bonds in
FeTiO3.

Keywords Geikielite - [lmenite - Thermal expansion -
Synchrotron X-ray diffraction - High temperature

1 Introduction

The lunar interior is thought to consist of various mineral
accumulations resulting from the crystallization differen-
tiation of early magmatic oceans (Wieczorek et al. 2006).
At the end stage of the early lunar evolution, the ilmenite-
bearing cumulates (IBCs) layer, which is composed mainly
of ilmenite (FeTiO3), is formed in the upper lunar mantle,
and then overturned and sunk to the deep lower lunar
mantle (Zhao et al. 2019). The downwelling of IBCs after
lunar mantle overturning has an important impact on the
dynamics and thermal evolution of the lunar mantle (Xu
2010). The density characteristics of IBCs, especially the
density of FeTiO; at the corresponding pressure and tem-
perature conditions, are one of the key parameters to gain
insight into the dynamics process of lunar mantle over-
turning (Li et al. 2019).

The density characteristics of FeTiO; require the ther-
modynamic parameters of FeTiO3; under the corresponding
high pressure and temperature conditions. Among them,
the thermal expansion coefficient is an important thermo-
dynamic parameter for constructing the density model of
FeTiO; under the corresponding high pressure and tem-
perature conditions. Thus, the study of the thermal
expansion coefficient of FeTiO; is fundamental for con-
structing the density model of lunar mantle under the
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corresponding high pressure and temperature conditions,
and then understanding the density characteristics of IBCs
and the dynamic process of the lunar mantle overturning.

Previous studies have shown that FeTiO5 and geikielite
(MgTiO3) can form unlimited solid solution (Lindsley
1991; Linton et al. 1999) along with crystallization and
differentiation of lunar magmatic ocean. In addition,
according to the existing detailed mineral composition
analysis of Apollo samples, Luna samples, and lunar
meteorites, the lunar ilmenite always contains a certain
percentage of geikielite. Specifically, the typical content of
geikielite in the lunar ilmenite sample is ~ 5 vol%, and
the maximum is up to ~ 33 vol% (Alexander et al.
2014, 2016; Anand et al. 2003; Donohue and Neal 2018;
Heiken et al. 1991; Hu 2015; Joy et al. 2008; Klemme et al.
2006; Shearer et al. 1991; Snape et al. 2014).

Fig. 1 Crystal structure
(vertical and side views) of
FeTiO3 and MgTiO; at ambient
conditions (R 3). The crystal
structure data are obtained from
Yamanaka et al. (2005, 2007)

Both FeTiO; and MgTiO; are ABOs-type oxides, which
belong to the trigonal system with space group R (Fig. 1).
Mg”" can completely replace Fe*™ at the A cation of
FeTiO; to form MgTiO;. In addition, both FeTiO3 and
MgTiO; consist of AOg (A = Mg, Fe), BOg (B = Ti), and
VOg (vacancy, which means lacking central ion). A and B
cations occupy two-thirds of the octahedral sites in an
orderly manner, and AOg and BOg octahedrons have an
equal number of divalent (A*") and tetravalent (B*")
cations, forming alternate layers along the hexagon c di-
rection, and one-third of the octahedral sites are vacant.
XOg (X = A, B) forms a hexagonal ring centered on VOgq
and extends within the same layer, and then the AOg and
BOg layers are interleaved alternately. The ratio of AQg,
BOg, and VOg is 1:1:1 within the same layer. Along the a-
axis, a pair of shared side BO¢ octahedrons is separated by
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cationic vacancies and diagonally by an AOg octahedron.
Along the c-axis, the cells are arranged in the order of
AOgBOg—VOs—BOs—AOs—VOg.

To date, only a few previous studies conducted the
thermal expansion behavior of FeTiO3 and MgTiOj at high
temperatures using various experimental methods. For
FeTiO3, Wechsler and Prewitt (1984) first researched the
high-temperature thermal expansion behavior of FeTiOj;
from 297 to 1323 K using the conventional single-crystal
X-ray diffraction method. Hereafter, Harrison et al. (2000)
studied the thermal expansivity of FeTiO; from 293 to
1598 K wusing the in-situ neutron powder diffraction
method. However, there was a significant difference in the
thermal expansion coefficients between Wechsler and
Prewitt (1984) and Harrison et al. (2000). For MgTiOg,
Henderson et al. (2009) first investigated the thermal
expansivity of MgTiOj; at high temperatures from 296 to
1305 K using in-situ neutron powder diffraction method.
Subsequently, Tuval et al. (2020) also measured the ther-
mal expansivity of MgTiO3 from 298 to 1163 K using the
conventional powder X-ray diffraction method. However,
both the experimental samples of Henderson et al. (2009)
and Tuval et al. (2020) contain non-negligible impurities,
and there is also a big difference in the calculated thermal
expansion coefficients between Henderson et al. (2009) and
Tuval et al. (2020). Therefore, there are still many defi-
ciencies at present in understanding the thermal expansion
behavior of FeTiO3; and MgTiOj3, and further systematic
studies are needed.

In this study, we investigated the thermal expansion
behaviors of MgTiO; and FeTiO; at high temperatures up
to 700 K by in-situ synchrotron radiation X-ray diffraction
(XRD) combined with diamond anvil cell (DAC). More-
over, the potential influencing factors on the volumetric
thermal expansivity of MgTiO3 and FeTiO5 and the dif-
ferent axial thermal expansivities between MgTiO; and
FeTiO3 were further discussed.

2 Samples and analytical methods

The MgTiO; and FeTiO5; samples in this study are high-
purity (> 99%) powders procured by Aladdin Corporation.
The samples were heated for two hours at a constant
temperature of 100 °C in a furnace to remove the absorbed
moisture and then examined via conventional powder XRD
using an Empyrean X-ray diffractometer (DY1411). The
cermet X-ray tube (Cu target) has a maximum powder
wavelength of 1.5406 A a voltage of 40 kV, an operating
current of 40 mA, and a range of 5.0051-70°. The ambient
XRD spectra of MgTiO3 and FeTiO3 were indexed based
on the standard spectra JCPDS 79-0831 and JCPDS
75-1203, respectively, confirming that the crystal structures
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of MgTiO; and FeTiOj are trigonal and belong to the
R space group.

High temperature and ambient pressure experiments
were carried out by using a modified Merrill-Bassett type
DAC (Fan et al. 2010, 2014) mounted with two pairs of
400 pm culet-sized diamond anvils. For the MgTiO;
sample, a gasket made of rhenium tablet was preindented
to ~ 54 pm thick, and then a ~ 220 pm hole was drilled
as the sample chamber. Similarly, for the FeTiO5 sample, a
gasket made from T301 stainless steel was pre-indented to
a thickness of ~ 75 um and then drilled to a diameter
of ~ 230 pm, serving as the sample chamber. The FeTiO5
and MgTiO; sample powders were slightly pressed
between two opposing diamond anvils to form an
approximately 50 um thick disk, and a piece of FeTiO; or
MgTiO; sample about 200 pm in diameter was loaded into
the sample chamber. The high temperature was generated
by an external resistance heating device made up of a
0.3 mm diametric NiCr resistor wire. Using a PtggRh;q-
Pt;0o thermocouple adhered to a diamond anvil pavilion,
the accuracy of measuring the experimental temperature
is + 1 K. The temperature was increased from room
temperature to the maximum temperature of 700 K with an
interval of 50 K, while the heating was kept for 300 s
before the collection of the powder diffraction spectrum. In
addition, the typical exposure time for collecting diffrac-
tion patterns of the sample is 300 s. Additional details
about the experimental device and DAC components can
be found in Fan et al. (2010).

In-situ high-temperature synchrotron radiation angle-
dispersive XRD (ADXRD) experiments were conducted at
the 4W2 beam-line of the Beijing Synchrotron Radiation
Facility (BSRF). The wavelength of the monochromatic
X-ray beam is 0.6199 A calibrated by scanning through the
Mo metal K-absorption edge. Diffraction patterns were
amassed using the Pilatus detector. The X-ray beam was
collimated to a beam dimension of 20 x 30 pm? through a
pair of Kirkpatrick-Baez mirrors. CeO, powder was used as
the standard for XRD to calibrate the tilting and rotation of
the detector to the incident X-ray beam. The sample-de-
tector distance was calculated from the powder CeO,
diffraction pattern at ambient conditions.

All collected diffraction patterns were integrated in
terms of 20 using the Fit2D program to obtain conventional
one-dimensional profiles (Hammersley et al. 1996). The
unit-cell parameters and volumes were calculated accord-
ing to the 11 and 14 diffraction peaks identified from the
XRD patterns of MgTiO; and FeTiOj, respectively
(Fig. 2). Then the diffraction peak positions were fitted
using the OriginPro 8.5 software, and the unit-cell
parameters and volumes were calculated using UnitCell
software (Holland and Redfern 1997). Finally, the
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Fig. 2 Representative X-ray diffraction patterns of FeTiO5 (a) and MgTiO5 (b) obtained in this study up to 700 K at ambient pressure

volumetric and axial thermal expansion coefficients were
fitted using EoSFit 7 software (Angel et al. 2014).

3 Results

The ambient XRD images of MgTiO; and FeTiOj in this
study were also obtained at the 4W2 beam-line of BSRF,
and the unit-cell parameters and volumes at ambient con-
ditions are shown as follows: ag = 5.0592(7) A,
co = 13.889(3) A, and V,, = 307.87(8) A> for MgTiO; and
ag = 5.0871(7) A, ¢y = 14.070(5) A, and V, = 315.33(10)
A3 for FeTiO;. Since the ionic radius of Mg is smaller
than that of Fe>", the formed Mg2+-0 bond is shorter than
the Fe**-O bond (Henderson et al. 2009; Liferovich and
Mitchell 2006; Wechsler and Prewitt 1984; Wechsler and
Von Dreele 1989; Yamanaka et al. 2005), and all of the
unit-cell parameters and volumes of the MgTiO; sample at
ambient conditions are smaller than those of the FeTiO3
sample.

The evolution of the XRD patterns of MgTiO; and
FeTiO; in the experimental temperature range are shown in
Fig. 2, where all peaks shift toward lower 20 angles as the
temperatures increase from 300 to 700 K at ambient
pressure. The characteristic of the XRD patterns of
MgTiO; and FeTiO3 samples is that the narrow peaks are
independent of each other (Fig. 2), which means that the
data have high reliability. No peaks disappeared or new
peaks appeared within the experimental temperature range,
indicating that both MgTiO5; and FeTiO; are stable within
the experimental temperature conditions in this study. The
unit-cell parameters and volumes of MgTiO; and FeTiO; at
various temperature conditions are listed in Tables 1 and 2,
respectively. Moreover, when the experimental tempera-
ture reaches 673 K, the unit-cell parameters and volume of
FeTiO; suddenly decrease. However, previous studies

Table 1 Unit-cell parameters in MgTiO; at high temperature and
ambient pressure

T (K) a (A) c A V (A% cla

300 5.0592 (7) 13.889 (3) 307.87 (8) 2.7453
323 5.0601(7) 13.895 (3) 308.11 (8) 2.7460
373 5.0620 (7) 13.899 (3) 308.43 (8) 2.7458
423 5.0636 (7) 13.906 (3) 308.79 (8) 2.7463
473 5.0654 (7) 13.916 (3) 309.24 (8) 2.7473
523 5.0674 (7) 13.922 (3) 309.59 (8) 2.7474
573 5.0690 (7) 13.931 (3) 309.99 (8) 2.7483
623 5.0714 (7) 13.938 (3) 310.44 (8) 2.7484
673 5.0732 (7) 13.945 (3) 310.82 (8) 2.7488
700 5.0740 (7) 13.949 (3) 311.01 (8) 2.7491

Numbers in parenthesis represent standard deviations

Table 2 Unit-cell parameters in FeTiO; at high temperature and
ambient pressure

T (K) a (A) c(A) V(A% c/a

300 5.0871 (7) 14.070 (5) 315.33 (10) 2.76582
323 5.0885 (7) 14.074 (5) 315.60 (10) 2.76584
373 5.0908 (7) 14.078 (5) 315.97 (10) 2.76538
423 5.0933 (7) 14.082 (5) 316.37 (10) 2.76481
473 5.0953 (8) 14.091 (5) 316.82 (10) 2.76549
523 5.0979 (8) 14.098 (5) 317.31 (10) 2.76545
573 5.1005 (8) 14.105 (5) 317.78 (10) 2.76542
623 5.1028 (8) 14.112 (5) 318.23 (10) 2.76554
673 5.1006 (8) 14.099 (5) 317.64 (10) 2.76418
700 5.1012 (8) 14.097 (5) 317.69 (10) 2.76347

Numbers in parenthesis represent standard deviations
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(Wechsler and Prewitt 1984; Harrison et al. 2000) have not
shown the same phenomenon at higher temperatures. We
consider that the main reason for this difference is that the
previous high-temperature measurements were carried out
under the conditions of controlling the oxygen fugacity of
the sample chamber. Such as, Wechsler and Prewitt (1984)
studied only one quadrant of reciprocal space to minimize
the total exposure of sample chamber at high temperatures.
In addition, Harrison et al. (2000) even used a more
stringent means of anti-oxidation, i.e. FeTiO5 was placed in
a vacuum furnace for high temperature experiments. Thus,
we infer that the oxidation (or partial oxidation) of Fe’™
(0.780 A) to Fe** (0.645 A) in FeTiO; caused the sudden
drop of the unit-cell parameters and volumes of FeTiO; at
673 K_Certainly, further experiments (e.g. recovering the
experimental samples for Mossbauer spectroscopy mea-
surement) are needed to confirm whether Fe?" oxidation
occurs at 673 K.

The temperature-volume (7-V) statistics (Tables 1 and 2,
Fig. 3) were used to fit the volumetric thermal expansion
coefficients of MgTiO; and FeTiO; at temperatures up to
700 K and 623 K, respectively. In this study, the high-
temperature data are fitted with the thermal expansion
expression proposed by Berman (1988), and the formula is
as follows:

1
VT = V() X (1 + g X (T — Tref) +§ X 0o X (T _ Tref)z)

(1)

where Vr is the unit-cell volume at elevated temperatures
and ambient pressure, V, represents the unit-cell volume
under ambient conditions, and T, is the reference tem-
perature. The relationship between the thermal expansion
coefficient and temperature is expressed by the parameters
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oy and o as follows: o =~ [og + o ;(T — Trer)]. The
parameter o is the thermal expansion coefficient at Tief.
Figure 3 shows the volumetric thermal expansivities of
MgTiO5; and FeTiO3 as a function of the temperature in
this study. For comparison, the results of Henderson et al.
(2009), Tuval et al. (2020), Wechsler and Prewitt (1984),
and Harrison et al. (2000) are also plotted on these figures.
By fitting the Eq. (1) based on the unit-cell volumes in this
study with the EoSFit 7 program, we obtained the volu-
metric thermal expansion coefficients at ambient condi-
tions oy =2.55 (6) x 10° K™ for MgTiO; and
ayo = 2.82 (10) x 107 K~ ! for FeTiO; (Two data points
with temperatures above 623 K were not used for fitting).
Figures 4 and 5 show the axial thermal expansivities of
MgTiO5 and FeTiOs5 as a function of temperature. By fit-
ting the unit-cell parameter data (a and c) of MgTiO3 and
FeTiO; at high temperatures up to 700 K and 623 K using
a “linearized” Berman’s equation Iy =ly X (1 + o X
(T —Try)) (I = a, b, ¢) with the EoSFit 7 program (Angel
et al. 2014; Gonzalez-Platas et al. 2016), the refined unit-
cell parameters at ambient conditions were obtained as
follows: ag=5.0591(4) A and co = 13.889(2) A for
MgTiO5 and ao = 5.0871(4) A and ¢, = 14.069(3) A for
FeTiO;. The refined unit-cell parameters at ambient con-
ditions are consistent with the measured results at ambient
conditions in this study within their uncertainties (Tables 1
and 2). Simultaneously, the refined axial thermal expansion
coefficients under ambient conditions are o,y = 0.74
3) x 10° K" and o0=108 (5 x 10°K™! for
MgTiO; and o, =0.95 (5) x 10° K" and a, = 0.92
(12) x 10~ K~ ! for FeTiO; (Two data points with tem-
peratures above 623 K were not used for fitting).
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Fig. 3 T-V data of FeTiO; (a) and MgTiOj3 (b) at ambient pressure ((Harrison et al. 2000; Henderson et al. 2009; Tuval et al. 2020; Wechsler
and Prewitt 1984). The error bars for the data points are not displayed because they are smaller than the symbols
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Fig. 4 Temperature dependence of the unit-cell parameters a and ¢ of MgTiO; at room pressure (Henderson et al. 2009; Tuval et al. 2020)
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Fig. 5 Temperature dependence of the unit-cell parameters a and ¢ of FeTiO; at room pressure (Harrison et al. 2000; Wechsler and Prewitt

1984)
4 Discussion

The thermal expansion coefficients of MgTiO5 and FeTiO3
have been investigated by some previous studies. Table 3
shows a detailed comparison between the thermal expan-
sion coefficients of FeTiO; and MgTiO5 obtained in this
study and previous studies.

For FeTiO;, only Wechsler and Prewitt (1984) and
Harrison et al. (2000) investigated the temperature depen-
dence of the unit-cell parameters and volumes of FeTiO; at
high temperatures, but they have not given the volumetric
and axial thermal expansion coefficients of FeTiO5. Thus,
we recalculated the volumetric and axial thermal expansion
coefficients of FeTiOj; by fitting their unit-cell parameters
and volumes of FeTiO; at high temperatures using Ber-
man’s equation (Berman 1988), and the results are shown
in Table 3 and Fig. 5 (Two data points with temperatures
above 1500 K were not used for fitting). From Table 3, we
can find that the values of volumetric thermal expansion

coefficient of FeTiO3 at ambient conditions from this study
and previous studies are within the range of
(2.82-3.62) x 107 K~'. In this study, the obtained o).
=2.82 (10) x 10~ K~! for FeTiO; is roughly similar to
the oy = 3.02 (4) x 10~ K~ ! obtained by Wechsler and
Prewitt (1984) within their uncertainties. However, both of
them are ~ 17%-22% lower than the oy = 3.62
(10) x 10> K~! obtained by Harrison et al. (2000).
However, the exact reasons for the reported cy, of Harrison
et al. (2000) larger than those of this study and Wechsler
and Prewitt (1984) are still unknown.

For MgTiOj3;, Henderson et al. (2009) and Tuval et al.
(2020) investigated the thermal expansion behavior of
MgTiO; at high temperatures. For the convenience of
comparison, their thermal expansion coefficients were
obtained by fitting the Berman equation (Table 3). From
Table 3, we can find that the values of volumetric thermal
expansion coefficient of MgTiO; at ambient conditions
from this study and previous studies are within the range of
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Table 3 The refined unit-cell Io( AS) 1V ( A3) Alpha References
parameters and volumes, and (x 1073 Kil)
thermal expansion coefficients
of MgTiO; and FeTiO; at MgTiO3
e o e e 071
c 13.889 (2) 1.08 (5) This study
14 307.85 (5) 2.55 (6)
a 5.0557 (4) 0.94 (3)
c 13.901 (2) 1.25 (5) Henderson et al. (2009)
Vv 307.69 (7) 3.12 (9)
a 5.0535 (2) 0.845 (5)
c 13.902 (1) 1.094 (6) Tuval et al. (2020)
14 307.46 (3) 2.78 (1)
FeTiO3
a 5.0871 (4) 0.95 (5)
c 14.069 (3) 0.92 (12) This study
Vv 315.31 (6) 2.82 (10)
a 5.0885 (2) 1.02 (1)
c 14.083 (3) 0.96 (3) Wechsler and Prewitt (1984)
Vv 315.76 (8) 3.02 (4)
a 5.0865 (17) 1.23 (5)
c 14.088 (2) 1.05 (2) Harrison et al. (2000)
Vv 315.56 (28) 3.62 (10)

Numbers in parenthesis represent standard deviations

(2.55-3.12) x 10° K™'.  The obtained ayy=2.55
(6) x 10° K~' for MgTiO; in this study is ~ 8%
and ~ 18% lower than the oy = 2.78 (1) x 107> K" and
3.12 (9) x 10 K~ ' obtained by Tuval et al. (2020) and
Henderson et al. (2009), respectively. By carefully
observing the composition characteristics of MgTiO3
samples from Tuval et al. (2020) and Henderson et al.
(2009), we can find that their MgTiO3 samples are impure
and contain a certain amount of impurities. For example,
the MgTiO; sample used in Tuval et al. (2020) con-
tains ~ 5% Mg,TiO, (gandilite), and the experimental
sample used in Henderson et al. (2009) is MgTi,O5 which
is the mixture of geikielite (MgTiO3) and rutile (TiO,).
When samples have other impurity phases, the XRD peaks
of samples may overlap with the diffraction signal of the
impurity component, which will affect the accuracy of
refined unit-cell parameters and volumes of samples. Thus,
we infer that the impurities in the MgTiO; samples of
previous studies may affect their volumetric thermal
expansion coefficients of MgTiOs.

In summary, the thermal expansion coefficients reported
in this study are more reliable compared to those reported
in previous studies because of the higher accuracy of the
synchrotron XRD method and the higher purity of the
samples of FeTiO; and MgTiOj3 used in this study. Fur-
thermore, this study also has more experimental points in
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the temperature range of 300-700 K, and FeTiO; and
MgTiO; samples were studied under the same experi-
mental system to effectively avoid systematic errors
between different experimental systems. All of the above-
mentioned factors will result in smaller errors and higher
accuracy of unit-cell parameters and volumes, and then
obtain more reliable thermal expansion coefficients.
Therefore, the influence of components of FeTiO; and
MgTiO; on their volumetric and axial thermal expansion
coefficients will be discussed next based on the obtained
results in this study.

From Table 3, we can find that the obtained oy, of
FeTiO; in this study is ~ 10.6% larger than that of
MgTiO; in this study. As we know, both the Mg and Fe
ions occupy the A site in the MgTiO; and FeTiOs, and the
crystal structure difference between MgTiO5; and FeTiO5
mainly lies in the change of metal cation types at the A site.
The effective ionic radius of Fe”(VI) (0.78 A) is larger
than that of Mg”(VI) 0.72 10\) (Shannon 1976) at A site,
which results in that the average bond length of Fe*™-O
(2.1406 A) in FeTiO; (Yamanaka et al. 2007) is larger than
that of Mg”-O (2.10785 A) in MgTiO5 (Culbertson et al.
2020). Therefore, the bond strengths of Fe?*-0 at A site in
FeTiO; are weaker than that of the Mg®>™-O at A site in
MgTiO; due to the larger bond length; accordingly, FeTiO5
has larger volumetric thermal expansivity than MgTiOs;.
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MgTiO; in this study shows the thermal expansion
behavior of the c-axis direction is larger than that of the a-
axis direction. This indicates that MgTiO5 is anisotropic
axial thermal expansivity (Fig. 6). However, FeTiOj in this
study shows the thermal expansion behavior of the c-axis
direction is close to that of the g-axis direction. This
indicates that FeTiO; is quasi-isotropic axial thermal
expansivity (Fig. 6). What causes such huge differences in
the axial thermal expansion behaviors between FeTiO5 and
MgTiO5? Next, we will try to discuss the possible reasons.

From the crystal structure of ilmenite-type minerals,
ilmenite has a honeycomb structure along the ab plane and
alternating layers along the ¢ direction (Fig. 1). The ther-
mal expansion along the ab plane at high temperatures is
determined by the mutual constraint in each plane, and the
thermal expansion along ¢ direction is the average of each
layer based on mutual superposition. Moreover, the ther-
mal expansion along the ab plane and ¢ direction are
mutually constrained. For MgTiOs3, the cells tend to expand
more along the c-axis than the a-axis because the interlayer
forces are small, and it is difficult to elongate or bend the
Mg-O, Ti—O bond within the layer.

However, FeTiO; is different from MgTiO;. When
FeTiO; is heated to expand under high temperatures, the
variation of the Ti-Ti bond length across the vacancy is
approximately linear with the unit-cell volume. In contrast,
the Fe—Fe bonds across vacancies are shortened rather than
elongated when heated (Wechsler and Prewitt 1984). This
anomaly implies that the essential cause of the anomalous
thermal expansion of FeTiO; is the Fe ion. The Fe-O
bonds in FeTiO5; can be divided into longer and shorter
ones; the shorter Fe—O bond is more difficult to elongate
along its axes but easier to bend, and the elongation of the

1.005
@ a/ap(MgTiO3, This study
O ¢/c((MgTiO3, This study)
1.004 | B a/ag(FeTiO3, This study)
’ O c¢/ecp(FeTiO3, This study)
—— Berman equation
1.003 |
NQ
N
1.002
1.001 |
1.000
1 1 1 1 1

300 400 500 600 700
Temperature (K)

Fig. 6 The axial expansion of MgTiO3 and FeTiOj; as a function of
temperature. The error bars for the data points are not displayed
because they are smaller than the symbols

longer Fe—O bond is twice that of the shorter one with the
increase of temperature (Zhang et al. 2017). Analyzing the
effect of the FeOgq layer and TiOg layer on the thermal
expansion separately for FeTiOj, it can be seen that in
FeTiO;, the thermal expansion along the c-axis is smaller
than that along the g-axis for the FeOgq layer, while the
opposite is true for the TiOg layer. Thus, we infer that the
combined influences of FeOg and TiOg layers in FeTiO5
ultimately lead to its isotropic axial thermal expansivity. In
addition, there are non-negligible magnetic properties
between the FeOg layers in FeTiO; that weakly affect its
thermal expansion behavior (Sanson et al. 2014).

Fe is the transition metal element but Mg is not, thus
FeOg in the FeTiO; is suitable for Ligand Field Theory
(Dagroot et al. 1990) due to the d-layer electrons of tran-
sition metals, while MgOg in the MgTiOj; is not applicable.
Therefore, FeOg has different deformation mechanisms
from MgOg when heated. A metal-metal interaction is
allowed between the d orbitals extending their lobes
through the face shared by the two octahedra, so the d
orbital plane of Fe will extend its lobe through the shared
surface of FeOg (Chen et al. 2013). This allows the transfer
of valence electrons along the Fe—O-Ti path, which makes
the Fe>™/Ti*" part become a Fe’™/Ti*" structure. As a
result, the structure of FeTiOj is closer to the corundum
structure (Radtke et al. 2006), which weakens the aniso-
tropy of axial thermal expansibility and makes it closer to
isotropic thermal expansivity. The intrinsic anharmonicity
or electronic defects significantly affect the heat capacity
and thermal expansion of FeTiO;. In summary, the speci-
ficities of Fe ions and their relative bonds in FeTiO5 are the
main reasons for the obvious difference in the axial thermal
expansivity between FeTiO3 and MgTiO;.

In this study, we obtained the thermal expansion coef-
ficients of FeTiO3; and MgTiO;. The thermal expansion
coefficient is one of the essential thermal equations of state
parameters to build the density model of FeTiO; and
MgTiO5 under the corresponding conditions of the lunar
mantle. However, besides the thermal expansion coeffi-
cient, there still needs more thermal equations of state
parameters, such as the bulk modulus and its pressure and
temperature derivatives, which are jointly applied to the
construction of the lunar mantle density model. In the
future, we still need to carry out further research about the
bulk modulus and its pressure and temperature derivatives
of FeTiO; and MgTiOs, and then we can discuss the
density models of FeTiO3; and MgTiOs, the density model
of lunar mantle and the kinetic process of lunar mantle
overturning.
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5 Conclusion

(1) In-situ high temperature experiments of MgTiO5; and
FeTiO; were conducted by synchrotron radiation
ADXRD and DAC. No phase changes were observed
for MgTiO; and FeTiO; within the temperature
range (300-700 K).

(2) By using Berman’s equation to fit 7-V data,
oyo =255  (6) x 10° K™ and oy =2.82
(10) x 10° K~! of MgTiO; and FeTiO; are
obtained. Meanwhile, we also obtained the axial
thermal expansion coefficients for MgTiO; and
FeTiO; along the a-axis (00 = 0.74
(3) x 10° K™™' and a,0=095 (5 x 10° K},
respectively) and c-axis (0.0 = 1.08 (5) x 105 K™!
and 0. = 0.92 (12) x 107° K1, respectively).

(3) The possible reasons for the difference between the
volumetric thermal expansion coefficients of FeTiO3
and MgTiO; are discussed. It is found that different
compositions (Fe and Mg) at A site affect their
volumetric thermal expansion coefficients.

(4) The potential factors influencing the axial thermal
expansion coefficients of MgTiO3 and FeTiO5; and
the possible reasons for the different axial thermal
expansion anisotropy between MgTiO; and FeTiO;
were discussed. We infer that the specificity of Fe
ions in FeTiO3; may be the main reason for the
difference in the axial thermal expansivity between
FeTiO; and MgTiOs.
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