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Abstract

The stability of the low thermal conductivity in Fe.TiOs pseudobrookite ceramics has been studied.
An increase in thermal diffusivity is observed after only three cycles of measurement. X-ray refraction
shows an increase in the mean value of specific surface after the thermal diffusivity measurements.
By using scanning electron microscopy and high-angle annular dark-field scanning transmission
electron microscope equipped with energy dispersive X-ray spectroscopy, we observe a segregation of
Ca- and F-rich nanocrystals at grain boundaries after three cycles of thermal diffusivity measurement.
Therefore, impurities seem to be more efficient to scatter phonons as point defects in the
pseudobrookite lattice rather than as nanocrystals at pseudobrookite grain boundaries. This
emphasizes the importance of precursor purity and the influence of redistribution of impurities on
thermoelectric properties: stability of micro-/nano-structures is a key point, and repeated
thermoelectric measurements may allow detecting such metastable micro- /nano-structures and

producing stable and reliable data.
Keywords:

Fe,TiOs; Impurity segregation; Thermoelectrics; X-ray refraction; Scanning transmission electron
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Introduction

Industrial waste heat accounts for approximately 60% of the energy input. Thermoelectric materials,
capable of conversion between thermal energy and electricity, are among the best candidates to
recover this enormous amount of waste heat. The conversion efficiency is determined by the
temperatures at the hot and cold ends of the thermoelectric modules and by the figure of merit (ZT) of

thermoelectric materials. ZT can be expressed as ZT = S*’6T/k, where S is the Seebeck coefficient, ¢
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is the electrical conductivity, T is the absolute temperature, and « is the thermal conductivity.

Practical applications of this technology require a ZT value higher than 1.

Various approaches have been adopted to enhance ZT such as nanostructuring [1-3], synthesizing
composites [4-6] or materials with controlled porosity [7-9]. However, they all present a common
issue about the thermal stability for long-term operation at high temperatures. For example, grain
growth in nanostructured materials can occur at high or even at moderate temperatures, leading to the
increased thermal conductivity, and therefore lower values of ZT [2, 3]. Interfacial chemical reactions
between different phases in composites could also affect their mechanical properties [10]. Moreover,
the pore coarsening and possible porosity reduction driven by the high initial surface area could occur
in porous thermoelectric materials [11]. Furthermore, in the case of nanostructured and porous
materials, the ratio of grain boundary to grain interior atoms becomes significant compared to the
dense materials. The thermoelectric properties of these materials are influenced by mechanisms
related to grain boundaries such as phonon-boundary scattering and energy filtering effect [1].
Therefore, the thermal stability of the grain boundaries is important for these materials. It has been
found out that upon thermal cycling, impurity or dopant segregation could occur at grain boundaries,
affecting grain growth kinetics [12], electrical and thermal transport properties [13-15], and
mechanical properties of materials [16]. Thus, thermal stability studies are essential for the further

development of the low-dimensional and porous materials.

Pseudobrookite Fe,TiOs is an n-type oxide. Chen et al. have demonstrated in previous studies that it
has extremely low thermal conductivity due to the presence of microcracking in the ceramics [17, 18].
The high degree of anisotropy of thermal expansion coefficient (CTE) of Fe;TiOs results in the
formation of residual stresses during cooling from the high-temperature sintering, which could further
lead to a spontaneous microcracking. This phenomenon is common not only in pseudobrookites [19]
but also in some oxides [20]. In such ceramics, the ratio of grain boundary and /or surface to grain
interior is large compared to the dense ceramics, owing to microcracking. Healing and re-opening of
microcracks are completely reversible under the condition of unchanged microstructure at elevated
temperatures [21]. However, if the microstructure evolves, thermal expansion or diffusivity cyclic
curves do not overlap [22, 23]. Therefore, it is important to investigate the thermal stability of
Fe,TiOs ceramics in combined terms of microstructure and microcrack density and their effect on its
thermoelectric properties. In this study, we measure the thermal diffusivity of Fe,TiOs for three cycles
from 373 K to 1000 K and back to 373 K. The thermal diffusivity values are compared and the

reasons causing the changes are examined.

The microcrack density is determined by synchrotron X-ray refraction ABI (analyzer based imaging
[24]), which is well suited to the detection of defects such as pores and microcracks in materials [24-
26]. This technique allows comparing the microcrack density in Fe,TiOs over the heating cycles. The

microstructure and chemical composition of grain boundaries in Fe,TiOs ceramics are examined by
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high-angle annular dark-field scanning transmission electron microscope (HAADF-STEM) equipped
with energy dispersive X-ray (EDX) spectroscopy.

Experiment

Fe,TiOs powder was synthesized by solid state reaction between Fe,Os (Sigma Aldrich, 299%) and
TiO» (Sigma Aldrich, 299.9%) at 1473 K for 2 h in air. The obtained powder was then sintered into
pellets by conventional pressureless sintering at 1573 K for 2 h in air. The detailed synthesis method
is described in Ref. [17]. The bulk density was calculated from pellet’s dry mass and geometric
dimensions. Coupons of approximately 6 mm x 6 mm x 1 mm were cut by a wire saw from the pellet.
Phase analysis was performed by X-ray diffraction (XRD) at room temperature on both the original
pellet and the coupons. A BRUKER D8 Advance 0/20 diffractometer equipped with a Linxeye
energy-dispersive one-dimensional detector was used and operated with the Cu-Ka radiation, at 40 kV
and 40 mA. Scans were recorded from 10° to 80° (26) with a step of 0.02° and an acquisition time of
0.5 s per step. Microstructure was examined by field emission scanning electron microscopy (Tescan
MIRA3). Thermal diffusivity was measured with a Netzsch LFA457 instrument over the temperature
range 373 K — 1000 K upon heating and cooling in air. The heating and cooling rate was 10 K.min™!
and it took approximately 15 minutes to stabilize the temperature at each temperature point. Three
measurements were performed and each data point (at each temperature) was calculated as an average

of three measurements.

X-ray refraction radiography was carried out at the synchrotron station BAMline at Helmholtz-
Zentrum Berlin (HZB), Germany [27-29]. It was used to examine the porosity and relative specific
surface of the coupons before and after the thermal diffusivity measurement cycles. The principle, set-
up and data treatment process of the experiment can be found in Ref. [26]. For the sake of
completeness, the salient information is reported here. The monochromatic photon energy was set to
30 keV by a double crystal monochromator. After interaction with the sample, the X-ray beam
impinged on an analyser crystal that serves as an angular filter. Only the X-rays with an incident angle
equalling the crystal’s Bragg angle can be reflected to the detector. By rotating the analyser crystal in
the vicinity of its Bragg angle, the so-called rocking curve was recorded for each detector pixel. The
detector consisted of a Princeton Instrument camera (2048 x 2048 pixels) and a fluorescent screen of
CdWOQ4. This set-up allowed obtaining a pixel size of 3.7 pm x 3.7 um with a field of view of 7.5 mm
x 7.5 mm. The rocking curves were measured with and without specimens. Refraction properties,

indicating the specific surface, are described by the so-called refraction value (Cr)

Cpd = 1 — —max linto (1)

Imax, 0 Iint

Where d is the thickness of the specimen and /max and Imax, 0 are the rocking curve peak intensity with

and without the specimen, respectively. [y and /iy, o are the integrated intensity of the rocking curves



with and without the specimens, respectively. X-ray transmission radiography was obtained by

removing the analyser crystal from the beam. The linear attenuation coefficient (1) is expressed as

I

ud = —In (—) )

Iy

Where [ and I are transmitted intensity and primary beam intensity, respectively. By normalizing the
refraction signal to the attenuation properties, i.e., by dividing Cnd by ud, the influence of thickness
can be eliminated. This gives the relative internal specific surface (), which receives contributions

from microcracks, pore surfaces, and grain boundaries.
=== 3)

High-angle annular dark-field scanning transmission electron microscope (HAADF-STEM) and
energy dispersive X-ray (EDX) spectroscopy (acquired in parallel) were performed to study the
crystal structure and chemical composition of the crystalline nanoparticles grown from the surface of
the coupon after three cycles of thermal diffusivity measurement. Electron microscopy was performed
on JEM ARM200F cold FEG double aberration corrected microscope operated at 200kV and
equipped with large angle CENTURIO EDX detector. STEM specimens were prepared by crushing
the coupon in an agate mortar together with ethanol and depositing obtained suspension on Cu holey
carbon grids. Crushing a sample to prepare STEM specimens allows having a reliable and statistical

ensemble over a large number of nanoparticles and materials.
Results and discussion

Fig. 1 shows that pure pseudobrookite Fe>TiOs with orthorhombic structure (space group Bbmm) has
been obtained after conventional sintering. The starred impurity peaks appeared in Fig. 1b and c
correspond to the modelling clay that was used to level the surface of the coupon at the X-ray focus
plane. The clay was removed from the coupon with acetone and ultrasonic cleaning after XRD
measurement. All diffraction peaks remain the same after three cycles of thermal diffusivity
measurement, indicating no phase change during the thermal cycles. The bulk density of the pellet is

3.999 g.cm™, approximately 91% of its theoretical density [17].



(b)

i
E

Intensity (a.u.)

(101) (220)
(230)
40)
) (420)
(331) (430)
(002)
)
(022) (440)
060)
222) (521)(600)
(620)(351)(450)
(232)(531)

(@)

;@ (200)
C“ 11)
(121)
(400) (301)
(131)
. (2
(321
(250
(341)
1L
(
(610)
(260)

(&)
o
(0))
o

20 30 40
20 (°)
Fig. 1 X-ray diffraction pattern of Fe,TiOs. (a) As sintered pellet. A coupon (b) before and (c) after

three cycles of thermal diffusivity measurement. The starred impurity diffraction peaks correspond to

the modelling clay used to level the surface of the coupon at the X-ray focus plane.

Fig. 2a shows the temperature dependence of the thermal diffusivity of Fe,TiOs. During heating in
each cycle, thermal diffusivity decreases with increasing temperature from 373 K to 800 K and then
increases on the temperature range from 800 K to 1000 K. During cooling, thermal diffusivity further
increases with decreasing temperature until 900 K, then decreases until 600 K, and finally rises again
until reaching 373 K. The hysteresis in the thermal diffusivity is caused by healing and re-opening of
microcracks in Fe;TiOs. Microcracks are induced when the Fe.TiOs ceramic is cooled from the
sintering temperature as a result of high anisotropy in the thermal expansion coefficient along
different crystalline axes, which is typical in pseudobrookite like Fe,TiOs [22], MgTi20Os [23], and
Al TiOs [30-32]. The increased thermal diffusivity above 800 K during heating marks the start of
microcrack healing, while the decreased thermal diffusivity from 900 K during cooling marks the re-
opening of the microcracks. Fig. 2b shows that at 373 K the thermal diffusivity increases with
increasing measurement cycles, indicating the occurrence of a continuous change in the coupon.

Moreover, the influence becomes moderate with increasing measurement cycles.
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Fig. 2 Thermal diffusivity of Fe,TiOs versus (a) temperature and (b) measurement cycle at 373 K. The

arrows in (a) indicate the heating and cooling processes.

Fig. 3a and b show the refraction radiographs of Fe,TiOs before and after three cycles of thermal
diffusivity measurement, respectively. Bright areas (high grey values) indicate regions with a large
relative specific surface area caused by microcracks, pore surfaces, and grain boundaries. Dark areas
(low grey values) indicate areas with a small relative specific surface area. Bright and dark regions
can be observed in both maps, indicating that the defects or interfaces are not homogeneously
distributed in the pellet. The histogram in Fig. 3b shows a shift in the relative specific surface towards
higher grey values for the coupon after three cycles of thermal diffusivity measurement, with a mean
value of relative specific surface increasing from 0.235 to 0.239 (note that this change is above the
error bar). This indicates a slight increase in the internal surface area, possibly due to an increased
microcrack density, pore surface area and/or grain boundary density. However, as the thermal

diffusivity of Fe,TiOs increases with increasing number of measurement cycles, microcrack density is



unlikely to increase. Microcracks tend to reduce thermal conductivity [22]. Therefore, pore surface

area and/or grain boundary density may account for the variation in the relative specific surface.
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Fig. 3 2D grey scale maps of the relative specific surface Cn/u obtained from X-ray refraction
radiographs of Fe,TiOs (a) before and (b) after three cycles of thermal diffusivity measurement. The
grey value spread is the same for both maps. Bright areas (large grey values) indicate regions with a
large relative specific surface area. Dark areas (low grey values) indicate areas with a small relative
specific surface area. The histogram shows a shift towards higher grey values for the cycled coupon.

The respective mean values are given beneath the graphs.

Fig. 4a and b show the microstructure of the Fe,TiOs before and after three cycles of thermal
diffusivity measurement. No obvious change is observed in the microstructure, regarding the grain
sizes and shapes. This excludes a change in the grain boundary density during the thermal diffusivity
measurements. Bright particles on the grains in both images are possibly debris from fracturing.
However, a closer look at Fig. 4b reveals the presence of nanocrystals at the grain boundaries after
thermal diffusivity measurements. An increase in the internal surface area is therefore due to the
growth of these nanocrystals (note that the refraction signal is inversely proportional to the
grain/particle/pore size). The appearance of nanocrystals also results in the evolution of the thermal
diffusivity of Fe,TiOs. HAADF-STEM and parallel EDX mapping, which are sensitive to small

changes in composition, have been carried out to confirm the phase of the crystals.



Fig. 4 SEM images of Fe;TiOs (a) before and (b) after three cycles of thermal diffusivity
measurement. The top right corners in both images show the magnification of the corresponding areas

in the black squares.

Fig. 5 shows the HAADF-STEM images and parallel acquired EDX elemental mapping of a
nanocrystal grown at the surface of Fe,TiOs after three cycles of thermal diffusivity measurement.
The EDX elemental mapping reveals a difference in the chemical composition between the
nanocrystal and the matrix. The matrix consists of uniformly distributed Fe, Ti, Ca, F, and O, whereas
the nanocrystal contains a substantial amount of Ca and a trace amount of F. The matrix phase
corresponds to Fe,TiOs pseudobrookite. Fig. 6 shows results of a further TEM examination of the
sample. HAADF-STEM studies reveal a presence of round-shape nanoparticles with a typical size
around 90 nm (Fig. 6a and b). EDX elemental mapping shows the presence of Ca, F and O within the
single nanoparticle. However, Ca and F are uniformly distributed within the nanoparticle, while O is
mainly located at the surface of the nanoparticle. This creates a core-shell structure with Ca-F as a
core and oxide as a shell. The high resolution HAADF-STEM image and the corresponding FT
pattern (Fig. 6¢) reveal a cubic crystal structure, where FT pattern can be indexed as [001] view of
CaF; structure with a space group Fm-3m (225) and a lattice parameter a = 5.462 A. The presence of

CaF: is confirmed, as (i) the EDS mapping shows that the composition of the core is 29.35 at.% of Ca



and 70.65 at.% of F and (ii) the lattice parameter of CaO (4.79 A) is far from 5.5 A that is determined
from HR HAADF-STEM images. Calcium and fluorine come probably from impurities of the
precursors, as no such elements are used in the laboratory. Moreover, SEM and EDS observations did
not show the presence of secondary phases bearing these elements within the precursors. Their
concentration in the bulk precursors is too low to be detected. It should be noticed that Ca is a typical
impurity in metal oxides and its segregation at grain boundaries and surfaces facing pores upon
annealing has also been observed in TiO; [33, 34]. Both the size mismatch between Ca** and Ti** or
Fe’* and the formation of space charge region near the interfaces drive the segregation of Ca”* to the
grain surfaces / boundaries. As a result, FeoTiOs with a higher purity and better crystallinity is then
obtained, resulting in a higher thermal diffusivity due to the reduced phonon scattering at point

defects.
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Fig. 5 (a) Low magnification HAADF-STEM image, (b) magnified HAADF-STEM image of a
selected area in (a), and (c) EDX elemental mapping of Ti K, O K, Fe K and Ca K and overlaid

Ti&Ca&O colored image of Fe,TiOs after three cycles of thermal diffusivity measurement.

FT [001]*

v -

50 nm Ca&F&0

Fig. 6 (a) and (b) Low magnification HAADF-STEM images of different CaF, nanoparticles, (c) high
resolution HAADF-STEM image of the area selected in (b), and (d) corresponding EDX elemental
mapping of Ca K, F K and O K together with overlaid Ca&F&O colors.
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This study gives some important implications for the development of thermoelectric materials with a
high grain boundary density such as nanostructured and porous materials. First, raw materials with
high-purity grade should be used for the synthesis of thermoelectric materials. Second, the
redistribution of either intentionally added dopants or naturally incorporated impurities should be
considered, especially for the materials with metastable microstructures such as nanostructured and
porous materials, as it has a strong impact on the thermoelectric properties. Indeed, it has been clearly
demonstrated that calcium and fluorine impurities were more efficient to scatter phonons as point
defects in the pseudobrookite lattice rather than as nanocrystals at pseudobrookite grain boundaries.
Therefore, the stability of nano/micro-structures is a key point to the stability of properties, and
repeated thermoelectric measurements may be employed to ensure the stabilization of thermoelectric
materials, thus allowing acquisition of stable and reliable data. Although in our study impurity
segregation appears less efficient than point defects, it may have the potential for improving
thermoelectric properties in other compounds through enhanced phonon scattering [35] or increased

carrier mobility [15, 36].
Conclusion

We have observed (by SEM and HAADF-STEM-EDX) the segregation of Ca- and F-rich
nanocrystals at the grain boundaries of Fe,TiOs pseudobrookite after three cycles of thermal
diffusivity measurement. Segregation of nanocrystals results in an increase of thermal diffusivity with
increasing number of measurement cycles. Therefore, the Ca and F impurities seems to be more
efficient to scatter phonons as point defects in the pseudobrookite lattice rather than as nanocrystals at
pseudobrookite grain boundaries. They also lead to an increase in the relative specific surface of
Fe,TiOs as confirmed by X-ray refraction. The present work shows that redistribution of impurities
can have a great influence on thermoelectric properties, particularly for the materials with metastable
microstructures such as nanostructured and porous materials. Repeated thermoelectric measurements
may allow detecting such metastable nano/micro-structures and producing stable and reliable data.
Furthermore, X-ray refraction can detect features of nanometric size (1 nm) but still give quantitative
analyses over a large field of view. It complements the microscopic characterization techniques such

as SEM and TEM.
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