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Hole-doped [CazC003]0,62[C002] (Co349) thermoelectric materials were densified and textured by spark
plasma sintering (SPS) process. Thin pre-sintered Co349 lamellar samples were used to process textured
monoliths. The textured thin monoliths were further used in obtaining samples with increased thickness
for anisotropic property studies by hot-stacking as multiple layers. Infrared measurements were used to
investigate the presence of carbon diffused from the SPS tool into the bulk of the sample. The phase
compositions, grain texture, as well as microstructure of the samples were analyzed by X-ray diffraction
and SEM studies. The high temperature thermoelectric transport properties of the bulk samples and the
correlation between the grain orientations, structural and anisotropy of thermoelectric properties were
discussed in detail. The textured sample processed by SPT shows the power factor value of
450 pW m~! K2 at 600 °C which is 30% higher than the corresponding value for SPS one and eight times
larger than samples conventionally sintered.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery of thermoelectric (TE) oxide [1], the misfit
layered [Ca;Co03]q[Co02] compound is one of the most studied p-
type system [2—11] for high temperature applications. The com-
pound was most reported with Ca3zCo409 formula, but the appro-
priate misfit layered structure expression [CazCo03]q[CoO;] was
revealed in 2000 [2,3]. The value of q = 0.62 was determined by Y.
Miyazaki et al. [5] from a precise structure analysis based on
neutron and X-ray powder diffraction data and superspace group
approach.

Besides its TE performance, the layered cobaltite oxide is also
known for its high oxidation resistance, excellent chemical and
high temperature stabilities in air and containing no toxic elements.
Several efforts have been reported in further enhancing the ther-
moelectric properties of calcium cobaltate oxide [CayCo0s3]og2l-
Co03], such as: (i) Partial element substitution at Ca, and/or Co sites
in optimizing the carrier concentration with various elements such
as alkali metals, alkaline earth metals, rare earth or transition
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metals [8,12—16]. (ii) Processing of the grain-oriented bulk mate-
rials is another mostly investigated method for improving the
thermoelectric properties. The magnetic alignment method [17],
reactive template grain growth technique [18], hot-pressing, HP
[7,19,20], Spark Plasma Sintering, SPS and/or Texturing, SPT
[10,11,21,22] are also reported in obtaining dense and texture
layered cobaltite thermoelectric materials. These efforts are also
evidenced by the numerous recent publications [23—26]. Few au-
thors reported that, the [CazC003]o62[C0o03] single crystal had a
dimensionless figure of merit, ZT = 0.83 at 973 K [27], however the
crystal sizes are still small for device applications. An alternative
way to single crystals is to use the grain aligned polycrystalline bulk
materials.

We have recently reported [22] that SPT is very effective tech-
nique for processing of dense and textured [Cay;Co03]o.62[Co03]
pellets with a significant (a, b) planes grain growth, which reduces
significantly their electrical resistivity and consequently, improves
the power factor.

Nevertheless, the obtained textured pellets are still thin (with
a mean thickness of about 0.7 mm) to design TE ‘legs’ for device
application, which typically require larger dimensions [28—30].
To overcome this issue, we have processed thick samples by hot-
stacking the textured [Ca;CoOs3]gg2[C003] pellets by using SPS
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technique and further characterized their TE properties. Compare
to our previous report [22], the thick samples were obtained in
order to investigate: (i) the thermoelectric anisotropy properties
and (ii) to design the thermoelectric legs for modules. Infrared
measurements were firstly used to investigate the graphite
diffusion into the bulk sample. X-ray diffraction has been used to
investigate the phase compositions, grain alignment along the
parallel and perpendicular directions w.r.t applied pressure and
microstructure analyses have been used to confirm the same. The
high temperature thermoelectric transport properties of the bulk
samples and the correlation between the grain orientations,
structural and anisotropy in thermoelectric properties are dis-
cussed in detail.

2. Experimental procedures

The Ca3Co409 powder was prepared by conventional solid-
—state reaction as described in detail elsewhere [6,7]. Briefly,
pure Co304 oxide and CaCOs carbonate were mixed, calcined
(900 °C, 12 h) and pressed uniaxially (30 MPa) into pellets. The
reference samples were heated at 920 °C for 24 h in air for
conventional sintering (CS). Other samples were further heat
treated using regular Spark Plasma Sintering-SPS and edge free
deformation namely spark plasma texturing-SPT processing as
described elsewhere [10,11,22]. Several single pieces of SPT pel-
lets (Fig. 1a) were well polished, stacked (Fig. 1b) without using
any soldering agent and treated at 900 °C for 10 min under a
moderate force of 5 kN. The as hot-stacked sample is shown in
Fig. 1c having a thickness of ~10 mm. According to the processing
conditions, the samples were named: SPS-ab, SPS-c, SPT-ab and
SPT-c where (ab) and (c) means in and out-of-the planes,
respectively. Before structural and thermoelectric investigations,
infrared studies have been undertaken for analyzing the carbon
diffusion during the SPS process into the samples. The samples
were characterized; basically, the chemical bonds were analyzed
by infrared spectroscopy (FTIR). Measurements were carried out
with an instrument resolution of 1 cm~! in the range of
4000-500 cm~! for 100 scans using a Fourier transform

(@)

Fig. 1. (a) As-processed discs. (b) Schematic diagram of the stacking. (c) Thick
Ca3Co409 p-type thermoelectric after SPS hot-stacking.

spectrometer, Model Digilab Excalibur (FTS 3100 HE series). To
investigate the carbon contamination, the transmittance was
performed on different samples: (i) the as processed, SPS1
sample where the graphite foil “Papyex” was just removed
without any polishing and additional annealing. (ii) The SPS2 was
annealed at 800 °C, 2 h in air. (iii) Finally, SPS3 was polished after
annealing. These three samples were compared with the refer-
ence, CS sample. The transmittance curves (Fig. 2) show the
bands at 2339 and 2361 cm~! corresponding to the normal
vibrational modes of CO,. The transmittance peak is higher for
the SPS1 sample than SPS2. The transmittance of the SPS3
sample is close to the CS one. This preliminary study demon-
strates that, after initial Spark Plasma Sintering process, the as-
processed samples need to be carefully prepared before the
basic characterizations. The chemical specimen composition after
processing and the texture of the samples were investigated
using XRD measurements on Philips apparatus with CuK, radi-
ation. Scanning electron microscopy-SEM (Supra 55, Oberkochen,
Germany) was employed to analyze the microstructures.

In addition, the transmission electron microscopy-TEM was
further used to investigate the finer microstructural features. The
Energy Dispersive Analysis and High Resolution Electron Micro-
scopy observations were performed at room temperature on
200 kV JEOL 2010 FEG STEM electron microscopes (tilt + 42°)
equipped with an EDS (Energy Dispersive Spectrometer, Si/Li de-
tector) EDAX and fitted with double tilt sample holder. Cross sec-
tions of bulk samples for TEM observations were prepared by ion
milling (Ar gas) at low voltage to prevent heat damages during the
preparation using a JEOL Ion Slicer.

The high temperature measurements (sample size:
2 mm x 2 mm x 10 mm) of electrical resistivity, p, and Seebeck
coefficient, S, were simultaneously monitored by means of a ZEM-3
apparatus (ULVAC-RIKO, Inc, Japan) and the four-probe method.
The potential voltage measurement or the applied current was
parallel and perpendicular to the applied pressure during pro-
cessing. In the other word, the current applied or the measured
voltage were in-plane or out of the planes of the bar samples cut-
ting from hot-stacked SPT disc with respect to the direction of the
pressure applied during processing.
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Fig. 2. Transmittance curves of the conventional sintered (CS), as-processed (SPS1),
annealed (SPS2) and polished (SPS3) samples.
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3. Results and discussion
3.1. XRD

Fig. 3 shows the XRD patterns of CS, SPS-ab, SPS-c, SPT-ab and
SPT-c samples for the surface perpendicular and parallel to the
applied pressure direction during processing. The patterns show
the single-phase nature of the powders with no secondary or im-
purity phases. All the peaks were indexed as on XRD patterns of CS
sample. This indexation including satellite reflections originated
from the misfit-layered structure was made according to some
works [8,9] reported elsewhere. The faces perpendicular to the
applied pressure (SPS-c and SPT-c samples) reveal strong (00/)
reflections. The SPT-c sample exhibits more intense (00/) peaks
than the SPS-c sample. On the other hand, some diffractions from
other crystal planes as (hkl) still exists in the case of SPS-c sample.
These features could be correlated to the microstructures, where
the SPT-c shows the well aligned lamellar platelets in contrast to
SPS-c micrograph. In our previous work [22] we report that, the CS
sample exhibits no crystallographic texture. The results from the
quantitative texture analysis of the samples processed by SPS reveal
an increase of the texture strength. Indeed, the maximum of {001}
pole figure is culminated at 7.63 m.r.d at the center of {001} for the
SPT sample. This indicates that the grains tend to be transformed
into larger platelets and the <001> directions to be aligned parallel
to the stress axis, notably for the sample sintered at high temper-
ature, in agreement with the SEM observations.

3.2. Microstructure and densities

The SEM pictures of the faces broken parallel and perpendicular
to the applied processing pressure axis are shown in Fig. 4. The
images of SPS and SPT samples taken at the same magnification
show a homogeneous and dense microstructures. From sample
mass and volume determinations, the relative density of all sam-
ples is about 98% of the theoretical value [2]. We can compare this
density with the value of 60% obtained for the sample processed by
conventional sintering. In this case, the grains are randomly
distributed and loosely assembled (Fig. 4a). The microstructures of
the SPS sample (Fig. 4 b and c) seem similar when the applied
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Fig. 3. XRD diffraction curves obtained, from the face perpendicular (c-axis) and
parallel (ab-planes) to the applied pressure during Spark Plasma Sintering (SPS) and
Spark Plasma Texturing (SPT).

pressure axis is parallel and perpendicular. Basically, the platelets
exhibit no preferential direction, except at some small zones where
we can observe the grain alignment. The comparison with the SPT
sample shows, (i) the high degree of orientation of large platelets
compactly stacked up along the applied pressure axis (Fig. 4d). (ii)
Fig. 4e also, shows the large grains where the average c-axis (as
confirmed by XRD, Fig. 3, SPT-c) is parallel to the applied pressure.
The comparison of Fig. 4b and d demonstrates the detrimental in-
fluence of the mold wall on the morphology of these lamellar
materials. In fact, the microstructure of the SPT sample is similar to
the one usually obtained with the hot-pressing process [6,7,19]. We
can conclude that, the Edge-free Spark Plasma Sintering or Spark
Plasma Texturing (SPT) is favorable for the grain growth and allows
inducing good alignment among the grains, required for improved
transport properties. The TEM study clearly confirms the SEM an-
alyses. EDS measurements performed on numerous grains are in
good agreement with the nominal Ca3Co409 chemical composition
of the samples and Fig. 4f presents the typical aspect of the pre-
pared cross sections. An enlargement region is shown as insert in
Fig. 4f. These TEM observations at micro and nano scales confirm
the high density of the specimens. The stacking of the grains do not
show any defects and no free spaces are evidenced. The high res-
olution image presented in inset attests the good crystallinity of the
samples. At lower resolution, the observed grains present two type
of contrasts, some with very regular attesting of this good and
regular crystallinity of the samples and some with quite perturbed
contrasts which probably could be the result of the presence of
strains in the particular grains. Further investigations using High
Resolution Electron Microscopy are in progress for in-depth un-
derstanding of these phenomena.

3.3. Thermoelectric properties

The thermoelectric measurements are depicted in Fig. 5. Fig. 5a
shows the temperature dependence of the electrical resistivity, p.
The measurements were performed on the conventional sintering
(CS), Spark Plasma Sintering, Spark Plasma Texturing and labeled as
pcs, psps and pspr, respectively. For the SPS and SPT samples, the
electrical resistivities have been measured in parallel and perpen-
dicular directions to the applied pressure during sample process-
ing. As expected, the electrical resistivity of the samples processed
by Spark Plasma Sintering and Texturing exhibit an anisotropy
(inset Fig. 5a). The resistivity values with respect to parallel direc-
tion of the applied pressure (p.) are greater than the perpendicular
direction (p,p). It may be noticed that, the anisotropy of the SPT
sample is higher than SPS one. This can be correlated to the
microstructure shown in Fig. 4 where the SPT exhibits strong
alignment of platelets. The anisotropic resistivity behavior versus
temperature is presents by inset of Fig. 5a. The SPT curve is above
the SPS one. The anisotropy factor decrease slightly with the tem-
perature but remain almost constant at 350 °C with further
increasing temperature. The anisotropy values at 150 °C are esti-
mated to be pspr_¢/pspr—ab = 7 and psps_c/psps—ab = 2.3 for SPT and
SPS samples respectively. This anisotropy value is higher up to 20
above room temperature for the single crystal reported by A—C
Masset et al. The authors show that the in-plane resistivity curve,
pab (T) measured on single crystal is quite similar to the p(T) per-
formed on ceramic sample. The resistivity curve of the CS sample is
well above the SPS and SPT ones. It is clear that the SPT and SPS lead
to decrease in resistivity values due to the enhancement to the
sample density and alignment of the grains. In the other word the
grain boundaries density. At 200 °C, pspr_ab = 9 and
psps—ab = 11 mQ cm as compared to CS sample (pcs = 35 mQ cm).
The higher values of the electrical resistivity are due to the low
density and random orientation of the grains in the CS sample. On
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Fig. 4. SEM micrographs of (a) the Conventional Sintered (CS) Ca3Co409 p-type thermoelectrics. (b) Spark Plasma Sintering-SPS, face parallel to the applied pressure (c) SPS, face
perpendicular to the applied pressure. (d) Spark Plasma Texturing-SPT sample, face parallel to the applied pressure and (e) SPT, face perpendicular to the applied pressure. (f) TEM
micrograph of the SPT sample showing the good connectivity between grains and the crystallinity (insert) of the sample.

the other hand, all curves show a transition around 350 °C. This
transition is attributed by some authors [2,31] due to the magnetic
transition or structural transition and has been discussed else-
where [22]. At low temperatures, the resistivity of the conven-
tionally sintered sample, pcs, as compared to the Spark Plasma
Texturing, lies between the, pspr_c, pspr_ab curves, closer to the,
pspT_c curve than, pspr_ap curve one in the ratio of 1/3 before
magnetic transition, in agreement with the statistical random dis-
tribution of the grains. This can be also correlated to the SEM image
showed in Fig. 4a, d, and e. On the other hand, the resistivity of the
conventional sintering sample, pcs is lower than pspr_, because in
the case of the SPT-c, the current should cross layer by layer with
respect to the conventional sintering sample where there are two
components of the current: in-planes and out-of- the plane con-
tributions. It seems also that grain boundaries density is higher for
the SPT-c sample than the conventional sintering one. This can be
clearly observed on Fig. 4a and e respectively.

The temperature dependence of the thermoelectric power or
Seebeck coefficient, S, shows p-type thermoelectric material within

the explored temperature range. This p-type behavior indicates that
the hole carriers dominate the transport properties. On the other
hand, the thermoelectric power is insensitive to grain orientation.
The values measured on the both directions are quite close. Similar
results were reported by some authors [11]. An explanation of the
anisotropic behavior seems to related to the tensorial expression
[7] of the Seebeck coefficient showing that the in-planes (ab-
planes) component is more pronounced than out-of-the plane (c-
axis).

The evolution of the power factor (PF=S?%/p), deduced from
resistivity, p, and Seebeck coefficient, S, measurements are shown
in the same figure. The power factor of SPS and SPT samples
reached at 600 °C, 350 and 450 ptW/m/K? respectively. The highest
value of 450 pW/m/K? at 600 °C clearly shows the advantage of SPT
process with respect to the Spark Plasma Sintering or other
methods performed at similar temperatures> 2!. This power factor
value of SPT sample is almost 30% higher than the corresponding
value for SPS, and eight times larger than samples conventionally
sintered [22]. From in-plane values at 300 K of single crystal
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Fig. 5. (a) Temperature dependence of the electrical resistivity on the conventional
sintering (CS) sample, in and out-planes samples processed by SPS and SPT respec-
tively (The inset showing the anisotropy factor of the both samples). (b) Temperature
dependence of electrical resistivity (round symbols), Seebeck coefficient (triangle
symbol) and Power factor (square symbols) curves for samples processed by SPS (open
symbols) and SPT (plain symbols) respectively.

reported elsewhere we can calculate the power factor of ~160 pW/
m/K2. This value is comparable to the value deduce at room tem-
perature from our in-plane SPT sample. An open question is the
difference about the in-plane power factor of hot-staked SPT
sample compare to mono layer of SPT. In our previous work [22],
the power factor was performed on the single layer sample
compare to this work where several single layers were hot-staked.
The power factor is defined as S?/p (S: Seebeck coefficient, p: re-
sistivity). But, the resistivity, p, is sensitive to the grain boundary. In
the case of multiple layers sample, there are more grain boundaries
and this could affected the power factor.

4. Conclusions

The Spark Plasma Texturing (SPT) method is highly effective in
improving the thermoelectric properties of [Ca;Co0O3]pg2[Co03]
oxide ceramics. We successfully processed dense and textured bulk
[Ca2C003]0.62[Co03] ceramic materials by combining the SPT and
hot-stacking process. The microstructure studies showed a good

connectivity and alignment between grains. The transport prop-
erties indicted that the electrical resistivity of the SPT sample is
lower than the conventional SPS samples, leading to an anisotropic
resistivity up to 2.7 times between the both SPT and SPS processes.
The power factor of the SPT sample reached 450 pW/m/K? at
600 °C, which is one of the highest values for [Ca;C003]g2[C0o0>]
ceramic reported for the measured temperature. It has been
demonstrated that bulk textured thermoelectric ‘legs’, can be ob-
tained by stacking multilayer [Ca;Co03]g62[/Co0O2] samples without
using any soldering agent. The SPT could be a new way to prepare
the next generation of any lamellar structure of thermoelectric
materials. The outlook of this work will be to perform the thermal
conductivity measurements in order to estimate the figure of merit
of SPT samples.
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