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Abstract: This work reports the progress in the preparation of superconducting and thermoelec-
tric lamellar compounds processed by the unconventional Spark Plasma Sintering (SPS). The
SPS equipment was modified with the aim of obtaining the textured and dense superconductor
Bi2Sr2Ca2Cu3O10, p-type oxide thermoelectric bulk as Ca3Co4O9 and Ca3-xAgxCo4O9/Ag composites
respectively. The new process is referred to as Spark Plasma Texturing (SPT). During SPT, the bulk
material can freely deform. As a result, inter-grain preferential crystallographic orientation is created.
The series of sintered and textured samples using the same Ag content were processed respectively.
From the results, we can evidence: (i) the magnetic and/or structural transition around 350 ◦C, for
both series of samples. (ii) The electrical resistivity (ρ) decreases with increasing Ag-substituted or
Ag-added. (iii) The Seebeck coefficient (S) of the textured series is higher than that of the sintered
series. In the case of the Ag-substituted, S, decreases with Ag content. The optimized composite
is found to be Ca2.6Ag0.4Co4O9/8wt% Ag. We can note the remarkable reduction of ρ, and the
improvement of power factor values up to 360 µW.m−1.K−2.The superconducting properties of
single phased Bi2Sr2Ca2Cu3O10 (Bi2223) consolidated using SPS and SPT will also be discussed.

Keywords: superconductor Bi2Sr2Ca2Cu3O10; thermoelectric Ca3Co4O9; Ca2.6Ag0.4Co4O9/Ag com-
posite; spark plasma sintering; texturing

1. Introduction

Since the discovery of the High-Temperature Superconductivity (HTS) in BaLaCuO [1],
it is well-known that to obtain the significant critical current densities in HTS polycrystalline
materials, grain alignment is necessary. The oxide BiSrCaCuO ceramics seems to be
one of the promising candidates for superconducting applications. Different ways have
been used to fabricate the materials with the oriented grains such as: (i) solidification in
the thermal gradient or under a high magnetic field [2–4], (ii) the hot isostatic pressing
(HIP) process [5,6] where the defects induce under pressure [7] were also attributed to
the enhancement of the critical current. (iii) The uniaxial pressing technique, where the
combination of the grains alignment and with better connectivity between them improves
the transport properties [8–10].

On the other hand, the discovery of large thermopower in NaCo2O [11] has con-
tributed considerably to the development of other layered cobalt oxides such as: Ca–Co–O,
Bi–Ca/Sr–Co–O and Bi–Pb–Sr–Co–O [12,13]. All these systems shown large thermoelectric
power and exhibit a figure of merit, ZT = S2T/ρk (S is Seebeck coefficient, T temperature,
ρ electrical resistivity and k the thermal conductivity) varying from 0.2 to 1.2. The oxide
thermoelectric materials seem to be an alternative for practical applications at high temper-
atures as compared to the conventional semiconducting Bi2Te3 or SiGe materials [14,15].

The processing methods are very important to obtain the polycrystalline with the
desired microstructure. To improve thermoelectric properties, substantial work has been
done such as partial substitutions of Sr, La on the Ca site and/or and Cu on the Co
site [13,16–19], hot-pressing [13,15,20], reactive templated grain growth [21], magnetic
texturisation or spark plasma sintering [13,22] in order to exploit the intrinsic anisotropy
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or crystallographic anisotropy of Co-based oxide materials during processing. For hot-
pressing and magnetic texturisation processes, the reports are more related on BiCaCoO,
BiPbSrCoO phases where the presence of bismuth seems to be helpful for partial melting
which is favorable to the orientation of the crystallites.

In this work, we employed Spark Plasma Sintering (SPS) set-up to streamline the grain
texture of both superconductor Bi2Sr2Ca2Cu3O10 (Bi2223) and thermoelectric Ca3Co4O9
(Co349) or Ca2.6Ag0.4Co4O9 (Co349/Ag) composite ceramics. The SPS was modified so as
to obtain textured lamellar compounds. The new process is referred to as Spark Plasma
Texturing (SPT). During SPT, the bulk material can freely deform itself. As a result, inter-
grain preferential crystallographic orientation is favored. The correlations between the
microstructures generated and the functional properties of both superconductor (Bi2223)
and thermoelectric (Co349) using SPS and SPT were investigated and will be discussed
in detail. This article is structured as follows: after the introduction, the experimental
conditions will be detailed followed by the analysis of the results in section three and
finally the conclusion.

2. Experimental
2.1. Samples Preparation and Processing Conditions

In this section, three sets of ceramic powders were processed: (i) commercial su-
perconducting Bi2Sr2Ca2Cu3O10 (Bi2223) (SSC Neyco 3N, purity 99.9%, particle size of
2 µm), (ii) thermoelectric (TE) Ca3Co4O9 (Co349) and (iii) thermoelectric Ca2.6Ag0.4Co4O9
(Co349/Ag) composites. The TE ceramic powders were prepared by first calcining a stoi-
chiometric mixture of commercially available (purity ≈ 99%), Co3O4, Ag2O, oxides and
CaCO3 carbonate at 900 ◦C for 12 h. Then, the powder was refined (particle size ≈ 1 µm)
by regrinding. The pellets with 10 mm diameter of both powders were formed by uni-axial
pressure (30 MPa) at room temperature in order to obtain a relatively dense raw mate-
rial free of microcracks. These pellets were pre-sintered at 500 ◦C and 700 ◦C for Bi2223
and Co349 respectively for 2 h for mechanical reasons before the Spark Plasma Texturing
(SPT) [23]. The pre-sintered sample was placed at the center of graphite die of 20 mm
diameter or tungsten carbide-WC die (15 mm diameter) in order to ensure the free deforma-
tion (Figure 1b) and grains alignment of the sample. The final processing was carried out
using the SPS system under a dynamic vacuum (10−3 bar). In another configuration, the
ceramic powder was directly introduced into the graphite (Figure 1a) mold as reported else-
where [24]. The FCT-HP D25 (Rauenstein, Germany) SPS machine was used in DC mode
with a maximal power of 8 kW, a heating and cooling rate of 100◦/min. The processing
conditions for the thermoelectric materials are 900 ◦C with pressure of 50 MPa and dwell
time of 20 min. In order to investigate the anisotropic properties, several discs of Co349
(Figure 2a) were prepared by SPT, then polished and hot-stacked (Figure 2b) without any
binder. In addition, to avoid the reduction of the oxygen content on the superconducting
Bi2223 oxide, the powder was introduced into the tungsten carbide (WC) die, then placed
into the working chamber in an air atmosphere at 600 ◦C under 300 to 500 MPa for 20 min.

2.2. Characterization

XRD measurements were investigated on a 4-circles X’PERT Philips goniometer in the
Bragg-Brentano geometry. Carl Zeiss Supra 55 (Oberkochen, Germany) high-resolution
scanning electron microscope (SEM) equipped with EDS was used to investigate the
microstructure and the chemical composition of the samples after processing. A commercial
SQUID (Quantum Design) magnetometer was used for magnetization measurements.
Finally, the electrical resistivity, ρ, and thermoelectric power or Seebeck coefficient, S, were
measured simultaneously by the dc four-probe method by using a ZEM-3 (ULVAC-RIKO,
Inc., Yokohama, Japan) from room temperature to 750 ◦C.
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Figure 2. (a) As-processed and (b) hot-stacked Co349 pellet samples.

3. Results and Discussion

In this section, the results regarding three ceramic oxides will be discussed:

(i) Superconducting Bi2Sr2Ca2Cu3O10 (Bi2223)
(ii) Thermoelectric Ca3Co4O9 (Co349)
(iii) Thermoelectric Ca3-xAgxCo4O9/Ag (Co349/Ag) composites

3.1. Thermoelectric Ca3Co4O9 (Co349)

X-ray diffraction of the face perpendicular and parallel to the applied pressure direc-
tion during processing is shown on Figure 3. The patterns show the single-phase nature of
the powders with no secondary or impurity phases. All the peaks were indexed as on XRD
patterns of conventional sintering samples reported elsewhere [25]. This indexation includ-
ing satellite reflections originated from the misfit-layered structure was made according to
some [26,27] reported works. The faces perpendicular to the applied pressure (SPS⊥ and
SPT⊥ samples) reveal strong (00`) reflections, in contrast to the faces parallel to the applied
pressure (SPS// and SPT// samples) where more peaks are (hk0) or non-sample showing
all (hk`) diffraction peaks [25]. This shows that the experimental process tends to align the
crystallographic c-axis of platelets following the preferential axial direction. These features
can be correlated with the following microstructures.

Figure 4 shows the SEM micrographs of the reference sample, in other words, the
sample prepared by conventional sintering (CS). Then, 98% dense SPS and SPT samples. It
shows essentially the faces fractured parallel and perpendicular to the pressure applied
during sintering. For the CS sample, the grains are randomly distributed and loosely
assembled (Figure 4a). In this case, the sample density is only 60% of the theoretical
value [12,28]. The SEM picture of the SPS sample (Figure 4b) shows no preferential grain



Ceramics 2021, 4 100

orientation, with respect to the SPT sample (Figure 4c). The SPT sample shows the high
degree of orientation of large platelets compactly stacked up along the applied pressure
axis (Figure 4c). The comparison of Figure 4b and c demonstrates the detrimental influence
of the walls of the shaping mold on the morphology of these layer structure materials. In
fact, the microstructure of the SPT sample is similar to the one usually obtained with the
hot-forging/pressing (HP) process [29–31]. Nevertheless, the HP requires days to prepare
the sample, with respect to about an hour with SPT. We can conclude that the Spark Plasma
Texturing (SPT) is favorable for grain growth and allows inducing good alignment among
the grains, required for improved functional properties of the bulk material.
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Figure 3. XRD diffraction curves were obtained, from the faces perpendicular and parallel to the
applied pressure during Spark Plasma Sintering (SPS, red color) and Spark Plasma Texturing (SPT,
blue color).

The temperature (T) dependence of the resistivity (ρ) for the reference Ca3Co4O9
sample (σ = 0 MPa), and the samples processed by SPS and SPT respectively is shown in
Figure 5a. What can be deduced from it? The ρ(T) curves show similar behavior, with
the magnetic transition around 250 ◦C. This is in agreement with some reports [12,25]
on thermoelectric oxides. These curves show that at 100 ◦C, the resistivity of the non-
pressed sample is 37 mΩ.cm as compared to 17 and 7 mΩ.cm for the SPS and SPT samples
respectively. The decrease in resistivity values can be considered as being due to the
densification of the material under pressure and good alignment between grains. For the
thick SPS and hot stacked SPT samples, the electrical resistivities (Figure 5b) have been
measured in parallel and perpendicular directions to the applied pressure during sample
processing. As expected, the electrical resistivity of the samples processed by Spark Plasma
Sintering and Texturing exhibit a high anisotropy than the SPS one. At 150 ◦C, we can
deduce a ratio of ρSPT// /ρSPT⊥ = 7 for SPT compare to ρSPS// /ρ SPS⊥ ~ 2 for SPS sample.
This is well correlated to the microstructure shown in Figure 4 where the SPT exhibits
strong alignment of platelets where the current can flow easily and lead to the low in-plane
resistivity (/ρSPT⊥).
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In addition, the Seebeck coefficient, S or thermoelectric power versus temperature
is illustrated on Figure 5c and 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 in both directions are quite close. An explanation of
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the anisotropic behavior seems to be related to the tensorial expression [31] of the Seebeck
coefficient showing that the in-planes (ab-planes) component is more pronounced than the
out-of-the plane (c-axis). Some authors [32,33] reported the anisotropic thermopower in a
misfit-layered calcium cobaltite. An explanation is S (T) has two components Str(T) and
Sµ(T). Where Str(T) is the transport therm and Sµ(T) the entropic term. The transport therm
is probably higher than the entropic one in the case of dc four-probe method measurements.

3.2. Thermoelectric Ca3-xAgxCo4O9/Ag (Co349/Ag) Composites

The high-temperature thermoelectric properties of 349/Ag composite were optimized
by combining the substitution of Ag+ with Ca2+ or Ag-added and spark plasma sintering
(SPS) consolidation. A series of sintered samples using various Ag content was processed
respectively. The bulk densities of all samples are about 98% of the theoretical densities.
From the results, we can evidence the effect of silver doping on thermoelectric properties.
This is related to the change of the carrier concentrations.

Figure 6a shows: (i) the magnetic and/or structural transition around 350 ◦C, for the
series of samples. (ii) The electrical resistivity (ρ) decreases with increasing Ag-substituted
or Ag-added. (iii) A low resistivity value ~2 mΩ.cm over the entire temperature range
is found when the Ca is substituted with x = 0.8 silver (Ag). The decrease of electrical
resistivity with the Ag content can be argued as a result of the change of the carrier density
with doping [34,35].
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In this study, a fraction of the divalent Ca2+ has been substituted by the monovalent
Ag+, which could modify the transport and thermoelectric properties of polycrystalline
Ca3-xAgxCo4O9/Ag.

Figure 6b shows the temperature and Ag content dependencies of the thermoelec-
tric powers or Seebeck coefficients, S of the samples. As expected, S decreases with
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increasing Ag content. Basically, the thermoelectric power depends on the chemical com-
position of the material. The fraction of Co4+ holes on the Co sites in the CoO2 layers
change progressively with Ag content and systematically induce the modification in the
thermoelectric power according to the Heikes formula [36]. The optimized composite is
found to be Ca2.6Ag0.4Co4O9/15wt% Ag. We can note the remarkable reduction of ρ, and
an improvement of power factor (Figure 6c) value up to 360 µW.m−1.K−2 compared to
314 µW.m−1.K−2 and 260 µW.m−1.K−2 respectively for un-doped sample and sample with
Ag content x = 0.1.

3.3. Bi2Sr2Ca2Cu3O10 Superconductor

The microstructure of the sample prepared by SPT is shown in Figure 7a. The frac-
tured cross-section is evidenced. We can observe a high degree of orientation of large
platelets compactly stacked (98% relative density) along the stress direction. This stands
in contrast to non-pressed samples [37] in which much smaller platelets appear to be
randomly distributed and loosely assembled, resulting in a weak relative density (60%).
The microstructural aspects for the textured sample clearly show an increase in elongated
platelet size (6 µm) and a decrease in the voids between the grain boundaries. Figure 7b
shows the SEM of the face broken perpendicular to the applied annealing pressure. In
contrast to the parallel direction, the large grains with the surface parallel to the applied
pressure are evidenced.
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Figure 8a shows magnetic moment versus temperature curve. It can be seen as
expected, the critical temperature, Tc ≈ 110 K. The large transition width (∆T) can at-
tribute to the presence of some phases: Bi2212, 14:24 and/or Bi3221 as reported else-
where [38]. Figure 8b shows the magnetic hysteresis, M (H) cycles measured carried out
on a 3 × 3 × 3 mm3 specimen cut out from a bulk sample. The excitation field, H is either
parallel or perpendicular to the direction of the pressure, P, applied during processing. The
hysteresis of the cycle measured with H parallel to the stress direction is larger than that of
the other cycle (∆MH//c > ∆MH⊥c). At the self field, the magnetic moment anisotropy ratio
is around 3. This can be correlated to the micrographs, confirming the texture of the bulk
sample with the preferential crystallographic of the grains.

Ceramics 2021, 4 FOR PEER REVIEW  9 
 

 

other cycle (ΔMH//c > ΔMH⊥c). At the self field, the magnetic moment anisotropy ratio is 
around 3. This can be correlated to the micrographs, confirming the texture of the bulk 
sample with the preferential crystallographic of the grains. 

 

 

Figure 8. (a) Temperature dependence of magnetic moment. (b) Magnetization hysteresis cycles at 
20 K with the measuring field H, parallel (ο) and perpendicular (•) to the pressure applied during 
processing. 

4. Conclusions 
To sum up, highly textured dense functional ceramics with grain-alignment have 

been successfully processed. The resistivity in the out of the planes was close to height 
orders of magnitude larger than the in-plane resistivity for the SPT p-type Ca3Co4O9. Crys-
tallite alignment is effective in lowering the electrical resistivity which could be useful in 
improving the figure of merit parameter. Further investigations such as thermal conduc-
tivities in order to estimate the figure of merit seem meaningful. The thermoelectric Ca3-

xAgxCo4O9/Ag composites were prepared by SPS. The effect of the silver doping on the 
thermoelectric properties was evidenced. The optimum composition 
Ca2.6Ag0.4Co4O9/15wt% Ag has been formulated with a high power factor of 360 
μW.m−1.K−2. Furthermore, the substitution of Ca2+ by a monovalent heavy-ion such as Ag+ 
can lead to an increase in the diffusion of crystal defects and impurities in the structure of 
composite material. This can result in a shorter mean free path of the phonons and conse-
quently a reduction in thermal conductivity as reported by Wang et al. [39]. Therefore, we 
expect a significant increase in the figure of merit, ZT. On the other hand, due to the duc-
tile nature of the silver (Ag) metal Ag, we also expect an improvement in the mechanical 
properties of composite materials, in particular in terms of toughness. 

Figure 8. (a) Temperature dependence of magnetic moment. (b) Magnetization hysteresis cycles
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during processing.

4. Conclusions

To sum up, highly textured dense functional ceramics with grain-alignment have been
successfully processed. The resistivity in the out of the planes was close to height orders of
magnitude larger than the in-plane resistivity for the SPT p-type Ca3Co4O9. Crystallite align-
ment is effective in lowering the electrical resistivity which could be useful in improving
the figure of merit parameter. Further investigations such as thermal conductivities in order
to estimate the figure of merit seem meaningful. The thermoelectric Ca3-xAgxCo4O9/Ag
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composites were prepared by SPS. The effect of the silver doping on the thermoelectric
properties was evidenced. The optimum composition Ca2.6Ag0.4Co4O9/15wt% Ag has
been formulated with a high power factor of 360 µW.m−1.K−2. Furthermore, the sub-
stitution of Ca2+ by a monovalent heavy-ion such as Ag+ can lead to an increase in the
diffusion of crystal defects and impurities in the structure of composite material. This can
result in a shorter mean free path of the phonons and consequently a reduction in thermal
conductivity as reported by Wang et al. [39]. Therefore, we expect a significant increase in
the figure of merit, ZT. On the other hand, due to the ductile nature of the silver (Ag) metal
Ag, we also expect an improvement in the mechanical properties of composite materials, in
particular in terms of toughness.

Moreover, this study demonstrates that we can also use the SPT to texture other
layered materials such as Bi2Sr2Ca2Cu3O10 (Bi2223) superconductor. The 98%-dense and
highly textured Bi2223 sample were obtained with a magnetic anisotropy factor of 3.

At this stage of the study, there is further scope for improving the various parameters of
the process: applied pressure, length and temperature of the dwell, controlled atmosphere,
etc. to result in samples with improved efficiency.
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