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Abstract

YBa;Cu307 - -NayCoO> (YBCO-NCO) oxide thermoelectric ceramic was successfully prepared
by hot-pressing method. The optimum procedure included an applied weight of 1 ton, a temperature
of 800 °C and 1 h holding time under an Ar atmosphere. The produced segmented bi-layer YBCO-NCO
ceramic was highly dense with strong interfacial bonding and well-defined boundary. X-ray
diffraction pattern of each layer showed the corresponding phase of each compound. At the interface,
chemical bonding between two compounds was expected. This showed that, compared to the
conventional sintering method, segmented layers of heterogeneous oxides could be effectively formed
using the hot-pressing procedure.
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1. Introduction

Nowadays, the growth in various industries has created more demands in electricity and, at the
same time, these industrial processes produce waste heat which is currently released to environment
without being reused. Thermoelectric conversion is now one of the promising methods to recycle
waste heat and, in turn, produce electricity directly for various electronic equipments. Thermoelectric
generator is a solid state device which can directly convert heat to electrical energy via Seebeck effect
[1, 2]. The performance of a thermoelectric generator is largely determined by the material’s
characteristics called the dimensionless figure of merit (ZT) expressed by
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where S, T, ¢ and x are the Seebeck coefficient, absolute temperature, electrical conductivity and
thermal conductivity, respectively.

A segmented thermoelectric is one of the composite structures designed to improve the
thermoelectric conversion efficiency. Segmented thermoelectric materials were first studied by the Jet
Propulsion Laboratory (JPL). They reported that the segmented non-oxide thermoelectric combination
of Bi;Tes and CeFesSb, showed a thermoelectric efficiency over 15% [3]. Furthermore, Ngan et al. [4]
studied a segmented thermoelectric unicouple made of p-leg Bio.sSbi4Te3-TAGS and n-leg BiTes-
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PbTe which exhibited the thermoelectric efficiency up to 10%. These results indicated that
employing segmented thermoelectric materials according to their temperature dependence of
maximum ZT should be viable for high-efficiency thermoelectric devices. Nevertheless, layered or
segmented thermoelectrics based on oxide compounds are quite scarce and therefore should be
investigated for their high-temperature thermoelectric applications.

Yttrium barium copper oxide (YBaxCu3;O7-x or YBCO) is a well-known superconductor with a
defect perovskite structure [5]. It has high electrical conductivity (i.e. 50,000 Q'm™ at 300K) [6].
Prayoonphokkharat et al. [7] confirmed that YBa;Cu3zO7.x ceramic had high electrical conductivity
(~50,000 Q'm™! at 375K). However, Rodriguez et al. [8] reported high electrical conductivity of
YBCO to be about 1.0 x 10*Q'm™" Seebeck coefficient of 480 uV K!' and low thermal conductivity
(k ~ 0.50 Wm'K™") which resulted in the ZT value ~ 0.30 at 275K. The difference in values of the
thermoelectric parameters was likely due to the compositional difference between the YBCO samples
prepared under different sintering conditions and the temperature of measurement. Sodium cobalt
oxide (NayCoO> or NCO), where 0.50 < y < 1, has a hexagonal structure. The previous work of
Boontham et al. [9] found that NagCoO; had quite high electrical conductivity (77,000 Q'm™" at
300K) and showed ZT value ~0.28 at 675K.

It is well known that the quality of oxide ceramics depends largely on the sintering process. In our
previous work [10], attempts to produce the segmented (or bilayer) YBCO-NCO ceramic was
successful but the procedure required a rather long processing time which seemed to cause
appreciable diffusion of different elemental species across the bilayer boundary. It is also
experimentally established that the simultaneously applied pressure and temperature can produce
dense ceramic with fine microstructure in a short time period compared to the conventional sintering
technique. This was in order to see if the sintering under an applied pressure could allow a better
densification rate and, hence, produce a better bi-layered ceramic with strong and uniform interface.
The results are discussed in terms of microstructures and compositions across the heterogeneous
interface between these two compounds.

2. Materials and Methods

The starting materials for the synthesis of YBa;Cu3;O7; (YBCO) and NapsCoO, (NCO) powders
were Y203 (99.99%, Aldrich), BaCOs (= 99%, Sigma-Aldrich), CuO (98%, Sigma-Aldrich), Na>CO;
(99.50%, Riedel-de Haén) and Co304 (99.50%, Aldrich). The powders were weighed according to the
stoichiometry of each compound, mixed by wet ball milling method for 24 h and dried in an oven.
The mixtures for YBCO and NCO were calcined in a normal atmosphere at 850 °C for 12 h and at
750 °C for 16 h, respectively. The bilayer of YBCO-NCO ceramic was formed by a hot-pressing
method. The YBCO powder was first loaded into the graphite mold and the NCO powder was then
added on top of the YBCO (see Fig. 1 (a)). After placing a graphite pellet on top of the NCO powder,
a graphite plunger was then used to provide a weight of 1 ton and the materials were subjected to the
temperature of 800 °C for 1 h under Ar atmosphere.

The phase and crystal structure of each side of the bilayer (Fig. 1 (b)) were analyzed by X-ray
diffraction (XRD, Lab X-6000). The grain size was determined by a linear intercept method. The
density of the bilayer was calculated using the following equation,

Pt = PyscoVvsco T PncoVweo (2)

where p is the density of each material and V' is the volume fraction (i.e. Vygco + Vaco = 1) [11, 12].
Scanning electron microscopy (SEM, JSM-IT300LV) was used for microstructural characterization.
Chemical composition measurement was carried out using an energy dispersive spectroscopy (EDS)
mode of the SEM instrument.
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Fig. 1 Schematic drawings showing (a) the process of loading YBCO and NCO powders into a mold
and (b) YBCO-side and NCO-side during XRD analysis.

bottom pellet

3. Results and Discussion

The XRD result of YBCO powder calcined 850 °C for 12 h and NCO calcined 750 °C for 16 h are
shown in Fig. 2. It was found that both YBCO and NCO powders showed nearly single phase. The
relative intensity and positions of peaks corresponded to the standard powder patterns. Although some
small peaks maybe present, their intensities were near the background noise level and were difficult to
be identified. The broadening of some peaks likely came from the effect of X-ray wavelength used
which was close to the absorption edge of Co element in the sample. The morphology of the YBCO
powder showed irregular shape while that of NCO powder showed small-plate morphology (see Fig. 3).
The chemical compositions of the YBCO and NCO powders are shown in Table 1.
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Fig. 2 XRD patterns of (a) YBCO powder and (b) NCO powder.

Table 1 Chemical composition values from EDS analysis of YBCO and NCO powder.

Atomic % Atomic % Weight % Weight %

Element EDS Nominal EDS Nominal
Y 7.93 7.69 14.76 13.35
Ba 13.29 15.38 43.37 41.23
Cu 25.29 23.08 27.56 28.62
0] 53.49 53.85 14.31 16.80
Na 15.33 16.67 14.04 13.41
Co 28.16 27.78 52.28 56.12
0] 56.51 55.55 33.68 30.47

The EDS results of the calcined YBCO and NCO powders indicated the compositions which were
in agreement with the nominal compositions (i.e. YBa;CuzO7 and NaosCoO2) used during synthesis.
This also helped confirm the phases present as analyzed by X-ray diffraction. The irregular shape and
agglomeration of the calcined powders seemed to be the typical feature for both compounds
regardless of the synthesis method used [13]. The approximated particle sizes for YBCO and NCO

were <] pm and 1 — 10 pm, respectively.

The XRD patterns at room temperature of each side of the segmented YBCO-NCO ceramic are
shown in Fig. 4. The XRD pattern of the YBCO-side could be compared with the JCPDS file number
38-1433 of YBayCuO; which was similar to that reported by Prayoonphokkharat et al. [7] and
Wannasut et al. [10]. The NCO-side could be matched with JCPDS file number 01-073-0133 of
Nao.sCoO> which was also in agreement with the result obtained by Boontham et al. [9]. In addition,
the XRD patterns of these ceramics were not different from their original calcined powders except a
small variation of XRD peak intensities due to the difference in grain size and orientation compared
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to the powder cases. Based on these results, the joining of these two structurally and chemically
different compounds did not cause any extensive reaction or decomposition of the individual
compounds.

Fig. 3 SEM image of YBCO powder calcined at 850 °C for 12 h and NCO powder calcined at 750 °C
for 1 h.
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Fig. 4 XRD patterns of each side of the bilayer YBCO-NCO ceramic.

The physical properties measurements of the bi-layer sample showed a linear shrinkage of about
18% with high relative density (~97% of theoretical value). SEM backscattered image of the
segmented YBCO-NCO ceramic is shown in Fig. 5. A sharp interface could be observed between two
compounds. The chemical compositions at various positions (see Fig. 5) are presented in Table 2.
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Fig. 5 SEM back-scattered image of bilayer YBCO-NCO ceramic.

The interface of the bilayer presented good bonding with a sharp boundary between YBCO and
NCO layer. Based on the SEM image, it was clear that the bilayer was consisted of two homogeneous
phases on each side. YBCO-side featured anisotropic shaped grains with the average grain length
~5.22 — 37.31 pm and width ~2.80 — 17.20 um (approximated from the as-sintered surface which is
not shown here). NCO-side presented irregular-shaped grains with the average grain size of ~5.20 um.
YBCO showed lighter color compared with NCO. This difference in color was due to the sensitivity
of BSE electrons to the average atomic number of each compound [14], i.e. higher average atomic
number would give lighter-colored image.

The EDS scan at several points across the bi-layer boundary was performed and the results are
shown in Table 2. At the interface, all elements were detected which may be due to the interaction
volume of the electron beam that covered both the YBCO and NCO side. In addition, inter-boundary
diffusion of some elements was expected which could act as a source of strong chemical bonding.
About several hundred micrometers away from the interface, no element diffusing across the
boundary was observed. However, the concentration of some elements (e.g. Y in the YBCO side and
Na in the NCO side) seemed to be deviated from the expected stoichiometry. Since the hot-pressing
procedure was carried out under Ar atmosphere, some elemental defects such as oxygen vacancies
may be present which could induce some ionic diffusion within each layer during the sintering
process. Since the thickness of each layer was ~2 mm, this region was considered very narrow. It was
believed that the overall average composition of each layer should correspond to the stoichiometric
composition which was confirmed by the XRD analysis on the surface of YBCO and NCO layers.

Detailed investigation at the interface is now being carried out in order to confirm the inter-layer
diffusion as well as any reaction that might occur. Moreover, the sample in this work showed high
density (i.e. 4.97 g cm™ or of the theoretical value) despite the relatively low temperature and small-time
duration used. Therefore, the hot-pressing procedure seemed to be an effective method to produce
bilayer and multilayer oxide thermoelectric ceramics for module production.
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Table 2 chemical composition values from EDS analysis of segmented YBCO-NCO.

Spectrum (atomic %) Y Ba Cu Na Co ©
point 1 NCO - - - 23.92 2992 46.15
point 2 NCO - - - 24.17 2479 51.04

point 3 YBCO-NCO 3.27 5.69 9.51 2252 10.44 48.57

point 4 YBCO 6.52 12.66 17.81 - - 63.01
point 5 YBCO 12.73 16.17 16.81 - - 54.29

4. Conclusion

In this work, the bilayer YBCO-NCO ceramics was successfully prepared by hot- pressing methods
using the sintering condition of 800°C for 1 h and the pressure of 1 ton. The ceramics show a high
relative density of 97% and good bonding without cracking. The phase and composition of YBCO
and NCO layers remained virtually the same despite being sintered under reducing atmosphere.
The result indicated that the hot-pressing method can be used to produce high-quality segmented
ceramic with less processing time and lower temperature.
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