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Abstract

:

The conversion efficiency of the thermoelectric generator (TEG) is adversely affected by the quality of thermal contact between the module and the heat source. TEGs with the planar substrate are not suitable for the curved heat sources. Several attempts have been made to tackle this issue by fabricating complex tubular-shaped TEGs; however, all efforts have been limited to low-temperature applications. Furthermore, the electrical contact resistance of the module is critical to achieving a high-power output. In this work, we developed the tubular TEG with significantly low specific contact resistance by optimizing the joining process. We show that the modified resistance welding (MRW) performed by spark plasma sintering (SPS) is an efficient joining method for the fabrication of the TE module, with high feasibility and scalability. This research seeks to suggest important design rules to consider when fabricating TEGs.
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1. Introduction


Current cooperation between researchers and industries aims to develop new technologies for alternative renewable energy as a means to mitigate the increasing demand for electricity and curb over-reliance on the limited amount of fossil fuels [1]. One promising device for consideration is the thermoelectric generator (TEG). TEG is a solid-state device, consisting of a number of pairs of p-type and n-type semiconductors, that can directly convert heat to useful electric energy without any moving parts. The advantages of using TEG are that it is compact, reliable, and produces less noise [1,2,3,4]. One major application of TEG is the recovery of waste heat from different sources, from home appliances to industrial incinerators. Introducing TEGs to waste heat recovery has enabled simple and direct electrical power generation, widening the application even for sensing devices [5,6], solar cells [7,8], fuel cells [9,10], and automotive exhaust lines [11,12].



Unfortunately, the commercialization of the TEG module has been hindered by the low energy conversion efficiency of the thermoelectric material [2]. Thermoelectric conversion efficiency is proportional to the dimensionless thermoelectric figure of merit:   z T =      S 2  σ T  κ     , where  S ,  σ ,  T , and  κ  are the Seebeck coefficient, electrical conductivity, absolute temperature, and thermal conductivity, respectively [1]. Several studies have been conducted to develop materials with high zT value, thereby increasing the efficiency of the thermoelectric device [13,14]. The conventional process for fabricating the TE module is limited to assembling cubical thermoelectric legs on a planar ceramic substrate [15,16,17], while most of the heat sources have an arbitrarily curved shape. The mismatch of the surface morphology causes high thermal contact resistance at the interface, eventually degrading the performance of the whole module, regardless of the material used [11]. Conductive polymer-based organic–inorganic hybrid [18] or screen printed flexible TEGs [19] were introduced to resolve the contact issue between the heat source and the TEG. Nevertheless, there are challenges for commercialization as they show far lower thermoelectric efficiency due to the low zT value of the organic-containing thermoelectric materials [18,19,20,21].



Ring-type TEGs, or tubular TEGs, have been designed as alternatives to deal with the aforementioned challenges and to achieve high efficiency via conformal contact to the heat source [22,23]. Nonetheless, most of the studies in terms of tubular TEG limit their material to the bismuth telluride (  B  i 2  T  e 3   ), which is for low-temperature power generation [23,24,25]. Applications of TEG at mid-temperature power generation are necessary considering the existence of mid-temperature waste heat sources such as incinerators, industrial furnaces, or automobile exhaust systems. For example, a catalytic converter equipped in an automobile requires over 200 °C to successfully react with exhaust gas, meaning that the temperature of the exhaust line would be greater than 200 °C [26]. Therefore, the necessity of tubular TEG to feature both stability and high performance concurrently at the mid-temperature range is important.



In this report, a skutterudite (SKD)-based tubular thermoelectric module was prepared by separately sintering p-type and n-type legs to optimize the thermoelectric efficiency. We selected skutterudite as a favorable thermoelectric material (CoSb3 for p-type, and CoSb2.85Te0.15 for n-type) for the fabrication of the module due to its wide operating temperature and commercial availability. Aside from the scalability, modified resistance welding (MRW) provides avenues to enhance thermoelectric properties when compared to previous reports that have no sintering [23] or co-sintering [27,28] process. We recorded a specific contact resistance below 7 × 10−6 Ω·cm2 for our module, using the MRW leading to an output power density of 0.52 W/cm2 at the temperature difference of 425 K.




2. Materials and Methods


2.1. Measurements of Thermoelectric Properties


Considering availability on a commercial scale with moderate TE properties, skutterudite (CoSb3) was chosen as a TE leg. Commercially available p-type undoped CoSb3 and Te-doped n-type CoSb2.85Te0.15 pellets were purchased (Toshima Co., Ltd., Tokyo, Japan). Seebeck coefficient and electrical conductivity of the pellets were simultaneously measured using a commercial apparatus (BS-1, Bluesys Co., Ltd., Daejeon, Korea). Thermal diffusivity was measured using the laser flash method (LFA457, NETZSCH, Selb, Germany). Thermal conductivity was estimated by calculating the product of thermal diffusivity (d), heat capacity   (  C p  )  , and density    ρ   . The theoretical heat capacity of CoSb3 was used, and density was calculated geometrically.




2.2. Machining of the Components


The pellets were machined into a 5 mm-thick cylindrical shape with an outer diameter of 30 mm and an inner diameter of 20 mm by wire electrical discharge machining. OFHC (Oxygen-free high conductivity) copper was used for the electrode material due to its high electrical conductivity. We found that the maximum power output or conversion efficiency is different by electrode thickness. Moreover, we also considered a processability in forming a good contact between electrodes and TE material. Therefore, a final thickness of 1 mm was determined by considering overall conditions. Hot side and cold side electrodes with a thickness of 1 mm and a width of 5 mm were positioned at the inner and outer peripheral of the cylindrical pellet, respectively. Silver-containing brazing sheets were inserted at both sides of the electrode to mechanically join it with the SKD. Ceramic fibers were used as insulation to shield exposed contact areas.




2.3. Joining


The Joining of the copper electrodes to the SKDs was done by modified resistance welding (MRW). The assembled module was placed on the graphite mold with a diameter of 30 mm, and each side of the module was compressed by a graphite punch with a diameter of 20 mm at the high temperature and pressurized by spark plasma sintering (SPS).




2.4. Analysis on the Joining Interface


The joining interface between the electrode and the SKD was analyzed by a field-emission scanning electron microscope (SU5000, Hitachi, Tokyo, Japan) equipped with an energy-dispersive X-ray spectroscopy (EDS) detector. Electrical resistance was measured while moving a microprobe at the joining surface. The specific contact resistance of the interface was calculated by multiplying the electrical resistance at the interface with the contact area.




2.5. Module Performance Evaluation


The tubular module is placed on semi-cylindrical graphite support with a curved heating cartridge. The bottom side of the graphite support is cooled with water. In order to ensure efficient heat transfer, 0.5 kg of brass with a 1 kg balance was applied onto the module to improve the contact between the heat source and the module. The temperature of the hot side and the cold side of the module was measured by a K-type thermocouple, and the open-circuit voltage was measured by an electric multimeter. The average area between the hot side and cold side was used for the power density calculation.





3. Results and Discussion


3.1. Thermoelectric Properties of the Materials


Thermoelectric property including the Seebeck coefficient, electrical conductivity, thermal conductivity, and dimensionless figure of merit (zT) of the thermoelectric materials as a function of temperature is shown in Figure 1. Although it is widely reported that skutterudite has high-performance zTmax of over one [14,29,30], commercialized Te-doped SKD shows limited performance. To check the feasibility and the applicability of fabricating tubular thermoelectric generators on a commercial scale, we used commercially available p-type CoSb3 and n-type CoSb2.85Te0.15 as thermoelectric materials for MRW modules.



The p-type SKD showed almost 10% of zTmax as compared to the n-type SKD. This zT value is consistent with the previous work by Liu et al. [31]. Due to the low zT of p-type segment, one pair of SKD only shows maximum zTave below 0.25 when the module is subjected to the temperature between 623 K (hot side) and 298 K (cold side). Since the overall performance of the material, especially in the p-type, is not so high, we designed a viable and efficient process to fabricate the tubular thermoelectric generator.




3.2. Fabrication of the Tubular Module


The fabrication process of the tubular thermoelectric generator is schematically shown in Figure 2. The process starts with slicing the sintered pellet into an appropriate thickness, which determines the heat-absorbing area of each TE element. The center of the pellet is cut out by wire electric discharge machining (WEDM). After that, cold side electrodes are positioned at the periphery of the outer radius of SKD. Brazing sheets are placed on top of the electrode and the rest of the area is covered by an insulating layer. The process is similar in the case of the hot side electrode, except for the electrode diameter. The hierarchical structure of the assembly is described in detail in Figure 2e. The hot side electrode, with direct contact to the heat source, has a smaller diameter than a cold side electrode. Two brazing sheets are placed at both sides of the electrode to mechanically join two different types of TE material to the electrode. Insulating layers are inserted between each TE material to electrically separate them. The mechanical and electrical joining of the electrode is done by modified resistance welding (MRW) using spark plasma sintering (SPS) equipment, as shown in Figure 2d. The digital photograph of the fabricated tubular thermoelectric generator with four pairs of SKD is shown in Figure 2f.



The joining process by the MRW method takes place in a sequence of steps. First, a high current is directed from the graphite punch to the assembly as a result of a high voltage during SPS. The brazing sheet, which has a low melting point compared to the other components, melts and forms an interface between the electrodes due to the high electrical resistance as a result of Joule heating. Unlike conventional co-sintering, which sinters TE and metal powders together, the MRW method joins already sintered pellets with the electrode. Co-sintering can be detrimental to the thermoelectric properties, since the optimum sintering temperature and pressure vary for n- and p-type TE materials due to the difference in composition.



For example, Chiu et al. reported that only a temperature difference of 50 K from the optimum sintering condition can result in a drop of the overall thermoelectric properties, especially zT by 75% of the optimum value [32]. Generally, in the case of skutterudite, the difference of the sintering temperature between the p-type and the n-type is about 100 K [14], which can significantly affect the property. Therefore, from the viewpoint of not only a facile fabrication but also high performance, it is beneficial to introduce MRW for the fabrication of modules.




3.3. Characterization of the Joining Interface


A low-magnification SEM image with an EDS line scan profile of the bonded interface between the TE material and the electrode is shown in Figure 3a,b. From the SEM, the interface is perfectly joined and devoid of cracks with no interdiffusion between the components. To find out the optimum joining condition, we measured the specific contact resistance at different temperatures and pressures (Figure S1). A summary of the specific contact resistance (ρcontact) for various joining conditions is shown for n-type in Figure 3c and p-type in Figure 3d. Generally, specific contact resistance decreases as temperature rises, but this is not the case for the pressure. No bonding is formed at 425 °C, 10 MPa condition in both n- and p-type SKD, including 350 °C, 5 MPa for n-type SKD. The optimum sintering conditions were observed at a temperature of 425 °C, and a pressure of 5 MPa, resulting in an n-type specific contact resistance of   6.093   μΩ·cm2 and p-type specific contact resistance of 6.853 μΩ·cm2. This specific contact resistance is only 1/100 of the previously reported value between the SKD–Cu interface [33], but also comparable to the value between the SKD–MoCu interface [34]. More detailed comparison is given in supplementary material (Table S1).



In essence, the low specific contact resistance is practically important for module fabrication to reduce total module resistance, since the theoretical maximum power output of the module is given by the following Equation (1) [35]:


   P  m a x   = N    V  O C  2    4 R    



(1)




where N is a number of pairs, VOC is an open circuit voltage, and R is a total resistance of the module. In this formula, R consists of three components: internal resistance, wire resistance, and contact resistance. Internal resistance arises from the electrical resistivity of the thermoelectric material, the electrode, and the brazing material. Wire resistance comes from the electrical resistivity of the wire connection at each end of the electrode. Finally, contact resistance exists between the interfaces of the components such as TE material–electrode, wire–electrode, etc. If materials used to fabricate the module are highly conductive, and the length of the wire is not too long, the effect of the contact resistance would be comparable with the other two components.




3.4. Measurement and Estimation of the Output Characteristic


To test the power generation performance of the fabricated module, we designed the measurement setup as shown in Figure 4a. The TEG module was placed on a graphite mold with a circular heat source attached. The most challenging part of the measurement was to determine the hot and cold side temperature of the module due to its curved surface. In order to minimize the effect of this problem, specially designed thin thermocouples with a diameter under 0.1 mm were used. To ensure sufficient thermal contact between the TEG and the heat source, a load was placed and balanced with a brass support. The measured VOC of one paired tubular module by temperature difference is shown in Figure 4b. Ideally, the VOC of p–n junction pairing in the thermoelectric module at a given temperature can be evaluated with Equation (2) [36].


   V  O C ,   i d e a l   =   ∫    T c     T h    (  S p   T  −  S n   T  ) d T  



(2)







Here, Tc and Th, Sp(T), and Sn(T) is the cold side temperature, hot side temperature, Seebeck coefficient of p-type, and Seebeck coefficient of n-type TE material, respectively. However, due to several reasons such as non-uniform temperature distribution, or heat transfer by convection, there is a decrease in effective temperature difference over the device. Therefore, our module recorded about 60% of the theoretical VOC output.



The maximum power output of the module was estimated by the temperature-dependent electrical conductivity and VOC value for Equation (1). The detailed calculation of the electrical resistance is given in the supporting information. In addition, power density (PD) measures the power generated in a given area and is calculated by the ratio of maximum power output to the heat-absorbing area. Obviously, the power density is independent of the number of pairs in series and so higher power output can be obtained. Thus, it is crucial to improve the power density of the module.



The calculated power density of the tubular module with a polynomial fitting (of order 2) is shown in Figure 4c. Our SKD module exhibited a superior power density of 0.52 W/cm2 at a temperature difference of 425 K compared to an organic-based thermoelectric module which has low operating temperature and power output [21]. A comparison with inorganic tubular thermoelectric modules is shown in Figure 4d. Much work has been devoted to developing the Bi2Te3-based module [20,23,24,28], which is capable of generating power efficiently at room temperature. Although there are several works that fabricated tubular modules with higher operating temperatures, power density is not so high [22,37]. Our SKD module takes advantage of both the temperature range and power output while preserving the curved morphology of the whole device.



The structural advantage of the output power of the TEG has been estimated by Kim et al. [20]. The difference in output voltage per thermocouple increases as the temperature difference between the hot side and the cold side increases. For the application of waste heat recovery in the mid-temperature region, the temperature difference would be much larger than that of a low-temperature application. Therefore, the benefit from the tubular morphology becomes much more significant.



To show the usefulness of the MRW process for the fabrication of tubular TEG, we compared the power density and zTavg of other skutterudite-based modules to this work, as shown in Figure 5 [33,38,39,40]. Previous research methods employed high-performance TE material to the module, resulting in high zTavg, especially in the case of p-type. Even with such a huge mismatch between n- and p-type TE performance, the power density of the tubular module was comparable to that of planar TEGs. This suggests that the MRW process used in the fabrication of the SKD module enhanced performance.





4. Conclusions


We have demonstrated the use of modified resistance welding as a convenient joining method to fabricate thermoelectric generators (TEGs) with intricate tubular morphology, consequently leading to a record-breaking power density of 0.52 W/cm2 for the mid-temperature power generation. SEM microstructure confirms that the bonding interface is devoid of cracks or voids, resulting in the low specific contact resistance of 10−6 Ω·cm2. An evaluation of the power generation tests confirms that the MRW adopted in this work is suitable for fabricating the mid-temperature TE module. As such, there is plenty of room to improve the power density by adopting high-zT materials such as double-filled skutterudite, or incorporating a diffusion barrier between the TE material and the electrode. For this reason, we anticipate that this work could be a promising guideline for the fabrication of inorganic curved thermoelectric generators.
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Figure 1. Temperature-dependent (a) Seebeck coefficient, (b) electrical conductivity, (c) thermal conductivity, and (d) dimensionless figure of merit of n-type (CoSb2.85Te0.15) and p-type (CoSb3) skutterudite used for the fabrication of the tubular thermoelectric generator (TEG) module. 
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Figure 2. Fabrication process of the tubular thermoelectric generator. (a) Preparation of sintered skutterudite (SKD) pellet. (b) Cutting out a hole into a center of the pellet. (c) Assembly of the components including electrodes, brazing sheets, insulating layers, and SKDs. (d) Modified resistance welding (MRW) method to mechanically join electrodes with SKDs. (e) Hierarchical structure of each component in the assembly of (c). (f) Photograph of the fabricated tubular thermoelectric generator with 4 pairs of SKDs. The scale bar in (f) is 10 mm. 
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Figure 3. Characterization of the joining interface between the SKD and the Cu electrode. (a,b) SEM image of the bonded interface between (a) n-type SKD and Cu electrode, and between (b) p-type SKD and Cu electrode with EDS (Energy-dispersive X-ray spectroscopy) line scan profile. (c,d) Measured specific contact resistance of (c) n-type side and (d) p-type side for various joining conditions. Region with black color in (c) and (d) means that no stable bonding is formed in this condition. 
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Figure 4. Output characteristic of the tubular thermoelectric generator. (a) Schematic of the experimental setup for measuring the output power of the module. (b) Measured open circuit voltage (VOC) of the module for various temperature differences. Ideal VOC, calculated from the material’s property, is drawn together. (c) Output power and (d) power density of the module. Recently reported power density of tubular TEGs at their operating temperature difference is plotted for the comparison [20,22,23,24,28,37]. 
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Figure 5. Comparison of zTavg and power density of recently reported skutterudite-based conventional planar TEGs and our module. Despite the poor performance of p-type TE material, the power density of our module is higher than that of the planar TEGs, showing the advantage of the MRW process for the fabrication of tubular TEGs. 
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