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4.3. Experimental details 

In order to sinter the PbTe powder to the Ni plate, a disk-shaped nickel plate with 

a thickness of 500 µm was polished to 1 µm surface roughness and ultrasonically cleaned 

with ethanol to remove possible contaminants on the surface. Subsequently, 1 g of PbTe 

powder was assembled with the Ni plate in a 12 mm graphite die, as in Figure 3.7 on 

section 3.3.1.1. The consolidation of the assembly was carried out at 773 K, 793 K, and 

873 K, with uniaxial pressure of 40 MPa for 10 minutes under vacuum. Heating and 

cooling rates of 5 K/min were used. 

EBSD and EDS information was obtained simultaneously from an 80 × 60 μm2 area 

using a JEOL JSM-7001F field emission gun–scanning electron microscope operating at 15 

kV accelerating voltage, ~5.5 nA probe current, and 1500 × magnification. The microscope 

was fitted with a Nordlys-II EBSD detector and an 80 mm2 X-Max EDS detector interfacing 

with the Oxford Instruments Aztec software suite. The EBSD mapping conditions were 

optimised beforehand with 44, 42, and 40 reflectors employed for the Ni, Ni3Te2, and 

PbTe phases, respectively, as well as 4 × 4 binning, 2 background frames, a Hough 

resolution of 50, and concurrently indexed individual Kikuchi patterns up to 8 bands after 

preliminary EDS identification of the phases using TruPhase. The raw EBSD map returned 

an overall indexing rate of 98.65%, such that the zero solutions were concentrated at 

(sub)grain boundaries or phase interfaces. The map step size of 0.095 μm that was 

employed was equivalent to an EDS map resolution of ~2048 × 2048 pixels. Other EDS–

based settings included a 20 keV energy range, auto-selection of the number of channels, 

a process time of 3 and a detector dead time of ~55–60%. 

Thermoelectric multicouples for power generation are commonly encapsulated in 

inert atmosphere or under vacuum [15]. In order to assess the thermal stability of the 
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Figure 4.8. SEM micrographs of the bonding area between PbTe and Ni after 

sintering under 40 MPa pressure for 10 minutes at temperatures of (a) and (b) 723 

K; (c) and (d) 793 K; (e) and (f) 873 K. 
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The obtained bond in this study satisfies expectations by forming a homogeneous 

diffusion barrier in the contact area between the thermoelectric material and the nickel 

electrode by a one-step sintering process. The composition of the generated interphase is 

consistent with Ni3Te2 as the only intermetallic formed during the reaction. An earlier 

study [84] on the one-step bonding of Ni to n-type PbTe by rapid hot pressing found 

defects at the junction with the nickel electrode, which increased in number with the 

sintering time, allowing PbTe to diffuse and react inside the cracks. The main reported 

composition is Ni3±𝑥Te2 (38.6 – 41.0 at. % Te), and a ternary phase of Ni5Pb2Te3 is 

observed together with it via a eutectic reaction at the Ni/PbTe interface at 923 K. The 

continuous diffusion of elements into the defects in Ni electrode, where they can react at 

the TE multicouple operating temperature, was introduced as the major limitation of this 

sort of fabricated interface.  

In this section of this doctoral work I have formed a defect-free, fully reacted 

interface between Ni and n-type PbTe. The nickel electrode is free of defects, allowing 

homogeneous diffusion of the interlayer into the PbTe. The intermetallic formed is also 

the binary Ni3Te2 compound, and there is no evidence of a ternary phase. It is believed 

that the generated interphase could better prevent further reaction between the Ni 

electrode and the thermoelectric material. 

4.4.7. Aging test of as-bonded PbTe/Ni sample 

The highest performance of PbTe materials is obtained at 700–850 K [139], 

promoting the fabrication of TE multicouple designed to work at a similar hot side 

temperature. These conditions can be applied for an extended period of time, and 

therefore, long-term thermal stability of the interphase is essential for future TE 

multicouple performance. Sublimation is the main degradation mechanism for TE 
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multicouple. If sublimation of materials at the hot side junction is significant over time, it 

could cause mechanical failure of the contact between the interphase and the TE material. 

The standard cross-sectional reduction due to sublimation is around 5–10 % over a 10 

year period. The sublimation rate of PbTe at 803 K is about 2 x 10−7  g cm2⁄ h  and 

7 x 10−7  g cm2⁄ h for 5 % and 10 % reduction, respectively [146]. In order to examine the 

thermal stability of the fabricated PbTe/Ni joints, an aging test at 803 K was conducted 

under vacuum. Figure 4.9 shows an optical microscope image after the joint was exposed 

to high-temperature conditions for 360 hours. The image proves that there is clear 

degradation of PbTe. The increase in porosity and cracks within the thermoelectric 

material exemplifies the effects of the sublimation mechanism at 823 K. With long-term 

usage, this could be detrimental to power performance or lead to mechanical failure 

between bonded layers. Despite the obvious damage to the sample after the test, it was 

still observed a well-defined and continuous interphase. 
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Figure 4.9. Optical microscope image after the sample was encapsulated in a quartz 

tube under vacuum and aged for 360 hours at 823 K. 

EBSD analysis and EDS were also performed simultaneously on the thermally aged 

sample, which was prepared in the same way as the as-sintered sample. The analysis was 

performed to investigate any changes in the crystallographic structure of the interphase 

after the long-term thermal aging test. Figure 4.10 presents the band contrast (Figure 

4.10(a)) and phase distribution (Figure 4.10(b)) maps. The indexing of the EBSD map 

clearly delineates three phases, which are presented in light red (Ni), blue (Ni3Te2), and 

yellow (PbTe). This identifies the β2 Ni3±𝑥Te2 tetragonal phase as the sole composition of 

the interphase. Therefore, the chemical stability of the Ni3Te2 compound is confirmed by 

the absence of any evidence of its reactivity with respect to Ni and PbTe. The presence of 

twins is also noticeable at the grains of the Ni3Te2 phase. Twins are shown in dark red 

and have the same 82.5° [110] angle/axis relationship as in the as-sintered sample. With 

respect to the Ni3Te2 diffusion layer, cracks and porosity have increased compared to the 

as-sintered sample. These are represented in the EBSD map (Figure 4.10(b)) as unindexed 

white areas. Moreover, a slight separation between the Ni (light red) and Ni3Te2 (blue) 
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phases is observed. This effect could have been caused by the cutting of the cross-section 

to perform the microscopic analysis. This is plausible due to the weakening of the 

interface bond that was caused by the larger number of pores in the diffusion barrier 

layer. Otherwise, it is suggested that differences in CTE were responsible for the cracking. 

No information is available in the literature on the CTE of Ni3Te2 phase, so it is impossible 

to draw a conclusion on this matter. EDS maps of the Ni, interphase, and PbTe interfaces 

for the aged sample are presented in Figure 4.10(c), (d), and (e). The micrographs show a 

distinct interphase containing Ni and Te between the Ni electrode and the PbTe 

thermoelectric material. The elemental distribution of the three layers resembles that in 

the as-sintered sample, with an interphase thickness of roughly 30 µm. It appears that the 

wide Ni3Te2 diffusion barrier layer prevented diffusion of Ni into the PbTe phase. Two 

possible reaction products are reported between Ni3Te2 and PbTe [39]: Ni2PbTe4 [147] 

and Ni3PbTe3 [144]. There is no thermodynamic data available for these phases, however, 

and it is observed no new phases that were formed during the aging test, as is evident 

from the EDS analysis shown in Figure 4.10(c-e). Blocking any continuous reaction with 

PbTe is essential for maintaining bonding performance. The chemical composition and 

thickness of the barrier layer of Ni3Te2 remain constant after the aging test, proving the 

effectiveness of the present bonding method between Ni electrode and n-type PbTe. 
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Figure 4.10. (a) EBSD band contrast map, (b) EBSD phase distribution map. EDS 

mapping of PbTe/Ni aged thermally at 823 K for 360 hours: (c) Te elemental 

mapping, (d) Pb elemental mapping, (e) Ni elemental mapping. 


