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Abstract PbTe is an extremely important thermoelectric

(TE) material, due to its high TE conversion efficiency.

Consequently, our effort focuses on developing PbTe-

based TE modules, which requires developing novel

approaches for bonding metallic contacts to PbTe. In this

study, Fe, Mo, and NiFeMo alloy foils were directly bon-

ded to n-type PbTe using a rapid hot press at 600, 700, or

800 �C under a pressure of 40 MPa and for various holding

times. We find that in the case of Fe and Mo, it is difficult

to form a metallurgically bonded high strength joint with

PbTe. However, we find that NiFeMo alloy does effec-

tively bond to PbTe at 700 �C, but not at 600 �C. Signifi-

cant liquid Pb, which might be due to the reaction of PbTe

with Ni, is found that penetrates along the NiFeMo grain

boundaries near NiFeMo/PbTe joints during bonding at

700 �C where the extent of liquid Pb penetration can be

controlled with the time of bonding. Furthermore, the

Seebeck coefficient of bulk PbTe with NiFeMo contacts is

similar to that without NiFeMo contacts. Finally, the

accelerated thermal aging of NiFeMo/PbTe elements at

600 �C for 240 h shows that the failure mechanism of

NiFeMo/PbTe joints under operating conditions is the

continued formation and penetration of eutectic liquid

NiFeMo–PbTe and liquid Pb along the NiFeMo grain

boundaries.

Introduction

PbTe-based thermoelectric (TE) materials are used to

convert heat into electrical energy; mostly for space

applications. The U.S. first used PbTe 2n/2p-based SNAP-

3B radioisotope thermoelectric generators (RTGs) for

Transit 4A and 4B in 1961. Then SNAP-9B RTGs based on

PbTe 2n/2p were developed for Transit 5BN-1 and 5BN-2.

From 1969 to 1972, NASA used SNAP-27 RTGs based on

PbTe in Apollo 12 and 14–17 missions. Then improved

SNAP-19 RTGs based on PbTe 2n/TAGS-85 were devel-

oped for Pioneer 10, 11, and Viking 1, 2. In 2011, NASA

launched Mars Curiosity Rover which powered by

MMRTG based on PbTe 2n/TAGS-85 [1, 2]. Although

NASA has employed PbTe-based RTGs for several dec-

ades, there is not much detailed information about the

electrical contacts to PbTe-based elements. According to

some technical reports, NASA used Ni-plated Fe caps on

the cold side and Fe cups on the hot side as the contacts to

PbTe for SNAP-19 RTG and MMRTG. The direct

mechanical connection method, spring and piston, was

employed to connect the PbTe elements and the contacts

[3, 4]. However, this method is complicated and leads to

low efficiency of the TE device. Furthermore, PbTe-based

TE devices can be employed for terrestrial applications,

such as automotive and industry waste heat recovery. The

direct mechanical connection method has no advantage for

mass production. Some researchers from Japan bonded
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PbTe to Ni contacts by plasma activated sintering, but there

was no detailed analysis of the interfacial microstructure of

the PbTe contacts [5].

For a good PbTe-based TE contacts, several require-

ments must be met, which have been discussed in our

previous paper [6]. Our previous research on Ni/PbTe

joints showed that Ni bonds well to PbTe but reacts quickly

with PbTe [6] and therefore we are exploring alternative

materials. We decided to investigate the bonding properties

of Fe/PbTe and Mo/PbTe and subsequently those of a

NiFeMo alloy. The NiFeMo alloy may work as a good

interlayer since contains the reactive Ni but also the non-

reactive (according to the literature [7]) Fe and Mo. The Fe

and Mo in NiFeMo alloy might inhibit the reaction of Ni

with PbTe, which might increase the operating temperature

and prolong the lifetime of the joints.

In this study, NiFeMo alloy foil was directly bonded to

n-type PbTe by one-step hot-press sintering. The resulting

interfacial microstructures of the NiFeMo/PbTe joints are

investigated and the phases and the distribution of elements

at the NiFeMo/PbTe interface are analyzed. The obtained

data are used to get the optimal bonding parameters and

estimate the quality of the NiFeMo/PbTe joints. The See-

beck coefficients of bulk PbTe with and without NiFeMo

contacts are measured to study the effect of the bonding

process on the TE properties of PbTe. Additionally, an

accelerated thermal aging experiment of NiFeMo/PbTe TE

elements is conducted in order to determine the failure

mechanism and estimate the lifetime of the NiFeMo/PbTe

joints.

Experimental procedure

Polycrystalline PbTe0.9988I0.0012 samples were prepared by

melting and annealing. Stoichiometric mixtures of high-

purity Pb, Te, and PbI2 were sealed in graphite-coated

quartz ampoules under vacuum and heated to 1000 �C.

After holding at 1000 �C for 6 h, the ampoules were cold-

water quenched and annealed at 700 �C for 48 h. The

resulting n-type PbTe ingots were then ground into pow-

ders by ball milling in an inert atmosphere. The Fe foil, Mo

foil with a thickness of 100 lm and the NiFeMo alloy (82

Ni wt%, 15 Fe wt% and 3 Mo wt%) foil with a thickness

of 150 lm were first polished by SiC sandpaper with 240,

400, 600, and finally 800 grits, and then cleaned with

acetone and then isopropanol in an ultrasonic bath. Sub-

sequently, the foils and n-type PbTe powders were placed

into a graphite die and were assembled into the layered

structure Fe/PbTe/Fe, Mo/PbTe/Mo, and NiFeMo/PbTe/

NiFeMo, respectively. The TE elements were sintered by a

rapid hot press with argon flow and under a pressure of

40 MPa at 600, 700, or 800 �C for 60, 150, or 300 min.

The specimens were cooled in the chamber by flowing inert

gas. The samples were cooled below 400 �C for several

minutes and to room temperature for around 1 h. After

bonding, a part of the NiFeMo/PbTe/NiFeMo TE elements

bonded at 700 �C for 60 min was encapsulated in an

evacuated silica tube and was aged at 600 �C for 240 h.

Both as-bonded and post-aged samples were cut into cross

sections and polished in order to investigate the micro-

structures of the joints by scanning electron microscope

(SEM, ZEISS 1550VP) at Caltech. The distributions of

elements were determined by X-ray energy dispersive

spectrometer (EDS, Oxford X-Max), and the EDS software

AztecEnergy (Oxford Instrument) with the library stan-

dards provided by the EDS software vendor was used to

transform the EDS line scanning intensity data to compo-

sition data. The precise composition of the phases at the

interface was detected by an electron-probe micro analyzer

(EPMA, JEOL JXA-8200) with independent compositional

standards at Caltech. The Seebeck coefficients of bulk

PbTe with and without NiFeMo contacts were tested by the

high-temperature Seebeck coefficient measurement system

at Caltech [8].

Results and discussion

Bonding of pure Fe and Mo foils to n-type PbTe

We attempted to bond pure Fe and Mo foils to n-type PbTe

by a rapid hot press at 600, 700, and 800 �C. Pure Mo foil

failed to bond and no reaction product was detected at the

Mo/PbTe surface. A joint with very poor strength formed at

800 �C at the Fe/PbTe interface. Figure 1a shows the back-

scattered electron (BSE) micrograph at the interface of Fe/

PbTe joints which were bonded at 800 �C for 60 min. It

can be observed that no reaction product formed at the

interface. Figure 1b corresponds to the EPMA result at the

interface of Fe/PbTe joints that is shown in Fig. 1a. It

shows that during the joint bonding process, Fe atoms

diffused a distance of approximately 20 lm into the PbTe.

Although tellurides of Fe and Mo exist, no reaction is

expected with PbTe as we observed. Based on the Fe–Te

[9] and Mo–Te [10] binary phase diagrams, several binary

phases are found to be stable within these systems,

including Fe1.12Te (b), Fe0.67Te (d), FeTe2 (e), Mo3Te4,

and MoTe2 (a). Table 1 lists the formation Gibbs free

energy (DfGT) of Fe1.12Te (b), Fe0.67Te (d), FeTe2 (e),

Mo3Te4, MoTe2 (a), and PbTe based on the literatures [11–

13]. Table 2 contains the calculated results of the reaction

Gibbs free energy (DrGT) of the reaction of Fe with PbTe

and the reaction of Mo with PbTe. The calculations show

that no binary phase can form during the reaction of either

Fe or Mo with PbTe due to the positive reaction Gibbs free
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energy. This is in agreement with our experimental

observation. Even though Fe and Mo do not form a met-

allurgically bonded high strength joint with PbTe, it may

be possible that they can be used to reduce the reaction rate

of some metals with PbTe; for example Ni/PbTe.

Bonding of NiFeMo alloy foil to n-type PbTe

Figure 2a, b shows the BSE micrographs at the interface of

the NiFeMo/PbTe joints that were bonded at 600 �C for

300 min. The micrographs reveal the presence of a porous

layer with cracks between the NiFeMo foil and PbTe,

Fig. 1 a SEM micrograph of the interface of Fe/PbTe joints bonded

at 800 �C for 60 min; b EPMA result of Fe concentration in PbTe

from the interface between Fe foil and PbTe
Fig. 2 SEM micrographs of the interface of NiFeMo/PbTe joints

bonded at 600 �C for 300 min

Table 1 Thermodynamic data

of Fe1.12Te, Fe0.67Te, FeTe2,

Mo3Te4, MoTe2, and PbTe

Phase label Formula in reference Formula used here Temperature (K) DfGT (kJ/mol) Reference

Fe1.12Te-b FeTe0.9 Fe1.12Te 1100 -23.458 [11]

Fe0.67Te-d Fe0.67Te Fe0.67Te 1000 -21.610 [12]

FeTe2-e FeTe2 Fe0.5Te 900 -18.527 [11]

Mo3Te4 Mo3Te4 Mo0.75Te 1100 -38.057 [13]

MoTe2-a MoTe2 Mo0.5Te 1100 -32.942 [13]

PbTe PbTe PbTe 900 -56.067 [11]

1000 -51.630 [11]

1100 -47.107 [11]

Table 2 Calculated

thermodynamic data of the

reaction of Fe with PbTe and the

reaction of Mo with PbTe

Chemical reaction equation Temperature (K) DrGT (kJ/mol)

1.12 Fe ? PbTe ? Fe1.12Te ? Pb 1100 17.649

0.67 Fe ? PbTe ? Fe0.67Te ? Pb 1000 30.020

0.5 Fe ? PbTe ? Fe0.5Te ? Pb 900 37.540

0.75 Mo ? PbTe ? Mo0.75Te ? Pb 1100 9.050

0.5 Mo ? PbTe ? Mo0.5Te ? Pb 1100 14.165
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which indicates that at 600 �C the NiFeMo alloy foil does

not make a good bond with PbTe. Figure 3a, b shows the

BSE micrographs at the interface of the NiFeMo/PbTe

joints that were bonded at 700 �C for 60 min. Under these

conditions, the NiFeMo alloy foil bonds well to n-type

PbTe. No porous layer can be found between the NiFeMo

alloy foil and PbTe. However, some material, which pre-

sumably consists mostly of PbTe, slightly diffuses into the

NiFeMo grain interiors and the NiFeMo grain boundaries.

Figure 3c, d shows the BSE micrographs at the interface of

the NiFeMo/PbTe joints bonded at 700 �C for 150 min.

With increasing bonding time, the aforementioned material

diffuses nearly throughout the NiFeMo alloy foil, along its

grain boundaries. The BSE micrographs at the interface of

the NiFeMo/PbTe joints bonded at 700 �C for 300 min are

shown in Fig. 3e, f. The micrographs show that the width

of the material along the NiFeMo grain boundaries

becomes larger, which will eventually lead to the separa-

tion of the NiFeMo grains and the subsequent failure of the

joint.

Figures 4 and 5 show the EDS mapping and line scan-

ning results of the interface of NiFeMo/PbTe joints that

were bonded at 700 �C for 300 min. The microstructure

presented in Fig. 4a suggests that a eutectic liquid phase

between NiFeMo foil and PbTe might form during the

bonding process. The melting point of PbTe is 924 �C, and

based on the literature, the eutectic temperature of Fe–

PbTe (16 at.% Fe) is 857 �C [14] while the eutectic tem-

perature of Ni–PbTe (8 at.% Ni) is 624 �C [15]. According

to our bonding experiment of Fe/PbTe joints, the eutectic

temperature of PbTe–Fe should be above 800 �C, which is

consistent with the aforementioned literature value. Addi-

tionally, in our previous study of Ni/PbTe joints [6], a

liquid phase formed at the Ni/PbTe interface at 650 �C,

which subsequently led to the formation of a ternary phase.

Further investigation of the Ni/PbTe interface revealed that

the liquid phase forms rapidly at interface, and at 700 �C

the Ni foil dissolves into the liquid at a high rate. Conse-

quently, the Ni foil will disappear because the liquid phase

will be extruded out under the bonding pressure. Based on

Fig. 3 SEM micrographs of the interface of NiFeMo/PbTe joints bonded at 700 �C for a, b 60 min; c, d 150 min; and e, f 300 min
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this information, we conclude that the eutectic temperature

of Ni–PbTe should be below 700 �C, which is in agreement

with the literature value. Hence, due to the similarity of Ni

and NiFeMo, we anticipate that a eutectic liquid phase will

also form between the NiFeMo alloy and PbTe, but at a

higher temperature. The higher eutectic temperature, due to

the presence of Fe and Mo, suggests that the NiFeMo/PbTe

joints should have a higher operation temperature com-

pared to Ni/PbTe joints.

Figures 6 and 7 show the EDS mapping and line scan-

ning results of the NiFeMo grain boundary region of

NiFeMo/PbTe joints bonded at 700 �C for 300 min. Both

PbTe and Pb are observed in this region. The formation of

liquid Pb is presumably caused by the reaction of PbTe

with NiFeMo and/or the decomposition of PbTe. Although

no apparent reaction products, like nickel telluride, are

observed at the NiFeMo/PbTe joints, it can not be con-

cluded that there is no reaction between PbTe and NiFeMo;

the reaction products might be too small to be detected.

What is observed though is that a lot of liquid Pb forms and

penetrates along the NiFeMo grain boundaries at the

NiFeMo/PbTe joints. This is similar to the microstructure

developed at the Ni/PbTe joints [6].

Fig. 4 SEM micrograph and EDS mapping images of the interface of NiFeMo/PbTe joints bonded at 700 �C for 300 min: a SEM micrograph,

b Ni element mapping, c Fe element mapping, d Pb element mapping, and e Te element mapping

Fig. 5 EDS line scanning result of the interface of NiFeMo/PbTe

joints bonded at 700 �C for 300 min shown in Fig. 4a
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The formation of the microstructures of NiFeMo/PbTe

joints bonded at 700 �C might be caused by two reasons.

The main reason might be the eutectic liquid phase

formed at the NiFeMo/PbTe interface and along the

NiFeMo grain boundaries and the formed liquid phase

NiFeMo–PbTe infiltrated into the NiFeMo grain bound-

aries under the high pressure (40 MPa) during the bond-

ing process. That is why PbTe distributed along the

NiFeMo grain boundaries. The secondary reason might be

the liquid Pb caused by the reaction of PbTe with

NiFeMo and/or the decomposition of PbTe penetrated

along the NiFeMo grain boundaries and accelerated the

NiFeMo–PbTe melt infiltration. According to the theory

of liquid metal penetration (LMP), also named as liquid

metal embrittlement (LME) or grain boundary penetration

(GBP), the liquid material will penetrate along the grain

boundaries of solid material when 2cSL \ cGB, where cSL

is the interfacial energy between solid material and liquid

material and cGB is the grain boundary energy of the solid

material. However, the mechanism of LMP is still under

study and is likely related to the types of the materials

[16]. The penetration process depends on many factors,

such as the solubility of the solid element in the liquid

Fig. 6 SEM micrograph and EDS mapping images of the NiFeMo grain boundaries at the NiFeMo/PbTe joints bonded at 700 �C for 300 min:

a SEM micrograph, b Ni element mapping, c Fe element mapping, d Pb element mapping, and e Te element mapping

Fig. 7 EDS line scanning result of the NiFeMo grain boundaries at

the NiFeMo/PbTe joints bonded at 700 �C for 300 min shown in

Fig. 6a
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material CSL, the diffusivity of the solid element in the

liquid material DSL, the solid–liquid interfacial energy

cSL, the grain boundary energy of solid material cGB, the

solid grain boundary self-diffusion coefficient DGB, tem-

perature T and time t [17]. Table 3 lists the solubility of

Ni, Fe, and Mo in liquid Pb, which shows that the solu-

bility of Ni in liquid Pb is about 1000 times than that of

Fe in liquid Pb, and is about 106 times than that of Mo in

liquid Pb. Hence, liquid Pb would easily penetrate into

the grain boundaries of Ni, while liquid Pb is difficult to

penetrate into the grain boundary of Mo. Fe has an

intermediate resistance to the penetration of liquid Pb [20,

21]. Additionally, the pressure plays a crucial role in the

penetration rate. Within a certain scope, a high pressure

can accelerate the penetration rate.

Table 3 Solubility of Ni, Fe and Mo in liquid Pb

Solid metal Temperature (�C) Experimental solubility Reference Calculated solubility Reference

wt% at.% wt% at.%

Ni 600 0.52 1.81 [18] 0.59 2.06 [19]

700 0.76 2.63 [18] 0.87 3.00 [19]

Fe 600 2.44 9 10-4 9.05 9 10-4 [18] 1.34 9 10-4 4.98 9 10-4 [19]

700 6.23 9 10-4 23.1 9 10-4 [18] 5.53 9 10-4 20.5 9 10-4 [19]

Mo 600 \10-6 – [18] – – –

700 \10-6 – [18] – – –

Fig. 8 Seebeck coefficients of bulk PbTe with NiFeMo contacts

bonded at 700 �C for 120 min, bulk PbTe without NiFeMo contacts

sintered at 600 �C for 30 min in this study and bulk PbTe without

NiFeMo contacts sintered at 550 �C for 60 min in previous study

Fig. 9 SEM micrographs of the interface of NiFeMo/PbTe joints bonded at 700 �C for 60 min after accelerated aging at 600 �C for 240 h
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Effect of bonding process on the Seebeck coefficient

of bulk PbTe TE materials

Compared to the sintering temperature used for the fabri-

cation of bulk PbTe samples without contacts, commonly

about 500–600 �C, the bonding temperature 700 �C used in

this study is higher and might affect the Seebeck coeffi-

cient. In addition, the interdiffusion and interface between

NiFeMo foil and PbTe might also have an effect on the

Seebeck coefficient of bulk PbTe. Thus, in order to

investigate the effect of the bonding process, the Seebeck

coefficients of bulk n-type PbTe without NiFeMo contacts

sintered at 600 �C for 30 min and bulk NiFeMo/n-type

PbTe/NiFeMo TE element bonded at 700 �C for 150 min

were measured, from room temperature to 600 �C. The

measured results are shown in Fig. 8. The Seebeck coef-

ficient of bulk PbTe without contacts sintered at 550 �C for

60 min in our previous study [22] is also shown in Fig. 8

for comparison. There is no significant difference between

the Seebeck coefficients of these samples, which suggests

that the bonding parameters used in this study are appro-

priate for bonding NiFeMo foil onto n-type PbTe.

Accelerated thermal aging of NiFeMo/PbTe TE

element

The hot side of the PbTe-based TE element commonly

operates at 500–550 �C for several months to decades. For

example, the hot side operation temperature of PbTe-based

TE modules used in MMRTG is about 538 �C. Above

500 �C, the sublimation, oxidation (if in air), and decom-

position of PbTe will become severe and lead to the deg-

radation of the TE properties of PbTe. The sublimation rate

constant of PbTe at 500 �C is about 9.4 9 10-2 g/cm2 h

[23]. In order to investigate the high-temperature reliability

of NiFeMo/PbTe joints, an accelerated thermal aging test

at 600 �C was conducted in vacuum. Figure 9 shows the

BSE micrographs of the interface of NiFeMo/PbTe joints,

which were bonded at 700 �C for 60 min and then aged at

600 �C for 240 h. The microstructure is similar with the as-

bonded joints. However, the formation and penetration rate

of eutectic liquid NiFeMo–PbTe and liquid Pb at 600 �C

without pressure is very slower than that at 700 �C under

40 MPa pressure. That is because the pressure can accel-

erate the melt infiltration during the bonding process.

According to our observations, the failure mechanism of

NiFeMo/PbTe joints under operation temperature is the

continued formation and penetration of eutectic liquid

NiFeMo–PbTe and liquid Pb along the NiFeMo grain

boundaries, which will lead in the separation of NiFeMo

and subsequent contact degradation. If a long lifetime is

required for NiFeMo/PbTe joints, the hot side operation

temperature should not be above 500 �C.

Conclusions

Fe and Mo foils are difficult to form a metallurgical bonded

high strength joint with PbTe. The thermodynamic calcu-

lations show that no binary phase can form during the

reaction of Fe or Mo with PbTe. NiFeMo alloy does not

effectively bond to PbTe at 600 �C, but it does bond at

700 �C. Significant liquid Pb forms and penetrates along

the NiFeMo grain boundaries at NiFeMo/PbTe joints

at 700 �C. The Seebeck coefficient of bulk PbTe with

NiFeMo contacts is similar with that without NiFeMo

contacts, indicating the bond does not adversely affect the

TE properties. The accelerated thermal aging of NiFeMo/

PbTe elements at 600 �C for 240 h shows that the failure

mechanism of NiFeMo/PbTe joints under operation tem-

perature is the continued formation and penetration of

eutectic liquid NiFeMo–PbTe and liquid Pb along the Ni-

FeMo grain boundaries.
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