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Abstract: To improve the interfacial stability at high temperatures, n-type skutterudite (SKD)
thermoelectric joints with sandwich structures of Ti/Mo/Ybg 3C04Sb1, were successfully designed
and fabricated. In this structure, Mo and Ti were introduced as the barrier layer with the
goal of suppressing the interfacial diffusion and the buffer layer with the goal of enhancing
the bonding strength, respectively. To evaluate the high temperature interfacial behavior of the
Ti/Mo/Ybg3C04Sbi, joints, thermal shocking between 0 °C and 600 °C and isothermal aging
at a temperature range of 550 °C to 650 °C were carried out in vacuum. During the isothermal
aging process, Ti penetrates across the Mo layer, and finally diffuses into the Yby3C04Sb1; matrix.
By increasing the isothermal aging time, Ti continuously diffuses and reacts with the elements of
Sb and Co in the matrix, consequently forming the multilayer-structured intermetallic compounds
of Ti3Sb/TiSb/TiCoSb. Diffusion kinetics was investigated and it was found that the interfacial
evolution of the Ti/Mo/Ybj3C04Sb1; joints was a diffusion-controlling process. During the diffusion
process, the formed Mo-Ti buffer layer acts as a damper, which greatly decelerates the diffusion
of Ti towards the Ybg3Co04Sbi, matrix at high temperatures. Meanwhile, it was found that the
increase in the contact resistivity of the joints mainly derives from the inter-diffusion between Ti and
Yb(3C04Sb1,. As a result, the Ti/Mo/Ybg 3C04Sb1; joint demonstrates the excellent stability of the
interfacial contact resistivity. Service life prediction was made based on the stability of the contact
resistivity, and it was found that the Ti/Mo/Ybg3C04Sb1; joint is qualified for practical applications
at 550 °C.

Keywords: thermoelectric joint; skutterudite; diffusion kinetics; contact resistivity; service
life prediction

1. Introduction

Unlike traditional power generation systems, a thermoelectric power generator (TEG) produces
electrical power based on the Seebeck effect, via the movement of charge carriers within thermoelectric
materials under a temperature difference. Using the heat from radioisotopes, TEGs can supply electrical
power for tens of years, and are now the only choice of power source for deep space explorers which
fly far from the sun and therefore can no longer obtain sufficient sunlight energy [1,2]. In the past
decade, TEGs have been regarded as one of the most promising candidates to recover waste heat from
industries or automobiles and turn them into electricity [3,4], which can benefit from the remission
of the fossil energy shortage and global warming. Recently, TEGs have become one of the research
focuses, and are expected to act as power suppliers of wearable electronic equipment [5].

Intrinsically, the performance of a TEG depends on the property of the thermoelectric (TE)
material, which is referred to as the dimensionless figure of merit of ZT. Among the investigated
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various systems of TE materials, silicides [6-9], half-heuslers [10,11], and tellurides (e.g., of Bi [12-14],
Pb [15-18] and Ge [19,20]) have been widely studied and some have been practically applied in TEGs.
Besides, a number of materials featuring excellent TE properties (high ZT value) and a relatively
lower cost, low toxicity, and good mechanical properties, such as filled skutterudite (SKD), also attract
extensive attention and have been actively pursued for being converted into TEGs [21-26].

Thermoelectric joints, consisting of TE materials and electrodes, are the fundamental parts and
also the key components of a TEG. In practical applications, the performance of a TEG not only
depends on the property of TE materials, but also depends on the temperature difference between the
hot- and cold-sides of the TE material bulks. Higher hot-side temperatures usually lead to a larger
temperature difference, further enhancing the performance of the TEG. Meanwhile, a higher hot-side
temperature also encourages interfacial diffusion and accelerates the degradation of the contact
property, especially the contact (electrical) resistivity, which definitely deteriorates the performance
and stability of the TEGs.

Practically, the high temperature TEGs are expected to perform stably for a couple of years or even
longer. For example, to make full use of the TE property, the hot side temperature of the CoSbz-based
SKD joints should be 500 °C or higher. At such a high temperature, the major component in the SKD
material, antimony, will react fiercely with most electrode materials (Cu, Ni, and Al, etc.) and then
form single- or multi-layer interfacial intermetallics (IMC). The performance and stability of the TE
joints are sensitively influenced by the microstructure and properties of the interface between the TE
materials and electrode. To improve the interfacial stability of the SKD joints, a diffusion barrier layer
is usually inserted between the electrode and the SKD material. Fan et al. firstly reported using Ti
as the barrier layer in the CoSbs [27]. Zhao et al. systematically studied the diffusion kinetics of the
Ti/CoSbj3 interface at high temperatures and predicted a service life of over 20 years for Ti/CoSbs joints
at 500 °C, using interfacial shearing strength as the criteria [28,29]. In Zhao’s work, when the working
temperature increased to 550 °C, the diffusion speed at the Ti/CoSbs interface increased by one order
and the predicted service life dropped to within one year [28]. In 2014, similar interfacial evolution in
Ti/Ybg ¢Co4Sb1; joints was found and the method was developed to improve the interfacial stability
of CoSbs-based n-type SKD joints by introducing a Ti-Al barrier layer [30]. However, the uneven
distributions of Ti and Al at the interfaces leave the accurate measurements of the thickness of the
interfacial diffusion layer incomplete. Therefore, the diffusion kinetics and life prediction were also
not studied. Afterwards, Fan et al. designed a Ti-Mo mixture as the barrier layer for the n-type
Yb( 3C04Sb1; matrix and found that the dispersion of the chemically stable Mo particles (<15 at %)
disturbs the inter-diffusion between the Ti and Ybg 3C045b;, matrix, which results in an improved
interfacial stability at 550 °C. Still, the diffusion kinetics and life prediction were not studied [31].
Besides, Bae et al. studied the stability of the power generation characteristics of the Mo-Cu/Ti/SKD
joints in terms of vibration and thermal cycling, and found that Ti helps to achieve good interfacial
bonding [32]. In this paper, to develop an n-type SKD TE joint that is qualified for practical applications,
we designed and fabricated n-type SKD joints with the structure of Ti/Mo/Yb3C04Sb1y. In this
structure, Ti is reserved as the bonding layer for its active bonding behavior with common electrode
materials including Cu and Ni. Furthermore, Ti is also expected to buffer the interfacial thermal stress.
To suppress the activity of Ti at a high temperature and also barrier the inter-diffusion between TE
materials and the electrode, Mo is chosen as the barrier layer. Both Mo and Ti were deposited onto
the Ybg3Co45b1; surface by magnetron sputtering to achieve flat interfaces. Because of the evident
difference between the CTEs of Mo and Yb( 3Co045Sb1,, the thickness of the Mo layer was controlled to
no more than 4.5 um to decrease the thermal stress at high temperatures.

To reveal the interfacial diffusion kinetics of the Ti/Mo/Ybj3C04Sb1; joints and predict their
service life, the above n-type SKD TE joints were thermal shocked between 0 °C and 600 °C and
isothermally aged between 550 °C and 650 °C. After each thermal shocking or isothermal aging step,
the interfacial microstructures and the interfacial contact resistivity were both investigated. Based on
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the measurement results, the diffusion kinetics were investigated and the service life was predicted at
different temperatures.

2. Materials and Methods

The fabrication of the n-type Yby3Co4Sb1y powder followed the same process described in
reference [33]. To fabricate samples for the measurement of the coefficient of thermal expansion
(CTE), Yby 3C04Sb1; powder was loaded into a graphite die (30 mm) and consolidated in a spark
plasma sintering (SPS) system at 620 °C under a pressure of 60 MPa and held for 10 min. Ti powder
(4 N, 45 um) was loaded into a graphite die ($30 mm) and consolidated at 1100 °C under a pressure
of 60 MPa and held for 20 min in the same SPS system. The final dimension of the samples for
CTE measurement was 4 x 4 x 20 mm?. To fabricate the Ti/Mo/Yby3C04Sbis joints, Ybg 3Co045b1;
powder was consolidated following the same sintering process as mentioned above. The surfaces
of the resulting Yby 3Co45Sb1, bulks were polished and cleaned ultrasonically before they were dried
and loaded into the chamber of a magnetron sputtering system. The chamber was evacuated to
3 x 1073 Pa and heated to 150 °C before Ar was introduced. Mo was sputtered at 1.5 Pa under
1.5 kW for 50 min. Then, Ti was sputtered at 1.5 Pa under 3 kW for 120 min. The resulting samples
were cut into joints with a final dimension of about 3 x 3 x 6 mm?>. The joints were then sealed in
quartz ampoules under vacuum. In the thermal shocking test, the ampoules were moved from room
temperature into a furnace at 600 °C and kept inside for 5 min. Then, they were taken out into a
water tank at 0 °C for another 5 min. In the isothermal aging test, the ampoules were kept at 550 °C,
600 °C, and 650 °C for different time periods of time. The CTE were measured with a Linseis-L75VS
dilatometer (Princeton Junction, Princeton, NJ, USA). The interfacial microstructure of the joints
was investigated by a scanning electronic microscope (ZEISS, SUPRA-55-SAPPHIRE, Oberkochen,
Germany), and the chemical composition of the interfacial diffusion layers was analyzed using an
Energy Dispersive Spectrometer (OXFORD, X-MaxN, Oxfordshire, UK). The contact resistivity of the
joints was measured on the homemade four-probe platform (Haida Tech, Beijing, China) mentioned
in our previous paper [34]. All the data for the diffusion layer thickness and the contact resistivity
presented in this paper are the root mean square of three parallel samples, and the error bars are the
root mean square errors.

3. Results and Discussion

3.1. Thermal Shocking

Figure 1 shows the variation of the CTE with temperature for Ybg3Co04Sb13, Ti, Mo, and Cu & Nj,
which are common electrode materials. Clearly the CTE mismatch between Ti and Ybg 3Co04Sb1, (or Cu
& Ni) is much less than that between Mo and Ybg 3C04Sb1; (or Cu & Ni). Based on Figure 2a,b, in the
as prepared Ti/Mo/Ybg 3C04Sb1; joints, the bonding between Ti, Mo and Ybg 3C04Sby; is good with
the thickness of the Mo layer being about 4.5 pum and the interfacial diffusion being neglectable at both
the Ti/Mo and the Mo/Yb3C04Sb1, interfaces. The Ti/Mo/Yb3C04Sb1; joints then experienced
thermal shocking for 10 cycles between 0 °C and 600 °C in vacuum. Figure 2c demonstrates that
the bonding between Ti, Mo, and Yb(3Co4Sb1; remains good after 10 cycles of thermal shocking.
Besides, the contact resistivity of the joints before and after thermal shocking was measured to be
around 3.9 uQ-cm? and 3.7 pQ-cm?, respectively. Based on the above results, it can be concluded
that in spite of evident CTE mismatch between Mo and Ybj3Co45b1,, the interfacial bonding of
the Ti/Mo/Yb( 3C04Sb1; joints is quite strong and can survive severe thermal shocking. For these
Ti/Mo/Yby3C04Sby; joints, because the Mo layer thickness is very small, the interfacial thermal stress
from CTE mismatch is controlled at a relatively low level. Moreover, the Ti layer also helps to balance
the CTE mismatch between Mo and Ybg 3C04Sb1, and release the interfacial thermal stress.
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Figure 1. Variation of the CTE with temperature for Yby 3C04Sb1,, Ti, Mo, Cu, and Ni, Data for Mo, Cu,
and Ni are from references [35-37] respectively.
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Figure 2. The interfacial microstructure of the Ti/Mo/Ybg 3Co04Sby; joints (a), as prepared, a Back
Scattering Electron (BSE) graph, (b), as prepared, a line scan, and (c), after 10 cycles of thermal shocking
between 0 °C and 600 °C, a BSE graph.

3.2. Isothermal Aging

3.2.1. Pretreatment

The Ti/Mo/Ybg3C04Sbi; joints were then pretreated by isothermal aging at 550 °C. Figure 3a,b
show the BSE graph with spot testing results and line scan results across the interfaces of the joints
after 16 days aging, respectively. Figure 3¢ shows the distribution of the Ti content in the joint and it
clearly reveals that some Ti atoms have penetrated across the Mo layer and reached the Ybg 3Co04Sb1»
matrix. All the measurement results confirm that the inter-diffusion at the Mo/ Ybg 3C04Sb1, interface is
neglectable. However, Ti diffuses across the Ti/Mo interface and moves into the Mo layer, consequently
forming a new Mo-Ti layer with a content gradient. In the Mo-Ti layer, the content of Ti decreases
from about 10 at % Ti at the Ti/Mo-Ti interface to about 5 at % Ti at the Mo-Ti/Yb 3C04Sb1, interface.
The contact resistivity of about 3.8 uQ)-cm? for the pretreated joints is almost the same value as that of
the as prepared ones, which indicates that the penetration of the Ti atoms into the Mo layer almost does
not affect the apparent contact resistivity of the joints. Furthermore, if one prolongs the pretreatment
time, the inter-diffusion between the Ti and Ybg 3C04Sb1, matrix will surely begin.

Based on the above results, to simplify the study on the interfacial stability, all the following
Ti/Mo/Yby3C04Sb1, joints were pretreated at 550 °C for 16 days before they were further
isothermally aged. Correspondingly, the structure of the joints after the pretreatments is referred
to as Ti/Mo-Ti/Yb3Co45b1p and the end of the pretreatment is set to be the beginning of the
isothermal aging.
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Figure 3. The interfacial microstructure of the Ti/Mo/Ybj3Co4Sb1, joints pretreated at 550 °C for
16 days. (a) the BSE graph and spot testing, (b) line scan results, (c) the distribution of Ti.

3.2.2. Diffusion Kinetics of the Interface

The pretreated joints were then isothermally aged at 550 °C and the inter-diffusion between Ti
and Ybg3Co04Sb1; occured at the Mo-Ti/Ybg 3C04Sby; interface. The BSE graphs of the interfacial cross
section for the joints after 20-day and 50-day aging are shown in Figure 4a,b. After being aged for
50 days, the diffusion layer is about 0.3 um thick and consists of about 90 at % Ti and 10 at % Sb
without any sign of Mo. The extremely slow growth-speed of the diffusion layer implies that the new
Mo-Ti layer formed in the pretreatment effectively dampens the diffusion of Ti atoms before they reach
the Ybg 3Co04Sb1, matrix. Besides, Figure 4c,d show that there is no evident change in the distribution
of Ti and Mo in the formed Mo-Ti layer, compared to the pretreated joints.
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Figure 4. The interfacial evolution of the pretreated joints isothermally aged at 550 °C. (a) BSE graph,
20 days; (b) BSE graph, 50 days; (c) distribution of Mo, 50 days; (d) distribution of Ti, 50 days.

The pretreated joints were also isothermally aged at 600 °C and 650 °C. It was found that the
growth rate of the diffusion layer between Ti and Ybj3Co4Sby; increases with an increasing aging
temperature. According to Figure 5, after being aged at 600 °C for 41 days, the diffusion layer at the
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Mo-Ti/Ybg 3C04Sb1; interface reaches about 2 um and consists of two sub-layers of TizSb and TiySb.
Figure 6 shows that after being aged for nine days at 650 °C, the total thickness of the diffusion layer
at the Mo-Ti/Ybg3Co045b1; interface grows to about 4.5 um. Beside the sub-layers of Ti3Sb and TiySb,
there also appears a sign of TiCoSb in the front of the diffusion layer.

Figure 5. The interfacial microstructure of the pretreated joints isothermally aged at 600 °C for 41 days.
(a) BSE graph and spot testing, (b) distribution of Ti, (c) distribution of Mo.

Figure 6. The interfacial microstructure of the pretreated joints isothermally aged at 650 °C for nine
days. (a) BSE graph and spot testing, (b) distribution of Ti, (¢) distribution of Mo.

To reveal the diffusion kinetics, we analyzed the relationship between the total diffusion layer
thickness, aging time, and aging temperature. Figure 7a shows that at all the three aging temperatures,
the total thickness of the diffusion layer is linear with the square root of the aging time, which indicates
that the evolution of the Mo-Ti/Ybg3Co4Sby; interface is a diffusion-controlling process between
550 °C and 650 °C. Therefore, the diffusion layer thickness can be expressed by the following parabolic
equation [38,39]:

Y - Yo = (DH)* 1)

where ¢ is the aging time, and Y and Y are the total diffusion layer thickness at the origin of aging and
after being aged for a time period of ¢, respectively. D is the growth rate of the diffusion layer, which is
a function of the aging temperature. By fitting the data of the diffusion layer thickness as a function of
95 D05 which is the slope of the fitting result, can be obtained.

To determine the activation energy for the interfacial diffusion, the Arrhenius relationship
was used,

D= Doexp(—%) 2)

where Dy is the growth constant, Q is the apparent activation energy for the growth of the total
diffusion layer, T is the temperature in Kelvin, and R is the gas constant, 8.314 J/(mol-K). Equation (2)

can be transformed into:

Q1000
InD = — oo = + Do 3)

By plotting and fitting InD against 1000/ T, Q can be obtained. Table 1 shows detailed D values
and relations between the diffusion layer thickness and aging time. As is shown in Figure 7b, based
on Table 1 and Equation (3), the activation energy Q for the growth of the diffusion layer at the
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Mo-Ti/Ybg 3C04Sb1, interface is calculated to be about 447.5 k]/mol at the temperature range of
550 °C to 650 °C. Combined with the above results, the variation of the diffusion layer thickness at the
Mo-Ti/Ybg 3C04Sby; interface can be predicted over the above temperature range.
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Figure 7. (a) Variation of the diffusion layer thickness of the pretreated joints with the square root of
aging time between 550 °C and 650 °C. The inset is the enlargement of the result at 550 °C. (b) Variation
of InD with 1000/ T between 550 °C and 650 °C.

Table 1. Fitting results of the growth rate and the relationship between diffusion layer thickness and
aging time (s).

Temperature/°C D101 m?/s Y/um
550 0.21 1.45 x 104.405
600 9.53 9.76 x 10~%.£05
650 251 50.1 x 10~%.£05

3.2.3. Stability of the Contact Resistivity and Service Life Prediction

To study the high temperature stability of the electrical properties of these joints, the contact
resistivity of the joints was measured after each different thermal aging time. Figure 8 exhibits the
variation of the interfacial contact resistivity of the joints with the square root of the aging time between
550 °C and 650 °C. At the aging temperature of 550 °C, the contact resistivity of the joint increases very
slowly and reaches about 4.5 1Q-cm? after being aged for 50 days. Increasing the aging temperature to
600 °C and 650 °C, the contact resistivity reaches 6.8 nQ-cm? and 10 uQ-cm? after 41 days and nine
days, respectively. In contrast to the previous reports [26,29-31], the stability of the contact resistivity
of the Ti/Mo/Ybg3Co045b1; joints is significantly improved.

The variation of the contact resistivity was then fitted with the square root of the aging time and a
linear relationship between them was found (See Table 2). Based on Tables 1 and 2, it is clear that the
increase in the contact resistivity of the Ti/Mo-Ti/Ybg3C045Sb1, joints corresponds well to the increase
in the thickness of the interfacial diffusion layer at the Mo-Ti/Ybg 3Co045b, interface. In another word,
it is the growth of the interfacial diffusion layer at the Mo-Ti/Ybg 3C04Sb;; interface that dominates
the stability of the interfacial contact resistivity of the Ti/Mo-Ti/Ybg3Co045Sb; joints.

The performance of the TE joints, as well as that of the TEGs, is sensitive to the contact resistivity,
and therefore, the contact resistivity is a valuable criteria for the service life prediction of the TE
joints. We assume that a Ti/Mo/Ybg3Co4Sb1; joint fails when the interfacial contact resistivity reaches
10 uQ-cm? or 20 pQ)-cm?, which are low values and satisfy most practical applications, and the service
life of the joint is then predicted in Table 2. At the service temperature of 550 °C, the pretreated
Ti/Mo/Yb 3C04Sb1; joints can endure about 21 years before the contact resistivity reaches 10 pQ-cm?.
Even when increasing the service temperature to 600 °C, the joints can survive for 3.9 years before the
contact resistivity reaches 20 pQ-cm?.
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Figure 8. Variation of the interfacial contact resistivity of the joints with the square root of the aging
time between 550 °C and 650 °C.

Table 2. Fitting results of the relationship between the contact resistivity and the aging time, and
predicted service life (The prediction is based on the assumption that a joint fails when the contact
resistivity reaches 10 pQ-cm? (a) and 20 pQ-cm? (b)).

Temperature/°C Contact Resistivity/nQ-cm? Predicted Service life @/day ~ Predicted Service life ®/day

550 2.37 x 1074195 + 391 7642 53,346
600 14.1 x 1074105 + 3.99 201 1431
650 63.5 x 1074105 + 3.76 11 75

4. Conclusions

In this paper, we successfully designed and fabricated n-type SKD thermoelectric joints with
the sandwich structures of Ti/Mo/Yby3Co4Sb1;. With a controlled Mo layer thickness and the
buffering of the Ti layer, the interfaces of the joints bond well and can survive severe thermal shocking.
During isothermal aging at the temperature range of 550 °C to 650 °C, Ti penetrates across the Mo layer
and diffuses into the Yb( 3C04Sb1, matrix. The interfacial evolution at the formed Mo-Ti/Yby3C04Sb1
interface is found to be a diffusion-controlling process. Diffusion kinetics between Ti and Ybg 3C04Sb12
at the Mo-Ti/Yb( 3C04Sb, interface were investigated and the apparent activation energy for the
growth of the diffusion layer was obtained. Meanwhile, it was also found that the inter-diffusion
between Ti and Ybg3Co4Sb1; is the decisive factor in the rise of the contact resistivity. Because of the
damping of the formed Mo-Ti layer, the diffusion of Ti towards the Yby3Co04Sb1, is greatly decelerated
and the inter-diffusion between the Ti and the Yb3C04Sbi, matrix is extremely slow. As a result,
the Ti/Mo/Yby3Co4Sb1; joints demonstrate the excellent stability of the contact resistivity. Based on
the stability of the contact resistivity, service life prediction of the joints was made, and the result
shows that the Ti/Mo/Ybg 3C04Sb1; joint is a qualified choice and a promising candidate for practical
applications at 550 °C and 600 °C in vacuum, respectively.
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