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Abstract
Thermoelectric generation is a promising technology for the realization of a carbon–neutral society. Many kinds of semi-
conductors are developed as high-efficiency thermoelectric materials. For example, some types of silicide semiconductors 
consisting of widely available low-cost elements are known to be promising materials. Among them, FeAlSi thermoelectric 
(FAST) material is a newly developed derivative of iron-silicide material that consists of commonly available non-toxic 
elements. This material has an excellent Seebeck coefficient up to temperatures of 500 K. With thermoelectric device fab-
rication, soldering is mainly used to connect FAST material and metal electrodes. However, this connection is unstable in a 
medium temperature range because the solder melts. Therefore, we investigated the diffusion bonding of FAST material and 
copper plate, which is stable in a medium temperature range. In this study, we determine the bonding temperature range that 
allows successful bonding. Furthermore, the elemental distribution at the bonding interface was investigated using EPMA. 
The mutual diffusion of Al and Cu is dominant in the diffusion bonding process. Furthermore, the crystalline phases of the 
bonded joint area are investigated using X-ray diffraction. The spectra show that the Fe-Si and Cu-Al phases were precipitated 
in the Cu-diffused area of the FAST material. These results show that the mutual diffusion and eutectoid reaction of Cu and 
Al contribute to the diffusion bonding process.
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1  Introduction

Thermoelectric generation is a promising technology for the 
realization of a carbon–neutral society. It is a phenomenon 
whereby thermal energy is directly exchanged for electrical 
energy. In addition, thermoelectric generation occurs when 
a temperature gradient is applied between two connections 
in an electric circuit consisting of different kinds of material. 
In this case, the efficiency of the thermoelectric generation 
is evaluated by a figure of merit ZT, which is given by the 
following equation: ZT = S2σ∆T/κ. Here, S is the relative 
Seebeck coefficient, � is the electrical conductivity, ∆T is 
the temperature gradient and κ is the thermal conductivity.

This equation shows that a high electrical conductivity 
and a low thermal conductivity are necessary if we are to 
increase the ZT. As materials that satisfy these conditions, 
bismuth telluride (Bi2Te3) semiconductor and derivative 
materials have been continuously developed since the  1950 s 
[1, 2]. In contrast, Bi2Te3 has several serious issues, such 
as high toxicity and a decrease in the Seebeck coefficient 
at certain temperatures. As a result, many materials have 
been developed to overcome these issues. For example, some 
kinds of silicide semiconductors that consist of low-cost and 
nontoxic ubiquitous elements have been developed [3]. Iron 
silicides and derivative semiconductor materials have been 
investigated in terms of their various properties [4, 5]. In 
this study, we focused on an iron aluminum silicide (Fe-Al-
Si) thermoelectric material, called “FAST” material [6–11]. 
This material is a derivative of iron silicide. Furthermore, 
the Seebeck coefficient remains at a certain high value up to 
500 K in the medium temperature range, and the p-n conduc-
tion type is controllable by controlling the chemical compo-
sition of Fe, Al, and Si without dopants [7].
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With thermoelectric device fabrication using FAST mate-
rial, soldering is used to connect the FAST material with a 
metal electrode [10]. However, this connection is not stable 
in the 500 K medium temperature range because the solder 
melts. Therefore, the aim of this study is to investigate the 
diffusion bonding of the FAST material and copper electrode 
plate to overcome this issue. Diffusion bonding is a kind of 
solid-state bonding that connects materials directly without 
solder. In recent research into the diffusion bonding of dis-
similar materials containing Cu and Al, some interesting 
characterization studies have been reported. These studies 
include the enhancement of functional properties using the 
reaction between elements [12], a detailed investigation of 
an Al-Cu composite microstructure [13], the improvement 
of performance by using brazing [14], and the improvement 
of diamond/Cu diffusion bonding with a Ti interlayer [15]. 
Therefore, when FAST material and copper are combined, 
we can expect a complicated structure at the bonding inter-
face. Therefore, we investigated the element distribution and 
undertook a quantitative analysis at the bonding interface 
using EPMA. Furthermore, X-ray diffraction is carried out to 
determine the kinds of crystalline phases around the bonding 
interface. Using these results, we can expect to determine the 
behavior of the elements and the diffusion bonding mecha-
nism in detail.

2 � Experimental procedure

2.1 � Test materials

In this study, FeAiSi (FAST) semiconductor thermoelec-
tric material and oxygen-free copper plate were prepared 
as test materials. The composition of the FAST material is 
n-type Fe0.38Al0.24Si0.38, which was obtained by machine 
learning [9]. In addition, this material is chemically stable 
up to at least 973 K [8]. A powder consisting of a mixture 
of iron, aluminum and silicon was hot-pressed and then cut 
to a diameter of 10 mm and a length of 10 mm. Moreover, 
the circular surface of the FAST material was mirror-pol-
ished and then subjected to diffusion bonding. Additionally, 
99.96% grade oxygen-free and 0.3-mm-thick copper plates 
were cut to 15 × 12 mm and then also subjected to diffusion 
bonding.

2.2 � Diffusion bonding

In this study, we selected diffusion bonding to obtain a 
direct bonded joint between the FAST material and a cop-
per plate. This method involves solid-state bonding that 
depends on the diffusion of atoms and creep deformation 

of materials at the bonding interface. Therefore, no solder 
is needed to obtain joints. Figure 1 shows a schematic view 
of the diffusion bonding experiment. The FAST material 
was heated by thermal conduction from stainless steel 
holding metal chips because the electrical resistivity of 
the semiconductor material is too high for the use of RF 
induction heating. The RF frequency is 40 kHz, which 
is expected to increase the temperature uniformity in the 
horizontal direction of the figure. Furthermore, the bond-
ing temperatures were 973 K, 1023 K, 1073 K, 1123 K, 
and 1173 K. The bonding period was 1800s. After bond-
ing, the specimen including a bonded joint was cooled in 
the furnace to room temperature without temperature con-
trol. In addition, the loading pressure on the materials was 
5.1 MPa, which we realized by using a 3-kg weight and 
lever with a 10:1 ratio. The vacuum in the chamber was 
kept at less than 10−4 Pa during the bonding and cooling 
process to avoid any oxidization of the materials. Further-
more, the diffusion bonded joint specimens were cut nor-
mal to the bonding interface and subjected to macroscale 
optical observation and microscale elemental analysis.

Fig. 1   Schematic view of diffusion bonding
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2.3 � Elemental analysis

Line profile, element mapping and quantitative analy-
ses were carried out using EPMA. From these analyses, 
we obtained information about the diffusion length, two-
dimensional distribution of elements and composition of 
precipitated phases. For the element mapping analysis, we 
employed the EPMA scatter diagram method. This method 
determines the composition of precipitates at the bonding 
interface using the X-ray intensity profile of each element 
[16]. The accelerating voltage was 15 kV in the line analysis, 
mapping and most of the quantitative analysis. In addition, 
for quantitative analysis in a detailed structure, we used an 
accelerating voltage of 10 kV to improve spatial resolution.

2.4 � X‑ray diffraction

X-ray diffraction was carried out to identify crystalline 
phases of precipitates around a bonded joint. This method 
determines composites and alloys that are precipitated dur-
ing diffusion bonding.

A micro-focus X-ray diffraction experiment with Cu Kα 
radiation, which was generated by a Cu-rotator anode with 
an operating voltage and current of 45 kV and 200 mA, 
respectively, was performed using an X-ray diffractometer, 
SmartLab (Rigaku Co. Ltd., Tokyo, Japan), equipped with a 
HyPix-3000-pixel array detector. A micro-X-ray beam with 
a 200-µm diameter, which is comparable to the diffusion 

area, was shaped using a collimator, and the camera was set 
at a distance of 150 mm.

3 � Results and discussion

3.1 � Diffusion bonding of FeAlSi (FAST) 
semiconductor material and copper plate

The diffusion bonding of the FeAlSi (FAST) semiconduc-
tor material and copper plate was carried out at bonding 
temperatures of 973, 1023, 1073, 1123, and 1173 K. Table 1 
shows the shapes of the joints and optical images of the 
cross sections. While cutting cross sections of the joints, the 
FAST material peeled from the copper plate in the specimen 
fabricated with a 973 K bonding temperature. On the other 
hand, at bonding temperatures of 1023 K and 1073 K, diffu-
sion bonding appeared to be successful. Furthermore, cracks 
were observed in the FAST material. The large crack at the 
interface of copper and FAST material in the specimen of 
973 K bonding temperature is expected to be an unbonded 
area. On the other hand, the cracks in the FAST material area 
of the specimens are expected to be generated after diffusion 
bonding by the difference between the thermal expansion of 
copper and the FAST material. However, the optical images 
of the cross-section show that some of the elements in the 
FAST material or copper can be expected to diffuse across 
the bonding interface.

Table 1   Overview of specimen and optical image of bonding interface
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Moreover, the copper plate disappeared at bonding tem-
peratures of 1123 K and 1173 K. In these cases, the bonding 
temperature was above the eutectic point of 1076 K for cop-
per and silicon [17]. Therefore, the copper was expected to 
fuse with the silicon and disappear. These results indicate 
that the diffusion bonding temperature of FAST material 
and the copper plate should be below the eutectic point of 
copper and silicon.

3.2 � Line analysis at the bonding interface

Diffusion bonding experiments revealed diffusion layers at 
the cross section of the optical images below the 1073 K 
bonding temperature. However, information about the dif-
fused elements across the bonding interface remains unclear. 
Therefore, we carried out a line analysis using EPMA to 
determine the kinds of elements and the diffusion length of 
each element.

Figure 2 shows a composition image and the line analysis 
scanning position at the bonding interface of the 1073 K 
bonding temperature specimen. This image is divided into 
four areas according to brightness. The topmost and bot-
tommost areas are copper plate base material and FAST 
material, respectively. Furthermore, the middle two areas 
both seem to be diffused across the bonding interface. In this 
study, we must identify the diffusion elements if we are to 
understand the joining process. For these reasons, the line 
analysis position is set across all areas in the image.

Figure 3 shows the results of the line analysis of the position 
that is shown in Fig. 2. In this case, Al in the FAST material 

and Cu diffused across the bonding interface. However, the 
diffusion of Fe and Si into the copper plate was not confirmed. 
Moreover, similar line profiles were observed at the interface 
of the specimens with bonding temperatures of 973 K and 
1023 K. Figures 4 and 5 show the Al and Cu intensity profiles 
across the bonding interface of the specimens with bonding 
temperatures of 973 K, 1023 K, and 1073 K. The diffusion 
length of Al into the copper plate increased as the bonding 
temperature increased. Table 2 shows the diffusion lengths. 
In this study, we performed the line analysis on three lines at 
different places on the specimen. These values are the averages 
of the measured lengths. The relationships between the diffu-
sion length L, diffusion coefficient D, and activation energy Q 
are described by the following equations.

(1)L = 2
√

Dt

Fig. 2   EPMA composition image and line analysis position of FAST/
Cu diffusion bonding interface (bonding temperature 1073 K)

Fig. 3   Line profile across FAST/Cu diffusion bonding interface 
(bonding temperature 1073 K)

Fig. 4   Al intensity profile across bonding interface
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Here, the t value was fixed at 1800s. D0 is the diffusion 
constant, Q is the activation energy, R is the gas constant, 
and T is the absolute temperature.

Figure 6 shows an Arrhenius plot for the diffusion coef-
ficient of Al from the FAST material to the copper plate. 
From the plots, D0 and Q in Eq. (2) were approximated by 
the following values.

(2)D = L2∕4t = D0Exp(−Q∕RT)

Furthermore, Fig. 7 shows an Arrhenius plot for the dif-
fusion coefficient of Cu from the copper plate to the FAST 
material. D0 and Q in Eq. (2) were approximated by the 
following values.

3.3 � Element mapping at the bonding interface

According to the results of the line analysis reported in the 
previous section, Cu and Al can be expected to contribute to 
diffusion bonding. Table 3 shows EPMA mapping images of 
the composition (CP), Cu, Al, Fe, Si, and O at the bonding 
interface. The accelerating voltage was 15 kV. The diffusion 
area of Cu and Al across the bonding interface increased as 
the bonding temperature increased. These images show the 
precipitation of some elements. Therefore, we carried out 
the EPMA scatter diagram method for more detailed phase 
mapping. In this study, the composition of each phase was 
estimated using the X-ray intensity correlation of each ele-
ment. Table 4 shows phase mapping images of the FAST/
copper plate bonding interface obtained using the EPMA 
scatter diagram method. Different compositions of Cu-Al 
intermetallic compounds were observed in the Al diffusion 
area of the copper plate. In addition, the structure of the Cu 
diffusion area in the FAST material was complicated. Fe-Si 
precipitation occurred not only in the Cu diffused area but 
also in the base material. Moreover, multiple phases were 

D0 = 3.97 × 10−5m2∕s

Q = 150 kJ∕mol

D0 = 6.52 × 10−7m2∕s

Q = 113 kJ∕mol

Fig. 5   Cu intensity profile across bonding interface

Table 2   Diffusion length of Al into copper plate and Cu into FAST 
material

Bonding temperature/K 973 1023 1073
Al diffusion length L/µm 51 75 121
Cu diffusion length L/µm 63 87 122

Fig. 6   Arrhenius plot for diffusion coefficient of Al from FAST mate-
rial to copper plate

Fig. 7   Arrhenius plot for diffusion coefficient of Cu from copper 
plate to FAST material
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expected to be precipitated in the Cu diffusion area in the 
FAST material.

To determine the composition of the phases, we under-
took a quantitative analysis at several typical points at the 
bonding interface. Figure 8 shows the quantitative analy-
sis points at the bonding interface of the specimen with a 
1073 K bonding temperature. The accelerating voltage was 
15 kV. The quantitative values are shown in Table 5. The 
possible phase was determined using X-ray diffraction, 
which is described in a subsequent section.

In the Al diffusion area of the copper plate, the Cu-Al 
phase precipitates at points 3 and 4. Moreover, the Al 
concentrations at points 1 and 2 in the surrounding area 
were approximately within the solid solution limit [17]. 
From the results, the structure of the Al diffusion area was 
estimated to be a eutectoid microstructure including the 
Al solid solution phase of Cu and a precipitate of Cu-Al 
composite.

In the Cu diffusion area in the FAST material, rela-
tively large amounts of precipitation of up to 20 µm were 
observed. From a quantitative analysis at points 5 and 6 
in this area, the precipitation was estimated to be FeSi. 
Moreover, a similar precipitation was observed in the base 
material area (points 9 and 10). Here, the FeSi in the base 
material area was estimated to be generated by a eutectoid 
reaction during FAST material fabrication before diffusion 
bonding [11].

Another precipitation was observed in the Cu diffusion 
area of the FAST material. This is part of the lamellar 
structure and has a similar composition to Cu-Al (points 
11 and 12). In this study, all the bonding temperatures 
were above the eutectoid point of Cu and Cu3Al (840 K) 
[18]. Therefore, we estimated that the structure consists 
of pro-eutectoid FeSi and a lamellar structure that con-
tains Cu-Al precipitation. Moreover, this lamellar structure 
was observed only in the Cu diffusion area of the FAST 
material. It is possible that Fe and Si caused the eutectoid 
reaction in the area during the diffusion bonding process.

To determine the quantitative values in the lamellar 
structure in detail, a further analysis was carried out by 
reducing the accelerating voltage to 10 kV. Figure 9 shows 
a magnified view of the quantitative analysis points at the 
bonding interface of the specimen with a 1073 K bonding 
temperature. The island-like area was expected to be the 
FeSi phase that exists in the base material. Moreover, in 
the precipitate phase in the lamellar structure (point 14), 
we can expect to observe the Cu3Al phase, which is gen-
erated by a eutectoid reaction of Al in the FAST material 
and Cu. The matrix of the lamellar structure is expected to 
exhibit the FeSi phase (points 13, 15, and 16).

Table 3   EPMA mapping images of the composition (CP), Cu, Al, Fe, 
Si, and O in FAST/copper plate bonding interface (bonding tempera-
ture 973 K, 1023 K, and 1073 K)

Table 4   EPMA phase mapping 
images at FAST/copper plate 
bonding interface (bonding 
temperatures 973 K, 1023 K, 
and 1073 K)
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3.4 � X‑ray diffraction analysis (Supplementary 
material)

In the previous section, the chemical composition of each pre-
cipitate around the bonded joint was determined. Furthermore, 
X-ray diffraction (XRD) analysis was carried out to obtain 
information about the crystal structure and determine the 

possible crystalline phase of the precipitates. Figure 10 shows 
the XRD spectrum of the FAST area, the Cu diffusion area 
in FAST, and the Al diffusion area in copper. The diffraction 
spectrum of the FAST material shows peaks of Fe3Al2Si3 (τ1). 
This result agrees with those of previous studies [11, 19]. In 
the Cu diffusion area in FAST, this spectrum shows that the 
ε-FeSi phase was generated in addition to Fe3Al2Si3. No other 
peaks were identified in this spectrum because the peaks of 
them were expected to appear extremely close to the peaks 
of Fe3Al2Si3 and ε-FeSi. Moreover, the spectrum obtained 
from the Al diffusion copper area shows the Cu, Cu3Al, and 
γ-Cu9Al4 base material of the plate. Here, the Cu3Al phase 
appears at high temperature. However, the bonding process 
is non-equilibrium. Therefore, the high-temperature phase 
remained until room temperature was reached. These results 
and estimations are reflected in Table 5. Here, some peaks 
could not be identified using only diffraction spectra because 
the peaks from FAST appeared extremely close in diffraction 
angles to the peaks from other composites. Therefore, the 
results by EPMA were used to identify them.

These results show that the mutual diffusion of Al and 
Cu triggered a eutectoid reaction in the diffusion area of the 
bonded joint and enhanced the bonding process.

4 � Conclusions

The diffusion bonding of FeAlSi (FAST) thermoelectric 
material and copper plate was successful. Moreover, the fol-
lowing results were obtained with elemental analysis using 
EPMA at the diffusion bonding interface.

(a) Overall image

(b) Magnified image near point 5

Fig. 8   Quantitative analysis points at bonding interface of 1073  K 
bonding temperature specimen. a Overall image; b magnified image 
near point 5

Table 5   Quantitative analysis value near FAST/Cu bonding interface 
and estimated phase

Point Cu Fe Al Si Possible phase

1 81.0 0.2 17.5 1.3 Cu
2 80.3 0.1 18.2 1.4 Cu
3 72.3 0.0 25.9 1.8 Cu3Al + Cu9Al4
4 71.4 0.1 26.6 1.9 Cu3Al + Cu9Al4
5 0.2 49.5 5.2 45.1 e-FeSi
6 0.2 49.5 5.1 45.1 e-FeSi
7  < 0.1 37.4 26.1 36.5 FAST
8  < 0.1 37.2 26.8 35.9 FAST
9  < 0.1 49.4 5.2 45.4 e-FeSi
10  < 0.1 49.6 5.1 45.2 e-FeSi
11 74.0 4.1 20.9 1.0 Cu3Al
12 75.3 5.0 18.5 1.2 Cu3Al
13 1.3 45.4 2.3 50.9 e-FeSi
14 72.0 3.0 24.1 0.8 Cu3Al
15 0.9 49.5 3.2 46.4 e-FeSi
16 0.9 48.3 2.9 47.9 e-FeSi
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1.	 Diffusion bonding occurs at bonding temperatures rang-
ing from 973 to 1073 K. Moreover, the diffusion bond-
ing temperature should be below the eutectic point of Cu 
and Si.

2.	 Line analysis and element mapping using EPMA 
revealed that the mutual diffusion of Al and Cu is domi-
nant in the diffusion bonding process. Moreover, the dif-

fusion constant and activation energy of these elements 
were obtained.

3.	 EPMA quantitative analysis, scatter diagram method, 
and X-ray diffraction revealed Cu3Al-based precipitation 
and an ε-FeSi matrix in the lamellar microstructure of 
the Cu diffusion area of the FAST material. Further-
more, the Cu-Al solid solution, γ-Cu9Al4 and Cu3Al 
phases were observed in copper material. It is possible 
that the eutectoid reaction of Cu and Al enhances the 
diffusion bonding process of FAST material and copper.
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(a) Near bonding interface

(b) Near base material

Fig. 9   Quantitative analysis points at bonding interface of 1073  K 
bonding temperature specimen (10 kV). a Near bonding interface; b 
near base material

Fig. 10   X-ray diffraction spectra in FAST/Cu diffusion bonded intnt 
(1073K bonding temperature)
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