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In this study, a novel Cu@Sn TLPS joint was fabricated for high-temperature power electronics application.
Cu@Sn core-shell composite powder was firstly prepared by a methylate electroplating method, and then
pressed into a preformed sheet. The Cu@Sn preform was reflowed at 250 ~ 280 °C for 40 min under the
pressure of 0.1 x 10~ MPa, and the resulting bondline can withstand high temperatures up to 600 °C.
During the process, the Sn layer was transformed to CusSn, and the CusSn surrounded the outside of
the residual Cu particles. The joint characteristics were controlled by size gradation of Cu particles, the
ratio of Cu/Sn, preform forming pressure and TLPS process. The joint shear strength was no less than
48 MPa after aging at 400 °C for 1000 h. Young's modulus and hardness were 98.35 GPa and 2.62 GPa,
respectively, which are much lower than the pure CusSn joint. The electrical resistivity and thermal
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Accepted 3rd September 2022 conductivity of the joint were 5.1 nQ cm and 148 W m™" K-, respectively. It is superior to pure CusSn
joints and the other Cu/Sn system TLPS joints. The high shear strength, high thermal conductivity and

DOI: 10.1039/d2ra046069 high melting temperature demonstrate that Cu@Sn TLPS joint is a promising interconnect technology for
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Introduction

New generation wide-band semiconductor devices can improve
the operating temperature and power density, which show
greater potential for high-temperature applications."> However,
the increasing operating temperature, the harsh environment,
increased instability, and other safety problems become great
challenges for the corresponding high-temperature resistant
bonding materials and joint reliability. The traditional high
lead alloy, Au-Sn, and other eutectic alloy solders can easily lead
to chip warpage deformation under high process temperature,
and they are unable to meet the needs of higher service
temperature for SiC devices. Although sintered nano-silver
shows high comprehensive performance, due to the existence
of electromigration, the welding process requires high pressure
and high cost, making it difficult to be a popular application.
Transient liquid phase bonding (TLPB) has the characteristics
of both fusion and diffusion welding, which can be achieved at
low processing temperatures and obtained higher remelting
temperatures. Kunmo Chu et al.® applied the sandwiched Cu/
Sn/Cu and Ni/Sn/Ni structure material TLPS to prepare pure
interfacial intermetallic compound (IMCs) joints. This sand-
wiched structure is based on an interfacial layer of low-melting-
point metals, such as Sn, In, and a surface layer of high-melting-
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point metals, such as Cu, Ni, Ag, and other metals.*® The
liquid-solid interdiffusion is used to generate high temperature
resistant IMCs as the interconnecting joint, but the disadvan-
tages are also distinguished: the long diffusion channel of Cu/
Sn/Cu structure, thus weakening the reaction kinetics; the
difficulty to extend the interface layer thickness; besides, pure
IMCS joints increase the elastic modulus, while reducing the
fracture toughness, which are not conducive to reliable opera-
tion at high temperatures.

A composite powder-based TLPB technology for the prepa-
ration of IMCs high-temperature joints has attracted a lot of
attention.”” The advantage of this technique is that the Cu/Sn
particles are uniformly mixed and fully inter-contacted, the
molten Sn completely infiltrates the Cu particles, which greatly
shortens the diffusion channel and strengthens the reaction
kinetics, and after a certain time, the isothermal diffusion
alloying reaction generates a homogeneous CusSns/CuzSn
compound. Hannes Greve et al. successfully prepared complete
CueSns and CusSn joints with a joint thickness of less than 10
um, and the thermoelectricity properties of the joint can be
comparable to those of pure silver.’* A. Syed-Khaja et al
prepared large-area, cavity-free CusSns and Cu,;Sn joints with 15
~ 20 pm thickness layer by using vacuum soldering or high-
pressure soldering techniques for Cu-Sn solder paste.
Through process optimization, high-temperature resistant
joints were prepared on conventional welding equipment, and
the joints had remelting temperatures higher than 400 °C and
excellent thermoelectric properties." The structure of the above
prepared high-temperature resistant joints is still pure IMCs
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phase, though the thermoelectric property is enhanced, but the
high elastic modulus and susceptibility to brittle fracture at the
joint interface have not been solved yet. Therefore, the joint
structure needs to be improved to strengthen the toughness of
the joint.

The CusSns/CuzSn joints composed of pure intermetallic
compounds have high elastic modulus (about 117~135 GPa),
and insufficient toughness, which is not beneficial to the stable
and reliable operation at harsh environment. Due to Young's
modulus of Cu being 90 ~ 110 GPa, which is lower than that of
Cu/Sn IMCs, doping Cu in the CueSns/CuzSn joint structure
could help improve the toughness of the joints. The SnAgCu/Cu
system used in the traditional electronic packaging has an
interface composition of CueSns/CuzSn/Cu with a shear
strength of 100 MPa.”* Christian Ehrhardt et al used
a secondary TLPB process based on Cu-Sn (Sn-based alloy)
solder paste to reduce the oxidation of the particles and the
interfacial void rate to obtain co-distributed joints of CugSns/
Cu;Sn with Cu particles, which greatly improved toughness,
strength and fatigue life.”

In this paper, Cu@Sn core-shell structure composite
powder-transient liquid phase diffusion soldering (TLPS) tech-
nology for high-temperature resistant power packaging was
studied. The Cu@Cu;Sn joint characteristics were optimized by
controlling size gradations of Cu, the ratio of Cu/Sn, preform
pressure and TLPS process. Joint properties and failure
behavior were mainly studied in this paper.

Materials and methods
Preparation of Cu@Sn composite powders

Copper powder (Grinm Group Corporation Limited, Beijing,
China) with different particle size gradations of <15 um, 15 ~ 25
pm and 25 ~ 50 pm were selected and uniformly plated with <1
~ 2 pum, 2 ~ 3 pm and 3 ~ 5 pm-thick Sn layer, respectively. Cu
particles were pretreated with ethanol and hydrochloric acid
solution for the removal of the organic impurities and oxide
layer, respectively. The activated powder was cleaned with
ethanol and deionized water for 3 to 5 times. The different size
of copper powder was then electroplated in prepared solution
which contained stannous methyl sulfonic acid, methyl sulfonic
acid, resorcinol, emulsifier and deionized water, uniformly
dense Sn layer was prepared by DC pulse-intermittent stirring,
the current density (0.1 ~ 0.25 A), duty ratio is 1/3 ~ 1/4, the Sn
coating layer thickness was controlled by electroplated time (2
~ 4 min) and stirring ratio (30-50 rpm). The prepared Cu@Sn
core-shell powder was cleaned by distilled water and ethanol
for five times before dried in oven. Finally, different size
gradations of Cu@Sn particles of <15 um, 15 ~ 25 um and 25 ~
50 um were mixed in proportion of 1 : 3:2.

Preparation and Characteristics Analysis of Bonding Sample

The above prepared Cu@Sn powders were pressed into preform
sheets with ¢ 9 mm x 100 um under a pressure of 10 MPa for
5 min. The chip scale package with Cu@Sn preform sheet was
placed onto Al,O; ceramic substrate direct bonding copper

29064 | RSC Adv, 2022, 12, 29063-29069

View Article Online

Paper

(DBC) and soldered on a single-zone reflowing oven. The
component metalized layer on the DBC substrate isa 1 ~ 2 um
electroplated Sn layer. The schematic configuration of the
preform and joint was shown in Fig. 1. The assemblies were
reflowed using the temperature profile which was optimized in
our previous work (see Fig. 2).

Samples were then reflowed isothermally in oven at 250, 280
and 310 °C, respectively, with different periods of 500, 1000,
1500, and 2000 seconds. Specimens are cross-sectioned through
solder joints to observe metallographic features. The mean
thickness of the intermetallic layer was measured by using
a powerful image processing system, OPTIMAS, together with
a Nikon optical microscope. The mean of 6 readings was taken
at different locations on each of the three solders. The micro
structural details of the joints interface were observed by using
a Scanning electron microscope (Philips XL40) and X-ray
diffraction (XRD, Philips X’ Pert system).

The XRD was used to show the patterns of the core-shell
Cu@Sn powder and soldering samples. The electrical resistivity
of the preform after reflow at 280 °C for 40 min was measured
using the Seebeck coefficient tester (CTA). The thermal
conductivity of the preform was obtained by the laser flash
apparatus (LFA) and differential scanning calorimetry (DSC).
Nano-indentation testing was carried out on TLPS preform at
least 10 times at different locations using the nano-indenter
with a pyramid tip. The shear strength of the joint was evalu-
ated by a shear tester at head speed of 1 mm min . All the
above measurement technologies have been introduced by our

previous works.*¢

Results and discussion

Composition and microstructure of Cu@Sn particles and
joint bulk

Surface and cross-section morphology of the prepared Cu@Sn
core-shell composite powder is illustrated in Fig. 3a and 3b.
Combined with the line-scanning results, as shown in Fig. 3c, it
can be seen that the surface is uniformly coated with an Sn
layer, and the microscope images of the cross-sections of the

Electroplated Sn Compressing
D9mm*100um
Cu Sn Cu \ ;

Preform

TLPS

0.5MPa

As-reflowed

-+ Electroplated Sn layer

= Cu substrate

Fig. 1 Schematic of the fabrication process of the preform and joint.
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Fig. 2 Temperature profile of Cu@Sn preform.
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Fig. 3 (a) Surface morphology, (b) and (c) profile morphology, (d)
profile EDS results of Cu@Sn core-shell structure powder.

powder indicate that the thickness of the Sn layer is about 1 ~ 3
pm. The Sn element gradually decreases to 0% and the Cu
element gradually increases to 100% along from the outer shell
to inter-core.

The microstructure and composition evolution of the
Cu@Sn preform reflowed at 280 °C for different holding times
were analyzed. As shown in Fig. 4a), there is residual Sn in the
interface when reflowing time is 30 s, and the IMC phase is
mainly CugSns. With the extension of isothermal alloying time,
Cu diffuses to CugSns through Cu;Sn, and CueSns reacts with
Cu to form more CuzSn. When heat preservation lasted for 60 s
(Fig. 4b), Sn was completely consumed and a small amount of
Cu,Sn was generated in the interface near the Cu side. As shown
in Fig. 4c), there was still CugSns; in the interface after
isothermal holding for 1200 s, the Cu;Sn was formed at expense
of CugSn;s and Cu particles. In the area where the copper particle
size is not well matched, a thicker CueSns phase will be formed,
and the ratio of the amount of substance reacts with copper is
9 : 1. Due to the high density of Cu;Sn phase, volume contrac-
tion occurs when CueSns was transformed to CusSn, resulting in
cavities at the interface of IMCs, as shown in Fig. 4c and d.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Microstructure of the interface of the Cu@Sn preform after
heating at 280 °C for (a) 30 s, (b) 60 s, (c) and d) 1200 s, respectively.

According to XRD results of Cu@Sn preform (seen in Fig. 5),
when the reaction time is more than 5 min, CusSns; can be
detected at the soldering interface. The peak of CueSns did not
disappear completely at the reaction time of 80 min, indicating
that the complete transformation of CusSns to CuzSn was not
completed, which was consistent with the SEM results above. In
the microstructure, different size gradated Cu particles coated
by Cus;Sn and CugSns phase are evenly distributed in the bulk.

In order to fill the roughness between the substrate and the
preform during TLPS process, a layer of metal was electroplated
or sputtered on the substrate. If the coating metal is Sn, the
liquid phase amount in the TLPS reaction process can be
increased at the same time. The substrate is pretreated with the
same process as electroplating powder, and a layer of dense Sn
of about 2 pm was evenly spread on the substrate, as shown in
Fig. 6a).

The interfacial poor welding quality caused by non-coplanar
the substrate and the Cu@Sn preform is effectively improved.
The microstructure of the whole joint is uniform, and there is
no defect in a large area, the interfacial microstructure of
Cu@Sn TLPS joint was shown in Fig. 7.
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Fig. 5 XRD results of Cu@Sn preform after heating at 280 °C for

different holding time. Interfacial Structure Analysis of Cu@Sn
Preform/DBC Substrate.
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Fig. 6 DBC substrate with (a) Sn coating and (b) Ag coating.

When holding about 2 pm Sn layer on DBC at 280 °C for 10
min, Sn layer partly transformed to both CueSns and CuzSn
phase, illustrated in Fig. 7a), when the holding time stayed for
30 min, the Sn layer was totally consumed and transformed the
thick and unstable CueSn; phase in the interface, see in Fig. 7b),
the longer isothermal solidification time was needed to
complete the diffusion reaction and consume the remaining
CueSns;. Therefore, it is proposed to sputtering uniformly dense
Ag on the substrate in advance, as shown in Fig. 6b). Then, on
this basis, an electroplating Sn layer was made on the Ag lay.
The presence of Ag fills the surface roughness of the substrate
and speeds up the consumption of Sn layer, meanwhile, Ag;Sn
phase is generated at the interface, further improving the
interface toughness.

Growth kinetics of the Cu;Sn in Cu@Sn TLPS joint

The CuzSn growth in Cu@Sn TLPS process is an ordinary
diffusion growth and should be controlled by grain boundary
diffusion of the IMCs. The IMC layer growth kinetics were
assumed to be described by the time power law, eqn (1) and an
Arrhenius temperature factor, eqn (2)

y = kA" (1)
k = koexp(~QIRT) @)

where y is the layer thickness (um) at time, ¢ (s); it is generally
found that the layer obeys tn kinetics, thickening of the layer
was modelled as a diffusion driven process such eqn (1); n is the
power law exponent; When the growth of IMC was controlled by
the interfacial reaction, n was 1, when the growth of IMC is
controlled by grain boundary diffusion, n is 1/3, when the
growth of IMC is controlled by Volume diffusion, n is 1/2; Q is
the apparent activation energy (J mol '); R is the universal gas

30 pm

Fig. 7 SEM image of interface of DBC (Sn coating)/Cu@Sn preform
after TLPS for different holding time, (a) 10 min, (b) 30 min.
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constant (8.314 ] mol ' K ); T'is the temperature (K); The data
were analyzed by a multivariable, linear regression analysis of
eqn (2), placed in the following format:

In k = (—Q/RT) + In ko 3)

The fitted growth curve of Cu;Sn thickness and time ¢ is
parabolic, as shown in Fig. 8a). However, y3 has a linear rela-
tionship with time ¢, as shown in Fig. 8b). It can be seen that the
growth index n of CusSn is 1/3, indicating that the growth of
Cu;Sn is mainly controlled by the diffusion of grain boundaries.
According to the slope of its curve, the growth coefficient k at each
temperature can be calculated, which is 0.7, 1.1 and 2.4 respec-
tively. The logarithm of both sides of eqn (2) is In k= In k, — Q/RT,
that is, Ink has a linear relationship with 1/RT, as shown in Fig. 8c).
The growth activation energy Q of Cu;Sn can be calculated
according to the slope of the curve, which is about 50 k] mol .

Studies on the growth behaviour of Cu;Sn in various systems
have been obtained, mainly focusing on Cu/Sn/Cu sandwich
structure and traditional solder systems. The growth kinetics of
composite powders has also been explored. In the Cu/Sn/Cu
sandwich structure, the growth activation energy of Cu;Sn
controlled by volume diffusion was 84.59 + 25.84 k] mol ".1718
In the brazing process of Sn; ;Ag/Cu and Sn, ,Cu/Cu, the acti-
vation energy of CusSn growth is 92 kJ mol " and 104 k] mol ™%,
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Fig. 8 The growth kinetics curve of CuzSnin Cu@Sn TLPS joint, (a) y—t
curve; (b) y°—t curve; (c) growth activation energy of CusSn.
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respectively.’* In the first stage of Cu-Sn submicron solder
system reaction, the nucleation and growth of Cu;Sn are mainly
dependent on grain boundary and volume diffusion, and the
activation energy is 62.5 k] mol *. In the second stage, the
nucleation and growth of Cu,;Sn are based on the consumption
of CueSn; phase and the diffusion of Cu atoms, and the acti-
vation energy is 113.46 k] mol '.>* In the process of Cu@Sn
TLPS, the activation energy of CuszSn growth is 50 kJ mol .

Compared with the solder and sandwiched TLP processes,
the TLPS process of the core-shell structure powder has
a smaller content of low melting point phase and large contact
area between Sn and Cu particles. Meanwhile, the fine metal
particles have a larger specific surface area and surface activity,
therefore the reaction efficiency between Cu/Sn is higher, and
the reaction activation energy is generally smaller than that of
other systems.

Mechanical, thermal, and electrical properties analysis of
Cu@$Sn TLPS joint

The shear strength of Cu@Sn samples reflowing at 280 °C for
40 min and aging at 400 °C for 1000 h are 48.9 and 44.6 MPa,
respectively, which is higher than that of the similar system, for
Cu@Sn@Ag system,* the average shear strengths of the bondline
were 25.8 and 19.7 MPa at 30 and 400 °C, respectively. For Sn-
coated Cu micro paste system,* the TLPS-bonded joints exhibit
relatively high shear strength values of ~40 MPa. Compared with
the commonly used as high temperature resistant soldering
materials for high power electronic devices—high Pb alloy** and
sintered nano-Ag,” the Cu@Sn TLPS joint in our work also
attains higher shear strength, as shown in Fig. 9. It demonstrates
that Cu@Sn TLPS joints are a promising interconnect technology
for high power density module.

The nano-indentation is hitting on multilayer intermetallic
compounds at the interface. The standard deviations of Young's
modulus and microhardness were 6.69 and 0.28, respectively.
Ten times were done for each sample. The results of Young's
modulus and micro-hardness are shown in Fig. 10.

Nano-indentation testing results showed that the average
Young's modulus and microhardness of the reflowed Cu@Sn
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Values of shear strength of different materials attained in TLPS
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preform were 98.35 GPa and 2.62 GPa, respectively. It was lower
than pure CuzSn IMCs (132.32 GPa, 6.41 GPa) and CueSn;s IMCs
(114.65 GPa, 6.18 GPa). It can be seen that the 3D network
structure joint of Cu@Sn solder effectively improves the
Young's modulus and lowers micro-hardness of the bulk phase
solder due to the introduction of ductile Cu particles. The joint
composed of Cu particle and Cu/Sn IMCs contribute to stress
release, which indicates excellent low-circle fatigue resistance
performance of Cu@Cu;Sn joint.

The calculated thermal conductivity and electrical resistivity
of Cu@$Sn TLPS joint in our study was 148 Wm ' K " and 5.1 uQ
cm, respectively, as shown in Fig. 11, which are superior to that of
pure Cu;Sn (69.8 Wm ™" K" and 8.9 uQ cm)*® and other Cu@Sn
systems in other studies, in the Cu-Sn paste system, TLPS joint
had an average thermal conductivity of 140.2 W m ™" K ".2°In the
high tin content Cu@Sn core/shell (60 wt% Sn) powder transient
liquid phase sintering bonding system,*” the electrical resistivity
was reached its maximum value of 18.3 pQ cm at 300 °C for
150 min, and the thermal conductivity of the joint was 28.72,
26.83, and 25.99 W m~* K* at 30, 250 and 350 °C, respectively.
The uniformly distributed Cu particles play an important role in
the thermal conductivity as the thermal conductivity of bulk Cu is
398 Wm ' K, and the IMCs and pores existed in the interface
hinder the further improvement of the thermal conductivity and
lower electrical resistivity. It is clear that the doping of Cu parti-
cles has an important effect on the thermal conductivity of the
bulk phase, which is 2~3 times higher than that of the high-Pb
alloy solders (38 W m™* K™ "), but still has a gap compared to
the sintered nano-Ag solders (200 W m ™' K™ ).

Compared to the IMCs interface, embedded Cu in Cu-Sn
and relatively high density contribute to lower the electrical
resistivity, which ensure the excellent operation of high power
electronic device.

Fracture behavior and failure mechanism analysis

In order to analyze the fracture behavior and the failure
mechanism of Cu@Sn TLPS joints, the fracture morphology
after shear test was detected. The fracture modes of DBC/
Cu@Sn/DBC TLPS joints are mainly the mixed pattern of bulk
phase and interface fracture, Fig. 12 is the schematic diagram of

150 10

132.32 [ Young’s modulus
- microhardness

100+

50

Young’s modulus / GPa
microhardness / GPa

Cu@Sn

Cu3Sn CugSng high-Pb nano-Ag
Fig. 10 Values of Young's modulus and microhardness of different

materials attained in TLPS joints.
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Fig. 11 Value of thermal conductivity and electrical resistivity of
different soldering materials for high-temperature applications.

Z-shaped fracture path of Cu@Sn TLPS joints. A mixed failure
patterns of interfacial fracture and the bulk fracture were
formed along with the interface between the Cu phase and
Cu;Sn phase and inside the Cu;Sn phase. Interfacial fracture is
attributed to the volume shrinkage and Kirkendal voids
occurred during interfacial reaction of Cu and CueSns phases,
and the bulk fracture inside Cu;Sn phase is originated its
intrinsic brittleness, which indicates voids or defection inside
the joint are the main factors affecting the joint strength, and

Cu;Sn

Fig. 12 Schematic diagram of fracture path of the joints of Cu/
Cu@CuszSn/Cu.
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Fig. 13 Fracture morphology and EDS results of shear test sample
after reflowing at 280 °C for 40 min with (a) and (b) interfacial fracture
mode and (c) and (d) mixed fracture mode.
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the large block of CuzSn phase is the source of crack initiation
and propagation.

Meanwhile, the joint fracture mode was investigated, corre-
sponding fracture morphology and the specific phase distri-
bution of shear samples reflowing at 280 °C for 40 min was
analyzed. Fig. 13a and 13c was interface fracture and mixed
fracture morphology, respectively. From the EDS results
(Fig. 13b, and d)), it can be seen that marked points A, B, C in
Fig. 13b) correspond to the phases of Cu3Sn, Cu and Cus;Sn,
respectively, while the marked points A, B and C in Fig. 13d)
correspond to the phases of Cu, Cu and Cu3Sn, respectively.
This indicates that part of the cracks propagated along the
inside of the Cu;Sn phase, the other part of the cracks extend
along the Cu;Sn near the side of the Cu particle. In addition, the
shear band morphology of Cu particles with ductile fracture can
be observed in the fracture, and part of the Cu particles
embedded in the IMCs undergo plastic deformation, indicating
a ductile fracture mode at this time.

Conclusions

(1) Electroplating Cu@Sn composite powder and its TLPS joint
were prepared. The microstructure evolution discipline was
illustrated during reflowing process. Special interfacial struc-
ture was designed due to the non-coplanar preform and DBC
substrate, and compact interfacial interconnect come true in
this study.

(2) Growth kinetics of the CusSn in Cu@Sn TLPS joint was
investigated. The calculated active energy of CuzSn growth in
Cu@Sn system is 50 k] mol !, which is smaller than that of Cu/
Sn/Cu sandwich structure and traditional solder systems,
because of the smaller content of low melting point phase and
larger specific surface area and surface activity between Sn and
Cu particles.

(3) The Cu/Cu;Sn joint shows excellent mechanical, thermal
and electrical conductivity, the shear strength is no less than
48 MPa after aging at 400 °C for 1000 h, the thermal conduc-
tivity and electrical resistivity is 148 W m ™" K" and 5.1 pQ cm,
Young's modulus and hardness is 98.35 GPa and 2.62 Gpa,
respectively. It is superior to the other Cu/Sn system in other
investigations.

(4) The fracture behavior and failure mechanism of
Cu@Cu;Sn joint was analyzed, the Z-shaped fracture path was
found though both the interface and joint bulk, mixed fracture
mode of the interface fracture of Cu/Cu;Sn and inside fracture
of Cu;zSn phase was formed.
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