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Abstract: The intermetallic compounds (IMCs) in the copper-aluminum brazed joints during formation and application were
discussed through reviewing some recent research on brazing copper and aluminum. The review indicates that it is difficult to
avoid the formation and growth of the IMCs, which depends on the mutual diffusion between Cu substrate and Al substrate as
well as substrates and filler metals. Thermodynamics and kinetics are critical for the nucleation and growth of the IMCs,
respectively. Besides, defects (voids, cavities and cracks) in the joint mainly result from the formation and growth of the brittle
IMCs because they always result in stress concentration as the source of cracks and accelerate the excessive consumption of
the diffused atoms to form voids and cavities. Properties of copper-aluminum joints are severely deteriorated when the
thickness of the IMCs exceeds 2~5 um. Finally, numerous factors (melting point, thermal conductivity, joint design, heat input
and chemical composition) strongly impact the formation and growth of the IMCs through changing the mutual diffusion
process. Moreover, these factors also have distinct effects on the defects. At present, some efficient methods used to control
the IMCs in the copper-aluminum joints are heat input controlling, optimization of joint design and the addition of the third

element into filler metals.
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Copper-aluminum connectors are increasingly used in
automotive, marine, electrical and electronic industries due
to their exceptional performances of high thermal and elec-
trical conductivities and excellent mechanical properties.
Replacing Cu with cheaper and light-weight Al has dis-
tinct benefits to reduce the manufacturing costs and save
resources '
vehicles, high-performance batteries are desired to provide
enough power for them. Battery packs assembled by many

pouch cells can meet this desire. Hence, copper-aluminum

. In addition, with the promotion of electric

joints are one of the key components of the assembly proc-
ess since pouch cells own a couple of flat connection ter-
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minals, which are made of copper and aluminum
However, it is of great difficulties to fabricate a fine Cu-Al
joint because Cu and Al are significantly different in several
aspects of thermal conductivity, linear expansion and den-
sity. What’s worse, Cu and Al can easily react to form the
intermetallic compounds (IMCs) with properties of high

1517 The existence of

hardness, brittleness and resistance
the IMCs in the Cu/Al joint not only results in stress con-
centration, which is one of the main causes for the forma-
tion of cracks in the Cu-Al joint, but also increases the
connection resistance, improving the operating costs and

shortening the service life of joints'"* '®,
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A lot of studies have been done to investigate the forma-
tion and growth of the IMCs and to find methods for the
inhibition of them. Phase composition of copper-aluminum
vacuum-brazed joints was studied"**"!. Flash welding is

[21], and then other

firstly used to join copper to aluminum
welding technologies are employed, such as diffusion weld-
ing, explosive welding, friction welding, friction stir welding,
laser beam welding and ultrasonic welding™ * '* **?% Al-
though using these welding technologies (except laser beam
welding) can make relatively satisfactory Cu-Al joints, they
are still not suitable for complex parts and mass production.
Compared with those welding technologies, brazing tech-
nology is a kind of efficient joining method that is more
suitable for complex parts and mass production . The
formation and growth of the IMCs during brazing and ap-
plication are inevitable. So, the formation and growth of the
IMCs are still the focus of Cu-Al brazing in the further re-
search.

In this research, some precious studies in recent years on
the IMCs in the copper-aluminum brazed joints were re-
viewed systematically. The formation and growth of the
IMCs in the Cu-Al joint during formation and application
were discussed. Furthermore, the defects in the Cu-Al joint
and factors influencing the defects were summarized, and
the relationship between the property of the Cu-Al joints
and the IMCs was discussed. Finally, the main causes im-
pacting the change of IMCs were summarized, efficient
methods controlling them were listed, and factors influenc-
ing the IMCs and defects were explained according to the
diffusion mechanism.

1 Formation and Growth of IMCs

The IMCs formation occurs in the Cu-Al joint dur-
ing brazing, which is similar to other joining processes. From
the Cu-Al phase diagram, IMCs CuAl,, CuAl, CusAl,
Cu,yAl; and CugAl, are likely to form in the joint in the tem-
perature range from 150 °C to 500 °C, as shown in Fig.1 and
Fig.2. The primary characteristics and properties of four
common IMCs are shown in Table 17", Solchenbach et al
jointed copper and aluminum using laser brazing without
filler metal and flux. They employed a laser beam with a
circular spatial power modulation system to irradiate the
aluminum surface. The experimental parameters were: repe-
tition frequency of laser beam =500 Hz, amplitudes of cir-
cular beam movement ¢=0.25 mm, overlap between two ir-
radiated cycles #=0.75, feed rate in x-direction v=55.6 mm/s,
peak power Ppy=385 W, modulation time #,=32 ps, modula-
tion period Ty =10 kHz. Research results show that IMCs
form and consist of CugAl, and CuAl, phases, as shown in
Table 2. Moreover, Solchenbach et al found that the IMCs
are converted from CuyAl, layer and CuAl, layer to CuAl (or
Cu,Aly) layer, CugAly layer and CuAl, layer after annealed at
400~500 °C for 120 h, implying the generation of the new

IMC after heat treatment. The total thickness of the IMCs
layer increases without the formation of new phases after an-
nealing at 200~300 °C for 120 h, suggesting that the original
IMCs grow during brazing due to the heat treatment®” . Pascal
et al used the same method to braze aluminum to copper. The
experimental parameters were: repetition frequency of la-
ser beam /=500 Hz, feed rate in x-direction v=50 mm/s, peak
power Py=400 W, modulation time varied from 24 ps to 48
ps in 3 us steps, modulation period 7=18 kHz. Results in-
dicate that the Cu/Al interface consists of CuAl,, CuAl,
Cu,Al; and CugAl, *)

There are three views to explain the phenomenon. The first
one is the theory of formation energy, that is, the phase with the
smallest formation energy form first, raised by Chen et al ®% .
Hence CuAl, is the initial phase and then CuAl and CusAl,
appear simultaneously. The second one is the theory of nega-
tive effective formation energy proposed by Gueydan et al®",
who thought that the phase with the largest negative effective
formation heat forms as the original phase. Consequently,
CuAl, and CuyAl, form first. Obviously, these two explana-

tions are incompatible. Recently, Wang et al®*'!

give a new
opinion, that is, thermodynamics and kinetics are critical for
the nucleation and growth of the IMCs, respectively. The
mutual diffusion between Cu and Al, which cause the forma-
tion of the IMCs, is mainly from Cu to Al since the atomic
radius of Cu is smaller than that of Al. Phase diagram and
diffusion law can be used to predict the formation of the
IMCs. Hence CuAl, and CuyAl, form first because of proper
temperature and great interface concentration gradient be-
tween filler metals and Al substrate and Cu substrate, and
then CuAl forms, earlier than Cu;Al, and Cu,Al; for the
same reason.

The phase composition is strongly changed because of the
using of filler metals when brazing. For instance, disordered
IMC bulks are presented and consist of CuAl, and CuZn; in
the Cu/filler metal interface when brazing with Zn-Al alloys "’
Besides, we can observe CuZn;, CuAl, and Cu-Ce IMCs in
the middle of the joint brazed with Zn-22Al-xCe filler metals.
The CuAl, phase is in a shape of bulky strip ). The element’s
electronegativity is primarily responsible for it. Cu-Ce IMCs
are the easiest to form since the electronegativity difference

i~

Cu-AlIMCs in

the brazing seam

VE

Fig.1 SEM image of Cu-Al IMCs in the brazing seam
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Cu-Al'IMCs-at

the interface

4

10 pm

Fig.2 SEM image of Cu-Al IMCs at the interface (2]

Table 1 Characteristics of 4 common IMCs in Al-Cu binary

system m
Phase Chem1.c ?l Crystal structure Atoms per unit
composition cell
V2 CuoAly body-centered cubic 36 Cu, 16 Al
&) CusAl; Monoclinic 12 Cu, 9 Al
Body-centered or-
72 CuAl thorhombic 10 Cu, 10 Al
0 CuAl, Body-centered 4Cu, 8 Al
tetragonal

between copper and germanium is relatively higher than
that between copper and aluminum. Hence Cu reacts with Ce
to form Cu-Ce IMCs.

Apart from the formation and growth of the IMCs in the
Cu-Al joint during brazing, studying the changeover of the
IMCs in the joint in service is equally important. Cop-
per-aluminum joints are widely used in electrical and
electronic industries due to their perfect electrical and
thermal conductivities. In addition, to provide high energy
for electric vehicles, it is also a dispensable part to fabri-
cate battery pack ”!. It is likely that the formation of new
IMCs and the growth of the original IMCs occur due to the
passing of electrical current "> 21

According to Solchenbach et al’s study of influences of
aging on Cu-Al joints, electrical aging has greater effects on
the growth of the IMCs than thermal aging, because the
atomic diffusion promoted by electric current is severer
than by chemical potential. Besides, the growth rate of the
IMCs increases by 6.5 times when electrical current direction

[29]

is changed from Al—Cu to the opposite direction . Wang

et al recently studied the growth of the IMCs layer in the

Table 2 EDS point spectrum analysis results (at%) '

Point Al Cu XRD analysis
1 3.6 96.4
2 49.0 51.0 CuoAly
3 72.0 28.0 CuAl,
4 81.8 18.2

Cu-Al joint through investigating the growth kinetics of the
total IMCs layer, the CuAl, layer, the CuyAly layer and the

CuyAl; layer[zl’ 2

. The continuous growth of the IMCs oc-
curs with increasing the heating time. Besides, the experi-
mental results show that the growth rate of the total IMCs
layer conforms the parabolic time law, which is in great
agreement with the conclusions of friction welding and cold

23,32, 33 .
[23.32.33] “Wang et al’s view can be used to ex-

roll welding
plain this phenomenon. The atomic diffusion rate is acceler-
ated by heat input and electric current, causing phase growth
and formation of new IMCs and phases with better kinetics
conditions grow faster than other phases.

From the studies mentioned above, it will come to the
conclusion that the formation and growth of the IMCs are
likely to occur in the Cu-Al joint during brazing and applica-
tion. Thermodynamics and kinetics are critical for the nu-
cleation and growth of the IMCs, respectively.

2 Formation of Voids, Cavities and Cracks

The generation of defects (voids, cavities and cracks)
which deteriorate the properties of Cu-Al joints cannot be

ignored, as shown in Fig.3 !'% %

. Generally, defects are
started in the IMCs. For instance, Xia et al examined the
crack in the joint brazed by vacuum brazing with Al-Si filler
metals. Examination results indicate that cracks are started
on the CuAl, layer, and then extended to CusAl, layer
and brazing seam "*. Zhou et al found that all Cu-Al joints
produced by laser brazing are fractured along the
CugAl,/Cus,Al, 570 5 interface and CuZn/Cu;,Al,,7Zny 5 in-
terface, and extended toward the brazing seam P*** . Sol-
chenbach et al’s experiment results implied that when the joint
was annealed at 500 °C for more than 24 h, cracks are initiated
at the interface between CuAl, IMC layer and Cu layer and

21 Cavi-

grow toward the middle during the heating process
ties and voids can be observed in Solchenbach et al’s re-
search due to inappropriate heat input "' . Voids appear in the
IMC after electrical aging for 24 h . According to Wang et
al’s study, the Kirkendall voids form in the IMCs after induc-
tion-brazed at 560 °C, and then discontinuous fracture ap-
pears with increasing the amount of voids during heat treat-
ment "%

For the generation of the cracks, Xia et al thought that the
stress concentration is always initiated on the brittle IMCs.
The IMCs have different thermal expansion coefficient com-
pared with their adjacent phases. The greater the temperature
change, the severer the stress concentration generated on
the brittle IMCs. And then, the cracks form "®!. The Solchen-
bach et al’s study also came to the same conclusion .

Atomic diffusion process is crucial to the formation of the
voids and cavities. Experimental results indicated that low
heat input can cause the formation of the voids because of
incomplete diffusion joining, and high heat input can result
in the generation of the voids and cavities due to excessive
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S um

Fig.3 SEM image of cracks in the Cu-Al joint (26]

[79:211 " Both the formation and transformation of

diffusion
IMCs are beneficial for the generation of the voids and cavi-
ties *3% . Because it can promote the atomic diffusion proc-
ess, and thereby increase the consumption of the diffused
atoms. High consumption of diffused atoms results in the
voids and cavities.

From the above sections, the formation of cracks
needs brittle phase as a source of cracks, which can result in
stress concentration. Besides, temperature and temperature
change rate provide stress to generate cracks. Voids and cavi-
ties appear through atomic diffusion. IMCs accelerate the
formation of voids and cavities.

3 Relationship Between Properties of Cu-Al
Joints and IMCs

In the above sections, we have mentioned that the forma-
tion and growth of the intermetallic compounds are hazard-
ous to the properties of Cu-Al joints. Thus, it is of great ne-
cessities to investigate the relationship between properties of
the joint and the IMCs.

A notable increasing of the hardness happens in the Cu-Al
joint due to the IMCs. It can be seen that the microhardness
is 5150 MPa near the Cu side (consisting mainly of CuAl,
phase) while the microhardness reaches more than 1000 MPa
in the middle in the brazing seam (consisting of CuAl, and
(Al, Zn)-rich phase) " '*'. From Xia et al’s experiment, it
can be obtained that the transition area between Cu side and
the filler metal consists of a Cu;Al, layer (7200 MPa) and
CuAl, layer (5100 MPa) "%

The above studies show that the IMCs can make the mi-
crohardness much higher than that of base metal (below 500
MPa). Meanwhile, the IMCs will make a significant decline
in the properties of shear strength, tensile strength and
toughness when the thickness of the IMCs exceeds 2~5 pum.
For instance, experiment of Solchenbach et al indicated that
the IMCs make the shear strength reduce'™ . Pascal et al’s
investigation showed that the existence of the IMCs de-

[30]

creases the toughness . According to Wang et al’s study,

21,22 fow-

the tensile strength is reduced to about 22 MPa
ever, some studies show that the existence of the IMC can
modify the strength. Ji Feng et al found that a homogeneous
distribution of IMCs may increase the shear strength m , and
K. Shinozaki and K. Koyama also proved it. But it still de-
creases due to the further growth of the IMCs 7.

Moreover, several researchers also suggested that the con-
nection resistance of the copper-aluminum brazed joints in-
creases when the IMCs exceed 2~5 um. Solchenbach et al’s
examination indicated that the resistance significantly in-
creases due to the thick IMCs layer . Thereafter, according
to Pascal et al’s research, the resistance of laser-brazed joints
significantly increases due to the IMCs, but is lower than that
of the unwelded joint B,

From these results mentioned above, the IMCs formation
and growth significantly damage the comprehensive proper-
ties of the Cu-Al joints.

4 Factors Impacting the Formation and Growth
of IMCs

The generation of massive IMCs is the primary cause in-
fluencing the properties of the Cu-Al joints. The comprehen-
sive properties of the Cu-Al joints deteriorate when the
thickness of the IMCs layer exceeds 2~5 pm ! Besides, the
IMCs are critical for the formation of defects. Factors, influ-
encing the IMCs, generally have an obvious effect on the
defects. Hence it is significant to study the factors influenc-
ing the formation and growth of the IMCs. Then those factors
will be made a good use to control the IMCs formation and
growth.

Some studies suggested that an appropriate use of filler
metals is beneficial to the properties of the Cu-Al joints. For
instance, Feng et al’s study showed that brazing with Zn-Al
filler metals can reduce the growth rate of the IMCs and
thereby enhance the comprehensive properties of the Cu-Al
joints "' The reduction of the IMCs occurs because filler
metals severely react with Cu side. Furthermore, Ji Feng et al
examined the effects of Zn-22Al-xTi filler metals on the
growth of the IMCs layer in the Cu-Al joints, and found that
adding a little element Ti into Zn-22Al filler metals can ef-
fectively reduce the thickness of the IMCs layer since the
generation of the TiAl; particles hinders the diffusion of Cu,
Al and Zn, which in turn restricts the growth of the IMCs .
Finally, Ji Feng et al substituted Zn-Al-xCe for Zn-Al filler
metals, and as a result, it can come to the conclusion that the
addition of a trace amount of element Ge decreases the
thickness of IMC layer due to the formation of the Cu-Ge
IMCs, which inhibits the reaction of the Cu and Al . Ac-
cording to Pstrus et al’s experiment, obvious restriction of the
IMCs growth occurs when brazing with Zn-Al filler metal
containing element Cu or element Ag and carrying high
pressure on joints °*'. Furthermore, the quality of filler met-
als is very important. Several studies show that the micro-
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structure and properties of filler metals can be distinctly
changed by heat treatment, the third element addition and hot

. . 40-42
and humid environment*"*?

, which may impact cop-
per-aluminum joints. Long et al successfully improved the
strength of stainless steel joint by a new filler metal, that is,
in-situ-synthesis brazing alloy **!
plies that filler metals play an important role in the IMCs
formation and growth.

. The above research im-

Heat input is considered a vital factor influencing the
IMCs. For instance, Solchenbach et al investigated the cor-
relation between heat input and the thickness of the IMCs
and found that the IMCs rapidly grow due to greater heat in-
put 1. High heat input can result in an increasing growth of
the IMCs because greater amounts of Cu are melted”®. The
same phenomenon was observed in Solchenbach et al’ study
Recently, it can be seen in Wang et al’s study that great heat
input results in a great growth of the IMCs, thereby increas-
ing the resistance " **! . However, Solchenbach et al suc-
cessfully controlled the heat input by a new laser brazing
technology with power modulation system and decreased the
thickness of the IMCs layer to 3.2 pm ® Thereafter, Pascal
et al got the similar result when using this new brazing tech-
nology P
ser brazing speed and laser spot offset on the Cu-Al joints.
Results indicated that perfect and defect-free joints can be
produced by the brazing speed of 0.4~0.6 m/min and laser

. Zhou et al investigated the influence of la-

spot offset of —0.6~0 mm due to proper heat input ** ¥
Hence the heat input has a significant influence on the IMCs
and we can use it to control the IMCs.

According to Solchenbach et al’s study, both small ampli-
tudes of circular beam movement and great overlaps between
two irradiated cycles can cause a significant growth of the
IMCs, resulting in a reduction of shear strength'™® . Besides,
the number of brazing seams and their distance strongly im-
pact the connection resistance of the joint because of the
formation of the current vortex, which accelerates the growth
of the IMCs and reduces the service life of the Cu-Al joints.
Then they employed two seams with a large distance to avoid
the appearance of the current vertex and thereby significantly
minimize the thickness of the IMCs”!. The above research
shows that joint design is important to decrease the growth of
the IMCs. Besides, Solchenbach et al thought that the polar-
ity of the electric current is significant for the effect of elec-
trical aging on the growth of the IMCs layer in the joint. Be-
cause the growth of the IMCs will be strongly improved
while the force direction resulted from chemical potential is
in coincidence with electric current (the same force direction
enhanced the atomic diffusion rate)* .

The above studies are in great coincidence with the results
of Pual et al who gave a detailed discussion for joining proc-
esses such as friction welding, laser welding and cold roll
welding Y. Numerous factors have critical influences on the
formation and growth of the IMCs during brazing, such as

[9]

physical characteristics (melting point, thermal conductiv-
ity), brazing parameters (joint design, heat input) and the ad-
dition of the third element. In addition, these factors affect
the mechanical properties, microstructures and resistance to
corrosion and oxidation of the Cu-Al joints, which thereby
impact the service properties. So, these factors should be
taken into account when brazing copper to aluminum to
make a reliable and stable Cu-Al joint.

5 Atomic Diffusion Mechanism of Formation
and Growth of IMCs and Defects

For the formation of the IMCs and defects, the high affin-
ity and unequal mutual diffusion between Cu and Al
(Deua=9.2x10"" m*/s, Dy.c,=3.4x10"" m*/s, T=110 °C) are
(23291 " The formation and growth of the
IMCs occur mainly through atomic diffusion between base

the main reasons

metal and base metal as well as base metals and filler metals *'.
Hence it can come to the conclusion that atomic diffusion is
crucial to the formation and growth of IMCs and defects. The
diffusion coefficient is the vital parameter of the atomic dif-
fusion process. The diffusion coefficient D can be described

as[46]:
D=Dyexp(~Q/RT) (1)
Dy=1/6fa’vz c." exp(ASw/R) 2)

where D, is diffusion coefficient; 7 is Kelvin temperature; f
is correlation coefficients (fic=fnep=0.78, foec=0.72); v is the
atomic vibration frequency; R is the Boltzmann constant; z is
number of near positions of the diffusion atom; a is interpla-
nar crystal spacing; c‘i/mp
Q is diffusion activation energy; AS,, is diffusion activation

is extrinsic vacancy concentration;

entropy.

Eq.(1) and Eq.(2) indicate that the diffusion coefficient
depends on six parameters: 7T, f, a, v, z, civmp , which in turn
influence the IMCs and defects.

The formation of IMCs is beneficial for promoting the
atomic diffusion process, thereby improving the formation of
defects. The flux of diffused atoms is™**

J=—Ddc/dx 3)
where dc/dx is atomic concentration gradient along x direc-
tion; D is diffusion coefficient.

The formation of IMCs consumes a large quantity of dif-
fused atoms, increasing the atomic concentration gradient
(dc/dx). The high atomic concentration gradient in turn pro-
motes the diffusion process and the consumption of atoms,
which benefits the formation of the defect. Hence the atomic
diffusion and the IMCs formation and growth can promote
each other, and defects form during this process.

An appropriate introduction of filler metals has a benefi-
cial effect on decreasing the extrinsic vacancy concentration
(civmp ), effectively restraining the diffusion process and the
formation and growth of the IMCs. Then it is not easy to
form defects. However, cracks will be formed in large quan-
tities when brazing with unbefitting filler metals. For in-
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stance, Xia et al’s experiment indicated that Al-Si filler metal
can result in many cracks because Si primary (12 000 MPa)
crystal replaces the IMCs as the new source of cracks !'*).
High heat input can accelerate the diffusion process by
changing the temperature (7). Meanwhile, the IMCs form
and grow, which increases the probability of generation of
defects. The brazing seam design has the same effects on the
diffusion too. The joint design and electrical current have
considerable impact on the number of near positions of the
diffusion atom (z), thereby changing the diffusion process,
the IMCs and defects.

6 Conclusions

Cu and Al easily react to form the IMCs during brazing
and application due to the high affinity between them, re-
sulting in additional processes and costs. Thermodynamics
and kinetics are critical for the nucleation and growth of the
IMCs, respectively. Besides, defects (voids, cavities and
cracks) in the joint mainly result from the formation and
growth of the IMCs. The properties of copper-aluminum
joints deteriorate when the thickness of the IMCs exceeds
2~5 um. The formation and growth of the IMCs depend on
the mutual diffusion between Cu substrate and Al substrate
as well as substrates and filler metals. Numerous factors
(melting point, thermal conductivity, joint design, heat in-
put and chemical composition) strongly impact the forma-
tion and growth of the IMCs through changing the mutual
diffusion process. Besides, these factors also have distinct
effects on the defects. At present, some efficient methods
used to control the IMCs in the copper-aluminum joints are
heat input controlling, excellent joint design and the addi-
tion of the third element into the filler metal.
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