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Abstract
Joining dissimilar metals is critically challenging due to the difference in properties of the metals
themselves which leads to the formation of brittle intermetallic compounds (IMCs). Aluminum (Al) and
copper (Cu) are well-known materials for electrical application as they attribute to various advantageous
characteristics. In lithium-ion batteries, to obtain most of the features of the metals, combinations of
these metals are highly recommended. However, with such high re�ective metals and heat-sensitive
characteristics in the battery, the joint of these metals needs to be processed with an advanced method.
In this study, a pulsed �ber laser source that suits to process for heat-sensitive components is utilized to
weld two overlap con�gurations of Al/Cu and Cu/Al, separately. Different ranges of laser power are
designated for each welding con�guration separately. Thus, the quality of the two welds is evaluated in
terms of microstructure and mechanical properties. Consequently, it is found that the growth of IMCs with
dendritic structure towards the Al side is observed in both cases. Moreover, the weld of Al/Cu shows a
better connection strength as well as fewer imperfections than the weld of Cu/Al.

1. Introduction
Being a crucial part of electronic devices and electric vehicles, lithium-ion batteries have been attracting
global attention recently [1]–[3]. To meet up global desire, manufacturers now are making great efforts to
achieve a better battery with various features in safety, durability, power performance, etc. However,
during the production of lithium-ion batteries, multiple welding processes are required [4]. As the welded
connection in the battery would have a signi�cant impact on the electrical �ow which in turn affects the
battery performance between connected parts, the weld would be one of the key factors to improve the
battery performance.

In the battery industry, aluminum (Al) and copper (Cu) are the materials with the most consumption as
they feature high conductivity. Besides, Al is also well known for a lightweight and easy forming material,
while Cu owns great tensile strength. Therefore, the combination of these materials provides great
bene�ts to improve the performance of the batteries. However, joining for these dissimilar metals
originally makes special demand to the joining technique since the common unforeseen formation of
Intermetallic Compounds (IMCs) [5]–[8]. The formation of IMCs in the dissimilar weld of Al and Cu occurs
due to the low solubility of the metals. According to the phase diagram of Al and Cu, as shown in Fig. 1,
the maximum solubility of Cu in Al is 2.5% and Al in Cu is about 19.7%. Therefore, the interdiffusion of
the metals during welding easily leads to the formation of the brittle Al-Cu IMCs. These IMCs are generally
brittle [9]. Therefore, the growth of IMCs results in signi�cant degradation of the weld properties and the
formation of several weld defects such as porosities and cracks [10]–[13]. Moreover, the increase of the
IMCs thickness induces a signi�cant increase in contact resistance of Al-Cu joints [14]. Besides, the
metals show very different physical and metallurgical properties such as density, melting point, boiling
point, and thermal conductivity shown in Table 1.
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Over the past years, many researchers have been proposed different joining methods for Al-Cu joint
including solid-state and fusion welding. In particular, friction-stir welding has been attempted to joint
dissimilar metals of Al and Cu by many researchers [15]–[17]. Meanwhile, scholars also reported several
critical issues attributed to the friction-stir welding such as tool matters [18], failures at the interface, or
nugget zone during mechanical testing [19], [20]. Next, ultrasonic spot welding which has the merit of less
energy consumption and relatively short weld time has been utilized to weld Al and Cu [21]–[24].
Nevertheless, the dissimilar weld of Al and Cu conducted by ultrasonic spot welding also revealed several
issues. As the welding method also require welding tool, tool matters such as tool wear and tool-material
contact will adversely affect the weld quality [25]. The feasibility of dissimilar joining for Al and Cu using
resistance spot welding was also investigated [26]. However, studies also pointed out limitations of the
weld with resistance spot welding including materials, welding con�guration, and welding tools.
Therefore, it is necessary to develop a tool-free welding method. Fortunately, researchers and
manufacturers have recently been employing the use of laser beam in manufacturing processes
including welding for various materials. Laser beam welding (LBW) attributes with unique features such
as non-contact processing, high energy intensity, and ease to control energy input so that LBW has
successfully joined both similar and dissimilar thermal plastic materials [27]–[29]. Furthermore, LBW for
dissimilar metals of Al and Cu has been investigating by many researchers. For instance, Xue et al. [30]
used ANSYS FLUENT to create a 3D �nite volume simulation for the molten pool behavior for the weld of
dissimilar metals of Al and Cu using a continuous wave laser source. The study concluded that an
extensive interdiffusion of Cu and Al took place in the molten state with the given welding condition.
Thus, different varieties of Al-Cu IMCs were formed in the weld. Meanwhile, Fetzer et al. [31] and Dimatteo
et al. [32] have developed the laser welding for Al and Cu with continuous-wave laser source using beam
oscillation technique. Both studies have reported that the weld with beam oscillation techniques has been
signi�cantly improved, and the element mixing in the fused zone is enhanced. Moreover, the penetration
depth of the weld could be controlled by the adjustment of the oscillation amplitude. To provide more
options in laser welding for Al and Cu, Wang et al. [33] described a study on an advanced welding
technique in which he utilized a laser beam with a focal spot size of 6000 μm to create laser shock
welding. The study has proved the feasibility of laser shocking in joining the dissimilar metals of Al and
Cu and achieved a nearly �at interface in the weld. Moreover, laser welding for Al and Cu with the use of
the laser with a focal spot size of 800 μm and 635 μm was also performed by Zuo et al. [10] and Lerra et
al [34], respectively. In summary, it can be seen that most studies are focusing on the use of laser beam
with the focal spot size of hundreds of micrometers for laser welding of the dissimilar metals. Dissimilar
metals of Al and Cu joint using a pulsed wave laser and focused spot size is less being investigated.
Using pulsed wave laser produces a peak power for each pulse, thus the weld can obtain a deep
penetration with shorter interaction time. As short interaction time is required, the pulsed wave laser is
suitable for heat-sensitive components as well as re�ective materials (e.g., Al and Cu).

Therefore, we aim to investigate the weld of dissimilar of Al and Cu using a pulsed wave laser beam with
a focused spot size (40 μm). Moreover, two opposite lap welding con�gurations (Al/Cu and Cu/Al) will be
performed and compared. The weld will be analyzed in terms of microstructure characteristics and
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mechanical properties. The microstructure of the weld will be revealed mainly through cross-section
observation, while mechanical properties of the weld will be evaluated with hardness distribution and
mechanical strength.  

Table 1
Physical and mechanical properties of Al and Cu [35].

Material Density

(g/cm3

)

Melting
point

( ∘ C)

Boiling
point

( ∘ C)

Thermal
conductivity

(W/m K)

Modulus of
Elasticity

(GPa)

Poisson’s
Ratio

Aluminum 2.7 660 2470 205 68 0.36

Copper 8.96 1085 2562 385 0.33 0.35

2. Experiment
Figure 2 shows the schematic of the experimental setup. The laser source used in the experiment is an
ytterbium pulsed �ber laser (IPG-YLPM, IPG photonics, Southbridge, Massachusetts USA). The
speci�cation of the laser source is indicated in Table 2. The welding experiment of Al and Cu are
conducted in two overlap con�gurations of Al/Cu and Cu/Al. The laser power for the experiment varies
according to the welding con�guration. Firstly, preliminary experiments are performed on both welding
con�gurations. After the preliminary experiments, the variation of the laser power for the investigation is
set. The selection of laser power range for each welding con�guration is done based on the weldability.
The laser power range is from the lowest laser power required to form a joint between materials. The
variation of the laser power for each weld are shown in Table 3. Besides, the wobbling technique is
applied in this study as it has been proved to enhance the weld quality in literature [31], [32]. The thin
sheets of Al and copper having thickness of 0.27∽0.3 mm has been employed as welding specimens in
the experiment. The welds are conducted in overlap con�guration with the dimension shown in Fig. 2b).

The observation of the welded specimen is �rstly implemented with a Dino-lite microscope for top and
bottom view. Next, Scanning Electron Microscope (SEM) is employed for further observing the
microstructure of the weld in cross-section view. To identify mechanical properties, hardness in the weld
zone is measured with Vickers hardness measurement, while a shear strength test is applied for the
welded specimen to evaluate the mechanical strength of the weld.
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Table 2
Speci�cations of the laser source

Laser type Pulsed �ber laser

Maximum laser power 300 W

Wavelength 1064 nm

Pulse duration 20 ns

Spot size 40μm

Frequency 2000 kHz

Welding speed 5 mm/s

 

Table 3
Laser power and wobbling speci�cation

Con�guration Laser power range (W) Wobbling

Amplitude (mm) Frequency (kHz)

Al/Cu 80–160 0.5 100

Cu/Al 180–260

3. Result And Discussion

3.1 Microstructure
The morphology of the top and bottom surface of the weld in both con�gurations are observed and
shown in Fig. 3. In the weld of Al/Cu, the top surface reveals a clean weld surface without visible spatters
on the weld surface. In contrast, a visible heat-affected zone tends to enlarge at the end of the welding
line in the weld of Cu/Al. From the bottom view, heat-affected evidence is visible from the laser power of
120 W when Al is on top of Cu. Meanwhile, in the weld of Cu/Al, full penetration can be observed from the
laser power of 180 W. Overall, with the growth of the visible defect on the bottom view as the laser power
increases, one can be withdrawn that the penetration increases with increasing laser power.

Figure 4 exhibits the observation of cross-section view in both welds of Al/Cu and Cu/Al. In the case of
Al/Cu, the observation result demonstrates an increase of penetration depth when laser power increases.
Moreover, dense porosities are observed at the laser power of 140 W and 160 W mainly in the upper
material (Al). At the laser power of 140 W, porosities are found to lie on the interface line of the welded
materials, while pores are formed around visible cracks initiated from the Al material when laser power of
160 W is used. In the case of Cu/Al weld, the cross-section reveals �uctuated weld surface as well as loss
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of material in the weld zone. As the laser power increases, the loss of material rises. A reliable
explanation for this is the high re�ectance of Cu [36] together with high energy input (i.e., laser power).
Besides, porosities are also detected mainly in the Al side.

The microstructure of the interface in the weld of Al/Cu and Cu/Al is shown in Fig. 5. In both welds, the
dendritic structure is observed to form and expand towards the Al side. The chemical composition of the
dendritic structure has been examined and shown in Table 4. The result reveals that the dendritic
structure reveals the structure for the IMCs of Al2Cu. Meanwhile, a thicker layer of dendritic structure can
be detected in the case of Al on top in comparison with the weld of Cu/Al. To understand the behaviour of
microstructures in the weld zone Kirkendall effect has been considered [37]. A reliable explanation for the
expansion of dendritic structure into the Al side relates to the phenomenon of the Kirkendall effect which
is demonstrated by Smigelskas and Kirkendall [37]. The Kirkendall effect expresses the motion of the
interface between two metals due to the difference in the diffusion rate of the metal atoms. The
illustration for the effect is indicated in Fig. 6. During the welding process, the atoms of Al and Cu start to
diffuse to each other. The diffusion rate of Cu is generally �ve times higher than that of Al, and the
diffusion rate of Cu is linearly proportional to temperature shown in Fig. 6(a) [38]. The interdiffusion of Al
and Cu leads to the formation of Al-Cu intermetallic compounds shown in Fig. 6 (b). Together with the
low diffusion rate of Al, the spread of IMCs will tend to be on the Al side shown in Fig. 6(c).  

 Table 4
 Chemical composition on the cross-section of the points in  Figure 5.

Point Al (at%) Cu (at%) Possible phase

1 61.16 38.84 Al2Cu

2 83.88 16.12 Al + IMCs

3 87.52 12.48 Al + IMCs

4 69.86 30.14 Al2Cu

5 83.65 16.35 Al + IMCs

6 89.55 10.45 Al + IMCs

3.2 Mechanical properties
a. Hardness pro�le
Vickers hardness measurement is conducted vertically in the cross-section of the weld from the upper
material to the lower material. The hardness measurement of the weld of Al/Cu is shown in Fig. 7. Within
the upper material (Al) in the weld con�guration of Al/Cu, the hardness increases as the distance is close
to interface. Meanwhile, the hardness distribution in the weld with the laser power of 80 W remains
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similar to the base materials (Al: 60 HV, Cu: 117 HV). At the laser power of 100 W, a sharp increase of
hardness takes place at the interface. Meanwhile, a signi�cant rise in hardness happens at the distance
of 50 μm from the interface when the laser powers of 120 W, 140 W, and 160 W are used. In other words,
the peak hardness at each laser power shifts towards the Al side when the laser power increases.
Furthermore, with the increment of the laser power, the peak hardness of individual laser power rises. In
particular, the maximum hardness at the laser power of 100 W and 120 W are 625.9 HV and 880 HV,
respectively. Meanwhile, the peak hardness obtained at the laser power of 140 W is 890 HV and at the
laser power of 160 W is 995.7 HV. In the lower material (Cu), the hardness decreases signi�cantly at the
distance of 50 μm and 100 μm from the interface. From the distance of 150 μm towards the bottom,
there is an insigni�cant variation of the hardness among different laser powers.

Figure 8 indicates the hardness pro�le of the weld with Cu on top of Al. Overall, the material surrounding
the interface is reported with high hardness. Within the upper material (Cu) at all laser powers, hardness
increases as the distance is close to the interface. Peak hardness values at the laser power of 180 W and
200 W are measured at the interface of Al and Cu. Meanwhile, the maximum hardness values at the laser
power of 220 W and 240 W are detected in the Al side at the distance of 50 μm and 100 μm from the
interface, respectively. On the Al side, it is noticed that the high hardness zone expands together with the
increase of the laser power. In particular, at the laser power of 200 W, the material with the hardness
exceeding 300 HV remains till the distance of 50 μm from the interface. In comparison, at the laser power
of 220 W and 240 W, the high hardness zone remains within the distances of 200 μm and 250 μm from
the interface, respectively.

b. Mechanical strength
The mechanical strength of the weld is evaluated by the shear strength test. Figure 9 expresses the
ultimate loading forces of each weld according to laser powers. It is clear that the weld of Al/Cu achieves
higher weld strength than the weld of Cu/Al. Furthermore, an optimal laser power at which the maximum
mechanical strength can be achieved is also recognized in both cases. In particular, in the weld of Al/Cu,
the weld attains the average shear loading force of 246.82 N at the laser power of 80 W. The low strength
of the weld with the laser power of 80 W can be explained by the lack of penetration in the weld. The
ultimate loading force of 297.59 N which is higher than the shear strength of base Al (260 N) and lower
than the strength of base Cu (490 N) is recorded at the weld with the laser power of 100 W. As for laser
power of 120 W, 140 W, and 160 W, the recorded loading forces declines, respectively. The downturn of
the shear strength of the weld when the laser power increase is related to the increase of the IMCs
formation in the weld. As shown in Fig. 10, the intermixture of Al and Cu in the interface of the weld Al/Cu
increases with the increase of laser power.

When the weld is conducted with the con�guration of Cu/Al, the shear strength of the weld is obtained
with a similar tendency as in the weld of Al/Cu with the given laser power range. At the laser power of 180
W, the average ultimate loading force recorded is 64.85 N. When the weld is conducted with the laser
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power of 200 W, the average strength reaches 83.8 N. Afterward, the average of the ultimate loading force
reduces as the laser power increases. The lowest strength of the weld is found at the laser power of 260
W with the average loads that the weld can endure is 57.64 N. It is important to note that the explanation
for the reduction of the weld strength in Cu/Al welds relies on the loss of the weld metal in the weld zone
due to evaporation. As shown in Fig. 4, the loss of the weld metal in the cross-section view increases as
the laser power increases. The loss of the weld metal will weaken the connection strength.

Moreover, the fracture behavior of Al/Cu and Cu/Al welds are signi�cantly different. Figure 11
demonstrates the shear strength test result for the weld of Al/Cu and Cu/Al with the presence of
elongation. Overall, the weld of Al/Cu results in a longer elongation before it fractures than the weld of
Cu/Al. Moreover, the fracture of most of the weld in the con�guration of Cu/Al happens at the ultimate
load points, while there is elongation after the ultimate load in the case of Al/Cu weld. In short, the weld
of Al/Cu is more ductile than the weld of Cu/Al.

4. Conclusion
In this study, the weld of dissimilar metals of Al and Cu is performed with the use of a pulsed �ber laser.
Using the pulsed wave laser provides many bene�ts for joining heat-sensitive components due to
concentrated laser beam and short pulse duration which leads to less interaction time. In the present
study, the welding result is evaluated through microstructure observation and mechanical behavior.
Overall, the weld of Al/Cu required less laser energy to be welded (e.g., laser power). The weld with Al on
top also reveals signi�cant bene�cial characteristics in comparison with the weld of Cu/Al. Through the
study, several considerations can be concluded as follows:

- The formation of Al2Cu with dendritic structure expands towards Al in both cases of Al on top and Cu on
top. This occurs due to the difference in the diffusion rate of the base metals explained by the Kirkendall
effect.

- The weld metal on the aluminum side is obtained with higher hardness than that on the Cu side. Cu/Al
weld produces a deeper extension of high-hardness weld metal in Al side than Al/Cu weld.

- With the given welding condition, the highest shear strength of the weld Al/Cu and Cu/Al are obtained at
the laser power of 100 W and 200 W, respectively. Meanwhile, Al/Cu weld has higher strength and more
ductile than the weld of Cu/Al.

Overall, a clear comparison between two welding con�gurations for dissimilar metals of Al and Cu has
been clari�ed in the study. However, to have a further understanding of the interaction of the pulsed �ber
laser to Al and Cu, another study will be conducted aiming at investigating the microstructure
characteristics of the joints. Thus, the relationship between the microstructure of the joint and its effect
on mechanical behavior can be established.
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Figure 1
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a) Schematic of the experimental setup, b) Dissimilar welding con�gurations for the study.

Figure 2

Top view and bottom view of the weld a) Al/Cu, b) Cu/Al.
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Figure 3

Cross-section views the weld of Al/Cu and Cu/Al.
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Figure 4

Microstructure at the interface of the weld a) Al/Cu, b) Cu/Al.

Figure 5

Kirkendall effect a) Diffusion of Al and Cu, b) IMCs formation, c) IMCs expansion.

Figure 6

Hardness distribution in the weld of Al/Cu.
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Figure 7

Hardness distribution in the weld of Cu/Al.

Figure 8



Page 16/17

Shear strength of the weld a) Al/Cu, b) Cu/Al.

Figure 9

EDS line scan through the interface of the weld of Al/Cu.

Figure 10
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Result of the shear strength test a) Al/Cu, b) Cu/Al.


