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Abstract: The trend is shifting from internal combustion engines (ICEs) to battery electric vehicles
(BEVs). One of the important battery joints is battery tabs to the busbar connection. Aluminum (Al)
and copper (Cu) are among the common materials for busbar and battery tab manufacturing. A wide
range of research shows that the laser welding of busbar to battery tabs is a very promising technique.
It can enhance the battery module’s safety and reliability owing to its unique properties. The desired
strength, ductility, fatigue life as well as electrical resistivity are crucial to attain in laser welding of
dissimilar materials aluminum and copper in busbar to battery tab in BEVs. Therefore, an adequate
understating of the principal factors influencing the Al-Cu busbar to battery tabs joint properties are
of prime importance. The current review paper provides information on laser welding and laser
brazing of dissimilar Al-Cu with thin thicknesses. Also, the common defects, the effect of materials
properties on laser joining, and laser-materials interaction during the laser welding process are
discussed. Laser process parameters adjustment (e.g., laser power or speed), laser operational mode,
and proper choice of materials (e.g., base metals, alloying elements, filler metals, etc.) may enhance
the joint properties in terms of mechanical and electrical properties.

Keywords: dissimilar laser welding; laser brazing; metal mixing; aluminum—copper welding; busbar
to battery tabs welding

1. Introduction

A general trend is to shift away from internal combustion engines (ICE) to more
environmentally-friendly battery electric vehicles (BEVs). A decrease in the prices of lithium-ion
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batteries (LIB) and battery pack manufacturing, as well as government policies and subsidies, help to
overcome the challenges in the BEVs market and to achieve more sustainable production and a
greener environment [1-7].

Lithium-ion batteries having the highest energy density surpassing other traditional batteries are
currently the best option for the BEVs. BEVs use the stored energy inside a battery pack which
consists of many individual cells. The battery pack design is defined by electric circuit type (related
to desired power and capacity) and reliability. The parallel connection secures reliability while
increasing the complexity and production cost. The series connection in batteries leads to attaining
the same capacity while providing a higher power. To acquire the desired properties, a combination
of series and parallel connections is typically used in the car industry [8].

To evaluate joint properties and joining technology for battery interconnections appropriately,
the following requirements can be defined [9]: Electrical and thermal aspects, material and
metallurgical aspects, mechanical aspects, initial process parameters variations, and economic
considerations. Therefore, to achieve a desirable battery joint with high strength, long fatigue life,
reduced IMCs, low corrosion risk, adaptability to many surfaces and conditions, as well as low
production cost, and suitability for mass production, some stress aging factors should be tackled.
These stress aging factors may reduce expected battery life and performance, or even may cause
short circuits and fire [10]. From the mechanical aspect dealing with dynamic loading, random
vibration, and fatigue in joints adequately is of high importance. Generated heat during charging and
discharging due to thermal resistance in joints, specifically in dissimilar materials e.g., AI-Cu joints,
may result in dimensional changes and thus the introduction of thermal fatigue in long-term
applications [11]. Also, fatigue progression can increase the electrical connection resistance [12].
Also, heating may lead to faster cell degradation, aging, thermal runaway, fire, and even
explosion [13—15]. In addition, corrosion, oxidation, fretting, and intermetallic compounds (IMCs)
between dissimilar materials are among many metallurgical challenges to be prevented.

Initial process parameters variations [16] such as variation in battery cell capacity in a battery
module, internal resistance, connection resistance, and the cooling system immediately lead to a
different current rate. This effect is more pronounced in parallel joints. Variation in initial process
parameters may occur because of variation in battery chemistry and manufacturing [17], joint
materials, and/or joining processes [18]. Current alongside other stress aging factors can intensify the
deterioration over a long period which leads to inconsistency in the degradation and even a stronger
overall degradation of battery cells. All the above-mentioned aging factors, e.g., energy loss and heat
generation because of electrical resistance, in the battery joints, lead to less battery module capacity
and power and thus shortened “driving range” and battery life [8].

Therefore, a joining technique that is reliable with a narrow range of initial process parameter
variation is required. Recently huge attention was given to laser welding (LW) as it is a very
promising technique to enhance the safety and reliability of battery joints. Common materials for
busbar and battery tab manufacturing are aluminum and copper. The laser welding process is a
promising technique to join similar and dissimilar materials such as Al and Cu. The desired strength,
ductility, fatigue life as well as electrical resistivity are crucial to attain in laser welding of dissimilar
materials aluminum and copper in busbar to battery tab in BEVs. Laser welding machines use
variable tools and techniques to shape laser beams, monitor the process in-line, and reach the
high-quality joint. The laser welding process results in optimized power density distribution, and
high feed rates combined with deep welds, while effectively preventing spatter formation and melt
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ejections. Thus, higher efficiency and productivity than conventional techniques can be achieved in
terms of energy consumption, wastage reduction, and production speed [19].

The current review paper mostly deals with laser welding of dissimilar materials aluminum to
copper sheet in the busbar to battery tab joints. Also, the current review provides an adequate
understating of the key factors influencing the Al1-Al/Cu busbar to battery tabs joint properties as
well as laser welding and laser brazing of similar and dissimilar Al-Al and Al-Cu sheet with
potential application in battery joints of BEVs. A large part of the current review defines how the
defects form such as IMCs and porosities during and after laser welding. The effect of materials
properties in laser welding and laser brazing is discussed in detail. Laser-materials interaction during
the laser welding process has been observed to strongly affect the defect formation and therefore the
joint properties. Laser-materials interaction can be influenced by process parameters adjustment (e.g.,
laser power or speed), laser operational mode, and choice of materials (e.g., base metals, alloying
elements, filler metals, etc.). The current combination of the above-mentioned items reduces the
defects such as IMCs and hence enhances the joint properties in terms of mechanical and electrical
properties.

2. Current joining technologies for EV batteries

A comparison of the common welding techniques for joining battery cells on a module level in
BEVs can be found in the Table 1. Most of the techniques do not need filler metals or protection
gases to make the joints, except for certain laser welding processes. Laser brazing and Laser welding
will be discussed in detail. In addition to Ultrasonic welding, wire bonding can be performed by laser.
Figure 1 shows a wire bonded battery joint.

Table 1. Assessment of current joining technologies in busbar to the battery terminal of
battery electric vehicles (BEVs).

Joining technique  Pros Con’s

Ultrasonic welding eJoining of similar and dissimilar materials ®Electrical resistance increases with increasing the
(e.g., Al-Cu) Al—Cu joint temperature [25]
e Joining of multilayer Cu to Al plate [21] eMisaligned welds lead to higher electrical resistance
e High level of productivity [22] [26]
e Short welding time and low energy input IMCs formation [27]
[23,24] elnherent process vibrations cause damage to the
e Suitable for pouch cells and prismatic battery [28] and previously welded joint [29]
cells [9] e A tool condition monitoring is required
eThe technology itself is challenging and not fully
understood yet, due to its inherent multi-physical nature
(8]
e Design limitation [9]
e Sensitive to surface roughness [24]

e Temperature rises to 660 °C during welding [30,31]

Continued on next page
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Joining technique  Pros

Con’s

Resistance welding eLow initial cost
[32] e Welding of sheets
eEasy to automate

eGood quality control

Wire bonding [33] eJoining of dissimilar materials
eEasy automation
e No special monitoring is required
eDifferent techniques to create a wire

bond e.g., laser welding

eFlexible design
Friction welding eJoining of Aluminum alloys
[34-36] eJoining of copper (Cu) and aluminum
(Al)
Force fitting and eComparable contact resistances
mechanical compared to welded connections [37]
assembly

Laser welding and ~ eHigh precision and productivity

laser brazing [41,42] eLow heat input and narrow HAZ

e Thermal expansion and open cracks

eHot cracking at elevated temperatures includes failure
of the weld and cracking in the heat affected zone
(HAZ) (liquation cracking)

e High-cost machinery

e Limited workpiece thickness

oL ess efficient for high conductive materials

eLimited to low joint strength and thin wire

e Special welding and clamping devices are required

eFormation of IMC

eFormation of Kirkendall hole

e Design limitation for Al-Cu joints

e Surface imperfection, contact pressure, joint type, and
poor connection increase electrical contact resistance
(ECR) and energy loss

eGenerated heat at the interfaces [37-39].

eInfluence of vibrations on the electrical connection
resistance [40]

e High capital requirements

e High power requirements

eJoining of similar and dissimilar materials ®Keyhole formation and instabilities in some cases

o A wide range of thicknesses
eContact-free joining method
e Avoid thermal stresses
eReduction of IMCs

Figure 1. Wire bonded battery module connections; the no. 1, 2, 3 are respectively a wire,

a battery tab, and a busbar [20].
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3. Applications of dissimilar metal soldering and brazing and laser brazing
3.1. Brazing

To obtain the desired service condition, brazing controlling factors i.e., joint design, fillers
metals, and process parameters should be properly defined. For example, to assure the desired
mechanical properties in the case of dissimilar materials, the joint clearance, and thermal expansion
coefficient must be taken into consideration. In the case of a high different thermal expansion
coefficient, at least one of the components must endure deformation. In any case, some residual
stress remains in the brazement which will be increased by stress during the service life. For example,
in the case of brazing a ductile material (e.g., Ni-base alloys) to a base metal with a low ductility
(that will undergo phase transformation at brazing temperatures such as carbides or heat-treatable
materials), the joint should be designed in a way not to add to the stress during the service life. A
good joint design distributes the stress in the base metal and prevents stress concentration from the
edge of the joint (see Figure 2) [43]. The arrows show that by increasing the interface between the
two parts from 1T to 4T and also a curved corner can lower the stress concentration in the braze
joint.

Lowered stress concentration in the braze joint v
F

High stress concentration

Figure 2. Shows lap joint design where there is high-stress concentration (left) and
lowered stress concentration in the joint (right) [43].

Hayashi and Miyazawa [44] spot braze dissimilar material Al 1050 and oxygen-free
Cu 1020 by a cover plate and a Cu—Ni—Sn—P brazing filler metal. The role of the cover plate was to
transfer heat to base metals and prevent heat dissipation from those base plates. They have fodnd out
that using a Spill Prevention, Control, and Countermeasure cover plate (SPCC) on the copper side
increased the joint strength by 40%. By increasing the brazing current (up to 1100 A) joint strength
and ductility were increased. By increasing the current from 700 A to 1100 A, the location of fracture
after the sheer tensile test moved from the joint to the Al side. In the case of brazing with 1100 A, a
fracture happened on the aluminum side. Also, it is shown that increasing the brazing current leads to
an increase in the brazing area, which can be interpreted as a reduction in the electrical resistivity of
the joint [44].

Brand et al. [18,37] concluded that soldering gives the lowest connection resistance and highest
tensile strength in comparison to laser, resistance, and ultrasonic welding as well as force-fitting in
the case of joining a brass plate with varying connection areas to a 26650-battery cell format.
Solchenbach, Plapper, & Cai [45] found a direct connection between the size of intermetallic
compounds (IMCs) in the joint and the connection resistance. Brand et al. [46] and Solchenbach,
Plapper & Cai [45] showed an inverse relationship between the joint area and joint resistance.
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Sommer et al. [47] successfully performed brazing of thermally sprayed AlCuSi(Mg) Al plate to an
Al fin in an industrial furnace at 540 °C for 3 min under a high vacuum of 8.7 x 10™* mbar. They
concluded that sound brazing of aluminum alloys is dependent on direct contact of joint partners,
aluminum surface condition (surface oxide layer), Mg content, and brazing window. Magnesium
content that is present either in filler metal or Al alloy (e.g., EN AW 3005) sublimes during the
brazing and acts as a getter for oxygen and water vapor and inhibits oxide formation thus enhancing
the brazing.

3.2. Laser brazing in busbar to battery tab

Laser brazing of aluminum alloys is growing rapidly in the automobile industry due to
improved joint properties, cost efficiency, and productivity. In brazing, the base metals are not
melted which means less heat input, less heat accumulation, and therefore less inner stress and
deformation after the cooling process [48,49]. In the case of laser brazing of dissimilar materials,
easier evaluation of laser brazed joints, shorter brazing period, limited IMC formation, and thus
better mechanical properties are the advantages of laser brazing. Brazing of dissimilar materials with
a substantial difference in thermophysical properties such as the coefficient of linear thermal
expansion (CTE) may cause severe thermal stress and therefore residual stress may destroy the
brazed joint during a fast-cooling rate [50]. However, the selection of a proper filler wire for bonding,
and flux to remove the oxide layer and increase the surface wettability and heating efficiency were
the subjects of investigation [48,49]. However, Markovits & Jaszberényi [49] successfully laser
brazed a 1050 Al plate to a 3005 Al tube using a CO; laser, and they observed a flame due to the
burning of flux. Xiao & Dong [51] used a solid-state laser to braze-weld an aluminum plate to a
copper plate with 3 mm thickness. They characterize a (Al) + AlL,Cu eutectic and AlsCuyg
intermetallic compounds at the interface. High power laser energy was employed to join the
aluminum to copper. The excessive energy may lead to copper melting and the eutectic reaction and
thus improvement of aluminum wettability on a copper surface [51,52].

Studies on brazing of Al to Cu with different filler wires [53,54] and laser brazing of Al-Cu
with different alloying elements [55] indicate that the brittle IMCs at the interface of two metals can
be substituted with phases showing higher mechanical properties.

4. Laser welding

Laser welding (LW) uses the heat of a concentrated beam of coherent, monochromatic light to
create a fused weld. For a given joint geometry and material combination, the principal process
variables are beam power, spot size, and welding speed. Two welding modes in the laser beam
welding process are heat conduction welding and keyhole welding. The laser power density
below 10° W-cm ™ allows welding in the conduction mode and like conventional fusion welding
processes. In contrast, a power density in the range of 5 x (10°~10") W-cm™? is sufficient to initiate
local vaporization, and a narrow, deep vapor cavity, or keyhole, is formed by many internal
reflections of the laser beam. The keyhole is encircled by a layer of molten material and is
maintained by an equilibrium between vapor pressure, surface tension, and hydrostatic pressure. In
this welding mode, a deep, narrow weld bead and heat-affected zone (HAZ) will be formed with fine
microstructures, limited HAZ grain growth, beneficial non-equilibrium phases, and sometimes
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detrimental phases such as IMCs (Intermetallic compounds) due to limited heat input and rapid
cooling rate [56].

Welds can be produced at atmospheric pressure with the application of inert gas, such as helium
or argon, to protect the weld bead from contamination, and suppress the formation of the plasma
plume. Also, filler material in the form of a powder, intermediate plate, or wire can be introduced
before or during processing [57-59]. The use of filler wire and inert gas is not currently widespread
in the LW of battery joints. However, fillers may provide solutions to reduce the unwanted phases as
well as mechanical and electrical properties improvement, some of which are described later [56].

Different lasers (e.g., fiber, Nd:YAG, diode) are available with a wide range of beam
characteristics, wavelengths, and laser powers, with the possibility of pulse and/or continuous
welding equipped with advanced techniques such as wobble welding techniques. In a standard LW, a
collimated laser beam is focused to the desired spot size in a static path and a focal plane (for some
examples look at Table 2). Wobble heads by incorporating scanning mirror technology move the
beam and adjust the focal spot by changing the wobbling shape, amplitude, and frequency. More
importantly, this technique enables laser welding of highly reflective materials, e.g., copper and
aluminum, and enables new applications for e-mobility and specifically battery joining. Wobbling
made it possible to use near-infrared (near-IR) wavelengths and reach tiny spot sizes and high-power
density on the plate thus the need for frequency-doubled green lasers is not deemed. This feature
forms a stable keyhole with a wide process parameter window leading to the formation of porosity
and cracks free weld. With the advantage of altering weld width and depth needless of optic change
or beam defocusing. For constant energy input, this technique allows tailoring the weld joint
geometry, to generate a large weld contact area, which reduces resistance in the weld joint and
provides a mechanically sound joint. In laser welding of busbar to battery tabs, it is common to see
parts that have poor fit ups. The beam wobble technique has the potential to justify seam gap and
offset. Wobble welding combined with wire feed may even bridge weld gaps as large as 1 mm in the
case of welding 304 steel sheets [60].

In the case of laser welding of copper plate, in continuous-wave welding (CW) mode,
increasing speeds above 10 m/min minimize the instabilities and stabilize the process. However, this
means that the optimum weld process parameters are out of the range of conventional motion
systems such as robots. As discussed before, by using wobbling and focusing laser spots down
to 20 pum, a 1 kW single mode laser provides power densities as high as 1 MW/cm” and welding will
be possible. In continuous-wave welding (CW), the laser coupling into the material will be once,
however, in pulsed welding, this must happen for each pulse. Using the right combination of pulse
profile, pulse energy and exposure time provides a high weld quality without defects such as blow
holes or spatters at exceptionally low average power, which can be critical for welding heat-sensitive
components, however, it may take longer production time than conventional laser welding. Using the
long-pulse technique may alleviate this challenge by creating a quasi-continuous stable weld
meaning the beam moves to a longer distance than conventional pulse welding during each pulse. In
the case of foil laser welding of dissimilar materials using microsecond- to nanosecond-range pulses,
provides the required pulse energy rapidly to produce high melt efficiency and stable welds [60].

Furthermore, integrated process monitoring technologies allow for collecting a range of
valuable information in real-time during the welding process helping for defect-free laser welding in
advanced industries. This may be emphasized even more when precise control over the weld-bead
location and chemistry, and narrow fit-up tolerances are demanded. For example, using advanced
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in-process monitoring technology such as Inline coherent imaging (ICI) can directly measure weld
penetration and provide a wide range of valuable information in real-time and in any industrial
production. ICI is based on interferometry, and adds a low-power, near-IR measurement beam to the
existing laser head [60,61].

5. Applications of laser welding of Al-Al

Common defects in aluminum welding are hot tears in weld metal or heat-affected zone (HAZ),
porosity, inclusion in the weld metal, lack of fusion, incomplete penetration, and softening in the
HAZ. The formation of the above-mentioned defects depends on the metallurgical factors and
welding process parameters. One of the main metallurgical concerns is the selection of proper filler
metal. It should be chemically as similar as possible to the base metal mainly to avoid galvanic
corrosion attack in an application. Also, filler alloys should be resistant to hot tears and provide
enough strength and ductility. In the welding of low alloy aluminum alloys (e.g., 1XXX series),
almost exclusively alloy A11100 is used [62].

Ixxx series (i.e., 1050, 1060, 1100) and 3003 aluminum alloys are common materials in busbar
and battery tab applications. These alloys are non-heat-treatable groups of Al alloys that possess
various features such as low density (about one-third of steel), high thermal and electrical
conductivity, good combination of strength, ductility, and corrosion resistance, and readily laser
weldability (See Tables 3 and 4 for physical and chemical compositions). These features make these
Al alloys suitable for electrical connectors applications such as busbars and battery tabs in batteries.
To reach a sound laser welded joint of aluminum alloys, some measures should be taken such as LW
speed, key-hole instability, and fluctuation, shielding gas, laser power, and power density to avoid
weak weld joint, porosity formation, HAZ degradation, hot cracking, and buckling during and after
welding [63]. Kah et al. [64] stated porosities due to keyhole fluctuation/instabilities may form at the
bottom, tip, or middle of the keyhole and they are usually of irregular shape and larger size than
metallurgical porosities. In a study, Sun et al. [65] investigated the impact of focal position offset on
joint properties of A11050 to A11050 in an overlap position using beam oscillation. The results of the
investigation of weld geometry, thermal profile, weld porosity, and mechanical strength of the joint
showed a reduction in the peak temperature and weld porosity due to the laser beam defocusing.
However, defocusing more than 3 mm results in poor mechanical properties.

6. Principle of laser joining of dissimilar Al-Cu materials

Laser welding is a highly automated welding technique with a high-energy density beam, low
heat input, high accuracy, and low spatter. Recently developed highly advanced laser welding
machines can provide smooth welding with a spatter-free or almost spatter-free surface [66,67].
Laser welding is a well-established welding technique for aluminum to aluminum and copper to
copper. However, in the case of welding dissimilar materials, e.g., copper to aluminum, the risk of
IMC formation can cause difficulty. Additionally, the formation of hot and cold cracks and different
thermophysical properties of the joint metals such as melting temperature and thermal conductivity
may restrict the weldability [68]. Laser parameters adjustment [65,69-71], the addition of alloying
elements, and the application of filler metals [58] are among the solutions to avoid IMC formation.
The initial cost for installments and transportation of laser welding machines are high which makes
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them suitable for a high number of production and a high number of repetitions. As laser welding is
an overly sensitive technique, careful monitoring of the positioning of parts should be taken into
consideration otherwise, the weld joint will be impaired [33].

Table 2 shows that much research was carried out in the field of laser welding of Al and Cu
materials with thin thicknesses. These experiments are related to the laser welding of busbar to
battery tabs. The shielding gas may alter the weld pool surface, the fluid flow, and hence metal
mixing in the weld metal [72]. Nevertheless, it was shown in [73] that the influence of shielding gas
on dissimilar Al-Cu welding is negligible. Most of the performed research did not use shielding
gas [45,68,70,72,74-81].

As can be seen in Table 2, the literature survey shows fiber laser is frequently used in the
welding of a sheet of dissimilar materials Al and Cu [45,58,67-72,74,76,82,84]. And laser welding
were performed mostly in the lap joint configuration [70,72,80,82]. Standard methods for laser
welding of battery connection are fillet joint, lap joint, and spot welds. For example, fillet joining
may be used when there is a hole in the busbar.

Temperature monitoring is deemed to be necessary as the battery is sensitive to heat and
therefore overexposure to heat cause damage to the battery. One example of temperature monitoring
in laser welding by using an IR thermal camera, Scotch® Vinyl electrical tape, and FORMEX™ GK
insulator can be seen in Figure 3a,b. The busbar is covered by 0.2 mm thick Scotch® Vinyl electrical
tape to eliminate multi-reflections from the aluminum surface and a FORMEX™ GK insulator was
placed behind the side busbar to avoid heat sinking. Three different probe lines were chosen to scan
the temperature (see Figure 3c). As can be seen in Figure 3d, probe line 1 & probe line 2 showed
temperatures above 120 °C for almost 4 s, and probe line 3 for 1.5 s. Therefore, it can be assumed
that temperature rise during the laser welding process might not have significant effects on the
battery [65]. Dimatteo et al. [69] using thermocouples in laser welding of submillimeter Al and Cu
plates found out 10 mm from the welding area the temperature to be 45 °C.
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Table 2. The different research carried out in the field of laser welding of dissimilar materials AI-Cu in LW of busbar to battery tab.

Ref.  Material(s) Thickness  Laser Properties IMC  Microstructure
Al-Cu Type P Spot size Joint type ~ Variable Laser Mech.  Elec. Therm.
(mm) (KW) (um) parameters
[70] Al 1050 HO-Cul020 HO®  0.45-0.3 Nd:YAG 635 Lap Pulse shape and distance X X X X
[65] Al1050 H11-Al 1050 1.5-2 Diode 268 Lap eFocal position offset X X X
H14 eBeam oscillation
frequency
[82] Al1050 HI4-SF-CuH14 0.21-0.2 Fiber 0.4 31 Lap X X X SEM, XRD
[68] Al99.5-Cu99.50F 1-1 Fiber 2 20 Lap eBeam oscillation mode X X OM, SEM, EDS
Butt (1D & 2D)

e Scanning width

eLateral beam

displacement
[83] Al 1050-Cu99.950F® 0.6-0.6 Disk 0.95-1.8 89 Lap eLaser power X X X
eOscillation amplitude
[72] Al 1100-Cu (C10100) 0.2-0.5 Fiber 115 Lap e[ aser power X X EDS
e Welding speed
[81] Al 1050-SF Cu 0.21-0.2 Fiber 0.4 31 Lap X OM, SEM, EDS,
[74] Al11050-SF Cu 0.2-0.5 Fiber Lap Pulse time X X X X
[80] A199.5-Cu99.99 0.6-0.6 Solid-state 89 Lap oL aser power (CW) X X OM
1-1 e Wobbling
[79] Al 1050-OF Cu 99.95® 0.4-0.4 1.1 89 Lap Pulse profile/shape X X X
[69] Al1050-C1020-HO 0.45-0.3 Fiber 1 60 Lap eLaser power X X X X
Cu®® e Welding speed
e Wobbling amplitude
[84] AI3003 H14—Cull0-HO00  0.49-0.54  Fiber 0.5 10 Lap X OM, SEM, EDS
[85] Cu—Cu 0.3-0.3 Fiber 0.4 25 Lap X

Continued on next page
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Ref.  Material(s) Thickness  Laser Properties IMC  Microstructure
Al-Cu Type P Spot size Joint type ~ Variable Laser Mech.  Elec. Therm.
[86] Al 1050—Cu® 0.3-0.3 Fiber 1 20 Lap Welding speed X X SEM, EDS,
XRD
[75] Al11050—Cu 2-2 Fiber 2 Butt Laser beam off-set X X

@Ni plated copper with a thickness of 2.5 pm
®Welding from the Cu side
©Both Al-Cu and Cu—Al configurations
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un-coated A v V¥ position
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!
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Figure 3. Temperature monitoring: (a,b) welding set-up, (c) probe lines, (d) the results of temperature monitoring [65].
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7. [Effect of materials properties on laser joining
7.1. Physical and chemical properties of the base materials

Aluminum Ixxx series (>99% Al) and aluminum 3003 are non-heat-treatable groups of Al
alloys that possesses various features such as low density (about one-third of steel), a good
combination of strength and ductility, corrosion resistance, thermally and electrically conductivity,
and readily laser weldability. These features make these Al alloys suitable for electrical connectors
applications such as busbars and battery tabs in batteries. Pure Copper plates with different purity
grades such as 99.9% (electrolytic) and 99.995% (oxygen-free high-conductivity) or Ni-plated pure
copper with thicknesses in the range of a few hundred micrometers up to a few millimeters were
used in the experiments. It has been shown that joining Ni-plated copper busbars significantly
improves the metallurgical and contact properties [87—89]. The chemical and mechanical properties
of common materials in busbar and battery applications can be found in Tables 3 and 4.

Table 3. Common Al and Cu alloys in laser welding of busbar to battery tabs.

Alloy designation Yield Tensile strength Elongation in Thermal conductivity Electrical resistivity
AA 1050-H14 [90] 85 105-145 2-6 222 28x10°°

AA 1100-0O [91] 20-34.5 75-105 15-28 222 299 x10°%
AA3003-0 [90] 35 95-135 15-24 231 34x10°8
Annealed Cu (C11000) 69 220 45 388 1.7x107*

Table 4. Chemical composition (WT%) of common aluminum alloy for busbar and battery tabs [92].

Alloy Si Fe Cu Mn Mg Cr Ni Zn Ti A% Others” Al min.
designation Each  Total’

EN AW-1050 025 040 0.05 0.05 0.05 - - 0.07 0.05 - 003 - 99.50¢
EN AW-1060 025 035 0.05 0.03 0.03 - - 0.05 0.03 0.05 003 - 99.60°
EN AW-1100 095 (Si+Fe) 0.05-0.20 0.05 - - - 0.10 - - 0.05 0.15 99.00¢
EN AW-3003 0.6 0.7 0.05-0.20 1.0-1.5 - - - 0.10 - - 0.05 0.15 Bal.

@«Qthers” includes listed elements for which no specific limit is shown.

®The sum of those “Others” metallic elements 0.010% or more each, expressed to the second decimal place before determining the
sum.

©The aluminium content for unalloyed aluminium not made by a refining process is the difference between 100.00% and the sum of
all other metallic elements present in amounts of 0.010% or more each, expressed to the second decimal place before determining the

sum.
7.2. Materials and potential defects

The high reflectivity and high thermal conductivity of aluminum and copper alloys may present
some problems regarding keyhole initiation and maintenance. In laser welding of Al to Cu plate,
Hailat et al. [84] observed only porosities in the Al part. In the case of laser welding of aluminum
alloys, porosity is a frequent problem in partial penetration. In the case of keyhole mode, the
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complex nature of the keyhole, keyhole instabilities, keyhole fluctuation, and high solidification rate
also leads to porosities. Porosity can also originate from the volatilization of magnesium and zinc in
the case of some aluminum alloys. As well as porosities due to fluid flow dynamics in the weld pool
and hydrogen rejection in the solid-state, which is a common defect, as is solidification cracking in
certain alloys. Also, Schmalen and Plapper [93] explained that hot cracks and pores can be the result
of irregular gas shielding and the turbulent flow of the molten aluminum fluid. HAZ degradation in
laser welding of Al to Cu may happen on the Al side which may lead to highly localized mechanical
property variation and eventually failure at service [64].

Intermetallic compounds typically form due to the Al and Cu intermixture during laser welding.
A significant difference between the physical properties of aluminum and copper results in brittle
intermetallic structures and poses problems in weld metal formation [94]. IMC growth may happen
due to the interdiffusion of Al and Cu in the interface of the Al-Cu joint during charging and
discharging in a long-term application. The Al-Cu intermetallic compounds behave highly resistive
when exceeding a distinctive limit of 3—6 um [45]. However, Furuya et al. [55] using Ni alloying
element led to a higher thickness of IMCs layer, but slightly thicker reaction layer therefore, it results
in a similar electric resistivity and enhanced mechanical properties in comparison to laser welding of
Al and Cu. Common intermetallic of Al and Cu (see Table 5) was observed to be formed during laser
welding and in long-term battery application [72,82]. Also, some other IMCs can be seen due to the
application of filler wires or metallic interlayers such as CugSns and CuszSn [95], and TiAl [96]. Other
typical weld imperfections in laser welding are lack of penetration, root notches, undercuts, and lack
of fusions.

Table 5. Observed intermetallic phases in the interface of the AI-Cu laser welded joints [82].

Phases Composition (at% Cu) Specific electrical resistance (uQ-cm)  Hardness
72, ALiCuy 62.5-69.0 14.2-17.3 549
&, Al,Cuy 55.2-56.3 12.2 616
72, AlCu 49.8-52.3 11.4 628
0, Al,Cu 31.9-33.0 7.0-8.0 324

7.3. Effect of thermal expansion

A significant difference in thermal expansion is challenging when it comes to laser welding of
dissimilar materials, as it results in high residual thermomechanical stresses in the joint and therefore
a weak joint with cracks which may result in failure [97]. After the joint formation, temperature
increase results in the lateral movement of Al plate more than copper in the contact zone, shearing
the contact area and therefore reducing the contact area, which increases the joint resistance and thus
temperature rise at the connection. Also, with the repetition of the heating and cooling cycle, thermal
stresses may build up considerable plastic deformation in the contact zone which accelerates the
degradation of the connection [98].

7.4. Laser absorptivity as a function of surface roughness

ASM Handbook [42] explains that energy absorption or reflection by a target is a function of
laser wavelength and surface emissivity of the target. More recently, Helm et al. [85] showed that
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surface properties of the connector materials in battery cells increase the laser absorptivity
nevertheless not improving the mechanical properties. However, Kaplan [99] discussed that the
material temperature is the main factor for absorption, during the process. While Huntington and
Eagar concluded that joint geometry and the surface condition have the main roles [100]. And the
laser absorptivity in keyhole mode will be influenced only by the surface condition in the initial stage
when the surface is heating up to saturation [100,101].

8. Laser-Matter interaction and the resulting joint characteristics in terms of IMCs
formation, mechanical and electrical properties

8.1. Role of welding speed

One issue with copper welding at low speed is the spatter formation and blowholes due to the
low viscosity and surface tension of the melt. Increasing laser welding speed above 10 m/s may solve
the problem, however, the depth decreases, and the weld bead will be narrow. In other words, a
decrease in welding speed leads to an increase in the heat input and therefore a wider and deeper
weld [60]. With a fixed heat input, the molten pool dimensions have also an inverse relation with the
welding speed, as shown in Figure 4. Figure 4 shows with the heat input fixed, the molten pool
dimensions slightly decrease from Figure 4a-1 (i.e., low laser power and welding speed) to
Figure 4a-3 (i.e., high laser power and welding speed). This can be justified by the fact that the
available time for heat to stay in the sample is shorter for the case at the bottom due to higher laser
welding speed, therefore a smaller portion of the absorbed laser power will be utilized to form a
molten pool locally. Also, a different mixing pattern can be seen in the three different cases with the
same heat input. Case 1 (i.e., lower laser speed and power) showed an even mixing while case 2 (i.e.,
higher laser speed and power) resulted in a vortex mixing pattern [72].

Cu (wt.%)
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Figure 4. EDS image of the molten pool geometry (white dashed curve), Cu
concentration field, and mixing pattern (left image) and effects of welding speed on weld
joint geometry (right image) in a fixed heat input [72].
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8.2. Role of welding power/energy

In general, at the same welding speed, increasing power increases weld pool dimension and a
higher level of intermixture and thus higher levels of IMCs formation and likely cracks due to the
formation of IMCs such as Al,Cu, AlCu, Al;Cu4, and Al4Cug layers [72]. In the case of laser welding
of Al to Cu, from the Al side, Schmalen and Plapper [74] explained the relationship between the
electrical resistance and mechanical properties. The laser power may affect the mechanical properties
and electrical properties (i.e., electrical resistance) of the joint by changing the degree of intermixture
and IMC layers thicknesses and their distribution. In the case of keyhole welding, increasing the
power leads to the fabrication of a proper joint with good mechanical and electrical properties
because of the limited thickness of the IMCs layer (i.e., 3—6 um). After this point, increasing power,
increases intermixture between copper and aluminum, growth of IMCs layers, an increase in the
hardness thus an increase in el. Resistance, reduction in ductility and overall degradation of
mechanical properties [74,80] (See Figure 5).

Resistance

Intensity (rel.)

Laser Power

Figure 5. Al-Cu joint properties in terms of electrical resistance, mechanical properties,
IMC layer, and hardness [80].

8.3. Laser power modulation

The output power of a laser (e.g., fiber [102], solid-state [103], or diode [104]) can be
modulated by changing the signal input/driving current, or by alternating the continuous wave output.
Alteration of the current or voltage with time may modulate the output signal. Direct Modulation is
when the current, before reaching the laser diode, is modified with the desired signal for the
application. External Modulation is when the modulation is imposed onto the laser signal after the
light is generated. External modulations such as Electro-Optic Modulation (EOM), Acousto-Optic
Modulation (AOM), and Electro-Absorption Modulation (EAM) manipulate the output with electric
fields or sound waves. Both types of laser power modulation are shown for a diode laser in
Figure 6 [105,106]. Application of laser power modulation with proper parameters may stabilize the
welding of copper, welding of aluminum, thus minimize weld defects and improve the weld quality
(See Figure 7).
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Figure 6. Direct modulation and external modulation. This figure is adapted from [105,106].

Figure 7. Left and right images are without and with laser power modulation,
respectively [68].

8.4. Pulse laser welding

Schiry and Plapper [107] employed a 400 W fiber laser with pulse times between 24 and 48 ps to
weld Al to Cu welds in an overlap configuration in the same circular beam movement as shown in
Figure 8. The results showed that the formation of IMC correlates with the pulse time i.e., longer
pulse time leads to a higher intermixture of Cu and Al and increased formation of IMC. The optimum
electric resistance was achieved with a pulse duration of 24 pus meaning a complete bonding and a
low amount of IMC. A pulse time of 18 ps results in poor pulling strength and toughness. A slight
increase of the pulse time up to 21 us enhances the strength greatly. A longer pulse time (i.e., 36 ps)
leads to a brittle joint [107].
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Figure 8. Beam circular movement [93].

Lerra et al. [70] investigated the effect of pulse shape and distance on dissimilar laser welding
of Al and Cu. The pulse distance can be defined as the distance between the initial points of two
consecutive pulse. Also, pulse distance (d) and frequency (f) can define the circular welding speed
Ve = f x d (see Figure 9). Table 6 shows the applied laser parameters in the experiments. Figure 10
shows the effect of pulse distance on seam morphology. In the case of D and E in Figure 10 the
bonding was inefficient. Also, they found out that the ramping up pulse shape (i.e., using pre-heating)
gained higher strength than their counterparts those are, decreasing step pulse shape and decreasing
ramp pulse shape (see Figure 11).

Figure 9. Pulse distance representation.

Table 6. Experiment configuration of AI-Cu Laser welding. Reproduced from Ref. [70]
with the permission.

Peak power Pulse energy Pulse frequency Welding speed Pulse distance (d)
(KW) ) (mm/s) (mm)
6 8-23 9-24 1-29 0.1,0.32,0.55,0.8, 1.2
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Figure 10. The effect of pulse shape on the seam morphology with E = 13 J and d =
0.32 mm for various pulse shapes: (a) square pulse, (b) increasing step pulse, (c)
increasing ramp pulse, (d) decreasing step pulse, (e¢) decreasing ramp pulse, (f) central
peak pulse. Reproduced from Ref. [70] with the permission.
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Figure 11. The effect of pulse shape on the max. tensile loads. All tests were performed

with a pulse energy of 13 J and pulse distance of 0.32 mm. Reproduced from Ref. [70]

with the permission.

In the case of square pulse shape (or the standard shape) the pulse distance and maximum
tensile load correlate with each other very well. By increasing the pulse distance up to 0.55 mm, the
tensile strength increases the highest as well as displacement in the joint, and after that, the tensile
strength starts to reduce gradually. In the case of pulse shape and pulse distance of 0.1 mm, the joint
is highly brittle due to the elevated level of intermixture. It is probably due to a higher number of
IMCs as the hardness shows (see Figure 12). The decreasing step pulse shape and decreasing ramp
pulse shape showed the highest electrical resistance (K factor) due to inefficient joints. In the case of
a square pulse, the lowest K factor (i.e., 1) which is similar to the Al base metal, and the maximum

tensile load (120 kgf) happen simultaneously (see Figure 13).

The effect of pulse modulation by alteration of pulse time was studied by Mathivanan and
Plapper [79]. The laser oscillation in the form of infinite shape on AI-Cu joints with a fixed laser
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pulse energy of 4.02 J, peak power of 1100 W, a pulse width of 5 ms, and frequency of 150 Hz was
used. The results showed that by increasing the active welding energy, the metals interdiffusion and
defects like pores and cracks increase although the same energy was delivered in all conditions.
Laser pulse profiles with a pre-heating step (i.e., ramping-up energy) showed higher joint strength
than their counterparts. This fact has been observed in a study by [70]. Pulse profile with pre-heating
step (i.e., ramping up energy), proper active welding time, and effective cooling leads to a proper
joint. In this case, the fracture was ductile and far from the joint on the Al side and probably in the
HAZ of Al. [74] also investigated the effect of pulse shape on the joint properties in terms of
hardness, pulling force, toughness, and electrical properties. The experiment was performed on 0.2 mm
Al 1050 to 0.5 mm Cu with a focal diameter of 33 um. They found out that a process window (pulse
time (i.e., pulse width) of 21 to 30 us) results in process robustness. Increasing pulse time to more
than 36 um results in high intermixture and high electrical resistance and a brittle joint. In one
microscopic observation they reported existence of four different IMCs layer (i.e., y Al4Cuy, { Al3Cuy,
n AlCu, 0 Al,Cu) with a thickness of 20 pm [74].
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Figure 12. Shows bonding strength vs. pulse distance. The pulse shape using pre-heating
gained higher strength than their counterparts. In the case of square pulse shape (or the
standard shape) the pulse distance and max. Tensile load corresponds to each other very
well. Reproduced from Ref. [70] with the permission.
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Figure 13. Demonstrates the relationship between the k factor (electrical resistivity) and
pulse distance for different pulse shapes (a) and square pulses (b). Reproduced from Ref.
[70] with the permission.

8.5. Beam oscillation or wobbling

Welding with oscillating laser beams enables adjustment of the bonding geometry. One or
two-dimensional laser beam oscillation is applied for gap bridging during fillet welding in lap joints.
The oscillation parameters are adapted to the gap size, in order to generate sufficient molten material
and melt pool width, or to influence melt pool dynamics, e.g., for better degassing [108]. Kraetzsch
et al. [68], using the oscillation frequency in 1-D scanning mode showed that increasing the scan
width may result in a homogeneously mixed weld zone but with a higher level of porosity. They have
also reported that the lateral laser beam dislocation in the joining area leads to different levels of
materials intermixture.

Schmalen et al. [81] used Trumpf Trudisk2000 and 2D scanner of PFO 20 (focal length
collimator = 90 mm, focal length optic = 160 mm, focal spot diameter = 89 pm) in CW mode
with 600 W power output and 0.25 mm spatial beam oscillation and no shielding gas. The
experiment was purposefully designed in a way to reach thick IMCs layers and large cracks. Four
major IMCs namely 0 phase (Al,Cu), 12 (AlCu), d-phase (AlsCuy), y; phase (AlsCug) have been
identified from etched micrographs and confirmed by EDS analysis and pXRD. Also, tts-uXRD
revealed the presence of (,-phase (Al;Cuy). The cracks propagate near the Cu side and through the
interface between 1, and y;, as can be seen in Figure 14. It was found that cracks propagate in a
region between Al,Cu and Al4Cuy, and commonly between Al;Cuy and Al,Cus. Solchenbach et al. [82]
also found the fracture between Al;Cuy and Al,Cus after electro-aging a laser-welded joint for 24 h,
where Cu was electro positively charged.
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Figure 14. Shows that cracks propagate near the Cu side and through the interface
between 1, and y. The circles show the same locations (a) Etched cross-section of Al-Cu
joint, (b) SEM image of the weld joint (c) Schematic illustration of crack
propagation [81].

Schmalen and Plapper [80] showed in a study where Al 99.5% and Cu 99.9% in overlap
position were joined by laser-welding. The size of the sample is 40 x 45 mm with a 10 mm overlap.
The thicknesses of the welded samples are 0.6 mm Al-0.6 mm Al, 1 mm Al-1 mm Cu, and 1.5 mm Al
to 0.4 mm Cu. In the process initiation, increasing the laser power decreases the electrical resistance
up to the formation of a proper weld. Then, the thickness of the IMC layer increases, and therefore
resistance increases but not at a constant rate. Increasing laser power in both modes (i.e., welding
with or without wobbling) showed higher electrical resistance than Cu plate. However, LW with
wobbling showed a higher increase indicating a different behavior in the growth rate of the IMCs
layer [80].

Laser welding of Al to Cu with a configuration where Cu is located at the top was rarely
studied [83,109]. The effects of laser power and beam oscillation width for a copper-aluminum
where Cu was located on the top were investigated by Mathivanan and Plapper [83] (see the
configuration in Figure 15). High laser power and oscillation were intentionally utilized to overcome
the laser reflectivity of copper and to form a vigorous mixing of fusion zone. Mathivanan and
Plapper [83] showed by proper selection of wobbling form and amplitude and accordingly laser
power a joint with nearly the same mechanical properties can be achieved as where the Al plate was
located at the top. Large oscillation with the same laser power increases the weld zone and decreases
the weld penetration. Increasing the wobbling amplitude demands higher power to form a large and
vigorous mixing of the base metals. However, it should be considered that continuing to a higher
power may lead to a reduction in shear strength due to the formation of detrimental phases. It can be
concluded that the laser power modification according to wobbling pattern and amplitude may act as
an important factor in the laser welding of dissimilar materials Al-Cu. Also in this experiment, three
different modes of fracture based on the location of the failure and shear force are shown in Figure 16.
In the first case, the weld seam development was very thin, and the entire seam undergoes the shear
force. Crack propagation is along with the interface (horizontal) of the Cu—Al joint. The type of
failure is brittle, and it happened at the interface of the AI-Cu joint at the IMC layer. However, they
did not discuss the role of IMC in the failure mechanism. Ductile fracture happened away from the
fusion zone and on the Al side, with significant deformation. A combination of a remarkably high
intermixture region (including brittle phases) with a low intermixture region (including mechanical
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microinterlocking at the interface i.e., “saw tooth interface” and “piercing of copper melt into the
aluminum side” are thought to be the reasons for high strength of the laser-welded joint. And the
third failure mode is a failure in the fusion zone i.e., separation at the edge, or the weld centerline.
The different intermixture caused by the beam oscillation produces a discontinuous fusion zone with
altering depth in a cross-sectional direction [83].

Figure 15. Sketch of laser welding setup for a configuration where the copper plate is
located on top [83].
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Figure 16. Shear strength (in Newton) for Cu—Al joints (copper on top for different
power and oscillation widths of 1.5, 1.75, and 2 mm [83].

The Wobbling is not limited to CW lasers, and it can be applied to pulsed lasers such as
millisecond quasi-CW fiber lasers. This feature allows welding of Al to Cu with high weld quality
and exceptionally low average power which is critical for heat-sensitive applications [60]. The laser
beam oscillation can bridge gaps for a weld material and welding setup without adjustment of laser
power and speed. In addition, using laser beam oscillation, process emissions such as spatter and
melt ejections can be reduced [110,111].

A single and multimode fiber laser with a small spot size and high-power density can be used to
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weld materials such as aluminum and copper in battery production. The combination of high-power
density and beam oscillation can overcome the challenges of the high reflectivity and high heat
conductivity of highly reflective materials. Also, it can create a stable keyhole with minimum impact
on penetration depth thus avoiding pores, and other defects such as weld cracking at low linear
welding speeds. Figure 17 illustrates the effect of varying wobble amplitude at 400 W laser power
and a 200 um spot on SS304 material, showing how welds can transition from keyhole- to
conduction mode. Also, it can be concluded that the different wobbling patterns (see Figure 18) does
not significantly change the weld bead geometry [60].
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Figure 17. Illustrates the effect of varying wobble amplitude at 400 W power and
a 200 pm spot on SS304 material [60].
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Figure 18. Laser oscillation pattern [60].

In the case of joining dissimilar materials such as aluminum and copper, in addition to their
different thermophysical properties, their weldability is limited by the formation of coarse brittle
intermetallic phases and the formation of hot and cold cracks [68]. By using optimal oscillation
parameters, the metallurgical formation of these intermetallic phases in the weld can be specifically
controlled and weld defects can be minimized. This enables to achieve strong welds with the
required electrical and thermal conductivity.

Dimatteo et al. [112] laser-welded two pure copper sheets (i.e., 0.35 mm thick, 45 mm wide,
and 60 mm length) with a thin layer of electroplated nickel (2.5 um) to two pure aluminum sheets,
i.e., EN-AW 1050 (0.45 mm thick, 45 mm wide, and 60 mm length) in a lap-joint configuration
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utilizing fiber laser with a wavelength of 1070 nm. The weld seam with a length of 40 mm and an
overlap of 10 mm was performed with a varying cycloid oscillation amplitude. The results showed
that with the same laser parameters, as the wobbling amplitude increases the penetration depth and
interface width decrease due to the larger scanning path and less heat concentration. The same
scanning amplitude and increase in energy density led to a linear decrease in the maximum breaking
load. While at the same energy density, increasing wobbling amplitude slightly reduces the
maximum breaking loads due to the need for excessive heat and thermal cycles which favored the
appearance of IMCs and resulted in a fragile fracture. At a wobbling amplitude of 0.2 mm with an
energy density of 0.0225 MJ/cm?, the optimum maximum breaking loads were reported to be 1010 N
confirmed by a ductile fracture. When wobbling amplitude was set at 0.2 mm, EDS analysis showed
0 (Al,Cu) phase with the shape of serrated and Al-Cu eutectic alloys with vermicular shape. With 0.4
mm wobbling amplitude, n (AlCu) phases in the form of columnar grain can be seen as well as
thicker IMCs layers. It can be concluded that the lower wobbling amplitude leads to limited
intermixture, limited IMCs formation at the interface, and therefore the lower values of electrical
contact resistance and higher values of mechanical properties [112].

8.6. Role of surface condition

Removing the oxide layer from a material surface is important to ensure a reliable joint strength
in the joining of some dissimilar materials [113], though this is not always the case. For example,
Schmalen et al. [73] showed that the cleanliness of the surface and surface precondition (i.e.,
laser-ablated surface, and surface sanded with corundum) has a negligible effect on the quality of
laser welded joints. However, in many studies, the surface was cleaned with acetone before welding.
Even Helm et al. [85] showed that surface properties (i.e., surface oxidation as well as surface
roughening) of the connector materials in battery joints reduce the mechanical properties of the
welded joints. They identified brittle oxide in the joint area as a possible cause for reduced
mechanical properties. Regardless of insignificant mechanical properties alteration of the joint, it
remained a puzzle how surface conditions may affect the electrical properties of the joints.

8.7. Filler metals

According to Schmidt et al. [114], laser beam can ideally produce a joint with nearly no
electrical resistance since this technique allows arbitrary weld seams. In some cases, Al is replacing
Cu to reduce weight and cost in the electrical components. There is a high affinity between Al and
Cu to form intermetallic. These intermetallic compounds (IMC) weaken the mechanical properties of
the joint. Some methods to decrease the IMC formation such as laser brazing [45,51,115], arc
brazing [53,116], and solid-state welding [36,117] were tried. However, it is not enough to reach a
thin layer of IMCs since the thickness of the IMC layer in the joint grows in application due to the
Joules effect [55]. Therefore, another solution should be taken into consideration.

Esser et al. [118] and Mys and Schmdit [96] reported the formation of a ductile ternary alloy
due to the application of a filler material that has a metallurgical affinity to aluminum and copper
base metals such as nickel, silver, and tin. These alloys are able to enhance the mechanical properties
of the joint. Also, some other investigations show that the addition of alloying elements to the Al/Cu
joint can enhance the mechanical properties of the joint e.g., application of Al-Si and Al-Cu—Zn
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filler wires, as well as Ni and Sn foil (SnAgTi) [53-55,84]. It has been discussed that increases in the
thickness of the IMC layer degrade mechanical and electrical properties [45]. Furuya et al. [55]
showed by the addition of Ni interlayer and therewith formation of (Cu, Ni) Al intermetallic layer
between the weakest IMCs interfaces, i.e., 6-Al,Cu and vy;-Al4Cuy enhanced the mechanical
properties (see Figure 19). This investigation indicates that not only IMC thickness reduction, but the
microstructure of the IMC layer also alters the joint’s properties. (Al, Ni) and (Al, Cu) IMCs have
similar electrical resistivity therefore, the effect of (Al, Ni) intermetallic in electrical resistivity is
negligible. Also, it should be noted that Tavassoli et al. [119] reported that the electrical resistance of
the Al-Cu joint depends on the total thickness of the reaction layer rather than the IMCs layer alone.
And in this case, even though the addition of the Ni alloying element led to increased IMC layer
thickness, the overall reaction layers were roughly 60 um.
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Figure 19. Schematic illustration of the Al/Cu dissimilar interface and fracture location
of the joint produced (a) without alloying elements and (b) with the addition of Ni to Al.
Reproduced from Ref. [55] with the permission.

Shi et al. [120] studied the effect of filler wires in the pulsed double electrode gas arc welding
Al 1060—Cu, and concluded that the Si element can reduce the diffusion of Al and Cu atoms thus the
formation of IMCs. Also, Weigl et al. [58] studied the effect of Si in filler wires of A1Sil12 and CuSi3.
The results indicate that the silicon element increases the fluidity of the molten metal and therefore
produces a uniform intermixture of elements during the welding process. As a result, the local
formation of intermetallic in the Cu side in the transition zone of the weld zone was specifically
reduced. Using AIlSil2 exhibits negligible micro-cracking and better bending deformation.
Application of AlSil2 is recommended to reach enhanced mechanical properties especially tensile
strength due to a higher level of Si than CuSi3 in laser welding of Al1-Cu [58].

In the case of laser welding of Al and Cu plate using Sn foil (i.e., SnAgTi) [84] shows a uniform
and ductile fracture. This can be attributed to the formation of a ductile ternary Al-Ag—Cu alloy and
also less and uniform intermixture of Al in Cu and Cu on the Al side.
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In the case of brazing of Al alloys with the application of AICuSi filler metal, thermally sprayed
AlCuSi layer, and AlCuSi(Mg) filler metal, important parameters to have a metallurgical bond are
direct contact of joints partners, Mg content, and the brazing window (see Figures 20 and 21). After
joining, no magnesium was detectable in the braze metal because the magnesium in the filler metal
completely sublimes during the brazing cycle and acts as a getter for oxygen and water vapor and
thus improving the brazing atmosphere and formation of a brazed joint. Some copper diffusion into
the aluminum base metal is assumed, and, therefore, the liquidus temperature of the filler metal is
enhanced [47].

70 pm
ey

Figure 20. Sound brazing of Aluminum alloys with the application of AlCuS:i filler metal.
(a,b) EN AW-3003 unclad, (c,d) EN AW-3003/4045, and (e,f) EN AW-3005/4004.
Reproduced from Ref. [47] with the permission.

Figure 21. The figure shows the cross-sections of the brazed segments using the
thermally sprayed AlCuSi (a) vs. AlCuSi (Mg) (b) filler metal. Image (b) shows sound
brazing Al-Al joint with the application of AlICuSiMg filler metal. Reproduced from Ref.
[47] with the permission.
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9. Summary and conclusion

The laser welding of dissimilar materials aluminum sheet to the copper sheet in the busbar to
battery tab joints is the main interest in this paper. The current review paper provides an adequate
understating of the important factors influencing the Al-Cu busbar to battery tabs joint properties
with laser welding and laser brazing of busbars to battery tabs, the formation, and growth of
intermetallic compounds (IMCs) layer, mechanical properties of battery joints, electrical properties
of the joint, long-term properties and finally how to enhance the joint properties.

Ixxx series (e.g., 1050) and 3003 aluminum alloy and pure Copper plates with different purity
grades such as 99.9% (electrolytic) and 99.995% (oxygen-free high-conductivity) or Ni-plated pure
copper with thicknesses in the range of a few hundred micrometers up to a few millimeters are
commonly used in the laser welding of busbar and battery tab. Laser welding and laser brazing of Al
to Al and Al to Cu improved the joint properties, cost efficiency, and productivity in comparison to
other common welding techniques.

In the case of welding dissimilar materials copper to aluminum, weak weld joint, porosity
formation, HAZ degradation, hot cracking, cold cracks as well as the risk of IMC formation can
cause difficulty. Additionally, different thermophysical properties of the joint metals such as melting
temperature and thermal conductivity may restrict the weldability. A large part of the current review
defines how the defects form such as IMCs and porosities during and after laser welding. The effect
of materials properties in laser welding and laser brazing is discussed in detail. To avoid these defects
and reach a sound laser welded joint of Al-Cu alloys, some measures such as laser welding speed,
laser power, and power density, key-hole dynamic, shielding gas, should be taken.

Laser-materials interaction during the laser welding process has been observed to strongly
affects the defect formation and therefore the joint properties. Laser-materials interaction can be
influenced by process parameters adjustment (e.g., laser power and speed), laser operational mode,
and choice of materials (e.g., base metals, alloying elements, filler metals, etc.). The currect
combination of the above-mentioned items reduces the defects such as IMCs and hence enhances the
joint properties in terms of mechanical and electrical properties.

By using optimal oscillation parameters such as wobbling pattern and amplitude, the
metallurgical formation of these intermetallic phases in the weld can be specifically controlled and
weld defects can be minimized. This enables to achieve higher values of mechanical properties with
the required electrical and thermal conductivity. Application of laser beam oscillation can also reduce
pores and process emissions such as spatter and melt ejections, and other defects such as weld
cracking at low linear welding speeds. A proper process parameter window with altering the different
pulse parameters (e.g., pulse shape and pulse time) may result in proper joint properties.

Different filler wires and alloying elements indicate that the brittle IMCs at the interface of two
metals can be substituted with phases showing higher mechanical properties. For example, a ductile
fracture of brazed of Al 1050 to Cu—OF using Cu—Ni—Sn—P brazing filler metal was reported. The
formation of a ductile ternary alloy due to the application of a filler material that has a metallurgical
affinity to aluminum and copper base metals such as nickel, silver, and tin may improve the joint
properties. These alloys may enhance the mechanical properties of the joint. Also, some other
investigations show that the addition of alloying elements to the Al/Cu joint can enhance the
mechanical properties of the joint e.g., application of Al-Si and Al-Cu—Zn filler wires, as well as Ni
and Sn foil (SnAgTi). As well using the AlSil2 exhibits a reduced local formation of intermetallic in
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the Cu side in the transition zone of the weld zone and negligible micro-cracking and better bending
deformation. Application of AlSil2 is recommended to reach enhanced mechanical properties
especially tensile strength due to a higher level of Si. Also, the joint in long-term applications may
result in a larger IMC layer due to electrical and thermal aging however in different growth behavior.
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