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A B S T R A C T

Reliable and efficient busbar connections are critical for electric vehicle battery performance, yet conventional 
joining methods struggle with joining dissimilar materials such as copper and aluminum. This paper investigates 
a novel solution for joining hybrid copper-aluminum busbars using a technique called hole hemming, which 
eliminates the need for heating or additional elements. The focus is placed on the thermal-electrical performance 
of hole-hemming joints. Two configurations are studied: joints with and without branches. Numerical models 
analyse how sheet thickness affects temperature, electric current density, electric potential, and resistance, 
including models with cantered holes to study hole inclusion effects. Experimental tests are conducted on ma
terial strips and unit cells to assess electrical resistance changes with temperature and the effect of Joule heating 
on joint configurations. Compression using a hydraulic press is applied to improve contact, leading to significant 
electrical resistance improvements (78 % reduction for branched joints and 36 % for branchless ones). Me
chanical shear tests before and after compression show a peak shear load of 4.54 kN and 13.84 mm displacement 
for branched joints, with slightly lower values for branchless joints. Despite a minor decrease in mechanical 
performance after compression, the improved thermal-electrical performance of the joints outweighs this. The 
findings highlight the promising potential of hole-hemmed joints for enhancing hybrid busbar connections.

1. Introduction

Nowadays, the global shift towards zero- and low-emission vehicles 
(ZLEVs) is highly noticeable [1–4]. Due to tighter and more severe 
regulations regarding carbon emissions, a constant evolution in electric 
vehicles (EVs) technology has been observed over the last few years, 
namely at the automotive battery pack level [5–7]. The Lithium-ion 
battery packs of EVs comprise an extensive network of interconnected 
cells designed to store electrical energy for the propulsion of electric 
motor(s) within an Electric Vehicle (EV). These packs consist of indi
vidual battery cells arranged into modules, which are subsequently 
assembled to form a unified pack [8].

In the domain of electric vehicles, the conveyance of electrical power 
commonly relies on a combination of cables, wires, and busbars. Busbars 
are metallic strips or sheets used to distribute electric power to switch
gear systems [9,10] and are preferred in low voltage scenarios 

characterized by higher electric currents, typically forming parallel 
circuits [11]. They are the better option when compared to cable use 
regarding the circuit conditions above-mentioned. Busbars offer 
streamlined installation and maintenance processes, superior heat 
dissipation capabilities to prevent overheating, ensuring robust safety 
measures, and generally presenting cost-effectiveness [12].

Given the battery is one very expensive component of EVs, its nu
ances are of extreme relevancy. Besides the highly pertinent EV battery 
lifetime factor, addressed by Rücker et al. [13], one other impactful 
aspect of these relies on the performance under heating conditions 
[14–17]. Regarding heat dissipation, because of mid-to-high electric 
current applications, busbars need to provide good qualities in this 
matter. The joule heat generation that causes temperature rise in bus
bars in such applications is of significant importance. This thermal effect 
bears the potential to profoundly impact the thermal-electrical perfor
mance and may, in certain instances, be linked to operational failures [9,
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18,19]. Although of great matter, these kinds of thermal-electrical per
formance studies of busbars, namely hybrid busbars, aren’t very com
mon. Some authors, namely Kim et al. [20] have previously performed a 
thermal-electrical finite element analysis to determine heat dissipation 
in high-power switchboard applications. They focused on shape modi
fication and surface treatment of copper, bearing in mind they did it on 
singular material busbars. Regarding hybrid busbars, fabricated from 
aluminium and copper, only a few have opted to thoroughly study the 
thermal-electrical performance of different joining methods. Sampaio 
et al. [9] manufactured and thermal-electrically studied fastened, fric
tion stir spot welded, sheet-bulk compressed, and injection lap riveted 
joints, all made from aluminium and copper conductors. Their material 
selection always regarded the needed mechanical properties but was 
highly influenced by the great electrical and thermal characteristics of 
the materials, since they play an extremely vital role in these kinds of 
electric vehicle applications.

Regarding the joining processes in the scope of automotive battery 
systems manufacturing, the use of fasteners and some welding tech
niques is still an efficient option for a lot of battery pack systems 
manufacturing, although falling out of fashion due to new-electric 
power applications becoming increasingly smaller and more complex 
[12]. Moreover, fasteners add weight and volume and are usually made 
from materials with poor electrical conductivity. The use of rivets, nuts, 
and bolts provides reliable and easy-to-assemble/disassemble joints, 
although tending to manufacture current flow distorted joints because of 
non-uniform contact pressure [12]. There are several major and 
ground-breaking/emerging methods that have been used for quite some 
time now. Ultrasonic, laser, resistance spot welding, and joining by 
forming processes stand out for their applicability, and some, for their 
ground-breaking achievements [21].

Ultrasonic welding or ultrasonic metal welding (UMW) is one very 
commonly used joining method for this type of applications [22]. A high 
frequency ultrasonic energy source induces shear forces that oscillate, 
producing a bond, under clamping pressure. It can be done with a broad 
scope of materials [23]. Although only suitable for pouch cells, it is a fast 
process that results in high-strength and low-resistance joints. Resis
tance spot welding’s main trait is that it allows for the joining of ma
terials, whilst only fusing a very small volume of them [24]. It is also a 
fast and low-cost process with good quality control, although not ideal 
for highly conductive dissimilar materials [21]. Laser welding sort of 
solves the main issue with fastened joints, whilst raising other problems. 
The connection of the strips is manufactured at their edges, resulting in 
compact joints, and creating a solution for the non-uniform contact 
pressures of fastened joints [25]. The downside of laser welding is the 
prevalent challenge that comes with joining dissimilar materials, 
namely because of their different chemical, mechanical, and thermal 
properties [12]. Resistance spot welding’s main trait is that it allows for 
the joining of materials, whilst only fusing a very small volume of them 
[24]. It is also a fast and low-cost process with good quality control, 
although not ideal for highly conductive dissimilar materials [21].

Recently, joining by forming techniques has emerged as an afford
able, sustainable, and cost-effective option. There’s been significant 
activity in advancing new joining processes in this field, leveraging 
plastic deformation to create form- and force-fit joints [26,27]. This 
method eliminates the need for welding, making it easy to join dissimilar 
materials without encountering chemical or thermal issues. However, 
most developed processes such as double-sided self-pierce riveting [28], 
injection lap riveting [29], and self-clinching [30] require the use of an 
additional element. For example, in self-pierce riveted joints, this typi
cally results in an increase in the connection’s weight, as the rivet is 
usually made of steel. Moreover, it can also raise the electrical resistance 
of the connection.

Recently, an innovative technique of joining by forming, known as 
hole hemming, has been implemented to join dissimilar materials with 
significantly different mechanical properties [31]. In this method, only 
one of the sheets undergoes plastic deformation to establish a 

connection, as illustrated in Fig. 1. The process involves creating a 
mechanical interlock between pre-punched or drilled holes through a 
two-stage operation: first, flanging the hole of an outer sheet, and then 
bending the flange over the hole of an inner sheet. Notably, this process 
does not necessitate additional elements or welding, which could 
potentially alter the thermal and electrical properties of the material 
sheets. Kasaei et al. [31] initially introduced, developed, and investi
gated joints produced through this joining process. Subsequently, the 
process has been successfully applied to join dissimilar materials for 
various applications. Examples include hole hemmed (HH) joints be
tween aluminium (AA6082-T4) and magnesium (AZ31) [32,33], 
aluminium (AA6082-T4) and polycarbonate (PC) [34], as well as 
bonded-holed hemmed (BHH) joints between aluminium (AA6082-T4) 
and magnesium (AZ31) [35,36]. It is worth noting that the 
hole-hemmed joints produced using this technique exhibit excellent 
static [37,38] and fatigue performance [39], as well as superior damping 
properties [40].

Under these circumstances, the study aims to explore the feasibility 
of employing novel hole-hemmed joints in the fabrication of hybrid 
busbars composed of copper and aluminium with dissimilar thicknesses. 
The primary objective is to conduct a thermal-electrical analysis of these 
hybrid hole-hemmed (HHH) joints. The investigation includes a 
comprehensive study of the Joule heat effect in the joints through nu
merical simulations and experimental analysis. Additionally, the study 
examines the influence of temperature on the electrical resistance of the 
joints, considering a maximum busbar service temperature as defined by 
international standards for metal-clad switchgear by the IEEE [41].

In addition to this, there is an intention to understand the influence 
of various geometric parameters of the joint on the aforementioned 
analysis. In numerical simulations, several parameters are studied, 
including the thickness ratio of hybrid busbars tr, hole radius Rh, and HH 
joint geometry, simulating the manufactured joints. Furthermore, 
different surface contact configurations are simulated for the HH joints. 
The primary aim here is to comprehend the influence of different pa
rameters on the evolution of joint resistance with an increase in tem
perature. Additionally, considering that pressure significantly affects 
electric current flow within a joint, its impact on electrical resistance is 
also examined. An optimization of a new compression stage evaluated to 
determineits effect on the current flow from the aluminium to the copper 
sheet in an HH joint.

2. Hybrid busbar design

Hybrid busbar design consists of accounting for differences in elec
trical conductivity of the materials. The hybrid busbar representative 
joints were fabricated and studied bearing in mind an approximation of 
constant electric current flow through them. Since copper is a better 
conductor than aluminium, has lower electric resistivity, to maintain a 
constant electric current flowing through hybrid busbars, certain geo
metric parameters need to be accounted for. These parameters directly 
influence the electric potential gradient, which should be as close to 
uniform as possible.

The electrical conductance G of a material sheet is proportional to its 
cross-sectional area A, and inverse proportional to the material’s electric 
resistivity ρe and length l, like Equation (1) describes: 

G =
A
ρel (1) 

Since the single overlap joints are made from aluminium and copper 
sheets with the same length (l) and width (w), G is only dependent on the 
sheet’s thickness (t) and ρe, therefore, the ideal cross-section area ratio 
for a constant electric current flow is obtained as follows: 

AAl/Cu =
AAl

Acu
=

tAl

tCu
= ρe

Al/Cu (2) 
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In this work, the ideal thickness ratio was calculated based on the 
highest material resistivity ratio obtained from the experimental 
thermal-electrical material characterization within the studied temper
ature interval of 25–105 ◦C (see section “5.1 Electric resistivity of the 
materials”). Thus, for an ambient temperature of 25 ◦C, given the ma
terial resistivities ρe

Al = 3.78*10− 8 Ω.m and ρe
Cu = 1.67*10− 8 Ω.m for 

aluminium and copper, respectively, the ideal ratio was calculated to be 
2.3. The HH unit cell joints, representing hybrid busbars, were config
ured with a geometric condition of 2 mm for AA6082-T4 aluminium 
sheet thickness and 1 mm for Cu-ETP R240 copper sheet thickness, 
resulting in a cross-sectional area ratio of 2 (as described in Equation 
(2)). From a functional standpoint, this approximation closely aligns 
with the ideal value of 2.3.

3. Experimental procedures

3.1. Material properties

This study was conducted on AA6082-T4 aluminium and the Cu-ETP 
R240 copper with 2 mm and 1 mm thickness sheets, respectively. The 
mechanical properties of both materials were characterized by per
forming uniaxial tensile tests. A quasi-static condition was set in the 
INSTRON 3367 machine, with a test speed of 1 mm/min, performing the 

tests in accordance with the ASTM-E8 standard for metallic materials. 
Table 1 displays the mechanical properties of both materials, while 
Fig. 2 shows the true stress-strain curves obtained and extrapolated 
using the mixed Swift-Voce law for the aluminum sheet and the Swift 
law for the copper sheet. The thermal conductivity of the aluminium 
alloy and copper was considered 180 W mK [9] and 390 W mK [42], 
respectively.

3.2. Joining process

3.2.1. Hole hemming tool
A specially designed flexible tool [44] was used to conduct the hole 

hemming joining process on the aluminium and copper sheets at the 
Advanced Joining Processes Unit in the University of Porto/INEGI (see 
Fig. 3). It was mounted on an INSTRON 8801 servo hydraulic machine, 
where a speed of 4 mm/min was utilized to perform these experiments.

In this tool, both structural components (including upper and lower 
plates, guide pillars, springs, pins, bushings, flanges, keys, and nuts) and 
passive tool components (such as the die holder, punch holder, height 
adjuster, and middle plate) play vital roles. Structural components 
facilitate the accommodation of passive tool components, provide 
guidance and centring among the upper, middle, and lower plates, 
enable installation in the testing machine, and allow for pre-load vari
ation of the springs. On the other hand, passive tool components 

Fig. 1. Hole hemming joining technique schematic representation.
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accommodate the active tool components, provide guidance and cen
tring for them, and allow for the adjustment of their positions. On the 
other hand, the active tool components (i.e., dies and punches) are 
responsible for creating deformations on the sheets (see Fig. 4). They are 
interchangeable, which enables the creation of various joint geometries 

by easily switching them. Using different geometry punches and dies 
results in distinct joint geometries.

3.2.2. Joining procedures
The joining process comprises two separate stages: hole flanging and 

hemming. The first stage utilises the first set of active tools for hole 
flanging (Fig. 4(a)). The upper die is mounted into the die holder, while 
the bottom die is mounted into the middle plate. The flanging punch is 
then secured onto the punch holder. Once all flanging active tool com
ponents are mounted, the first stage can commence. The procedure is 
straightforward: the outer sheet is placed and aligned on top of the lower 
die, with the pins aiding in centring and aligning the outer sheet’s pre- 
drilled hole with the flanging punch’s centre axis. A fixed pre-load is 
applied on the springs between the lower and middle plates. As a result, 
when the lower plate moves upward, it pushes the springs and middle 
plate upward as well. Eventually, the middle plate reaches a point where 
it can no longer move due to contact between the lower die, outer sheet, 
and upper die. At this stage, the lower plate continues its upward 
movement, along with the punch holder and flanging punch, increasing 
the load applied on the springs and eventually flanging the outer sheet 
hole. A specific displacement is set to ensure a consistent flanging 
deformation for all joints.

Hemming constitutes the second and final stage of the joining 

Table 1 
Aluminium and copper mechanical properties.

Material Thickness Young’s modulus (GPa) Yield stress (MPa) Ultimate tensile stress (MPa) Elongation at failure (%) Lankford coefficient, r

0 ◦ 45 ◦ 90 ◦

AA6082-T4 [32] 2 mm 70 173 278 24.5 0.54 0.55 0.66
Cu-ETP R240 [43] 1 mm 127 199 251 30.1 – – –

Fig. 2. True stress-plastic strain curve of the aluminium and copper sheets.

Fig. 3. Hole hemming tool components and metallic sheets: 1 - upper plate, 2 - guide pillars, 3 - middle plate, 4 - lower plate, 5 - die holder, 6 - punch holder, 7 - 
springs, 8 - height adjuster, 9 - pins, 10 - outer sheet (AA6082-T4 aluminium), and 11 - inner sheet (Cu-ETP R240 copper).
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process. Before initiating this stage, the active tool set must be changed 
by dismounting the hole flanging stage components and mounting the 
hemming stage components (Fig. 4(b)). The blank holder is then 
mounted onto the middle plate. The bottom die, previously mounted 
onto the middle plate, is now secured onto the upper plate. Additionally, 
the flanging punch is replaced with the hemming punch. The subsequent 
step involves aligning both the inner and outer sheets’ holes with the 
centre axis of the hemming punch and placing them on top of the blank 
holder. The procedure for the hemming stage mirrors that of the flanging 
stage, albeit with different active tool set components.

Hemming the flange of the outer sheet hole onto the inner sheet hole 
creates a mechanical interlock. The magnitude of the mechanical 
interlock is directly proportional to the displacement of the hemming 
punch; however, it’s crucial to note that excessive punch displacement 
can lead to fracture of the outer sheet. Thus, punch displacement must 
be carefully defined. The upward speed of the lower plate at 4 mm/min 
is also carefully regulated in both stages.

The outer sheet hole radius, Ro, the upper die radius, Rd, the fillet 
radius of the upper die, rd, the indent depth, d, the fillet radius of the 
hemming punch Rh and the flange nominal length, F, are sensitive pa
rameters that require careful consideration to ensure proper 
manufacturing of HH joints without crack propagation or unnecessary 
damage (refer to Fig. 1 for clarification of the parameters). The flange 
nominal length is a parameter dependent on Ro and Rd, as follows: 

F = Rd − Ro (3) 

Moreover, another crucial parameter for proper joint development is the 
gap between the inner sheet hole edge and the outer sheet flange, g 
(displayed in Fig. 1), obtained as: 

Ri = Rd + g (4) 

where Ri is the inner sheet hole radius. This parameter is crucial, as it 
must be sufficiently large to prevent collisions between the inner sheet 
and the flange.

In addition, an innovative joint configuration is fabricated, incor

porating cuts in the outer sheet hole. This modification enables joint 
manufacturing in situations where the original simple outer sheet hole 
geometry (Fig. 5(a)) is not feasible due to high strains experienced at the 
edge of the flange. The cuts on the outer sheet hole will result in HH 
joints with branches. This configuration introduces additional parame
ters in the outer sheet hole, like the branch width, WB, and branch 
length, LB, as shown in Fig. 5(b).

The active tool components used in these experiments were selected 
to best fit the joint geometry requirements and were maintained at a 
constant configuration, as outlined in Table 2. The parameters are 
figuratively detailed in Fig. 1. The AA6082-T4 aluminium was chosen 
for the outer sheets, the Cu-ETP R240 copper for the inner sheet. The 
sheets were machined into 135 mm sheet length (l) and 70 mm in width 
(w). Table 3 displays the workplan for joint fabrication. The resulting 
joints are displayed in Fig. 6.

Furthermore, due to the significant influence of pressure on current 
flow, an additional manufacturing step was implemented for both joint 
configurations, with and without branches. This involved the use of a 
hydraulic press compression approach (Fig. 7(a)) in several joints to 
improve current flow. The impact of this approach on electrical resis
tance will be studied, and a comprehensive thermal-electrical analysis 
will also be conducted on these joints. For no-branch joints (Fig. 7(b)), a 
maximum force of 100 kN was set, while for 3-branch joints (Fig. 7(b)), a 
force of 60 kN was deemed optimal based on electrical resistance results 
(as explained in section “5.2.3 Hole hemmed joints”).

3.3. Thermal-electrical characterization

3.3.1. Thermal-electrical setup
The thermal-electrical set-up used to conduct material character

ization and hole hemmed joint analysis was developed at Instituto Su
perior Técnico in the University of Lisbon using a four-point probe 
technique [45]. The set-up, showcased in Fig. 8, consists of an AC 
transformer, the OFICEL 1.5kVA, two copper blocks that clamp the joint 
ends, electric cables, a KoCoS PROMET R600 micro-ohmmeter, a ther
mal imaging infrared camera (FLIR E86) equipped with a focal plane 

Fig. 4. Active tool components for the (a) hole flanging stage and the (b) hemming stage: 1 - upper die, 2 - lower die, 3 - flanging punch, 4 - hemming punch, 5 - 
blank holder.
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array microbolometer detector (464x348 resolution and a spectral range 
of 7.5–14 μm), and two voltage drop (V) measuring probes, spaced 100 
mm apart.

Before the process starts, the material strips and joints were painted 
in black to assure the same values of emissivity, since dissimilar mate
rials were tested. In a first heating stage, the AC transformer supplies an 
electric current of 1500A to the joint ends via the electric cables and, 
ultimately, the copper blocks, that clamp the joints. The current is 
supplied until a maximum temperature value of Tmax = 130◦C is 
measured in the centre of the unit cell by the thermal camera. The point 
of heating the unit cells to this temperature value is to have a safety 
margin, because resistance measurements will be performed from T0 =

105◦C. This value is defined by the IEEE standard for metal-clad 
switchgear [41]. It represents the maximum service temperature for 
busbar applications.

Once Tmax is reached, the AC transformer is switched off. The unit 
cells start cooling off by convection and radiation to the environment. At 
this point, the micro-ohmmeter KoCoS PROMET R600 is switched on 
and connected to the unit cell ends. Starting at T0 = 105◦C, an electrical 
current of 600A is supplied by the micro-ohmmeter for ~2s. This process 
is conducted several times, repeated every time the thermal camera 
displays a temperature drop between two consecutive measurements of 
ΔT = Tn+1 − Tn = 5◦C, until an ambient temperature of 20 ◦C.

The experimental workplan for thermal-electrical analysis includes 
material characterization of the AA6082-T4 aluminium and Cu-ETP 
R240 copper, plus four HH joint configurations analysis. Table 3 dis
plays the HH joints geometry, and the same joint configurations were 

used after hydraulic press compression for thermal electrical joint 
analysis, making a total of four distinct configurations. One material 
strip of each kind (aluminium and copper) was used to thermal- 
electrically characterize them. In order to fit the copper blocks that 
clamp the unit cells, both the material strips and the joints were 
machined to a geometry of the one showcased in Fig. 9. A total length of 
150 mm, width of 70 mm with a 10 × 10 mm and 135 ◦ chamfer.

4. Finite element modelling

All finite element (FE) modelling was conducted using the ABAQUS® 
commercial software. Several analyses were developed, providing 

Fig. 5. Outer sheet hole radius, Ro, and 3-branch joints outer sheet hole parameters: branch width, Wb, and branch length, Lb.

Table 2 
Active tool geometric parameters.

Parameter Value (mm)

Rd 12.5
rd 4
d 2
Rh 10

Table 3 
Geometrical specifications of both the outer and inner sheets in the hole 
hemming experiments.

Joint type Overlap Ri Ro F B LB WB

No-branch joint 70x70 14 8.5 4 – – –
3-branch joint 14.5 8 4.5 3 8 2.5

Fig. 6. Side-by-side joints without and with branches.
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different working conditions that allowed for a thorough comparison 
between them, and a great understanding of thickness ratio influence 
(tr), hole radius influence (R), plus the actual hole hemmed (HH) joint 

geometry influence as well as a contact area influence on electric current 
flow of a busbar representative joints.

In the FE program, the governing electric field equation in a con
ducting material is governed by the Maxwell’s equation of conservation 
of charge [46]. By assuming that a steady-state direct current is induced 
in the material, the equation reduces to: 
∫

J*n dS =

∫

rc dV (5) 

J is the electric current density (ECD), also known as current per unit 
area, n is the outward normal to S, which represents the surface area 
itself. V represents the control volume, whereas rc is the internal volu
metric current source per unit volume.

If E(x) is the electrical field intensity, defined as the negative of the 
electric potential gradient (EPG), since φ is the electric potential, its 
gradient is defined as: 

E = − ∂φ/∂x (6) 

Then, the flow of electric current can be described simply by the 
Ohm’s law: 

J = σE*E = − σE* ∂φ/∂x (7) 

In the Ohm’s law, the electrical conductivity matrix is defined by σE(θ,
fα), where θ is the temperature and fα = 1,2… are the predefined field 

Fig. 7. Compression of the HH joints: (a) set-up in the hydraulic press, (b) compressed No-branch and 3-branch joints.

Fig. 8. Thermal-electrical analysis laboratory set-up: 1 – AC transformer (OFICEL 1.5kVA), 2 – electric current supply cables, 3 – Thermal imaging infrared camera 
(FLIR E86), 4 – Micro-ohmmeter (KoCoS PROMET R600), 5 – HH joint, 6 – Voltage measurement probes.

Fig. 9. Joint and material strip cuts to fit clamping on copper blocks.
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variables.
Finally, by use of Ohm’s law in the conservation equation, written in 

variational form, provides governing equation of the finite element 
model, as it shows: 
∫ ∂δφ

∂x
*σE*

∂φ
∂x

dV =

∫

δφJ*n dS
∫

δφrcdV (8) 

where J =
⏞⏟⏟⏞ def

− J*n is the current density entering the control volume, 
across the cross-sectional area S.

Regarding thermal energy, Joule’s law describes the rate of electrical 
energy dissipation, denoted as Pec, by current flowing through a 
conductor. It can be mathematically expressed as: 

Pec = J*E =
∂φ
∂x

*σE*
∂φ
∂x

(9) 

Moreover, it is possible to define the amount of energy released as 
internal heat within the body resorting to the conversion factor also 
known as Joule heat fraction ηv multiplied by the rate of electrical en
ergy as ηvPec. When defining this factor as unity, it converts all electrical 
energy into heat.

The HH joint geometry in this project was modeled based on 
experimental measurements and then imported into the ABAQUS® 
software. Fig. 10(a) illustrates an exploded view of the three modeled 
objects: the outer sheet (aluminium), the interface layer, and the inner 
sheet (copper). The thin interface layer was included to account for 
surface roughness, oxide films on contact surfaces, simulate different 
contact surface configurations between the sheets, and model applied 
pressure. A thickness of 0.05 mm was set for the interface layer, aver
aging the mechanical properties of aluminium and copper. Fig. 10(b) 
shows an assembled joint and how the current passes through it. The 
material sheets and the additional interface layer between them were 
modeled as 3D deformable objects and discretized using approximately 
70,000 8-node linear coupled thermal-electrical elements (DC3D8E). 
After performing a mesh sensitivity analysis based on electric current 
density (ECD), temperature (TEMP), and electric potential gradient 
(EPG), a finer mesh with a size of 0.5 mm was applied at hole edges due 
to geometric complexity, while a coarser mesh with a maximum element 
length of 2 mm was used elsewhere (Fig. 10(c)). Additionally, four el
ements were assigned through the thickness of both the aluminum and 
copper sheets, while two elements were used for the interface layer.

Regarding its electrical resistivity, initially, an approach of averaging 

Fig. 10. Finite element model of the No-branch joint: (a) Exploded view of the copper sheet, interface layer, and aluminum sheet, (b) current flow direction, and (c) 
mesh details (Element type: DC3D8E, an 8-node linear coupled thermal-electrical brick element).
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the resistivities of aluminium and copper was attempted. However, 
subsequently, a different approach was adopted, increasing the re
sistivity to match experimental results, aiming to simulate the oxide 
layer, surface roughness, and pressure between the metal sheets. It is 
worth noting that for simulations involving “perfect joints” and “hole 
joints”, the electrical conductivity properties of the interface layer were 
also averaged between those of aluminium and copper, as these are ideal 
joints modeled to study the influence of geometry.

The overall method aimed to closely approximate the experimental 
procedures (refer to Fig. 11). Initially, a predefined field of ambient 
temperature (293K or 23 ◦C) was applied to the joints. Subsequently, a 
surface current of 1500A was applied to the aluminium end surface, with 
a null potential boundary condition set on the opposite copper end 
surface, as illustrated in Fig. 10(b). Considering a cross-sectional area of 
140 mm2, a current density of 10.714 A/mm2 was calculated and 
applied uniformly across the joints, mimicking the connection to the AC 
transformer, as conducted experimentally.

The current was maintained until the maximum busbar service 
temperature (Tmax) of approximately 130 ◦C was reached. Subsequently, 
a cooldown step was initiated to allow the joint to dissipate heat to the 
environment through convection simulation. A heat coefficient (h) of 13 
W/(m2K) was employed, as obtained from Ref. [47].

Several cooldown steps are interleaved with electric current spike 
steps. These spikes last for 2s and supply an electric current of 600 A, 
resulting in a current density of 4.286 A/mm2, to closely simulate the 
experimental procedures. During these spikes, the electric potential drop 
(V) is measured between nodes spaced 100 mm apart, equidistant from 
the middle of the joints, to align with laboratory procedures. Each step is 
repeated 12 times to ensure sufficient data points for plotting the tem
perature’s influence on the joint’s electrical resistance. The boundary 
conditions used are listed in Table 4.

4.1. Workplan

As previously mentioned, this study involved the creation of several 
models. The first type consists of models designed to replicate the 
electrical characterization of the materials. These models help ensure 
that the material properties are properly defined and that the simulation 
accurately replicates the experimental tests. The second type consists of 
“perfect joint” models, which represent a single overlap joint with ideal 
contact conditions between the aluminum and copper sheets. The pur
pose of these models is to serve as a reference for comparison with more 
complex hole hemmed joint models. By comparing the results of the hole 
hemmed joint models to those of the “perfect joint” models, it is possible 

to assess the closeness of the hole hemmed models to the ideal reference. 
Additionally, the “perfect joint” models enable a straightforward study 
of the influence of thickness ratio (tr), as defined in Equation (10), on the 
joint’s resistance, electric current flow, electric potential gradient, and 
Joule heat effect. 

tr =
tAl

tCu
(10) 

It is important to note that, across all “perfect joint” models, the 
aluminium thickness and all ambient conditions, interactions, surface 
loads, and boundary conditions remained constant. Thus, the only var
iable that differs between these models is the thickness of the copper 
sheet. The values assigned to tr include a small value of 1, indicating 
similar thicknesses of aluminium and copper sheets, a value of 2 (chosen 
for the experimental models), an ideal ratio of 2.3, and finally, a higher 
value of 4.

The next set of models focused on the “hole joints ", as mentioned 
earlier. The aim at this stage was to create several models with overlap- 
centered holes, each with different radius (denoted as R). Similarly to 
the “perfect joint” models, perfect contact conditions were set for these 
models, given the aim rellying on a geometry’s influence study on cur
rent and resistance. Initially, a hole with an 8.5 mm radius was modeled, 
corresponding to the outer sheet (aluminum) hole radius Ro of the No- 
branch joint. Subsequently, the radius of the manufactured joints after 
hole hemming was measured at approximately 11.85 mm. Thus, a hole 
joint with R = 11.85 mm was modeled. Finally, mirroring the first hole 
model, a joint with R = 14.5 mm was modeled to represent the inner 
sheet radius, Ri, for the branch-less joints.

Finally, thermal-electrical analysis was conducted on two types of 
HH joints: No-branch and 3-branch (B = 3) joints. Comparing these 
models provides insight into the influence of HH joint geometry, 
including the impact of branches on electrical resistance. Furthermore, 
both pre-compressed and post-compressed joints were modeled and 
studied to elucidate the influence of the compression stage. Table 5

Fig. 11. Thermal-electrical analysis process.

Table 4 
Boundary conditions used in the thermal-electrical analysis.

Boundary condition Heating phase Cooldown phase

Initial Temperature 
Field

293K (23 ◦C) –

Current Input 1500 A to the aluminum end 
surface

600 A to the aluminum end 
surface

Electric Potential Null potential to the copper 
end surface

Null potential to the copper 
end surface
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provides an overview of the various models developed in the finite 
element software.

In the analysis of experimentally manufactured joints, it was 
observed that the contact between the aluminium and copper sheets is 
not perfect. As a result, contact interactions in FE models representing 
pre-compressed and post-compressed joints differ from each other, as 
shown in Fig. 12. A noticeable increase in contact was observed in the 
HH joints after the application of compression by the hydraulic press. 
This increase occurred both in the overlap and in the flange area.

In joints manufactured with three branches, contact was not 
observed in the middle area of the branches. Therefore, in the flange 
area, only the corners of the branches were taken into account. Initially, 
the hydraulic press compresses the flange onto the inner sheet hole edge, 
subsequently bending the copper sheet, which then contacts the 
aluminium outer sheet around the flange area. This contact was not 
present before compression, which explains why the crown area around 
the flange was not considered in pre-compression joints. Furthermore, 
no contact was assumed in the overlap area around the outside of the 
largest partition circle. This observation was confirmed through gap 
mapping of the manufactured HH joints, which revealed no contact up 
to the mentioned partition circle. It is worth noting that different par
titions were employed in branchless joints and those with branches, 
reflecting various contact configurations tested by the authors to accu
rately approximate finite element models to experimental joints. This 
approach allowed for a comprehensive exploration of contact in
teractions in the joints.

5. Results and discussion

5.1. Electric resistivity of the materials and model verification

Fig. 13 presents the results of the thermal-electrical material char
acterization for AA6082-T4 aluminum and Cu-ETP R240 copper, ob
tained directly from experimental tests, along with the numerical 
results. Observing Fig. 13, it becomes evident that an increase in tem
perature significantly influences the electrical resistivity of the material, 
showing an approximately linear relationship. Furthermore, the excel
lent agreement between the numerical and experimental results, with an 
error of less than 1 %, confirms that the developed model accurately 
replicates the experimental data.

5.2. Electric resistance of the hybrid busbars

5.2.1. Influence of thickness ratio
The first geometry parameter that was studied regards the thickness 

of both material strips. This study was conducted to better understand 
how electric current density (ECD), temperature (TEMP) and electric 
potential gradient (EPG) are influenced by different copper sheet 
thicknesses, for a constant aluminium thickness of 2 mm (Fig. 14). 
Moreover, the electric resistance of these joints was also obtained. The 
thickness ratio, tr, explained in the workplan on the “4 Finite element 
modelling” section, is a ratio between the thicknesses of the aluminium 
and copper strips. Essentially, four different thickness ratio “perfect 

joint” models were simulated and compared between one another.
Fig. 14(a) illustrates the temperature contours for the four simulated 

“perfect joint” models. It is evident that for tr = 4.0, corresponding to a 2 
mm aluminium sheet and a 0.5 mm copper sheet, the highest temper
ature is reached on the copper sheet, specifically on the right-hand side. 
In contrast, for tr = 2.0, the temperature contours show approximately 
equal maximum temperatures for both sheets. The displayed contour 
represents a specific time increment where the maximum joint tem
perature reaches 378K (105 ◦C). At this temperature, the ratio between 
the electric resistivity of the materials (shown in Fig. 14(d)) is calculated 
as 1

ρe
Al

ρe
Cu

= 1
ρe

Al/Cu
= 1

46.88
21.60

= 0.46, which precisely matches the thermal con

ductivity ratio between both materials: kAl
kCu

= kAl/Cu = 180
390 = 0.46. It’s 

worth noting that the thermal conductivity values for copper [42] and 
aluminium [9] were obtained from literature sources and are displayed 
in Table 1.

The Wiedemann–Franz law provides an explanation for the rela
tionship between thermal and electrical conductivity. 

k
σ = LT (11) 

where k is the thermal conductivity, σ is the electrical conductivity of a 
material, L is the Lorentz number, and T is the temperature. As noted 
before, resistivity is given by the inverse of conductivity: 

σ =
1
ρe (12) 

It is possible to account for the actual resistance of the material strips, 
because the sheets have different thicknesses: 

ρe =
RA
l

(13) 

where R is the electrical resistance, A the cross-section area, and l is the 
length of the strip material. Now, substituting the electrical conductiv
ity, σ, in Equation (11) by resistivity as in Equations (12) and (13), it is 
obtained: 

k
RA
l

= LT (14) 

If a ratio is created between aluminium and copper regarding this 
equation, bearing in mind that in most metals, the Wiedemann-Franz- 
Lorenz law is well evidenced at close to ambient or slightly elevated 
temperatures [48], it is obtained: 

kAl
RAlAAl

lAl

kCu
RCuACu

lCu

=
LAlTAl

LCuTCu
= kAl/Cu

RAl/CuAAl/Cu

lAl/Cu
= LAl/CuTAl/Cu (15) 

Respective resistance of the aluminium and copper 2 mm and 1 mm 
sheets was obtained at 105 ◦C (378K) during material thermal-electrical 
characterization as RAl378K = 32.67μΩ and RCu378K = 30.55μΩ. The 
length, l, of the aluminium and copper sheets is the same, as mentioned 
in previous sections, therefore its ratio is lAl

lCu
= 1. Moreover, since the 

width, w, of the material strips is also the same, simplifying by addi
tionally taking into account the thickness ratio, tr (Equation (10)), the 
ratio of the cross-sectional area resumes to: 

AAl/Cu =
AAl

Acu
= tr (16) 

Thermal conductivity ratio was aforementioned calculated and 
temperature, T, at the time (increment) of analysis is 378K, also previ
ously mentioned. The Lorentz number, at ambient or slightly elevated 
temperatures is around LAl = 2.1*10− 8 WΩK− 2 and LCu = 2.54* 
10− 8 WΩK− 2 for aluminium and copper, respectively [48]. However, 
because the authors assumed constant thermal conductivity values for 

Table 5 
Geometrical parameters of the joints for FE thermal-electrical simulations.

Models Parameter 
(s)

Value (mm)

Perfect joints tr 1 2 2.3 4
Hole joints R 8.5 11.85 14 ​
Hole hemmed joints (pre- and post- 

compression)
F 4
Ro 8.5
Ri 14
B 0 3 ​
Lb 8
Wb 2.5
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both materials, given that it does not affect, neither englobes the main 
aim of this study, the assumed-close to theoretical value for the Lorentz 
number for both materials is obtained from the Wiedemann–Franz law 
as: 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

LAl378K =
kAl

σAl378K T
=

180
21330398.27*378

= 2.23 *10− 8 WΩK− 2

LCu378K =
kCu

σCu378K T
=

390
46298761.28*378

= 2.23 *10− 8 WΩK− 2

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(17–18) 

Finally, at a temperature of T = 105◦C (378K) and accounting for all the 
abovementioned factors, it is possible to re-write Equation (15) in order 
of thickness ratio, tr: 

tr =
LAl/CuTAl/CulAl/Cu

kAl/CuRAl/Cu
=

2.23*10− 8

2.23*10− 8*
378
378

*1

0.46*
32.67
30.55

= 2.03 (19) 

To conclude temperature contour analysis, this value essentially repre
sents the thickness ratio to which at a temperature of T = 105◦C (378K), 
the copper and aluminium sheets would reach exactly the same tem
perature. Therefore, it justifies why a thickness ratio of tr = 2.0 presents 
such close temperature contour and maximum values between the 
aluminium and copper sheets. A thickness ratio of tr = 1 (Fig. 14(a)) 
showcases much higher temperature reach in aluminium, as expected 
because of thermal conductivity properties, for the earlier stated 
reasons.

Regarding electrical current density (ECD), equal results in copper 
and aluminium are obtained for a thickness ratio of tr = 1.0 (Fig. 14(b)). 
In the joint overlap, because perfect contact conditions were set, ECD is 
not as high as further away from it, given that the current in that area is 
flowing through a total of 3.05 mm (2 mm aluminium thickness, 1 mm 
copper thickness plus 0.05 mm thin interface layer thickness) thickness 
material. Away from the joint overlap, the total material thickness is 2 
mm, therefore showing lower ECD values. This is transversal to the other 
tr models, explaining why in tr = 2.3 and tr = 2.0 ECD is higher in 
copper, and much higher for tr = 4.0. A value of ECD = 1.07143 * 
107A/mm2 is observed for all models in the aluminium sheet, which is 
expected since its thickness was kept constant (2 mm) and it represents 
the exact value of surface current that was input in the analysis, vali
dating a proper current flow through the materials.

Finally, regarding the electric potential gradient (EPG) (Fig. 14(c)), 
as Equation (7) suggests, its negative (Electric field intensity, E (x)) 
multiplied by the electric conductivity matrix, σE, gives the electrical 
current density, J, which written in a ratio manner between the 
aluminium and copper sheets comes as: 

JAl/Cu = − σE
Al/Cu* ∂φ/∂xAl/Cu (20) 

Writing this equation with regards to the electric potential gradient, for 
a thickness ratio of tr = 2.3, exporting the values from the ECD results 
(Fig. 14(b)) and knowing the conductivity matrix solely depends on 
temperature, for T = 378K: 

(

∂φ/∂xAl/Cu

)

378K
=

(
JAl/Cu

− σE
Al/Cu

)

378K
=

=

⎛

⎜
⎜
⎝

JAl

JCu
− σE

Al/− σE
Cu

⎞

⎟
⎟
⎠

378K

=
1.07143*107

/
2.46587*107

(− 21330398.27)/(− 46298761.28)
=0.94

(21) 

Fig. 12. Contact interactions for the various pre- and post-compression No- and 3-branch joint models.

Fig. 13. Comparison of numerical and experimental evolution of electrical 
resistivity with temperature for AA6082-T4 aluminum and Cu-ETP 
R240 copper.
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This value represents the ratio between the electric potential 
gradient from the aluminium sheet to the copper sheet, suggesting that 
for an ideal thickness ratio of tr = 2.3, for a temperature of T = 378K, the 
aluminium sheet EPG has a value of 0.94 times that of copper, 
explaining the similarities in contour (Fig. 14(c)). Applying this idea 
across the other models, it is understandable why for tr = 4 a much 
larger potential gradient is obtained in copper than in aluminium, given 
that the conductivity matrix (σE) ratio is the same, ranging from 2.27 at 
ambient temperature to 2.17 at 378K, and the ECD in copper is 4 times 
higher, for the same current is flowing through ¼ of the cross-section 
when compared to aluminium. It justifies why EPG in copper is 
roughly 4/2.17 = 1.84 times higher than in aluminium. A tr = 1 shows 
how roughly 2.17 times higher EPG values are obtained in aluminium 
(for the same reasons as for the other models) and tr = 2, representing 
the actual thickness ratio used in experimental procedures, shows an 
almost constant electrical potential gradient across the material sheets. 
Given that Equation (7) introduces the flow of electrical current 
described simply by the Ohm’s law, this fundamentally suggests that the 
premise of the selection of material thicknesses, explained in the “2 
Hybrid busbar design” section, is showcasing an approximately equal 
current flow throughout the joint.

Finally, Fig. 15(a) showcases the electric potential (EPOT) drop (V) 
with the highlighted 100 mm spaced measurement nodes. To recall, the 
electric potential drop (V) (EPOT) measurement between the afore
mentioned nodes, then, by the Ohms law, divided by the input electric 
current, gives the resistance of the joint, showcased in Fig. 15(b) for the 

various tr models, to best simulate the experimental conditions under 
which the manufactured unit cells were tested. A direct relationship 
between thickness ratio and increased resistance is observed, given that 
an increase in tr means a smaller thickness for the copper sheet, meaning 
less material for the electric current to flow through. The EPOT contour 
results show how for smaller thickness ratios the electric potential in the 
aluminium and copper sheets get closer to one another, meaning a lower 
potential drop is observed between them, therefore presenting lower 
electrical resistance. This phenomenon is observed across an increase in 
temperature as well (Fig. 15(b)).

5.2.2. Influence of hole radius
As outlined in the “4.1 Workplan” of the “4 Finite element model

ling” section, three models featuring cantered and perfectly aligned 
holes were simulated (see Fig. 16). The thickness ratio was set to tr = 2 
based on the premise of maintaining constant current flow, as explained 
in previous sections. Due to the extremely similar results obtained, only 
the outcomes of simulations featuring outer and inner sheet hole radii of 
R = 8.5 mm and R = 14 mm, respectively, will be presented. These re
sults were compared with the tr = 2 model to assess the sole influence of 
including a hole on both sheets.

Fig. 16(a) illustrates the impact of hole inclusion on temperature 
contours at a specific increment, where the joint reaches a maximum 
temperature of 378K (105 ◦C), as previously analysed for tr influence. 
While the inclusion of the hole does affect the time it takes for the joint 
to reach elevated temperatures—reducing it due to a cylindrical lack of 

Fig. 14. Thickness ratio, tr , influence on “perfect joint” models at T = 105◦C during the heating stage by Joule effect on: (a) temperature (TEMP) contour [K], (b) 
electric current density (ECD) [ A

m2], (c) electric potential gradient (EPG), and (d) temperature’s influence on electric resistivity of the materials. Note: AA6082-T4 
aluminium is the left-hand side material sheet and Cu-ETP R240 copper is the right-hand side material sheet, across all models.
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material at the joint’s centre—it does not significantly alter the tem
perature distribution across the joint, as suggested by Fig. 16(a).

This lack of significant alteration is attributed to the consistent 
overlap conditions and interactions, which remain unchanged from 
previous simulations, resulting in no discernible effect on temperature 

distribution. However, heat dissipation does occur around the hole in 
the joint’s centre. In perfect joints without holes, heat dissipation pri
marily occurs across the top and bottom surfaces of the cylindrical area 
represented by the hole. In contrast, with hole inclusion, heat is dissi
pated around the cylinder wall surrounding the hole, as there is no 

Fig. 15. (a) Electrical potential [V] results for different thickness ratio, tr , “perfect joint” models at ambient temperature (T = 20◦C) in the initial heating stage by 
Joule effect and (b) temperature’s influence on electrical resistance “perfect joint” models. Note: AA6082-T4 aluminium is the left-hand side material sheet and Cu- 
ETP R240 copper is the right-hand side material sheet, across all models.

Fig. 16. Hole radius, R, influence on “hole joint” models at T = 105 ◦C during the heating stage by Joule effect on: (a) temperature contour, (b) electric current 
density [A/mm2], and (c) electric potential gradient. Note: AA6082-T4 aluminium is the left-hand side material sheet and Cu-ETP R240 copper is the right-hand side 
material sheet, across all models.
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material present on the top and bottom surfaces in these conditions. This 
nuanced difference also explains why joints with holes reach elevated 
temperatures more quickly and why the temperature contour remains 
unchanged. Heat dissipation through convection occurs similarly 
around the hole, along the cylinder walls.

Fig. 16(b) and (c) depict the contours for electrical current density 
(ECD) and electrical potential gradient (EPG), respectively. It was 
observed that the inclusion of the hole significantly influences their 
distribution, as current is compelled to flow around the hole, disrupting 
the continuous and constant path observed in ideal joints. Given that the 
electric potential gradient is defined as ∂φ/∂x, around the hole the EPG 
reaches its maximum value on the side wall of the cylinder, at θ =±90 ◦, 
and its minimum values are obtained at θ = 0 ◦ and θ = 180 ◦, because of 
impediment of flow due to the lack of material that the electrically 
charged particles face (see Fig. 17 for clarification of the θ parameter).

Regarding ECD (Fig. 16(b)), because the current density is obtained 
as a function of the electric potential gradient and the conductivity 
matrix, σE (see Equation (7)), since the aforementioned matrix is solely 
dependent on temperature, for a constant T, ECD behaves like the EPG, 
∂φ/∂x. This explains why its contour is similar to EPG, factored by σE.

The electric potential (EPOT) contour results of the “hole joints” are 
displayed in Fig. 18(a), alongside the obtained electrical resistance for 
this type of joints (Fig. 18(b)), with an extra reference model: tr = 2. 
The results are quite clear, with an increase in resistance directly related 
to an increase in hole radius, R, expectedly. The EPOT contour of the 
various hole joints explains the increase in resistance. The results are 
quite close given that the inclusion of holes simply impacts resistance 
because a lack of material is now present in the centre of the joint.

5.2.3. Hole hemmed joints
Fig. 19 presents a comparison of the temperature contour, at Tmax =

105 ◦C, at a certain time of the analysis when the mentioned maximum 
temperature is obtained at the centre of the unit cell. Fig. 19(a) presents 
the experimentally recorded temperature by the thermal imaging 
infrared camera and Fig. 19(b) displays the numerically obtained results 
when the joint with branches pre-compression model reaches this tem
perature. By observation it is clear that a good agreement was obtained 
between FE models and the thermal-electrical experiments, although 
because of different pressures around the flange area of the outer sheet, 
there are some “hot-spots” captured by the thermal camera. It was ex
pected because of small deviations in contact pressure distribution 
around the flanges, given that the higher the pressure the better the 
current will flow through.

Fig. 20(a) and (b) show the results for the thermal-electrical analysis 
of joints without and with branches before applied compression, 
respectively. Branch-less joints presented a more or less constant elec
trical resistance throughout the experiment in temperature decreasing 

resistance measurement. This is because thermal expansion played an 
impactful role throughout the analysis. Because of initially poor contact 
between the material sheets, and low levels of pressure being applied by 
the outer sheet flange around the inner sheet hole edge, there was room 
for oxide layer to form between the sheets, given that small gaps exist 
between them. Furthermore, the electrical resistance is not linearly 
increasing with temperature because of thermal expansion. The small 
gaps that exist at lower temperatures are non-existent at higher tem
peratures, given that with temperature increase the materials expand 
creating contact between the sheets that once, at low temperatures, did 
not exist, explaining the variable results of electrical resistance with 
temperature increase.

The elimination of gaps upon compression generates small pressure 
at the new aluminium-copper sheet contact points. This contributes to 
lowering resistance: pressure positively impacts current flow. As tem
perature increases, the gap filling process becomes less significant, sta
bilizing pressure and contact conditions. At this point, the increase in 
electrical resistance is primarily due to temperature elevation. Initially, 
3-branch unit cells (pre-compression) exhibited minimal pressure and 
lacked rotation constraints around the centre of the hole, allowing sheets 
to rotate freely. Consequently, significant oxide layers, poor contact, and 
low pressure were evident between the sheets, leading to high electrical 
resistance. Thermal expansion played a crucial role in breaking oxide 
layers and increasing sheet contact, particularly in 3-branch joints due 
to their initial state.

It’s worth noting that the interface layer properties were instru
mental in simulating oxide layers between the sheets and modelling 
thermal expansion. The interface layer’s conductivity properties varied 
with temperature to match experimental results, opposite to the mate
rials’ behaviour. In the No-branch pre-compression simulation, the 
interface layer exhibited conductivity properties that varied with tem
perature to closely replicate experimental conditions.

A comprehensive investigation into the influence of pressure on the 
electrical resistance of the joints was undertaken. Fig. 20(c) illustrates 
the impact of pressure on the joint’s electrical resistance at a constant 
ambient temperature. This data was obtained through successive hy
draulic press compression stages of 20 kN, 40 kN, 60 kN, and 100 kN. 
The experimental procedure involved subjecting the joints to compres
sion at a constant moving speed of 5 mm/min at each specified pressure 
level, followed by measuring electrical resistance at room temperature. 
For branchless joints, the results demonstrated a linear decrease in 
resistance with increasing pressure, as depicted in Fig. 20(c). Conse
quently, a hydraulic press compression of 100 kN was selected for joint 
thermal-electrical testing, as it yielded the lowest resistance. In contrast, 
joints with three branches exhibited a different response to pressure. 
Beyond a compression force of 60 kN, the resistance began to increase 
(Fig. 20(c)). Therefore, 60 kN hydraulic press compression was deemed 
optimal for the thermal-electrical analysis of 3-branch post-compression 

Fig. 17. Introduction of θ parameter in “hole joints” representing the angle to which the current flows around the centered hole in the joint (electric potential 
gradient, EPG, contour).
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joints.
Fig. 20(d) and (e) show the joints electrical resistance-temperature 

results after compression. It’s clear that the hydraulic press compres
sion had a very positive impact on current flow of the joints. Thermal 
expansion no longer significantly impacts the contact between the 
sheets, given that high pressure is now present in the joint overlap. 
Expectedly, due to higher pressure and larger contact area (in the 
bearing area of the joint, given no cuts are induced in the outer sheet 
machining), the post-compression branchless joints showcase lower 
electrical resistance at any temperature than 3-branch post-compression 
joints, with a 29.51–36.07 μΩ and 35.80–42.13 μΩ interval, respec
tively, for a temperature interval of 25–105 ◦C. It is worth noting that 
the comparison between experimental and numerical results confirmed 
the validity of the finite element models created for the joints with 
different configurations and pre- and post-compression conditions, with 
an error of less than 5 %.

Regarding electric current density [ A
m2], the results are quite similar 

across the No-branch and 3-branch models before and after compression 
(Fig. 21). This is because current flow is mainly done through overlap 
contact between the material sheets, given that the flange contact area 
around the bearing area is quite small, and has a very small impact on 
the current flow (tested in solely flange area contact models). From pre- 
compressed to post-compressed joint models the biggest impact on 
current flow is due to the added circular area of contact surrounding the 
flange (check Fig. 12 for clarification). This improves current flow, and a 
slightly more uniform distribution of ECD can be observed in these 
models, especially in the copper sheet area closer to the flange area. 
Regarding the highest ECD areas, a similar behaviour to “hole joints” is 
observed, with current flowing around the bearing area because of 
geometric impediment of the aforementioned, reaching the highest 
values at approximately θ = ±90 ◦ (check Fig. 17 for θ parameter 
clarification).

5.3. Shear tests

Pre- and post-compression joints underwent shear tests at room 
temperature in order to evaluate their mechanical performance 
(Fig. 22). Fig. 22(a) shows the shear test force-displacement curves for 
both pre- and post-compressed No- and 3-branch joints. Initially, there is 
a rapid increase in load attributed to the elastic deformation of the 
material sheets. Subsequently, significant bending of the copper sheet 
occurs, leading to deformation of its hole against the flange. This results 
in a further increase in load for all joints, except for the pre-compressed 
No-branch joint, which stabilizes at a constant load. This stabilization 
occurs because of the increasing contact between the inner sheet hole 
edge and the outer sheet flange. Following compression, the flange ex
erts downward pressure on the outer sheet around its hole area, reducing 
the bearing area that restricts movement of the copper sheet in a shear 
load configuration. Consequently, compressed joints sustain lower dis
placements and loads due to the reduced flange height. In Fig. 22(b), the 
impact of the compressed joints’ shorter flange height is depicted.

As a lower force of 60 kN was applied to compress the 3-branch joints 
compared to the 100 kN for the No-branch joints, the flange height is 
higher in the 3-branch post-compression configuration. This difference 
justifies why compression had a lesser impact on the force-displacement 
curves for these joints compared to the branch-less joints. Additionally, 
the flange length (F) for 3-branch joints was already higher due to 
process design limitations. Consequently, both pre- and post- 
compression joints of this configuration exhibit better mechanical per
formance than the branch-less configuration joints.

Joint failure occurs due to different mechanisms depending on the 
joint configuration. For 3-branch joints, failure happens due to crack 
propagation around the branch edges, caused by very high stress con
centrations. On the other hand, for branch-less joints, failure occurs 
when the outer sheet flange no longer impedes the movement of the 

Fig. 18. (a) Electrical potential (V) results for different hole radius, R, “hole joint” models at ambient temperature (T = 20◦C) in the initial heating stage by Joule 
effect and (b) temperature’s influence on electrical resistance on “hole joint” models. Note: AA6082-T4 aluminium is the left-hand side material sheet and Cu-ETP 
R240 copper is the right-hand side material sheet, across all models.

Fig. 19. Temperature distribution for an instant of analysis time corresponding to a maximum temperature on the centre of the unit cell of Tmax = 105◦C for HH pre- 
compressed joints with branches: (a) experimentally obtained by the thermal imaging infrared camera, and (b) numerically predicted by the finite element 
simulations.
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inner sheet around the bearing area, leading to sheet dismount. This 
failure mechanism is known as hole bearing.

In Fig. 22(c) and (d), the maximum initial and end load averaged 
values obtained for pre- and post-compression joints are presented, 
respectively. The error bars indicate the standard deviation obtained 
across several joint tests. Pre-compression, 3-branch joints reached a 

maximum shear load of 4.53 kN and 13.84 mm displacement, while 
branch-less joints achieved 3.56 kN and 9.30 mm, respectively. After 
compression, 3-branch joints showed a maximum shear load and 
displacement of 3.79 kN and 6.39 mm, respectively. In contrast, branch- 
less joints after compression sustained lower loads and displacements, 
with the best joint reaching 3.05 kN of maximum shear load and 6.12 

Fig. 20. (a) Experimental and numerically predicted influence of temperature in joints electrical resistance for No-branch pre-compression joints and for (b) 3- 
branch pre-compression joints, (c) pressure’s influence on joints electrical resistance at ambient temperature (T = 20◦C), (d) experimental and numerically pre
dicted influence of temperature in joints electrical resistance for No-branch post-compression joints and for (e) 3-branch post-compression joints.
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Fig. 21. Electric current density [A/m^2] for pre- and post-compression joints with and without branches at a current spike stage at a temperature of around 85 ◦C.

Fig. 22. (a) Shear force - displacement test curves for the four joint types: pre- and post- No- and 3-branch joints, (b) pre- and post-compression joints at the end stage 
of the shear test, (c) maximum initial shear load, end shear load and displacement for pre-compression joints, (d) maximum initial shear load, end shear load and 
displacement for post-compression joints.
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mm maximum displacement.

6. Conclusions

This paper presents novel joints produced by an innovative joining 
technique called hole hemming, aimed at joining two dissimilar 
aluminium and copper strips for potential hybrid busbar manufacturing. 
The study demonstrated that an increase in thickness ratio resulted in 
higher electrical resistance with increasing temperature. Similarly, the 
inclusion of holes in the joint configuration also increased electrical 
resistance across all temperatures. Two models were simulated to 
approximate finite element analysis to experimental joint testing, before 
and after the compression manufacturing step. The numerical models 
were validated through direct comparison with experimental tests of the 
electrical resistance-temperature behaviour. An increase in electrical 
resistance compared to ideal joints was expected and observed.

A study on the influence of pressure was conducted due to the known 
impact of pressure on electric current flow behaviour in a joint. At 
ambient temperature, it was found that a 60 kN hydraulic press 
compression improved the current flow in 3-branch joints by decreasing 
electrical resistance by 78.1 %. In the case of No-branch joints, a 
decrease of 35.9 % was observed. The same joints were subjected to a 
destructive shear test. Results showed that pre-compression joints sus
tained higher loads and displacements, with values around 4.53 kN of 
maximum shear load and 13.84 mm maximum displacement for 3- 
branch joints, and 3.56 kN and 9.30 mm, respectively, for maximum 
shear load and displacement in the case of branchless joints. Although 
lower values were obtained for joints after hydraulic press compression, 
the significantly improved current flow behaviour compensated for the 
slightly reduced mechanical performance. Post-compression branchless 
joints exhibited electrical resistance intervals of 29.51–36.07 μΩ and 
35.80–42.13 μΩ over a temperature range of 25–105 ◦C, with a linear 
increase in electrical resistance. Despite the inherent decrease in resis
tance due to the reduced material in the joint characteristic of HH joints, 
the results are promising. This joining technique requires no additional 
elements, materials, or welding techniques, thereby avoiding additional 
weight, cost, and any adverse effects on the thermal and electrical 
properties of the materials. In conclusion, this technique shows great 
potential for integration into hybrid busbar manufacturing operations 
tailored for electric vehicle battery applications. However, the investi
gation primarily focuses on static conditions, without considering the 
effects of mechanical loads, vibrations, or long-term degradation on the 
thermal-electrical performance of the joints. Additionally, the joints 
have not yet been tested within a battery pack for interconnecting bat
tery modules. Future work will address these aspects to provide further 
insights into the capabilities of the proposed interconnections for hybrid 
busbars.
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