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This paper is focused on hybrid busbar joints with a twofold objective of understanding the differences in
electrical resistance under service conditions and evaluating their performance when subjected to hazardous
high voltages. Three different types of joints fabricated by conventional bolting, friction stir spot welding and
injection lap riveting are selected and two different experimental setups are used to allow the hybrid busbars to
be tested up to high voltage electrical discharges of 30 kV. The work is an enhancement of previous experimental

and numerical investigations of the authors in the field with results showing no signs of damage or catastrophic
failure when the different types of busbars are subjected to high voltage electrical discharges. Results also
confirm the good overall performance and advantages of injection lap riveted hybrid busbar joints against bolted

and friction stir spot welded.

Introduction

Busbars are used to carry mid-to-high amounts of current from one
point to another in electric power distribution systems. They are made
from laminated sheets or bars and used in power stations, industrial
plants, residential housing, and electric vehicles, due to practical and
functional advantages resulting from their conducting capabilities,
compactness, flexibility, cost-effective manufacturing, and easy instal-
lation (Singh et al., 2019).

Typical electric power distribution systems based on busbars require
the laminated sheets or bars (hereafter referred to as ‘the conductors’) to
be bent, machined, and interlocked together to create various configu-
rations with specific lengths and cross sections to handle the required
currents. Mechanical interlocking with bolts is widely used in busbars
but the electric performance of the joints is very much influenced by the
size and conditions of the contact areas and by the applied pressure,
which are dependent on the number of bolts, design of the joint, and
effectiveness of tightening (Tzeneva et al., 2007).

Busbars are preferentially made of copper due to its high electric
conductivity and low coefficient of linear thermal expansion, but the
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rising price of copper (YCharts, 2023) has been stimulating the interest
in the utilization of hybrid busbars made from copper and aluminum.
However, the combination of copper and aluminum in busbars for
electric power distribution systems raises several technical issues that
need to be addressed.

Firstly, the lower electrical conductivity of aluminum requires the
cross-section of the aluminum busbars to be approximately 2.3 times
bigger than that of copper busbars to ensure equal electrical conduc-
tance (Sampaio et al., 2022). Secondly, the differences in the physical,
mechanical, and chemical properties of copper and aluminum raise
difficulties and quality problems when mechanical interlocking with
bolts is replaced by welding with the objective of improving the contact
areas, preventing self-loosening and eliminating the distortions arising
from the use of very high tightening torques in a small number of bolts.

In fact, fusion welding processes such as laser welding, resistance
spot welding, and arc welding also give rise to distortions and residual
stresses due to their heating-cooling cycles and to the formation of hard
and brittle intermetallic compounds when attempting to connect dis-
similar materials such as aluminum and copper (Schmidt et al., 2012;
Sudhanshu and Panda, 2012).
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This paper is focused on the electric performance of hybrid busbars
joints fabricated by three different processes (conventional bolting,
friction stir spot welding and injection lap riveting) belonging to the
most used technologies (fastening, solid state welding and joining by
forming) to connect copper and aluminum conductors placed on top of
one another (Fig. 1) (Meschut et al., 2022).

Its objectives are twofold: (i) to determine and compare the electrical
resistance of the three different types of hybrid busbar joints under
service conditions and (ii) to understand how these joints behave under
hazardous high voltage conditions caused by short circuits or atmo-
spheric events. In the case of the latter, several electrical discharges are
utilized to replicate hazardous events caused by rapid charging hubs in
electric vehicles or by lightning strikes in the electrical distribution
systems of power stations or industrial plants.

Results in service conditions show that the electric performance of
the bolted joints is better than that of the injected lap riveted, and
friction stir spot welded joints, but also indicate that its effectiveness can
be strongly compromised by unintentional self-loosening. The perfor-
mance of the three joints under high electric voltage is similar, showing
no signs of damage or catastrophic failure, but presenting a higher in-
crease in temperature for the bolted joints due to the greater electric
resistivity of the steel fasteners.

Methods and procedures
Materials and manufacturing processes

The experimental work was carried out in unit cells that are repre-
sentative of hybrid busbar joints (Fig. 2a). The unit cells were fabricated
from laminated aluminum AA6082-T6 sheets with w,; = 50 mm width
and ty; = 5 mm thickness and electrolytic copper C11000 sheets with
Wcy = 50 mm width and tg, = 2 mm thickness, to obtain a cross section
ratio Su;/Scy = 2.5. This value is close to the theoretical cross-section
ratio of 2.3 that ensures equal electrical conductance in both
aluminum and copper conductors (Sampaio et al., 2022).

The mechanical characterization of the aluminum and copper sheets
was carried out in an Instron 4507 universal testing machine by means
of tensile specimens that were cut out from the sheets and tested in
accordance with the ASTM E8/E8M (2016). Data was retrieved from a
previous work of the authors (Sampaio et al., 2023). Table 1 summarizes
the results of mechanical characterization that were subsequently used
in finite element analysis.

Fig. 2b describes the two-step production flow that the three
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different joining processes chosen by the authors had to follow to
fabricate the unit cells of the hybrid busbar joints (hereafter simply
referred to as ‘unit cells’) (Pragana et al., 2023). As mentioned earlier,
the selection of conventional bolting (CB), friction stir spot welding
(FSSW) and injection lap riveting (ILR) was made considering the need
to cover three of the four joining technologies indicated in Fig. 1.

As seen in Fig. 2b, the aluminum and copper conductors were first
prepared according to the ready-to-join requirements of each joining
process (refer to stage I). In the case of CB this meant drilling through
holes of 8.4 mm of diameter in both conductors whereas in the case of
ILR this meant drilling dovetail ring and countersunk holes in the
aluminum and copper conductors, respectively. FSSW did not require
preparation of the conductors.

In stage II, the aluminum and copper conductors were joined to
create unit cells. In the case of bolted unit cells, two different tightening
torques of 5 Nm and 20 Nm were applied on M8 hexagonal socket head
bolt-nut pairs made from medium carbon steel (class 8.8). The smaller
tightening torque was used to replicate some level of unintentional self-
loosening of the joints.

The friction stir spot welded unit cells were fabricated in an ESAB
Legio FSW3U machine using a rotational tool with a shoulder diameter
of 16 mm and a taper cylindrical pin with a diameter of 5 mm.

Injection lap riveted unit cells required a semi-tubular rivet made
from electrolytic copper C11000 to be forced through the countersunk
hole of the copper sheet into the dovetail ring hole of the aluminum
sheet by compression with a punch. The process was carried out at
ambient temperature in a hydraulic testing machine Instron SATEC
1200 kN.

The fabrication conditions of the three processes (CB, FSSW and ILR)
are given in Table 2.

Electrical characterization

The electrical characterization work was carried out under two
different types of operating conditions which will be hereafter referred
to as ‘service’ and ‘high voltage’. The work carried out in ‘service’
conditions involved the determination of the electrical resistance of the
unit cells that are representative of the three different types of hybrid
busbar joints. The experiments made use of the setup that is schemati-
cally shown in Fig. 3a, which consists of two clamps where the unit cells
are fixed and connected to the power supply of a micro-ohmmeter Kocos
PROMET R600. A current of 600 A is passed through the specimens
during approximately 2 s to allow measuring the induced voltage drop V
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Fig. 2. (a) Schematic representation with dimensions of the unit cells of the hybrid busbar joints and (b) details of their fabrication by means of conventional bolting

(CB), friction stir spot welding (FSSW), and injection lap riveting (ILR).

Table 1
Summary of the mechanical and electrical characterization of materials.

AA6082-T6 aluminum C11000 copper

Elastic modulus (GPa) 69 110
Yield stress (MPa) 260 222
Poisson ratio 0.33 0.36
Flow curve (MPa) o =381 £008 o = 339 0002

Electric resistivity (uQmm) 40.6 17.6

between two probes spaced 100 mm apart.

The electrical resistance of the unit cells was calculated from Ohm’s
law and the value was assumed to remain constant during the entire
duration of the test due to negligible increase of temperature during the
2 s duration of each test.

The same setup was utilized to determine the electric resistivity of
the aluminum and copper conductors at ambient temperature that were
used in finite element analysis. Results are given in Table 1.

The work carried out in ‘high voltage’ conditions consisted in sub-
jecting the unit cells to electrical discharges in the ALEX (‘ALambre
EXplosivo’) exploding wire system that is schematically shown in
Fig. 3b. The system consists of two capacitors with 1.1 pF each, con-
nected in parallel to a high voltage source and to a spark gap thyristor
acting as a switch to deliver the capacitors bank charged voltage at will.
All the other electrically relevant elements of the system, such as cables,
and connection surfaces, are simplified into the inductance and resis-
tance denoted as Ly and Rg in the scheme.

In contrast to the ease of measuring voltages and currents in the
setup of Fig. 3a, analogous measurements for the setup of Fig. 3b are
difficult to perform because there are no commercial devices capable of
measuring the corresponding values arising from the high voltage dis-
charges. For this reason, three detectors consisting of two resistive
voltage dividers and one Rogowsky coil were specially designed and
constructed to perform measurements of voltage and current, and cal-
culations of the current derivative, passing over time through the unit
cells of the hybrid busbar joints.

The three detectors were connected by BNC (Bayonet Neill-
Concelman) coaxial cables to one oscilloscope placed in a Faraday
cage room to isolate from the electromagnetic pulse produced during the
open-air discharges. Data from the oscilloscope was then stored in a
computer, for later processing.

Each unit cell was subjected to a series of 10 electrical discharges
with nominal voltages of 10 kV and 30 kV and measurements were
recorded for the first, sixth and tenth discharges of each voltage. A
commercial infrared thermometer was used to measure the temperature
of the unit cells and its increase with the number of discharges.

To conclude, it is worth noting that because the unit cells were not
changed or moved during the series of 10 electrical discharges at each
voltage, the absolute temperatures increased without a direct relation
with the current passing through. Therefore, to eliminate this influence,
only the increment of temperature from the first electrical discharge was
used to compare the performance of the different unit cells.

Finite element modelling

The performance of the unit cells corresponding to the three different
hybrid busbar joints under service conditions was further evaluated
through finite element simulation using the computer program i-form
developed by some of the authors (Nielsen and Martins, 2021).

The simulations made use of a staggered coupling between the me-
chanical and electrical governing equations, in which the former are
used to analyze, for example, the influence of the tightening torque on
the distribution of pressure along the contact areas between the two
conductors of a bolted unit cell, and the latter is used to predict the
distribution of electric current across the conductors and the electrical
resistance of the joints.

The mechanical governing equations that are used for finite element
implementation are built upon the following weak variational form of
the quasi-static equilibrium, in current (deformed) configuration in the
absence of body forces,



G.R. Prieto et al.

Table 2
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Summary of the fabrication conditions of the unit cells produced by CB, FSSW and ILR.

Conventional bolting (CB)

Nut
Process parameters Material Size Tightening torque (Nm)
Medium carbon steel (class 8.8) M8 5; 20
Friction stir spot welding (FSSW) /|
P 8 Shoulder J' Plunge Rotation . Dwell
) speed speed time
Pin

Process parameters Shoulder diameter (mm)

16 5
D

-—'—td-
H . .
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Injection lap riveting (ILR)

Pin diameter (mm)

Rotation speed (rpm) Plunge speed (mm/min) Dwell time (s)
600 6 30
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SL (C11000 copper) /2 (446l
aluminum)
d; d
Process parameters d; (mm) d, (mm) D (mm) H (mm) s (mm) a(®) d, (mm) t (mm)
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Fig. 3. Schematic representation of (a) the setup for measuring the electrical resistance of the unit cells with photograph and of (b) the ALEX exploding wire system

that was utilized to apply high voltage electric discharges in the busbars.
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where o; is the Cauchy stress tensor, Dj; is the rate of deformation tensor,
t; are the tractions applied on the boundary S;, and $v; is an arbitrary
variation in the velocity because the finite element computer program is
written in terms of velocities, instead of displacements.

The electrical governing equations that are used for finite element
implementation are built upon integration of Laplace’s equation for an
arbitrary variation 6® of the electric potential ®, which by application of

the divergence theorem give,

/ @ ,6D,dV = / ®,,dS

\4 N

4

In the above equation, @, is the normal gradient of the electric po-
tential to the free surfaces, which is zero and therefore cancels out the
right-hand side. The current density j; = ®;/p° across a specific location i
of the unit cell is obtained by differentiation and division of the electric
potential ® by the electric resistivity p¢.

Fig. 4 shows the finite element model utilized in the electro-
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Fig. 4. Electro-mechanical finite element model utilized in the numerical simulation of the unit cells that are representative of the 5 Nm and 20 Nm bolted unit cells.

mechanical simulation of the bolted unit cells. The conductors, bolt, nut,
and thin-interface layer were assumed as deformable elastic-plastic
objects and discretized by means of hexahedral elements.

The thin-interface layer models the surface roughness and oxide
films along the contact interface between the two conductors and its
thickness was taken as 0.05 mm. The mechanical behavior of this layer
was assumed to be equal to the arithmetic mean (average) of the copper
and aluminum conductors, whereas the electrical behavior, namely the
electric resistivity p¢, was made dependent on the normal pressure p,
along the contact areas between the two conductors (Studer, 1939),

C
VPu

In the above equation, C is a constant that depends on the conductors
and processing conditions, as explained in a previous work of the au-
thors (Sampaio et al., 2022).

In the special case of friction stir welded unit cells, the mechanical
and electrical behaviors of the mixing zone of the two materials (welded
zone) were additionally supplied as the average of aluminum and
copper.

The simulation conditions replicate those of the experimental pro-
cedure, in which a current of 600 A is passed though the unit cells during
2 s. The tightening torque was included in the simulation by applying an
equivalent tension directly at the bolt end (Fig. 4).

P = ®)

Results and discussion
Performance under service conditions

The performance of the unit cells under service conditions was
analyzed by means of a combination of experimental and numerical
simulations. Fig. 5 shows the electrical resistance of the unit cells
measured in accordance with the methods and procedures described in
Section 2.2 (refer to Fig. 3a) and calculated with the finite element
computer program i-form. The ideal unit cell in Fig. 5 considers perfect

[y — [\ N (O8]
o w (=] W (e

Electrical resistance (1€2)

W

Ideal CB(5Nm) CB (20 Nm)

contact and complete absence of roughness, contaminants, and oxide
films along the contact surface between the aluminum and copper
conductors.

As seen, the smallest experimental values are obtained for the 20 Nm
bolted unit cell (18.8 uQ2) and the injection lap riveted unit cell (19.2 uQ)
whereas the largest value is obtained for the 5 Nm bolted unit cell (28.9
uQ). The 54 % increase when the tightening torque is reduced from 20
Nm to 5 Nm helps understanding the highly sensitivity of bolted unit
cells to self-loosening because the smallest torque is close to a situation
in which the bolt and nut are near loosened. This reduces the normal
pressure p, along the contact area between the two conductors (Fig. 6),
thereby increasing the electric resistivity (5) created by the surface
roughness and oxide films and eventually the overall electrical resis-
tance of the joint.

In fact, as shown in Fig. 7a, the current stops flowing across the thin-
interface layer modelling the surface roughness and oxide films, and
mainly flows through the bolt. This is exactly the opposite of what is
observed in Fig. 7b, where the greater normal pressure resulting from
the 20 Nm tightening torque enables the current to flow across the thin-
interface layer located at the neighborhood of the bolt instead of flowing
through the bolt itself.

The finite element predicted distribution of current density for the
friction stir spot welded unit cells (Fig. 7c) also shows significant dis-
ruptions in the flow of electric current with the highest current density
values located in the mixing zone of the two materials. This is attributed
to the keyhole left by the rotating tool in the stir zone after being pulled
out and explains the reason why the electrical resistance of these unit
cells is greater than that of the 20 Nm bolted and injection lap riveted
unit cells (refer to Fig. 5).

The injection lap riveted unit cells present the smaller disruptions
with electric current passing through the rivet and the surrounding
contact surface between the two conductors (Fig. 7d). However, its
electrical resistance is still relatively large when compared to an ideal
unit cell (13.7 pQ).

o Exp. @ FEM Ppr- . e

FSSW ILR

Fig. 5. Experimental and finite element predicted electrical resistance of the different unit cells at ambient temperature. The ideal unit cell is included for refer-

ence purposes.
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Fig. 6. Detail of the finite element predicted distribution of normal pressure (MPa) in the conductors around the bolts and nuts for the (a) 5 Nm and (b) 20 Nm bolted
unit cells.

(d

Fig. 7. Finite element predicted distributions of current density (A/mm?) for the (a) 5 Nm bolted, (b) 20 Nm bolted, (c) friction stir spot welded and (d) injection lap
riveted unit cells.

— Voltage —— Current derivative — Current derivative
40 5 40
n
.30 3.75 ~ 30 1 il
S =1 \
I | I
S 20 2.5 2 209 1!
X X | |
L 10 125 < 2 101
N £ = FH
2 0 0 & 2 0 I |
= = = |
£ 110 (125 S E 104
Q Q |
= = iy
£ 20 25 5 204 \y
E £ Y
O 30 -3.75 © 30 4
-40 -5 -40
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (ps) Time (ps)
(@) (b)

Fig. 8. Electrical discharges with the capacitors charged nominally at 10 kV. (a) Current derivative (left vertical axis) and voltage (right vertical axis) as a function of
time for a unit cell fabricated by ILR. (b) Current derivative as a function of time for a unit cell fabricated by CB with a tightening of 5 Nm.
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Performance under high voltage conditions

The high voltage electrical discharges through the unit cells in the
ALEX system (Fig. 3b) are typical of short-circuit discharges through an
RLC (resistor-inductor-capacitor) circuit. This is shown in Fig. 8a for a
unit cell fabricated by ILR and tested with the capacitors charged
nominally at 10 kV, in which the first peak (maximum amplitude)
measured in the unit cell is approximately equal to 4 kV due to circuit
losses. The estimate of the total circuit inductance Ly = 170 + 8 nH
agrees well with previous measurements (Rodriguez Prieto et al., 2017).

The first peak in voltage is not synchronized with the first thin peak
of current derivative (30 x 1071° A/s at 5 ps) because the sensed cur-
rent derivative of the first peak is mostly caused by the high voltage
trigger source, which does not lead to much current flow across the unit
cell. The remaining evolutions of voltage and current derivative with
time, as commented before, are typical of an oscillating exponential
decay of an RLC circuit caused by a short circuit event. This decay
subjects the unit cells to different voltages that correspond to both high
voltage and service conditions of busbar power distribution systems.

The electrical discharges carried out with the bolted and friction stir
welded unit cells led to similar results regarding synchronization and
shape of the voltage and current derivative with time, as expected from
short-circuits through RLC circuits. The only small difference was found
for the bolted unit cell with a tightening torque of 5 Nm that showed
several very thin peaks in current derivative (refer to the region marked
with a black dashed ellipse in Fig. 8b).

This different behavior of the 5 Nm bolted unit cell is likely caused by
the smaller pressure along the contact region between the two con-
ductors that causes disruptions in the current flow with the steel bolts
with larger electric resistivity being used to convey most of the electric
current flow, as shown in the numerical simulation results obtained
under service conditions (refer to section 3.1). Despite this difference,
results allow the conclusion that all types of unit cells can safely with-
stand the series of 10 electric discharges that give rise to 4 kV peaks.

This last conclusion also applies for electrical discharges with the
capacitors charged nominally at 30 kV, which present similar voltage
curves for the first and tenth discharge in all types of unit cells. Fig. 9a
illustrates these observations for the 20 Nm bolted unit cell.

Fig. 9b shows similar voltage curves that were obtained for all types
of unit cells, in which the small differences in voltage frequency that are
observed in the 20 Nm bolted unit cell are attributed to circuit noise
produced by the spark gap operation.

It discharge —— 10™ discharge

Voltage (kV)

0 5 10 15 20 25 30 35 40 45
Time (ps)
(a)
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In view of the above, it is not possible to identify which of the unit
cells performs better under high voltage conditions. They all perform
very well, without signs of damage or catastrophic failure.

Thus, to force a ranking from best to worst based on the performance
of the unit cells under high voltage conditions, it was necessary to
measure the increase of temperature during the electrical discharges.
This was done with an infrared thermometer and the results included in
Table 3 show a clear difference in the overall temperature increase for
the 20 Nm bolted unit cell (namely in the bolt), which for this reason is
ranked as the worst performing in high voltage conditions when
compared to the friction stir spot welded and injected lap riveted unit
cells.

The results obtained for the 5 Nm bolted unit cell are once again
discarded because the changes in the temperature of the bolt with the
increase of voltage are contrary to expectations, most likely because of
the small pressure along the contact region between the two conductors.
In fact, depending on the contact pressure that exists at a given moment,
there may be more or less current flowing through the bolt, thus influ-
encing its temperature.

Conclusions

Two main conclusions can be drawn from this investigation. Firstly,
the electrical resistance of the hybrid busbar joints is very much
dependent on the joining processes due to its influence on the effective
contact surface between the two conductors, which has a direct impact
on the flow of current under service conditions. Secondly, all different
types of hybrid busbar joints are capable of withstanding hazardous

Table 3
Temperature increase in the unit cells for different high voltage electrical
discharges.

Unit cell Nominal voltage discharge (kV) Temperature rise (°C)
Conductors Bolt
CB (5 Nm) 10 1 1
30 0.6 0.5
CB (20 Nm) 10 1.5 0
30 1 3
FSSW 10 0 -
30 0.7
ILR 10 0 -
30 1
— CB5Nm ILR
—— CB20Nm FSSW
10
7.5 A i
s ]
S 254
=
-
I i L
g 4
G
> 2.5 A
-5 4
75 A
-10
0 5 10 15 20 25 30 35 40 45
Time (ps)
(®)

Fig. 9. Voltage as a function of time for electrical discharges with the capacitors charged nominally at 30 kV. (a) 20 Nm bolted unit cell subjected to ten discharges

showing the first and last discharges. (b) First discharge for all types of unit cells.
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events consisting of repeated short circuit high voltage electrical dis-
charges without signs of damage or catastrophic failure.

Regarding the other conclusions to be drawn from this investigation,
it can be stated that despite bolted joints present the lowest electrical
resistance, its performance can be greatly affected by loosening with 54
% increase in electrical resistance when the tightening torque is reduced
from 20 Nm to 5 Nm. This result, together with the better performance
of injection lap riveted joints in high voltage testing, allows concluding
that the latter is the one offering better overall electrical performance.
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