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ARTICLE INFO ABSTRACT

Keywords: The rapid advancement in the electrification of modern vehicles has led to a continuous increase in electrical
Stud welding consumers for various comfort and safety functions. Ground studs serve as the electrical interface between the
Aluminum

conductive vehicle body and the onboard network. Drawn arc stud welding is an economical and established
joining process for producing ground stud joints. The circuits in the onboard network are increasingly subject to
greater demands regarding current-carrying capacity and long-term stability. Reliable signal and power trans-
mission require minimal contact resistance at the electrical connection points of the ground stud system and must
withstand various operating and environmental conditions over the entire service life. In this study, a ground
stud made of AIMg5, with a ZnNi-coated steel cap nut was used on a 2.0 mm thick sheet of AIMg3. The electrical
connection of the ground studs was made using tinned copper cable lugs and 35 mm? cables. To analyze the
electrical resistance behavior in an accelerated test, the ground studs were subjected to a superimposed load with
a cyclic current profile for 1008 h under changing climatic conditions. The results show that under the chosen
operational and environmental conditions, accelerated aging and intermittent resistance behavior occur. A
characteristic drop in resistance during the test indicates the failure point of the electrical connection. The cause
of failure can be attributed to media penetration into the electrical contact zone. A failure of the electrical
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connection was observed after 512 h.

Introduction

To address energy and environmental issues, developing high-
performance and cost-effective structures has long been a goal in engi-
neering (Geng et al., 2021a,b; Hu et al., 2021). This goal is particularly
evident in the automotive industry, where the increased use of light-
weight materials reduces vehicle weight, thereby lowering emissions
and meeting increasingly stringent CO5 reduction regulations (Robinson
et al., 2019; Emadi et al., 2022). In particular, the demand for light-
weight solutions has highlighted the importance of using materials with
high strength-to-weight ratios, especially in the automotive industry
(Wu et al., 2018; Xia et al., 2020). Aluminum alloy materials, with their
high specific strength, excellent processing performance, and recycla-
bility, offer significant lightweight potential (Xian et al., 2019; Yang
et al., 2022). Replacing some traditional steel components with
aluminum alloys can achieve weight reduction without sacrificing the
strength or structural stiffness of the vehicle body (Zhang et al., 2022; Li

et al., 2019; Sun et al., 2021; Hirsch, 2014). This aligns with the design
philosophy of using the right material in the right form for the right
place (Taub and Luo, 2015). Examples of aluminum-intensive vehicle
bodies include the Audi A8 D5 and Cadillac CT6, which use 58 % and 62
% aluminum alloys in their body structures, respectively. Additionally,
this is crucial for increasing range in the context of e-mobility and
ensuring the crash safety of battery housings (Czerwinski, 2021; San-
guesa et al., 2021; Scrosati et al., 2015).

The electrification of modern vehicles increases the number of
electrical consumers that enable various comfort and safety functions
(Kohler et al., 2011), such as air conditioning, electric seat adjustment,
and assistance and information applications. With the current range of
functions, the conventional 12-volt onboard network has already
reached its performance limits. Consequently, increasingly higher cur-
rents are required at a constant 12-volt network voltage. The resulting
current heating necessitates increasingly larger cable cross-sections
(Spahr, 2017). The solution to ensuring increased power requirements,

Abbreviations: AC, Alternating Current; DC, Direct Current; DASW, Drawn Arc Stud Welding; EDX, Energy Dispersive X-ray Spectroscopy; SEM, Scanning Electron
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especially with regard to e-mobility and autonomous driving, is the
integration of a second partial onboard network with 48-volt technol-
ogy, which supplements the 12-volt onboard network. This opens up
numerous new applications with powerful functions, such as brake en-
ergy recovery (recuperation), driver assistance systems (e.g., automatic
steering), and electrically driven compressors. Consequently, both the
complexity of the onboard network and the number of necessary elec-
trical ground connection points in the vehicle increase. An important
component of every vehicle body is ground studs, which serve as an
electrical interface between the vehicle body and the onboard network.
The connection of electrical consumers is made by mounting tinned
copper cable lugs to the ground studs attached to the vehicle body. In
automotive engineering, functional elements, e.g. self-piercing studs
(Fiissel et al., 2022) or weld studs (Ramasamy, 2000; Reis and Braun,
2024) are used in many cases. Due to the numerous advantages of
welded joints compared to mechanical joints, drawn arc stud welding
(DASW) is often used for aluminum applications related to electrical
contacting in automotive engineering (Reis and Braun, 2024). DASW is
used to produce an inseparable, material-locking ground connection on
aluminum components. This ensures mechanically and electrically
robust current transmission (Reis and Braun, 2024). The welding pro-
cess is characterized by a very short process time, one-sided accessibility
to the joint, and a high degree of automation (Vural, 2014; Hsu, 2015).
DASW is therefore a very economical and established welding process
for joining solutions in the automotive industry (Ramasamy, 2002). A
schematic of the AC-process for aluminum applications is shown in
Fig. 1.

Aluminum alloys are particularly suitable for current transport due
to their good electrical and thermal conductivity (Ostermann, 1998;
Lumley, 2011). Electrical conductivity depends on both the alloy
composition and the heat treatment condition (Ostermann, 1998). Due
to their high oxygen affinity, a natural oxide layer (AlyO3) quickly forms
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on the aluminum surface even under normal environmental conditions
(Ostermann, 2014). The oxide layer is a very thin, dense, firmly
adhering, amorphous protective layer with very low electron and ion
conductivity (Ostermann, 2014). The composition, thickness, and elec-
trical resistance of the oxide layer depend on the alloy composition,
manufacturing process, and storage and processing conditions
(Ostermann, 2014). The growth rate and thickness of the oxide layer
increase with humidity (Godard, 1967) and elevated temperature
(Hunter and Fowle, 1956). In electrical connections, these characteris-
tics of aluminum alloys pose additional challenges. The circuits in the
onboard network are increasingly subject to high demands regarding
current-carrying capacity and long-term stability. Reliable signal and
power transmission play a central role, especially in the context of
e-mobility and autonomous driving.

For current transmission, minimal contact resistance at the electrical
connection points is desired over the entire lifespan. This resistance is
influenced by several factors such as connection geometry, contact
force, temperature, and material. It increases over the operational
period due to various aging mechanisms, including force degradation,
foreign layer formation, electromigration, fretting corrosion and inter-
diffusion (Schlegel et al., 2012; Braunovic, 2009; Oberg et al., 1996;
Hildmann, 2017). These different aging mechanisms generally occur
simultaneously. Depending on the type of connection, the materials
used, the electrical load, and the environmental conditions, different
mechanisms may dominate the aging process. All mechanisms are highly
temperature-dependent - the higher the temperature the faster the
electrical connections ageing (Hildmann, 2017; Pfeifer, 2015). Fig. 2
shows a schematic of the aging-related progression of contact resistance,
divided into various phase sections of the lifecycle curve (Schlegel et al.,
2022). The so-called intermittent phase describes a phased, unstable
resistance behavior that marks the failure of the electrical connection
since reliable electrical function can no longer be ensured. It is known
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Fig. 1. Schematic drawn arc stud welding AC-process for aluminum application according to (Reis and Braun, 2024).
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Fig. 2. Service life characteristic of an electrical connection according to (Schlegel et al., 2022; Bergmann, 1996).

from power engineering that the onset of intermittence is related to the
melting temperature reached at the microcontacts (Schlegel et al., 2022;
Bergmann, 1996).

The growing market for electric and hybrid vehicles is leading to an
increasing number of vehicles with complex onboard network systems.
As vehicle electrification increases, the need for reliable electrical con-
tacts and systems is becoming ever more important. A common measure
for the reliability of onboard network components is the failure rate
(FIT: Failure In Time). The failure rate is the time-averaged frequency of
an observed failure. Currently, no statements can be made regarding
failure models and failure rates for ground stud connections, as there is
insufficient data from field observations (ZVEI e.V. und Bayern Inno-
vativ GmbH 2024). Among the most commonly used types of contacts in
the automotive industry are electrical connectors, which represent
typical separable electrical contacts in the onboard network. Song et al.
(2018) examined the reliability of electrical connectors using acceler-
ated lifetime tests characterized by thermal and mechanical loads. The
reliability, based on the failure rate, is investigated under varying vi-
bration and thermal cycle loads and represented by a model predicting
the failure rate. Kloch et al. (2021) studied electrical connectors with a
focus on the fretting phenomenon, which is caused by microscopic
movements between contact surfaces. The investigations to predict
performance and durability include dynamic tests (shock test, vibration
test), humidity and temperature tests (temperature shock, splash water)
and numerical modeling approaches. In addition to examining individ-
ual components, comprehensive studies have also analyzed real-world
applications and their failure mechanisms. In an extensive study by
Hilmert et al. (2022), electrical connectors in field vehicles from various
automotive manufacturers were analyzed for different failure mecha-
nisms, and their frequency was statistically evaluated. It was found that
the most common main causes of electrical connector failures in
long-term use are fretting corrosion and oxidation of the contact surface,
as well as wear of the often-tinned surfaces. Rachman et al. (2013)
investigated the influence of contact pressure and surface roughness of
uncoated, nickel-plated, and silver-plated copper connectors and found
that the resulting contact resistance is influenced not only by the specific
resistance of the contact material but also by the surface topography and
roughness. Braunovic (1981) investigated the impact of cyclic current
loads on bolted aluminum connections and observed a drastic loss of
contact force. Schneider et al. (2009) showed in their study of Al-Cu
busbar connections at an aging temperature of 140 °C that uncoated

contact surfaces of Al-Cu connections have a significantly shorter life-
span compared to pure connections (e.g., Al-Al or Cu-Cu connections).
This is due to the formation of intermetallic phases, the ingress of foreign
layers into the microcontacts, and displacement movements (fretting).
Galvanic corrosion is considered one of the most dangerous degradation
mechanisms in a bimetallic system. Sampaio et al. (2022) investigated
the influence of corrosion (salt spray test) on the electrical and me-
chanical performance of hybrid busbars made of aluminum and copper.
The study demonstrated that electrical connection resistance increases
over time due to corrosion, particularly in busbars with conventional
bolted connections (M8 bolt-nut pair made of carbon steel). It was found
that in bolted connections, especially those with a low tightening torque,
the penetration of the salt solution and the formation of corrosion
products at the connection points led to a significant increase in resis-
tance. In a study by Pan et al. (2021), resistance spot welded joints and
self-pierce riveted joints of an aluminum-steel combination were
examined for corrosion behavior using a salt spray test. The results
showed that the gap created in the overlap area as a result of the joining
process had a significant influence on the corrosion behavior. The larger
gap in the resistance spot welded joint led to an increased corrosion rate
in the overlapped area, while less corrosion occurred in the self-pierce
riveted joint due to the significantly smaller gap.

In this context, both the basic evaluation of electrical quality and the
understanding of the aging-related long-term behavior of ground stud
systems are of great importance. According to the current state of
technology and research, there are no standards or unified guidelines for
the electrical quality assessment and evaluation of the long-term
behavior of ground stud connections. The condition of an electrical
connection can generally be determined by its electrical resistance.
Therefore, in this study, the resistance-time profile of the examined
ground stud system is analyzed under intensive stress in the form of an
electrically-medially/corrosively induced load. The test setup used en-
ables a basic evaluation of the electrical connection quality of ground
stud systems and provides insight into their long-term stability under the
environmental and operating conditions considered in this study.

Materials and methods
Materials and ground studs

In this study, an aluminum wrought alloy of type AIMg3, conforming
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to [DIN EN 573-3], in the O/H111 temper and with a thickness of 2.0
mm, was used according to [DIN EN 485-2]. The chemical composition
and mechanical properties are shown in Tables 1 and 2.

A cold-headed ground stud made from an aluminum alloy (AIMg5),
conforming to [DIN EN 573-3] in temper H32 was used, according to
[DIN EN 1301-2]. This ground stud with a metric thread of dimension
M8 is typically applied in the automotive industry and is welded to
aluminum structures (e.g., sheet metal, extruded profile, die casting)
using drawn arc stud welding. The ground stud is delivered and welded
in a completed form. The ZnNi-coated steel cap nut (strength class 8) is
already screwed onto the aluminum ground stud (Fig. 3). The surface of
the aluminum ground stud is provided with a titanium conversion
coating.

The chemical composition and mechanical properties of the alloy,
which are crucial for determining the performance and reliability of the
ground stud in automotive applications, are shown in Tables 3 and 4.

SEM/EDX analyses were conducted to examine the electrical contact
surfaces in more detail. This method enables the identification of
chemical elements on the contact surface. Fig. 4 presents the results of
the EDX analysis for the contact surface of the ground stud components.
The overview image (top row) highlights the area of analysis (yellow
frame). It is evident that the aluminum surface has “spots” in some areas,
which were identified as zinc and nickel residues. These residues orig-
inate from the ZnNi coating of the steel cap nut and are due to the fitting
of the nut to the stud. The influence of this fitting process is also visible
on the surface of the steel cap nut. In this case, the nut substrate material
(iron) was detected in the inner edge area, indicating damage to the
ZnNi coating, which consequently led to increased deposition of
aluminum on the ground stud.

To characterize the surfaces, 2D height images were created using
laser confocal microscopy, and surface roughness parameters were
determined according to ISO 4287. A confocal laser scanning micro-
scope (LEXT OLS 4100 from Olympus) was used to perform non-contact
roughness measurements and analyze the surface topography. Fig. 5
shows representative electrical contact surfaces of the ground stud and
the associated steel cap nut, presented as a real image and 2D height
image, including height distribution. The results for the ground stud’s
contact surface indicate that the surface topography is predominantly
radial. Starting from the center of the stud, the height decreases towards
the edges. A slight defect was detected on the surface of the nut. The
average roughness depth (Rz) was determined to be 20.7 um for the
ground stud and 14.4 um for the steel cap nut.

Welding equipment and procedure

For the welding of aluminum ground studs, the arc stud welding
system from Stanley Engineered Fastening Tucker GmbH, shown in
Fig. 6(a), was used in this study. The control and power unit provides a
welding current range from 100 A to 1500 A in both DC and AC forms.
The welding head used is equipped with a shielding gas supply and a gas
nozzle. The welding table has a 40 mm hollow support, to perform the
welds without a backing, as shown in Fig. 6(b).

The welding of aluminum studs is carried out using the AC process.
The essential welding parameters for aluminum applications are weld-
ing current, welding time, lift height, number of pulses, and polarity
(Reis and Braun, 2024). The multiple polarity changes break up the
oxide layer on the stud flange and sheet. During the welding process, the
welding flange of the ground stud and the workpiece are melted by the
arc and cohesively joined by applying relatively low force (approx. 100

Table 1
Chemical composition (% by weight) of AIMg3 according to [DIN EN 573-3].

Si Fe Cu Mn Mg Cr Zn Ti Notes

0.4 0.4 0.1 0.5 2.6 -3.6 0.3 0.2 0.15 0.1-0.6

Mn+Cr
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Table 2
Mechanical properties of AIMg3 according to [DIN EN 485-2].
Material Nominal Tensile Yield Elongation Brinell
condition thickness Strength point at break Asg Hardness
in mm R, in MPa Rpo.2 in mm HB
MPa min. in %
O/H111 1.5-3.0 190 - 240 80 16 52

Fig. 3. Geometric characteristics of the ground stud.

Table 3
Chemical composition (% by weight) of AIMg5 according to [DIN EN 573-3].

Si Fe Cu Mn Mg Cr Zn Ti Notes

04 05 01 01-06 45-56 02 02 02 0.1-0.6Mn+Cr

Table 4
Mechanical properties of AIMg5 according to [DIN EN 1301-2].

Material Diameter d in Tensile Yield Elongation at
condition mm (up to and strength Ry, point break A;00 mm in
including) in MPa Rpo.2 in %
- MPa
min.  max.
H32 18 280 340 205 11

N). Additionally, the parameterization of the individual positive and
negative pulses allows for targeted heat input into the joining partners.
Using a preliminary cleaning phase, adhering residues such as dry lu-
bricants can be removed before the main welding phase. The welding
parameters used for the quality-compliant production of the ground stud
joints are shown in Table 5. These were determined based on previous
investigations. The welds were performed with a preliminary cleaning
phase at 100 A for 12 ms to remove local residues on the surface (dry
lubricants). The main welding phase lasts a total of 101 ms and is
divided into nine individual pulses with alternating polarities. Typically,
welding is performed with negative polarity on the stud and positive
polarity on the sheet. The preliminary cleaning phase ensures a clean
surface for optimal welding conditions, while the alternating polarities
help in breaking the oxide layer, ensuring a stronger weld.

The evaluation of the weld connections was carried out using
metallographic sections and a torsion test to ensure sufficient mechan-
ical joint strength. Fig. 7 shows an exemplary metallographic section of a
produced aluminum weld joint.

A defined sample geometry (70 mm x 250 mm) was used to produce
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Fig. 6. Welding system (a) and schematic illustration of the setup at the joining position (b).

Table 5
Welding parameters used in the AC process.

AlMg5 Ground Stud
(negative polarity)

AlMg3 Sheet material
(positive polarity)

Number of pulses 5 4
Welding time per pulse 13 9

in ms

Current in A —680 +630
Lift height in mm 2.5 2.5
Argon shielding gas 10 10

volume in L/min
Penetration in mm -0.8 -0.8
Drop down time in ms 8 8

Fig. 7. Metallographic cross-section of the welded ground stud (AIMg5) on
sheet material (AIMg3, t = 2.0 mm).

the current-carrying test specimens. For this purpose, two ground studs
were welded at a distance of 50 mm from the edge and 150 mm from
each other (Fig. 8(a)). In the next step, a cable lug was mounted with a
specified tightening torque of 9.0 Nm using a digital torque wrench
(Fig. 8(b)). A commercially available tubular cable lug made of copper
(EN 13600) with an electroplated tin surface and thin-walled automo-
tive cables with PVC insulation (Type FLRY) were used. The automotive

cable consists of bare copper strands (CU-ETP1, EN 13602) and has a
cross-section of 35 mm?. The crimping of the cable lugs with the auto-
motive cables was carried out in the form of indent crimping using a
press tool provided by the manufacturer. During cable manufacturing,
care was taken to ensure that the crimping of the cable lugs was of
consistent quality. Fig. 9 (top row of images) presents detailed images of
the crimping tool, a crimped cable lug with double-notch crimping, and
an exemplary cross-section of a notch crimp. The measured resistances
of the assembled cables range from 208.1 to 212.6 uQ (see diagram in
Fig. 9).

Test setup and measuring method

To perform an accelerated test under superimposed load and analyze
the electrical long-term stability, a corresponding test setup was realized
(Fig. 10). In this setup, the specimens are tested under electrical load in a
medial/corrosive environment. For this purpose, a composite of five
sheets, each with two welded ground studs in a serial circuit arrange-
ment, was set up inside a climate change chamber. The climate chamber
model SKB 1000 A-TR from Liebisch was used to perform the environ-
mental/corrosive load testing. 300 mm long automotive cables were
used between the individual test studs. For power supply, two 35 mm?
cables were used for each. To prevent the ingress of moisture, a heat
shrink tube with inner adhesive was additionally used in each crimp
connection area. The setup in the test chamber was arranged with an
inclination of approximately 10°, allowing condensation to drain off the
samples and preventing any influence from standing water. The mea-
surement data (temperature and voltage) at the individual test studs
were recorded and monitored using a control and monitoring interface
programmed with LabVIEW. This system allows precise data collection
and analysis, ensuring the reliability of the test results. With continuous
data acquisition, the resistance-time profile can be analyzed and the
curve can be described using a mathematical function. This allows for a
basic evaluation of the electrical connection quality of the ground stud
system and a statement about its long-term stability.

The measurement setup for continuous data acquisition is illustrated
in Fig. 11(a) and (b). The temperature at the cable lug is measured using
a thermocouple (type K), while the potential difference (voltage tap) and
the resulting contact resistance of the respective test stud are measured



V. Haak et al.

Journal of Advanced Joining Processes 10 (2024) 100262

(b)

Fig. 8. Specimen geometry with welded ground studs (a), and cable lug mounted with 9.0 Nm tightening torque (b).
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Fig. 9. Crimping tool (a), crimped cable lug (b), exemplary micrograph of a notch crimp (c), and measured resistances of the pre-assembled cables (bottom).

according to the four-wire measurement method. The tolerance and
limiting deviation for thermocouples are defined in the DIN EN 60584
standard as +1.5 °C or 0.40 % for type K thermocouples. The thermo-
couples were attached with thermostable cable ties, ensuring good
contact with the cable lug surface throughout the test period. Fig. 11(c)
shows the condition of the thermocouples after 6 weeks of corrosion
testing. The area under the cable tie, where the thermocouples were in
contact with the cable lug surface, shows no significant corrosive dam-
age. The measurement leads for the voltage tap are each soldered to a
copper wire, which is mechanically crimped at the end face of the cable
lug and at a distance of 20 mm from the centre of the stud in the
aluminum sheet. The defined continuous current of 100 A functions as
the test current during the voltage measurement. These methods are
crucial for obtaining reliable data on the performance of the ground stud
connections under test conditions. With the known quantities of voltage
and current, the resistance can be calculated using Ohm’s law.

Current load and corrosive test conditions

In real driving conditions, various superimposed loads occur,
including electrical-thermal loads from flowing currents, mechanical
loads from driving maneuvers and vibrations, and environmental

influences. These stresses are characterized by complex processes and
interactions arising from manufacturing and material-related factors, as
well as a variety of operational and environmental influences. The
superimposed loading and associated aging mechanisms create a highly
complex condition that leads to an increase in the connection resistance
of a ground stud system over its operating lifetime (several years) and
therefore, cannot be precisely reproduced by a single test. This study
does not aim to exactly reproduce a real test environment but rather to
develop a methodical approach and implement a test setup to evaluate
the long-term stability of a ground stud system within a short test period.
For this purpose, an approach was chosen that considers two key
influencing factors of a ground stud system: the electrical-thermal load
and the medial/corrosive load. The primary objective of this load
configuration (cyclic current profile combined with changing climatic
conditions) was to induce accelerated aging within an acceptable test
duration (time-lapse test) to ensure the safety and reliability of a ground
stud system under extreme environmental and operational conditions
and to provide insights into its long-term behavior based on the
resistance-time curve.

As aload collective, a corrosion alternating test according to PV 1210
test specification was chosen in combination with a cyclic current profile
(Fig. 12). The PV 1210 test specification is used by Volkswagen, for
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Fig. 10. Test setup for the superimposed load condition.
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Fig. 11. Schematic measurement setup for continuous measurement data acquisition during the electrical-corrosive load (a), exemplary setup with a real test stud
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Climatic changing phases according to PV 1210 test specification
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Fig. 12. Electrical-corrosive/medial superimposed load condition (top) and characteristic failure behavior (bottom).

example, to evaluate the corrosion behavior of painted body compo-
nents with different corrosion protection coatings. The cyclic climate
change test consists of various individual tests (see Fig. 12) to assess
corrosion behavior under static exposure to salt, moisture, and tem-
perature. The salt spray test, in accordance with DIN EN ISO 9227 NSS,
is a well-known method frequently used to evaluate the corrosion
resistance of coatings, such as on fasteners. A pH-neutral (pH 6.5 - 7.2)
salt fog (5 % NacCl solution) is generated at 35 °C + 2 °C for 4 h, causing
accelerated corrosion on the samples. This is followed by a 4-hour phase
in a normal atmosphere, in accordance with ISO 554-23/50, at 23 °C +
2 °C and 50 % =+ 5 % relative humidity. Subsequently, a 16-hour heat-
humidity phase in accordance with DIN EN ISO 6270-2 CH (conden-
sation atmosphere with constant humidity) follows at 40 °C & 3 °C and
100% relative humidity. This proven method in surface technology is
used to evaluate the behavior of coated test specimens in a humid
environment. A 24-hour test cycle includes the individual tests described
(4 h salt spray, 4 h normal climate, 16 h humid heat). After every five
cycles, a 48-hour resting phase in a normal atmosphere, in accordance
with ISO 554-23/50, follows. This procedure is repeated six times,
resulting in a 6-week test duration. The current profile consists of a peak
current load (1000 A for 3 s) and a continuous current load (100 A for
297 s). Thus, one cycle lasts a total of 300 s (5 min). The peak current
load represents the high current demand during the vehicle’s starting
process when the starter motor is activated. This is a short but intense
process that imposes the maximum load on the electrical system, with

several hundred to a thousand amperes flowing. The continuous current
load represents the ongoing flow of current during normal driving. This
phase accounts for the power requirements of the vehicle’s electrical
systems and components, such as lighting, air conditioning, assistance,
information applications, and other consumers.

Using continuous data acquisition, the temporal profiles of temper-
ature and voltage (connection resistance) are analyzed. Temperature
and voltage measurements are taken 10 s after the start of the peak
current load at a test current of 100 A. The measurement interval is 5
min. The ground stud connections are subjected to a total of 12,096
current load cycles over a test period of 1008 h. The current-time ratio in
the cyclic current load was chosen so that the resulting connection
temperature, in combination with the alternating climatic phases, re-
mains below the defined limit temperature to prevent an undesired,
premature failure of one of the series-connected connections and thus an
early termination of the test. The permissible limit temperature of 105
°C represents the limiting factor of the ground stud system and corre-
sponds to the temperature resistance of the insulation material of the
automotive cable. These rigorous test conditions are essential to simu-
late and understand the long-term behavior and reliability of the elec-
trical connections under extreme conditions.

Results and discussion

To make a statement about the electrical quality and long-term
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behavior of a ground stud system, the measurement of the electrical
connection resistance using the four-wire measurement method is rec-
ommended as the primary test criterion. This includes considering the
ground stud system, consisting of the joined ground stud and the
mounted cable lug.

Determination of initial ground stud connection resistance

The characteristics of a reliable connection essentially include high
electrical conductivity or low connection resistance, as well as robust-
ness and resistance to mechanical, electrical, and thermal influences,
and environmental influences. By determining the initial resistances,
differences between the individual connections can be identified.
Additionally, a reliable connection must be able to maintain its low
resistance over time, even under varying environmental conditions such
as humidity, temperature fluctuations, and mechanical vibrations. This
ensures consistent performance and reliability. Regular monitoring and
maintenance are essential to ensure that these connections continue to
meet the required standards and to promptly identify any degradation in
performance. The considered ground stud system can be simplified into
the subsystems of the joint (welded joint) and the screw connection
(Fig. 13).

A separate analysis of the resistances enables the determination of
individual resistance components of the total resistance and identifica-
tion of possible process-related differences (e.g. deviations in connection
production, quality, or batch fluctuations). This helps uncover potential
weak points and optimization opportunities. The initial resistances of
the ground stud connections were validated in advance using precise
measurements with a digital microohmmeter (DLRO10HD from Meg-
ger) equipped with duplex probes. The measurement is based on the
four-wire principle, where two current and two voltage wires are used,
minimizing the influence of wire resistance and achieving higher accu-
racy. Measurements were performed as forward and reverse measure-
ments with a test current of 10 A, a resolution of 0.1 pQ, and a basic
accuracy of + 0.2% / + 0.2 pQ.

Fig. 13 (bottom right) illustrates the measuring arrangement for total
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resistance. Measuring probe 1 is positioned on the cable lug end face,
while measuring probe 2 is positioned on the aluminum sheet 20 mm
from the center of the stud. The partial resistance of the welded joint is
determined similarly, with measuring probe 2 positioned on the stud
(outer octagon). Since changes in the total resistance are triggered by the
screwed part, knowledge of the partial resistance of the screwed
connection is of great interest. However, due to accessibility restrictions
of the duplex probes, direct measurement on an already assembled
ground stud connection is not possible. Instead, a simple differential
calculation between the total resistance and the partial resistance of the
welded joint is used to approximate the partial resistance of the screw
connection. Fig. 13 shows the measured total resistance and the partial
resistances. It can be seen that the welded joint’s partial resistance
constitutes the larger portion of the total resistance but maintains an
almost constant average value of 18.9 uQ. In contrast, the partial
resistance of the screw connection exhibits noticeable fluctuations.

In the context of this study, the welded joint plays a minor role, as it
exhibits constant resistance when properly executed. The screw
connection, on the other hand, plays a central role, as it is influenced by
external environmental factors and is thus crucial for the temporal
development of resistance.

In this study, torque was used as the control variable because the
torque-controlled tightening method is the most commonly used tight-
ening method in practice due to its relatively simple technical imple-
mentation. The tightening torque transmits a preload force to the
connection, thereby compressing the ground stud components (stud,
nut, cable lug). With the torque-controlled method, the resulting preload
force varies with fluctuating coefficients of friction. Friction-related
influences cause significant deviations in the resulting preload force
even with high torque repeatability. As a result of the fluctuating pre-
load force and thus the contact force in the electrical contact surfaces,
variations in the electrical contact resistances occur because these are
related to the number and size of the current-carrying contact surfaces.

The initial resistances measured at the start of the test are shown in
Fig. 14. The initial resistances of the ground stud connections in the test
setup range from 17.0 uQ to 27.4 uQ, with an average of 21.5 pQ (n = 8).

Test
100 Resistance measurement
. . Method
mm Resistance of the screw connection Screw .
A 4-wire measurement
90 connection i
= Resistance of the welded joint = (microohmmeter)
80 Tightening torque
-o-Connection resistance (total resistance) 9.0 Nm - manual tightening process
70 ( Sheet material
g_ EN AW-5754 (AIMg3); O/H111; t=2.0 mm
£ 60 Joining element
§ Ground stud (M8); EN AW-5019 (AlMg5)
g 90 Welded joint IEImN Nut
% Cap nut 8.8; ZnNi coating
& 40 Cable lug
31.9 Cu (EN13600); galvanically tin-plated
30 Measuring arrangement
Connection resistance
20 (total resistance) Welded joint
10 18.9
0
1 2 3 4 5 6 8 "]
DN?@ Ground stud no.

Fig. 13. Subdivision of the ground stud system into the subsystems welded joint and screw connection.
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Fig. 14. Determined initial resistance of the ground studs using a microohmmeter and the test setup.

These initial measurements provide a baseline for evaluating changes in
electrical connection resistance over the test period. A comparison be-
tween the results of the microohmmeter (reference) and the continuous
4-wire measurement in the test chamber shows an average "offset" of
approximately 10 pQ, but comparable resistance ratios are observed (e.
g., connection No. 6 highest resistance, connection No. 7 lowest

resistance) (Fig. 14). These differences in resistance levels can be
explained by different measurement conditions. The microohmmeter
measurement was conducted at 10 A with unpowered ground stud
connections at room temperature, whereas the continuous resistance
measurement in the test setup involved current-loaded ground studs at
100 A, causing heating. At higher temperatures (e.g. due to current
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Fig. 15. Temperature-time curve (top), resistance-time curve (bottom) for long-term stable (left) and not long-term stable ground stud connections (right) during the

electrical-corrosive/medial superimposed load in the test period of 6 weeks.

11



V. Haak et al.

flow), the electrical connection points (microcontact surfaces) can
behave differently, as the current can force better penetration and uti-
lization of the contact surfaces, leading to a reduction in resistance. The
voltage tap with the test setup, positioned outside the current path,
eliminates additional resistances that could be detected during a mea-
surement within the current path.

Long-term behavior of ground studs

Fig. 15 shows the temperature-time and connection resistance-time
profiles of long-term stable and non-long-term stable ground stud con-
nections over the entire test duration of 1008 h. The results indicate that
three out of eight ground stud connections exhibit intermittent resis-
tance behavior and have thus reached the end-of-life phase. The detailed
analysis shows that connection No. 6 (green curve), which has an initial
resistance approximately 20 % higher, exhibits the fastest and greatest
increase in resistance over time (Fig. 16). Over a period of 168 h (1
week), the connection resistance of sample No. 6 increased by 18.7 pQ,
representing a 57.9 % rise, reaching a final resistance of 51.0 pQ.
Similarly, sample No. 8 exhibited an increase in resistance by 11.6 pQ,
corresponding to a 41.3 % increase, resulting in a final resistance of 39.7
naQ.

The driver of the resistance increase was identified as the climatic
phase of humidity-heat storage (40 + 3 °C, relative humidity of 100 %).
In these phase sections, the fastest increase in resistance is observed.
This suggests that the combination of temperature and humidity
significantly accelerates the degradation process of the electrical con-
tacts. The peak temperatures at the connections are reached in the initial
phase of the humid heat storage and, for the majority of the connections,
remain below 70 °C during this test period. For connection No. 6, the
temperature is already slightly above 70 °C on the third day (72 h). The
salt spray and normal climate phases show no significant influence on
the contact resistance during the 4-hour intervals. During the two-day
climatic rest phase (120 to 168 h), the electrical connections show
only a marginal increase in resistance. Using the example of humid heat
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storage (target temperature of 40 °C + 3 °C), the measured ambient
temperature in the test chamber is slightly higher than 40 °C
(Figs. 16-18). The marginally higher values result from residual heat
caused by the current load on the ground studs. It can therefore be
assumed that the temperature measurement is sufficiently precise and
reliable. The temperature curves indicate a system-related transition
period between individual phases during which the climatic environ-
ment must stabilize. During the normal climate phases, a significantly
higher ambient temperature is observed in the test chamber, which is
attributed to room air circulation (environment outside the test cham-
ber). Based on the results of the first week, it can be concluded that there
is a formation phase during which the electrical connections exhibit a
rapid increase in resistance due to the superimposed load in the form of
cyclic current loading under varying climatic conditions.

In the further course, the superimposed load leads to a rapid increase
in electrical connection resistance, which is accompanied by an increase
in thermal power loss, resulting in a higher temperature at the ground
stud connection (Fig. 17). Connection No. 6 (green curve) shows
accelerated aging from about 408 h onwards. From 336 to 504 h, the
contact resistance increases by 90.7 % (about 130 pQ), which corre-
sponds to an increasing connection temperature. Following the accel-
erated aging (from 504 h), connection No. 6 exhibits intermittent
resistance behavior, characterized by phases of low and high contact
resistance. A maximum resistance of almost 200 pQ is recorded. The
intermittent behavior occurs for about 120 h under alternating climatic
conditions. This suggests that, under this load, the number and size of
the current-carrying microcontacts in the contact zones vary signifi-
cantly. It is known from power engineering that, in this case, the melting
temperature at the microcontacts is reached (Schlegel et al., 2022;
Bergmann, 1996). These fluctuations in contact resistance are crucial as
they impact the overall performance and reliability of the electrical
connections, highlighting the importance of stable resistance profiles for
long-term functionality. During the subsequent 48-h climatic rest phase,
the contact resistance stabilizes at about 115 pQ. The observed inter-
mittent resistance behavior is also reflected in the temperature behavior.
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Fig. 16. Temperature-time curve (top), connection resistance-time curve (bottom) during the electrical-corrosive/medial superimposed load in the test period from

beginning to 336 h
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Fig. 17. Temperature-time curve (top), accelerated aging and intermittent connection resistance behavior (bottom) during the test period from 336 h to 672 h
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Fig. 18. Temperature-time curve (top), accelerated aging and intermittent connection resistance behavior (bottom) during the test period from 672 h to 1008 h

The other two connections, while exhibiting slightly different resistance
levels during this test period, still show a stable contact resistance
profile.

In the final third of the test period (672 to 1008 h), connection No. 6
(green curve) continues to show intermittent resistance behavior, with a
peak resistance value of nearly 270 pQ (Fig. 18). The maximum
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temperature here is about 96 °C, which is close to the defined limit
temperature of 105 °C for this system. The resistance and temperature
profiles are directly correlated. During the two-day rest phase (792 to
840 h), a constant contact resistance of about 85 pQ is observed. Toward
the end of the test period, an increasing resistance trend without inter-
mittence is observed. During the test period from 840 to 1008 h,
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connections No. 4 (yellow curve) and No. 8 (brown curve) also exhibit
accelerated aging followed by intermittent resistance behavior. The
fluctuations (minimum and maximum) observed for connection No. 4
(yellow curve) are less pronounced compared to the other connections.
These findings highlight the variability in long-term performance among
the tested connections and underscore the importance of reliable contact
resistance for the longevity of ground stud connections. It can be
concluded that the initial connection resistance has a significant impact
on the resistance development and thus substantially influences the
timing of the electrical failure of the ground stud connections.

Damage analysis

The damage analysis of the components of unstable connections is
illustrated in Fig. 19. This figure provides a detailed examination of
three different ground stud systems, each exhibiting varying levels of
resistance and associated damage. The images reveal significant media
penetration into the electrical contact zones, specifically between the
nut and cable lug, as well as between the cable lug and stud. This
penetration results in the formation of local corrosive products and
deposits within the electrical contact zones. The presence of these cor-
rosive elements adversely affects the number and size of microcontact
areas, leading to a marked increase in resistance and ultimately resulting
in intermittent resistance behavior. In greater detail, the assembled
ground stud connection No. 6, with an initial resistance of 27.4 pQ,
shows substantial degradation. The images depict the top side of the
cable lug, ground stud, and the underside of the cable lug, highlighting
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areas where media penetration has occurred. The corrosive deposits are
clearly visible, indicating significant deterioration of the contact sur-
faces. This degradation reduces the effectiveness of the electrical
connection, as evidenced by the high resistance value. Ground stud
connection No. 8, with an initial resistance of 24.7 pQ, also demon-
strates considerable damage. The cap nut shows clear signs of media
ingress, with the arrows indicating areas of concentrated corrosive ac-
tivity. The ground stud and cable lug surfaces are similarly affected, with
visible corrosion and deposit buildup. These defects are critical, as they
diminish the contact force, reducing the number of effective micro-
contact areas and thereby increasing the overall resistance. Ground stud
connection No. 4, with the lowest initial resistance of 20.8 uQ, shows
less severe but still significant damage. The images reveal localized areas
of media penetration and corrosion, particularly around the cable lug
and ground stud interface. Although less extensive than in the other
systems, these areas of damage still contribute to increased resistance
and potential connection instability. The analysis underscores the
crucial impact of media penetration and the subsequent formation of
corrosive products on the long-term reliability of electrical connections.
The presence of corrosion not only increases resistance but also pro-
motes intermittent resistance behavior, which can lead to connection
failures. These findings highlight the importance of understanding and
mitigating the effects of environmental factors on ground stud systems
to ensure their durability and reliability in automotive applications.

Top sjde cable lug

4.3

Fig. 19. Damage analysis of the individual components on ground bolt connections.
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Prediction of long-term behavior based on the resistance-time curve

At this point, it can be stated that in the course of these in-
vestigations, three out of eight ground stud connections have reached
the end-of-life phase, in which reliable electrical function is no longer
ensured. The findings highlight that, in addition to the resistance level,
understanding the temporal progression with the individual lifespan
phases is of great importance. For a ground stud system measured in
practical applications, knowing the lifespan phase of the ground stud at
any given time is highly advantageous. Otherwise, incorrect assump-
tions may be made, such as when a low resistance is measured during an
intermittent phase. This can lead to the false conclusion that it is a
seemingly "acceptable connection," even though it is already exhibiting
intermittent resistance behavior and can no longer reliably ensure
electrical function. In the detailed analysis, a characteristic resistance
drop can be observed in the resistance profile of the unstable connec-
tions shortly before the beginning of the intermittent phase (Fig. 20).
This characteristic is due to the attainment of the melting temperature in
the current-carrying microcontacts. This point in the resistance profile
can therefore be taken as an indicator of the failure time. The occurrence
of this resistance drop signifies that the electrical connection has
reached a critical thermal threshold, leading to degradation. Based on
this point, a qualification criterion or the limit of the connection resis-
tance (R < x) for a long-term stable ground stud system can be estimated
for the considered test conditions. The following failure times can thus
be determined for the three connections:

e 512 h: Connection No. 6 (green curve)
e 944 h: Connection No. 8 (brown curve)
e 966 h: Connection No. 4 (yellow curve)

The long-term behavior and the limit for long-term stability - under
the operating and environmental conditions carried out here - can be
described for the ground stud system on the basis of the underlying data.
Based on the profiles of five stable ground stud connections, the
resistance-time profile can be described with a linear function of the
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form y = 0.0192x + 26.357 (Fig. 21, purple curve). The coefficient of
determination is 0.9617. After 1008 h, the stable ground stud connec-
tions are in the phase of relative stability with an average value of 44 pQ
(+6.8 pQ and —7.7 uQ). For the unstable ground stud connections, the
resistance-time curve up to the time of failure can be described very well
using exponential functions (green, brown and yellow curve). In this
case, the coefficient of determination is in the range from 0.9488 to
0.9554. Up to the time of failure, a connection resistance of 135 uQ is
determined for connection No. 4 and a slightly higher value of approx.
140 pQ for connection No. 6 and No. 8. The use of linear and exponential
functions to describe the resistance-time profiles is crucial for accurately
predicting the performance and lifespan of the ground stud connections
under various conditions.

Conclusions and outlook

In this study, an experimental and testing methodology was devel-
oped that enables a fundamental assessment of the electrical connection
quality of a ground stud system, as well as an evaluation of long-term
stability under superimposed electrical-medial/corrosive load. This
methodology is crucial for understanding the performance and dura-
bility of ground stud connections in automotive applications. The main
results are as follows:

(1) Therealized measurement and testing setup allows the analysis of
the long-term electrical behavior of ground stud systems based on
the continuous resistance and temperature-time profiles.

(2) The chosen operational and environmental conditions in the form
of a cyclic current profile under varying climatic phases enable
accelerated aging and the subsequent failure of the electrical
connections within the test period of 1008 h.

(3) The results show that three out of eight ground stud connections
have reached the end-of-life phase (intermittent resistance
behavior), where reliable electrical function can no longer be
ensured.
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Fig. 20. Connection resistance-time curve with characteristic drop in resistance shortly before the start of the intermittent phase.
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Fig. 21. Resistance-time curve of the long-term stable and unstable connections as well as the critical limits reached with the electrical-medial/corrosive super-

imposed load.

(4) The humidity-heat storage phase (40 + 3 °C; 100 % humidity)
was identified as the driver for the resistance increase.
(5) The initial resistance of the examined ground stud system is a
significant factor influencing electrical long-term stability under
the selected operating and environmental conditions. An
increased initial resistance of about 20 % leads in this case to an
early electrical failure of the ground stud connections after about
512 h.
In the resistance-time profile, a characteristic point before the
first resistance drop can be determined. This serves as an indi-
cator for the imminent intermittence of the ground stud system as
well as a specific failure time and critical resistance limit.
The generated lifetime curve enables the analysis and assessment
of long-term behavior. A good description of the long-term
behavior for the unstable ground stud connections was shown
using an exponential function up to the point of initial failure
with a coefficient of determination of R>=0.95.

O]

(7)

This research makes a notable contribution to the field by deepening
the understanding of ground stud system performance in challenging
conditions, thereby facilitating the development of more robust and
reliable connections. It provides valuable insights for both users and
manufacturers on the economical production and assessment of long-
term stable ground stud connections in automotive contexts.

A ground stud system is more robust and resistant to external in-
fluences, such as corrosion and media infiltration, if the number and size
of the microcontacts are maximized, resulting in comparatively low
initial resistance. The following strategies are proposed for
manufacturing long-term stable ground stud connections: The surface
and material combination of the contact partners is a significant influ-
encing factor. When using different materials (steel nut, aluminum alloy
stud, copper cable lug) and different contact surfaces, significant
chemical (corrosion) and physical effects (e.g., thermal expansion dur-
ing temperature changes) can occur due to environmental and operating
conditions, influencing the microcontacts and the aging rate. One
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strategy is to select optimized materials and coatings that behave simi-
larly under different operating and environmental conditions. For
example, the nut and bolt could be made of the same base material to
reduce thermal effects from temperature changes or corrosion.
Increasing effective contact surfaces can also help reduce resistance.
This can be achieved by using components with optimized geometry to
maximize the number of current-carrying microcontacts. A modified
cable lug design or an adjustment of the stud and/or nut contact surface
could further improve contact quality. The nut tightening process
(tightening torque method, screwing parameters) is another decisive
factor affecting initial resistance and contributes significantly to the
long-term stability of the ground stud connection. The contact force
generated by tightening significantly affects the current-carrying
microcontact surfaces at the two contact levels (nut-cable lug and
cable lug-stud). Fluctuating friction values (thread and underhead fric-
tion) of the ground stud components (nut, stud, cable lug) can lead to
fluctuating contact forces with the torque-based tightening method,
even when the correct tightening torque is applied. This can signifi-
cantly affect the initial resistance of the screw connection and influence
resistance to media penetration. Manufacturers and users should
consider possible deviations in friction ratios to minimize variations in
contact force and ensure the long-term electrical stability of the screw
connection. One possible fastening approach is a combination of torque-
and angle-controlled methods (up to the plastic range), which reduces
fluctuations in preload force caused by variable friction values and en-
sures a consistent and sufficiently high contact force for a reliable
electrical connection.

Consequently, future research should investigate the impact of
tightening torques and the resultant preload force on ground stud con-
nections, as the contact force greatly influences the current-carrying
microcontact areas, initial resistance, and overall service life in auto-
motive applications.
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