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ABSTRACT

Aircraft in the aviation sector are required to meet stringent certification criteria established by civil aviation authorities. One crucial method to assess this
compliance is through high current testing, which evaluates how electrical and electronic systems respond under specific conditions. Modern aircraft are
equipped with a wide array of electronic systems, making electromagnetic compatibility (EMC) a critical consideration. High current pulse generators play a key
role in conducting EMC tests, ensuring that onboard systems can operate harmoniously with each other and resist interference from external electromagnetic
fields. High current tests of electrical and electronic systems evaluate system performance against sudden voltage changes, electrical noise, and other electri-
cal problems that may be encountered under normal operating conditions. High current pulse generators ensure avionics equipment’s operational quality and
reliability by testing pulses for these systems. This study focuses on the performance of copper and brass fasteners commonly used in high current generators.
In the experiments, output signals were observed in contact made using copper and brass connectors with diameters of 10 mm, 5 mm, and 1 mm. The effect
of contact type on resistance is emphasized. The study reveals that the contact type provides low contact resistance in metal-metal contacts and contributes to
the contacts’ longevity by reducing the welding method’s oxidation effects. The results show the effects of material selection, contact shape, and type on the
contact resistance, increasing the energy transmission efficiency of a low-resistance circuit. It provides important information on how to extend the contact life.

Index Terms—Aircraft, contact resistance, connectors, high current generators, lighting test

I.INTRODUCTION

Multiple lightning strikes pose a risk to various components of an
aircraft, including the radome, tail stabilizers, control mechanisms,
and surfaces. Factors such as the frequency, altitude, and specific
regions of impact are crucial for designing aircraft and defining light-
ning environments. Statistical analysis reveals that commercial air-
craft experience an average of about two lightning strikes per year,
occurring approximately every 3000 flight hours. Lightning strikes
are most common at cloud level or below, making aircraft more
vulnerable during take-off and landing. Reciprocating airplanes,
operating at lower altitudes of 10 000 to 15 000 feet, face a higher
risk of lightning strikes compared to turbojet and turboprop aircraft
[1]. Lightning-induced damages account for over 17% of recorded
aircraft damages, making them a significant component of mainte-
nance and repair costs [2]. With aircraft manufacturers increasingly
utilizing composite materials in aircraft structures, understanding
the potential for composite damage is crucial. The Boeing 787, for
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example, relies heavily on composites, with a 50% composite struc-
ture by weight. Despite the advantages offered by composites, such
as fuel and weight savings, as well as extended maintenance inter-
vals due to corrosion resistance, it’s essential to recognize the poten-
tial risks associated with lightning damage and its implications for
maintenance costs over the aircraft’s lifespan [3]. Aircraft damage
from lightning strikes is categorized as either direct or indirect effects
[4]. Direct effects refer to the damage caused directly to aircraft com-
ponents by the lightning strike itself, while indirect effects pertain to
the impact of the lightning’s magnetic field generated by the current.
It’s crucial to assess lightning characteristics and its effects, as well
as the resulting lightning environment, considering both direct and
indirect effects [5]. As the quantity of electronic equipment aboard
aircraft rises, susceptibility to lightning strikes similarly increases.
Consequently, there’s a growing necessity for protective measures.
Initially, to mitigate the indirect effects on avionic equipment, cur-
rent components were installed while the equipment was linked to
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the aircraft. Subsequently, these assessments transitioned to being
conducted independently of the aircraft. This evolution brought
about benefits such as the ability to design equipment separately
from the aircraft and install it in preferred locations [6, 7]. Ensuring
accurate outcomes in high-voltage tests involves reducing human
error, with the automation of high-voltage systems emerging as an
intriguing area of focus [8]. However, it’s essential to adequately
shield electronic components intended for automation applications
due to the potential for significant noise generation resulting from
the high voltage and current involved [9].

High current generators are critically important equipment widely
used in the defense industry and energy sectors. Fig. 1 shows that a
high current generator was used in the arc entry test of the aircraft.

The purpose and focus of this high current testing are to observe the
current flowing from the arc point to the aircraft structure. These
generators are designed to produce electrical energy at high power
and reliably. However, the performance and reliability of these high-
power generators may depend on the quality and contact resistance
of the fasteners used. Metals such as copper and brass are the main
components of fasteners commonly used in high current generators.
The properties of these metal alloys can affect the contact resistance
and therefore affect the performance and reliability of the genera-
tor. Copper can provide high conductivity and low contact resistance.
Brass, on the other hand, can provide advantages in terms of both
cost and corrosion resistance. Contact resistance is a critical factor for
performance and safety in high current generators. High contact resis-
tance can lead to energy loss and reduced efficiency of the generator,
while low contact resistance can provide reliable and efficient electri-
cal transmission. Therefore, the correct selection of materials such as
copper and brass and regular monitoring of fasteners are important
to ensure the long-lasting and reliable operation of the generator.

The contact between high current generators and materials science
can be found in a variety of application areas and testing purposes.
High current generators are often used in high-voltage testing, espe-
cially on electrical insulation. Materials science contributes to the
development of more effective insulation materials by studying the
properties, durability, and electrical performance of insulation materi-
als under high voltage. Generators used for high-voltage tests often
require special conductors and materials. In this context, materials
science can work on the development of durable conductive materi-
als that can operate under high voltage. High current generators can

Main Points

e The study highlights the significance of contact surface area,
surface smoothness, and connector diameter on resistance
values.

e The study examines the electrical and corrosion resistance
characteristics of copper and brass, influencing their suitabil-
ity in high current applications.

e  The study analyzes how commonly used materials like cop-
per and brass affect contact resistance in high current gen-
erator contact.
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Fig. 1. Arc entry testing setup utilizing the high current generator.

be used to identify failure points of materials and test their durability.
Such tests provide materials scientists with the opportunity to under-
stand how materials behave under high current and make improve-
ments. High-voltage generators can be used to evaluate the properties
of dielectric materials. This could help materials scientists understand
the aging processes of dielectric materials under high currents and
improve the long-term performance of these materials. The interac-
tions of electromagnetic fields on materials can be tested through
high-voltage generators. This allows materials scientists to evalu-
ate the resistance of materials to electromagnetic fields and make
improvements in electromagnetic compatibility issues. At the same
time, materials science is also important for the aviation industry.

The use of aluminum and its alloys in the defense industry has
revealed the necessity of special designs. Considering the proper-
ties of different alloys, it is important to select appropriate alloys to
meet the various demands of military vehicles. Additionally, welding
processes and joining methods are also important for high-strength
aluminum alloys [10]. It is also stated that carbon-based nanoma-
terials have attracted great attention from the scientific community
as a source of high-strength and multifunctional composite materi-
als [11].

Measuring contact resistance is important for testing and devel-
oping contact materials required for various operating conditions
and applications. The value of contact resistance is a critical factor
in the design of a contact system and should be as low as possible
to minimize heat loss. The magnitude of the contact resistance is
affected by several factors, such as material properties (electrical
conductivity), the presence of impurities, oxides, and chemical lay-
ers, as well as the form of contact (point, line, and surface) [12]. In
contact resistance measurements, two effective methods are used
to avoid any mechanical or electrical damage to the surface layer.
First, is the crossbar arrangement under very low mechanical and
electrical load; the other is gold probe measurements [13]. Copper is
widely preferred in fasteners due to its superior conductivity proper-
ties. However, in the process of operation, the contact surface of the
fasteners can wear significantly, resulting in the deformation of the
electrical contacts [14]. Pin-Chun et al. investigated metal-induced
gap states (MIGS) at metal-semiconductor interfaces in 2D semi-
conductors, which cause Fermi level pinning and Schottky barriers.
Using a semi-metallic bismuth contact with monolayer MoS,, WS,,
and WSe,, they suppressed MIGS, achieved zero Schottky barrier
height, a record-low contact resistance of 123 Q-um, and a maximum
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current density of 1.135 pA/um [15]. Cian Gabbett et al. developed
a model to measure and reduce junction resistance in nanowire,
nanotube, and nanosheet networks. The method extracts junction
and particle resistances from DC and AC impedance data, showing
junction resistance ranges from 5 Q (Ag nanosheets) to 24 GQ (WS,
nanosheets). For aligned MoS, nanosheet networks, low junction
resistance (~2.3 MQ) enables high carrier mobility (=7 cm?*V1s7),
while temperature-dependent analysis distinguished phonon-lim-
ited transport from hopping conduction [16]. M.F.R. Zwicker et al.
highlighted the electrical and mechanical significance of battery cell
joining methods in EV packs, examining ultrasonic welding, solder-
ing, laser welding, resistance welding, and less common techniques
like friction stir welding. They evaluated how these methods influ-
ence performance, capacity, lifespan, and manufacturing consider-
ations [17]. Jordi-Roger Riba and Pau Bas-Calopa studied the effect
of contact pressure on joint resistance in aluminum and copper,
using measurements, calculations, and simulations to separate resis-
tance component contributions [18].

This article focuses on contact resistance in high current generators,
specifically the effect of copper and brass fittings. The main contribu-
tions of this article can be summarized as follows:

The effect of copper and brass, commonly used materials in fasten-
ers, on contact resistance was analyzed.

e  Electrical resistance and corrosion resistance of brass and cop-
per are discussed.

e  Contact resistances of copper are determined using the Holm
model.

e The effect of the contact type in terms of affecting the resis-
tance is examined and the importance of surface smoothness
and contact area is emphasized. It is emphasized how copper
connectors of different diameters can affect the contact resis-
tance under high currents.

e It has been stated that in metal-oxide contact, the oxide layer
can increase the resistance and therefore affect the contact
resistance.

The study reveals critical factors for electrical engineering applica-
tions, highlighting the effects on material selection, contact shape,
and type that affect contact resistance. It is emphasized to ensure
low contact resistance, increase energy transmission efficiency, and
ensure long-lasting and reliable operation of the contact.

Il. METHODOLOGY

Analytical models for calculating contact resistance are developed
based on the understanding that when current flows between two
conductive components, it passes through a specific metallic con-
tact surface with a defined geometry. This contact spot, known as
the a-spot, causes constriction resistance (R.). Several models exist
to describe this resistance. A widely accepted one is the ellipsoidal
model proposed by Holm [19]. The ellipsoidal model assumes that
the contact spot has an elliptical shape, with the major axis being
larger than the minor axis. This model considers the dimensions of
the contact spot and the material properties of the conductive com-
ponents to calculate the constriction resistance. By considering the

geometry of the contact spot, this model provides a more accurate
estimation of the contact resistance compared to other models. The
constriction resistance is presented in Equation (1) [19].

R.=p/2a (1)

where p (Q-m) is the resistivity of the contact material and a is the
radius of the contact surface. If metal surfaces are not clean, thin lay-
ers of oxides, sulfur and other inorganic substances, which are often
found on the metal contact surface, can affect the passage of electric
current. This affects the total contact resistance (R;) of the contact,
which is the result of the sum of the constricted resistance (R.) and
the film resistance (R;). Film resistance defines the resistance result-
ing from the formation of unwanted resistive material (“film”) on
the surface of a contact. This usually occurs because of the buildup
of oxides, sulfur and other inorganic substances. The total contact
resistance and the sum of the constricted resistance are presented
in Equations (2) and (3), respectively [19].

R; =of / nxa® (2)
Where o, (Q-m?) is the resistance per film area.
Rs = Rc+Rf (3)

In this study, two different materials are analyzed. Stainless steels are
used for durable resistors used in high current generators. Stainless
steels relate to circuit contact equipment. The material type, contact
shape, and contact type are factors that affect contact resistance.

A. Material Type

The copper and brass materials are selected as contact equipment in
this study. The importance of using copper as a fastener is based on
many factors, and these factors generally focus on properties in elec-
trical engineering and power transmission systems. The specific elec-
trical resistance of copper is quite low (1.68 x 10® Q.m). This means
that copper can conduct electric current with high efficiency. The
resistance-current-voltage relationship highlights the advantages of
copper’s low resistance. Low resistance means less energy loss and
more efficient energy transmission. Copper has good mechanical
strength. This feature increases the resistance of fasteners against
physical stress. Copper has high thermal conductivity. This feature
means that copper can conduct heat quickly and the heat in elec-
trical contact remains low. High currents convert energy into heat.
Therefore, the conduction of heat should not remain at a single point.
Otherwise, melting and disintegration may occur. Copper is resistant
to atmospheric conditions and resistant to corrosion. This feature
ensures the long life of copper fasteners. The electrical conductivity
of brass is not as high as copper (0.00000016 Q2.m). This means that
brass may be a slightly weaker conductor of electrical current. The
thermal conductivity of brass is lower than copper. This causes the
temperatures that will occur because of high current to cool down
later. Since brass is an alloy of copper and zinc, it has better corro-
sion resistance than copper. This feature makes brass more durable
in various environments. Brass has higher mechanical strength than
copper. This indicates that brass has a better resistance to physical
stress. The advantages of using brass as a fastener can be particularly
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focused on properties such as corrosion resistance and mechanical
strength. Although it is slightly inferior to copper in terms of electri-
cal conductivity, there are situations where these properties may be
more important in certain applications.

The most important criterion in terms of contact resistance is con-
ductivity. Therefore, corrosion and temperature conditions were
neglected in the simulation. The contact materials are selected from
copper and brass with a diameter of 10 mm. Figs. 2 and 3 present the
circuit diagram of these materials.

Contact resistances are expressed that the copper resistance is 1.68
x 108 Q, and the brass resistance is 0.8 x 10° Q. The contact resistance
can never be measured exactly in real life. DC may change instantly.
But thanks to the Holm model, it can be expressed mathematically.

B. Contact Shape

The shape of the material can affect the contact resistance, and in
particular, the shape of the contact points, surface smoothness, and
contact area can be decisive on this resistance. The formulas and
models used to determine contact resistance are often more com-
plex and may vary depending on the specifics of the application.
Contact resistance can be expressed by various formulas and mod-
els based on basic principles of electricity and magnetism. Factors
affecting contact resistance include many variables such as contact
area, contact length, surface smoothness, material properties, and
temperature. Therefore, if a specific joint resistance formula is to
be used, it is usually determined specific to the application con-
text and material properties. Particularly in electronic devices and
microelectronic applications, specific contact resistance formulas
and models can be found in the literature and engineering design
guides. These models are developed considering material proper-
ties and application requirements and are often based on experi-
mental data.

50mQ 100 nH

ConnectionRcopperé
1.68 u0

T 267 yF

Fig. 2. Circuit diagram featuring copper connector with a diameter of
10 mm.
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A flat material surface can generally lead to a larger contact area
and lower joint resistance. However, a pointed or rounded material
surface may have a smaller contact area, which can increase joint
resistance. Additionally, surface smoothness can also affect joint
strength; rough surfaces can reduce the contact area, which can
increase joint resistance. Therefore, the contact between the shape
of materials and the contact resistance plays an important role in
material selection in electronic devices and electrical contact. In this
case, problems may arise at high currents between a 10 mm diam-
eter copper connector and a 1 mm diameter copper connector. Fig. 4
presents the different size fasteners.

The contact resistance of the first contact equipment (diameter =1
mm) will be 16.8 x 10° Q, while the contact resistance of the other
contact equipment (diameter = 10 mm) will be 1.68 x 10° Q given in
Fig. 2. The contact of small space equipment to the circuit is shown
in Fig. 5.

C. Contact Type

The type of contact is a factor that determines how contact
between two materials is established and maintained. Metal-to-
metal contacts generally have low contact resistance because met-
als are generally good conductors and tend to conduct electrical
current well because electrons can move freely. Contact between
metal surfaces is generally smooth and tight, contributing to low
contact resistance. However, metal-oxide contacts involve the con-
tact of a layer formed due to the oxidation of metal surfaces. This
can increase contact resistance because the oxide layer can make
it difficult for electric current to pass. However, in some cases, this
oxide layer can also function to protect the contact and reduce
resistance. The oxide layer can increase friction between fasteners.

Stainless
Steel

Stainless

Steel Diameter = 10 mm

Fig. 4. Different size fasteners.
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Fig. 3. Circuit diagram featuring brass connector with a diameter of
10 mm.

Fig. 5. Circuit diagram featuring copper connector with a diameter of
1 mm.
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Friction can increase torque resistance, making it harder for the bolt
or nut to turn. Increased torque resistance caused by oxidized sur-
faces may result in fasteners not being sufficiently tightened. This
may cause the contact to be unstable and the contact resistance
to increase. Applying excessive torque to the fasteners due to the
oxide layer may damage the fasteners or cause them to loosen.
When all these problems are taken into consideration, the R; value
begins to increase. Welding has been seen as the best solution to
tolerate the oxidation effect.

The welding process usually involves melting the materials being
bonded, which helps remove the oxide layer and create a smooth
surface. This makes the contact more effective and smoother. Weld
joints generally have low electrical resistance because the contact
between materials is more accurate and the increase in resistance
due to oxidation can be minimized.

I1l. RESULTS

Contact resistance, distinct from the circuit’s internal resistance,
arises at points where mechanical contacts are made within the cir-
cuit. This type of resistance can occur due to loose contact, improper
tightening of bolts in bolted joints, wear on contact surfaces, or con-
tamination and oxidation of these surfaces. Such contact resistance
contributes to the total circuit resistance and results in power loss.
To prevent issues like spark formation, phase loss, or even fires due
to significantly increased contact resistance, regular maintenance of
contact is crucial. Frequent tests can cause wear, deformation, or pit-
ting at these contact points, leading to higher resistance and subse-
quent voltage and current drops.

In this paper, the selection of copper and brass materials as con-
tact equipment was focused on and their effects on the properties
of these materials were examined. It has been stated that copper
has low electrical resistance, good mechanical strength, high ther-
mal conductivity, and corrosion resistance. The reasons why copper
is preferred especially in electrical engineering and energy trans-
mission systems are emphasized. Although brass has lower electri-
cal conductivity than copper, it has better corrosion resistance and
mechanical durability properties. When conducting an experiment
examining the effects on contact resistance, the copper and brass
fasteners were selected with a diameter of 10 mm. The contact
resistances are expressed mathematically using the Holm model.
According to this model, copper contact resistance is determined
as 1,68x10-6 Q and brass contact resistance is determined as 0.8 x
103 Q.

The output currents of the high current generator charged at 40 kV
DC are given in Figs. 6 and 11.

According to the results, when a copper connector with diameter of
10 mm was used, the output current of the high current generator
was measured as 193.1 kA. When the same circuit was installed with
brass connectors, the output current was measured as 188.1 kA. This
shows that when the output current observed in the circuit is estab-
lished with brass connectors, the current loss is approximately 5 kA.
In practice, this loss is observed in real life as a spark or arc explosion
shown in Fig. 12. The results show that connectors can affect the
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Fig. 6. Output signal of the high current generator using a copper
connector with a diameter of 1 mm.

output current depending on the material type and that this effect
can be significant enough to be observed in practice.

The contact type, surface smoothness, shape of the contact points,
and the effect of the contact area on the resistance are important.
At high currents, the use of copper connectors of different diameters
increases contact resistance. This negatively affects the output cur-
rent. Small areas of contact elements used in high current generators
reduce the output current due to high resistance. The connectors
with small areas (diameter =1 mm) that create more resistance in
high current generators have a negative effect on the output cur-
rent. A loss of approximately 100 A can be mentioned. Additionally,
although spikes control the electric field more effectively, they can
also create more sparks at higher voltages. It has also been stated
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Fig. 7. Output signal of the high current generator using a copper
connector with a diameter of 5 mm.
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Fig. 8. Output signal of the high current generator using a copper
connector with a diameter of 10 mm.
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Fig. 9. Output signal of the high current generator using a brass
connector with a diameter of 1 mm.
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Fig. 10. Output signal of the high current generator using a brass
connector with a diameter of 5 mm.

that although spikes control the electric field more effectively, they
can create more sparks at higher voltages

It has been stated that the contact type provides low contact resis-
tance, especially in metal-metal contact. Also, in metal-oxide con-
tact, the oxide layer can increase resistance and therefore affect
contact resistance. The welding method is a good solution against
the oxidation effect, and welded joints are effective in tolerating the
oxidation effect.

The effects of material selection, contact shape, and contact type
on contact resistance highlight factors that are important in electri-
cal engineering applications. Keeping the contact resistance low is
important to increase energy transmission efficiency and ensure the
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180 Imax= 188.1 kA
160
140
120
100
80
60
40
20

Current (kA)

-20 -10 0 10 20 30 40 50 60 70 80 920 100 110 120

Time (us)

Fig. 11. Output signal of the high current generator using a brass
connector with diameter of 10 mm.

Fig. 12. Sparks occurred due to copper contact resistance.

long life of the contact. Considering these factors, a smooth working
circuit can be established as in Fig. 13.

While setting up the circuit, processes were carried out for low con-
tact resistance as mentioned in this study. The contact elements
used for the contact of the copper bars coming from the high current
generator and the stainless steel used as resistance were selected
as copper. In addition, the contact surface of the copper bar and
the stainless steel were adjusted to be R=10 mm, 25  mm?, thus
minimizing the contact resistance. Finally, the copper connector ele-
ments were fixed to the stainless steel by welding and, in addition,
the copper bars surface was sanded to clean any oxidation that may
occur on the surface of the copper bars.

Fig. 13. No sparks occurred by contact resistance.
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IV. CONCLUSIONS

This paper presents important results, focusing on high current tests
and specifically the performance of copper and brass fasteners. The
research highlights the critical role of high current tests in assessing
the reliability of electrical and electronic systems and explains how
these tests help determine compliance with certification standards
in the aerospace industry. The methodology section examines the
various factors that affect joint resistance and highlights the impor-
tance of material type, joint shape, and joint type. Using analytical
models such as the Holm model, contact resistance is expressed
mathematically, and the performance of copper and brass fasteners
is examined comparatively. The research shows how material selec-
tion affects output current by observing the output currents of high
current generators. It also focuses on the effects of contact shape,
highlighting how fasteners with small areas can cause high resis-
tance, which can reduce output current in high current applications.
The research highlights the effects of material selection, contact
shape, and contact type on contact resistance, revealing important
factors in electrical engineering applications. Consideration of these
factors can contribute to the development of optimized and reliable
contact systems. This study provides valuable information to inform
and guide those working in the field of high current tests and electri-
cal engineering.
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