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Short abstract:
The main objective of this thesis is to come up with new concepts for the ground
electrical connection in heavy-duty vehicles. Furthermore, the designs are going
to be tested and optimized for fulfilling electrical, economical, mechanical,
logistical and environmental requirements. For this study, the theory behind
the electrical contacts is going to be investigated along with experimental data.
The literature in Power Connectors is going to be reviewed and utilized as an
analogy for medium power automotive applications.
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Summary:
Regarding the ground electrical connection in trucks and buses, the requirements
of earthing in heavy-duty vehicles were gathered and evaluated. The most
important problems in the state-of-the-art grounding devices are corrosion,
electrical resistance and uncertainty in the mounting process, altogether with
depreciation over time. The goal is to come up with new concepts that can give
a more reliable and better ground connection into the frame with faster, easier
and safer manufacturing operations.

Several methods for attaching different ground connectors to the steel frame are
going to be investigated, including bolted connections, press devices, soldering,
brazing and local plating spots. It will be shown that the welding operation gives
the best electrical results, while lowering mounting costs, time and variability.
Two welded connectors are then going to be proposed as the best alternatives
and a parallel investigation with both of them is going to be carried out. These
new concepts, filed for patent protection, are going to be labelled as “SRM
Welded ground stud” and “SRM Welded grounding nut”. The first of them
consists of a plated steel threaded stud (M8 or M10) with a ring shaped contact
surface built in one of the ends, where the Ø12 mm weld is to be performed
onto the uncoated frame. The second concept comprises a stainless steel M10
round nut welded over a punched hole. The optimization will also cover different
alternatives for plating metals, contact aid compounds and masking caps for
both devices.

The risk of mechanical weakening of the frame because of the new welded
concepts is going to be tested for the case of the SRM Welded ground stud. The
results will show an increase in fatigue resistance of at least 20% compared to
the current ground screw. Furthermore, the strength of the welded interface will
show higher proof load than the stud itself. The welded nuts, tested with torque
loading, will show a sufficient performance as well.

The electrical tests present an expected decrease in ground resistance of 40% for
the welded stud and an increase of 28% for the welded nuts, compared with the
current ground screw.

The conclusion of this Master Thesis states the recommendation of the
implementation of a new grounding method through the SRM Welded
ground stud. Although, some modifications in the transportation pro-
cess of the frames might be needed because of the new protruding
parts, pointing an estimated distance of 20mm from the frame surface.



Sammanfattning:
När det gäller jordad elanslutning i lastbilar och bussar, har kraven på jord-
ning i tunga fordon samlats och utvärderats. De största problemen i de mest
avancerade jordade enheterna är korrosion, elektriskt motstånd och osäkerhet i
monteringsprocessen, sammantaget med avskrivning över tiden. Målet är att
utveckla nya koncept som kan ge en bättre och mer tillförlitlig jordanslutning i
ramen med snabbare, enklare och säkrare tillverkning.

Flera metoder för att fästa olika mark kontakter till stålramen kommer att
undersökas, bland annat skruvförband, pressanordning, lödning, hårdlödning
och lokala pläteringsfläckar. Det kommer att visa att svetsning ger den bästa
elektriska resultatet, samtidigt som monteringskostnader, tid och variabilitet
minskar. Två svetsade kontakter kommer sedan att föreslås som de bästa
alternativen och en parallell undersökning med dem båda kommer att genomföras.
Dessa nya koncept, för vilka patentskydd har ansökts, kommer att märkas som
“SRM Svetsade marktapp” och “SRM Svetsade jordmutter”. Den första av
dem består av en pläterad stålgängad tapp med en ringformad kontaktyta
byggt i en av ändarna, där svetsen skall utföras på den obelagda ramen. Det
andra konceptet består av en rostfri rund mutter svetsad över ett stansat hål.
Optimeringen kommer även att omfatta olika alternativ för pläterade metaller,
kontaktstöds föreningar och maskeringslock för de båda enheterna.

Risken för mekanisk försvagning av ramen på grund av det nya svetsade konceptet
kommer att testas med avseende på fallet med SRM Svetsad bottenreglar.
Resultaten visar en ökad utmattningshållfasthet på minst 20% jämfört med den
nuvarande jordskruven. Dessutom kommer styrkan av den svetsade gränsytan
uppvisa en högre provbelastning än tappen själv. De svetsade muttrarna, testade
med momentbelastning, kommer också uppvisa en tillräcklig prestanda.

De elektriska testerna presenterade en förväntad minskning av markmotståndet
på 40% för svetsade tappar och en ökning med 28% för svetsade muttrar, jämfört
med den nuvarande jordskruven.

Slutsatsen av detta examensarbete anger en rekommendation av genomförandet
av en ny jordningsmetod genom en SRM Svetsad marktapp. Trots detta kan vissa
ändringar behövas i transportprocessen av ramarna på grund av de nya utskju-
tande delarna, vilka pekar från ramens yta med ett uppskattat avstånd av 20 mm.
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Figure 1.1: Electrical layout in a vehicle

1.1 Background and Motivation

The current situation of grounding in vehicles will be explained. A short
introduction to the aspects and problems of the previous art will be provided as
well

1.1.1 Grounding in a vehicle

The ground connection of the vehicles is one of the main features of the electrical,
electromechanical and electronic system. In trucks and buses, just like in cars,
a DC power supply is used to feed all the electrical components with energy.
This direct electrical current is flowing between two metal parts with different
electrical potential linked through an impedance and has a wide variety of
purposes and power levels. Varying from a couple of mili Ampers to up to 2000
Ampers, all kind of devices are fed with electrical energy and all of them have
one pole in common, the ground potential.

It is common to say that the grounding system in a vehicle is the path that all
the currents from all kind of devices use to “return” to the battery, regardless
of the electrical power or voltage level that fed them. In a simple draft, this
(Figure 1.1) could be an abstract of the electrical system in a common vehicle.
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In the Figure 1.1 above, the ground sign represents everything that is connected
to the same metal part, with a uniform electrical potential, the minus pole of
the battery.

Nowadays, there are two ways to “ground” a vehicle, i.e. design the grounding
system. The most common way to provide the return path for the ground
currents is to use the frame of the vehicle as a conductor. The alternative way
is done by using copper wires or aluminium bars to provide this path. We will
focus our research in the first of them, which is the one that Scania is currently
using in all the trucks and buses.

Using the frame for long electrical contacts has its advantages and disadvantages.
Most of all, this method is much cheaper than using copper, because of the
cost of this last material, and the total weight of the vehicle is kept minimum,
as no extra wire is used for the electrical grounding. The method is also quite
reliable, since it has minimum risk of breaking cables. On the other hand,
the electrical resistance of the frame, that almost always is made out of steel,
is much higher than the one provided by copper or aluminium. In fact, the
resistivity of the steel (ρ = 1.43 · 10−7Ω ·m at 20◦C) [1] is almost ten times
higher than the one of the copper (ρ = 1.68 · 10−8Ω ·m at 20◦C) [2] and quite
higher than the one of the aluminium too (ρ = 2.82 · 10−8Ω ·m at 20◦C) [3].
This last fact would make the steel unacceptable for electrical connections, but
taking into account that the conductive area of the frame is really big, the
overall resistance of the frame is kept is an acceptable value. For the mentioned
reasons and some more facts related to logistics, manufacturing, etc, the frame
pieces use to be the chosen for returning the currents towards the battery.

Another problem related with using the frame for grounding is the electrical
connections between electrical, electromechanical and electronic devices. All
these electrical components are equipped with plates specially designed for
electrical connections and their contacts with copper cables with proper ring-
ends is almost perfect. Indeed, the connectors inside a car are well designed for
exceptional electrical contact and fatigue resistance, all combined with water
proof cases and other methods for avoiding corrosion. In other words, the
contact between electric devices and cables uses to be really good and it is well
studied. The problem is that there is not such big knowledge of how to make
strong and reliable electrical contacts between steel parts and copper cables
while keeping a good electrical joint provided by low contact resistance.
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Figure 1.2: Ground connection in a vehicle affected by corrosion

1.1.2 Grounding in a heavy-duty vehicle

Trucks and buses present a very important challenge when it comes to grounding,
also known as earthing. In this kind of vehicles, one of the top priorities that
the designers face when developing them is the reliability, especially in terms of
lifespan of the components and the vehicle itself. Unless cars, trucks and buses
are expected to last much longer while being in service. Indeed, customer-
oriented statistics and pure market analysis have shown that this is one of the
main features that a potential buyer looks in this kind of vehicles. Current
Scania’s internal requirements bind every design to last in acceptable operation
condition for at least 15 years under severe working environments.

This strict requirement presents a challenge when it comes to electrical con-
nections, especially in terms of mechanical strength of the joint and corrosion
resistance. Furthermore, this problem is more important when we deal with
ground connections.

The action of “grounding” in a vehicle in which the ground is done through
the frame is the performance of a connection between an electrical cable and
the steel in the chassis. The frames are made of strong steel, very good for
standing mechanical stresses but very weak against any kind of environmental
attack, such as oxidation and corrosion (Figure 1.2). The frames, however, are
always coated and painted to prevent this weakness. The challenge with the
ground connection is that we have to have continuous metal-to-metal contact
while avoiding any exposure of the steel.
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Figure 1.3: Current positions for each ground screw

On the other hand, the electrical requirements over the ground connections
are higher than in normal vehicles. The ground connections have to stand
the high currents that flow through terminals while cranking the motor. In
trucks and busses, with big engines and highly inertial crankshafts, the starter
(electrical motors that turn on the engine) consumes an elevated intensity while
working. Furthermore, some trucks are equipped with several extra equipment
for specific tasks that may also require high electrical current.

1.1.3 Grounding in Scania’s trucks and buses

The spots chosen for attaching the ground connections to the frame have been
designed in order to be close to the batteries and the starter. For the worst
case scenario, all the ground connections in the Scania’s trucks and buses have
to be able to stand 2000 A during 5 seconds, 800 A during 30 seconds and
300 A for continuous operating conditions. These (Figure 1.3) are the current
positions for the three ground screws.

In the draft shown in Figure 1.4 the three holes where the ground screws are
attached are shown. All of them are situated in the left side member of the
frame.

As a special requirement for this Master Thesis Research, the location of the
current ground screws cannot be changed.

After long research in grounding methods, Scania is currently using a grounding
method that consists in a screw with a deformable serrated face that is slowly
pulled in a hole by the force of a tightening nut. The stainless steel ground
screw M10 + M12 has the shape shown in Figure 1.5.

The current process of the installation is carried out as follows:

1. The steel frames are cold rolled-formed in the first steps of the production.

2. The holes in the frame are made by a strong machine that punches holes
for several applications all along the frame.
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Figure 1.4: “Side members” of the frame and holes for grounding

Figure 1.5: Current ground “press” screw

3. The frames are coated and protected against corrosion, then painted and
transported to the main factory.

4. In the assembly line in the main factory, and only for the holes where the
ground screws are going to be installed, new holes are drilled over the
old, punched ones. The drilling operation is done manually with a drill
of Ø 14,5 mm, which is bigger than the punched hole. While drilling, the
existing coat that was present inside the hole is removed.

5. The ground screws are slowly pulled into the frame by the action of
a tightening nut. The process is monitored by torque control of the
screwdriver

6. The connection for the cables is made on the other side of the screw, by
just attaching the lug plate (Figure 1.6) of a copper cable between the
ring-shaped middle part of the screw and another tightening nut.
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Figure 1.6: Current ground screw and cable terminal

1.2 Approach

In order to improve the previous art in grounding, the following realizations
and considerations will lead us to the finding of the optimal design.

1.2.1 Problem background

The current process is considered a bit slow and inefficient. It’s taking too
much time to perform all the operations necessary for installing the so-called
press screw.

There are problems related with water intrusion and corrosion. The joint is
not tap tight and, over time, it has been shown that corrosion happens inside
the hole. This corrosion lowers the lifespan of the ground screw and increases
significantly the electrical resistance of the joint. As the screw is made out of
stainless steel, the corrosion is only affecting the steel from the frame.

The process has a considerable uncertainty and reports from manufacturing and
assembly show that the mounting process is not being carried out as planned.
There is too much dependence on the operator who is drilling the holes and
mounting the ground screw. Sometimes the screw is not properly installed
because of these uncertainties in production. The tight tolerances of the piece
and hole and the assembly process in general are not adequate.
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The steel of the frame is harder than the ground screw and the serrated part
in the device is not cutting the frame on its way in. The optimal composition,
plating and thermal treatment of the parts for increasing the hardness are
still under investigation. There are differences regarding the installation of
the ground screw between buses and trucks. This is undesirable and a similar
process for both assembly lines would be more adequate and cost saving.

The ergonomics of the mounting process are not adequate for Scania’s standards.
The operators are not adopting a comfortable position while assembling the
screw on the inside part of the frame and a one-sided mounting process would
be desirable.

1.2.2 Objective

The objective of this project is the development of a new concept for the
ground connection and finding a method better than the current one is the
goal. The proposed alternative has to be designed in order to improve the
electrical contact of the ground screw joint, avoid corrosion in the connection
and allow a quicker and more reliable mounting process.

1.2.3 Considerations

The following list is a summary of all the factors that we should take into
account when designing the ground screw concept. The statements that form
the list are numbered for further reference.
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1.2.3.1 Economical

-1- Parts and tools The materials used for the parts and the tools required
for attaching the ground screw must not be much more expensive than the
ones that are being used in the current process. This consideration excludes,
for example, gold and silver plating for electrical connections. Furthermore, a
grounding concept that is more expensive that the current one is very likely
not going to be adopted.

We should also exclude complicated shapes of a possible grounding device
difficult to manufacture.

-2- Automation The process must preferably be automatic. This is not
a requirement but a recommendation in terms of economical viability and
industrial implementation.

-3- Special requirements for the operators It is desired that the operator
doesn’t require any special ability like, for example, a welding training or a
certificate for working with hot tools. The process should not require physical
strength, agility or other particular requirements for the operators.

-4- Reliability and non-variability of the process The process must be stable
in performance and results. It shall not depend on the operator that is attaching
the ground device or the tight tolerances of the process. Furthermore, it is
desirable that all the ground screws have the same mechanical and electrical
properties over time in every vehicle, regardless of the operator that mounted
them or the country where they were produced.

Reliability is an important cost when it comes to global manufacturing. It is
normally preferred to implement a worse method with high reliability than
having high uncertainty in a process with better results. About this issue one
should also think about the procedure to follow in case of a device failing in
production or service. Being able to have a “plan b” if the operation doesn’t
go as planned is one important feature of a good design.

-5- Avoid strict requirements in tolerances We must keep the tolerances in
a relaxed value since they will always be related to reliability costs.
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Figure 1.7: [4]

-6- Number of operations and time The number of operations should be
lowered with respect to the current grounding method in order to save time in
production. Too complicated concepts that may require more than 3 operations
are not likely to be accepted.

1.2.3.2 Electrical

-7- Contact surface: oxide layer breaking, low resistance and wide area It
has been proven that in every electrical contact the asperities in the contact
interface control the electric resistance. The breakage of the oxide layer and
contaminant films that the contact metals have in the most external part must
be broken by pressure. As this pressure increases, the metal-to-metal contact
points are being created and, thus, conducting paths.[4]

These local contacts, called a-spots, are small conducting areas that provide
the only flow of electrical current (Figure 1.7).

The performance of the contact surface in terms of low electrical resistance will
depend mainly on the following factors.
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• Contact area

• Pressure in the contact area

• Contact materials: base metals, plating layers, oxide layers, surface
roughness

-8- Internal resistance of the grounding device: type of metal and con-
ducting area Depending on the shape, conducting area and material of the
grounding device, the resistance between the contact point with the cable
terminal and the frame will be set.

The use of metals with high conductivities will be preferred.

-9- Oxidation "Oxidation of the metal-metal contacts within the contact in-
terface is widely accepted as the most serious degradation mechanism occurring
in mechanical connectors." [4]

-10- Corrosion Corrosion is a chemical or electrochemical reaction between
a metallic component and the surrounding environment causing detectable
changes that lead to a deterioration of the component material, its properties
and function [4]. Among the many factors that could potentially affect the
ground connection, the most common are atmospheric and galvanic corrosion.
Atmospheric corrosion is caused by the electrolytic chemical reaction between
the outer metal layer and the environment (oxygen, water vapour and sulphur
and chloride compounds). This phenomena will always happen and will be
accelerated by the existence of water or moisture. Galvanic corrosion is caused
by the dissimilar catodic properties of two metals when put together in the
same electrolytic bath. Depending on the position of each metal in the galvanic
table [5] we can evaluate this risk.

1.2.3.3 Mechanical

-11- Structural damage to the frame The ground screw concept must be
designed in such way that the frame keeps its strength. The lost of the
mechanical properties of the frame because of an undesired thermal treatment
caused by a welding or a too harmful hole pattern are to be avoided.
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-12- Vibrations and fatigue risk Any protruding part in the frame is likely to
have risk of failure because of fatigue, when combined with vibrations. Screw,
frame and ring-shaped end of the cable could suffer this problem. Any small
crack or notch could be a seed for a fatigue crack

-13- Risk of fretting "The process is defined as accelerated surface damage
occurring at the interface of contacting materials subjected to small oscillatory
movements" [4]. In other words, wear inside electrical contacts because of
relative movements between parts. "The required oscillatory movement of
the contacting members can be produced by mechanical vibrations, differential
thermal expansion of contacting metals, load relaxation, and by junction heating
as the power is turned on and off. It is generally accepted that fretting is
concerned with slip amplitudes not greater than 125 µ m." [6]

-14- Creep and stress relaxation "Creep, or cold flow, occurs when a metal
is subjected to a constant external force over a period of time. Stress relaxation
also depends on time, temperature and stress but, unlike creep, is not accompa-
nied by dimensional changes. It occurs at high stress levels and is evidenced by
a reduction in the contact pressure owing to changes in metallurgical structure.
The change from elastic to plastic strain has the effect of significantly reduc-
ing the residual contact pressure in the joints, resulting in increased contact
resistance, possibly to the point of failure." [6]

-15- Risk of untightening of the nuts Washers are usually used to minimize
this risk

1.2.3.4 Logistical

-16- Coat and paint penetration If the ground device is installed in the
frame before the coating process, the penetration of the paint and chemicals
has to be satisfactory. Furthermore, the coat has to reach all the parts that are
likely to be affected by oxidation or corrosion. In order to understand better
the coating and transport process, a short explanation is provided below.

The current shipping of the frames for Scania’s trucks and buses begins with
the formation of the side members of the frame. This parts are thick steel
metal sheets that are cold-rolled formed, then punched with holes, then given
the correct “C” shape and at last coated and painted. All this process is done
in one facility and then the metal parts are transported to the production line,
where they are assembled with the rest of the vehicle.
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Figure 1.8: Side members of the frame piled up before assembly

Figure 1.9: Sequence of the manufacture of the frame side members

The frames arrive to the assembly line packed like we can see in Figure 1.8.
The sequence of the process goes as it’s represented in Figure 1.9.

The first three steps are carried out in the frame forming facilities. In the case
of the Scania’s manufacturing process in Sweden, they are located in Luleå.
Then the parts are transported by truck from Luleå to the main facility in
Södertälje.

The current ground screw is installed in Södertälje, at the assembly line, and
that’s why the paint has to be removed from the hole in order to provide the
metal-metal electrical contact. However, there is the possibility of installing
the ground screw in the frame forming facilities, previous to the coating.

The installation of the ground concept before the coating process is a big
achievement towards avoiding corrosion in the ground connection. If the coat
for corrosion protection and the paint layer can reach all the parts around the
grounding spot, the biggest problem may be solved. We have the availability
to install a ground screw or another device before the coating as long as the
operation is not too complicated.

-17- Transport considerations. No big protruding parts As an special re-
quirement for the current manufacturing process of trucks and busses in the
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company, no big protruding parts should complicate the transport of the frame
pieces.

In Figure 1.8 we could see how the frame side members were packed and
transported. Taking a deeper look, we realize that there isn’t much space
between the parts for an extra component. If we want to add something that
protrudes out of the frame before the transportation process, we would have to
take into account the problems related to shipping.

-18- Avoid spilling of spare metal during the assembly of the frame As an
special requirement for the current manufacturing process of the buses in the
company, no spilling of spare metal parts during the assembly line is allowed.
The assembly line for buses has several delicate air-tight devices that might
get punched if some spilling metal touches them. For that reason, any drilling
operation in the assembly line is forbidden or carefully controlled by suction of
spare metal spills, acutely increasing costs.

For the reason mentioned above, the current ground screws on the buses are
currently attached directly over the punched holes, without the intermediate
drilling operation. This current method affects the performance of the electric
equipment negatively and must be avoided.

-19- Small space available around the ground screw The new ground screw
concept has to be compatible with the other steps of the mounting process.
If the device is too big, there might not be enough space for the operators to
further mount other components that are close to the grounding spot.

This aspect has to be taken into account not only for the risk of colliding parts
in the final product, but also for the comfort and accessibility of the operators
when further mounting parts without enough space.

-20- Comfort of the operators while mounting. Safe process If the new
ground screw concept requires manual operations, the process must be comfort-
able and safe. No awkward positions are desired for the operators. The working
position is taken into account since there is an internal requirement from the
company to keep the mounting process comfortable during the assembly of the
vehicles. The process must be safe and it cannot imply any risk for the health
of the operators or the factory. Risks of burning, cutting parts, gasses spilled
while welding, etc must be taken into account.
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Figure 1.10: Ground screw in Volvo’s trucks

1.2.3.5 Environmental

The process must be environmentally friendly. General environmental laws and
particular company requirements have to be fulfilled.

1.3 Benchmarking

Looking at the designs that the competitors are using was one of the first steps to
start with during the brain storming. Below, the investigations and conclusions
of their designs. The on-site investigation was carried at the Scania facilities
in Södertälje.

Volvo’s current ground screw The truck company Volvo has the same type
of ground screw as Scania is using. Although their screw is thicker and larger,
the working principle is the same. A screw with a deformable serrated face
is pulled in a hole by the force of a tightening nut. On the other side, the
ring-shaped cable terminal is attached by another nut. The installation layout
is shown in Figure 1.10

In this case, the ground screw has a different colour and is darker than Scania’s.
From the dark colour we could guess that the screw is probably made of steel
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Figure 1.11: Grounding weld nuts in old Volvo trucks

Figure 1.12: [7] Weld nut with ring projection

and has been protected with black oxide, which is a rather bad conductor.
It could also be hardened stainless steel, with a black surface because of the
thermal treatment. Either way, both of them have an oxide layer at the outer
part that has to be broken in order to be acceptable for electrical contacts.
Research and conclusions about materials and plating metals are discussed in
Section 3.2.

Since Volvo is our strongest competitor, this design only gives us information
about the suitability of our current grounding method. The direct conclusion
would be to research into the advantages that could imply a bigger screw for
earthing. This device is far from being a new concept and the development
of the shape and size of the current screw was left for the other parallel
investigations at Scania.

Volvo’s old grounding method Previously to the current earthing of their
trucks, they used the method shown in Figure 1.11.

The nuts are spot welded using the projection welding technique. This means
that each nut has a ring shaped surface in the area that faces the welding
spot.

The nuts are welded on an added extra part that protrudes out of the frame.
This piece of steel has only been designed for allocating the ground connection.
The extra cost of modifying the shape of the frame, instead of welding the nuts
directly on the thick frame body is necessary in terms of mechanical strength.
If we wouldn’t have the extra plates, the welding would weaken the frame and
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that would lead to fatigue risk, especially if several nuts are welded in the
same area. The poor penetration of the paint into the weld joints may deal
to strength lost in the frame as well. Adding an extra part that is not under
mechanical stress solves this problem. Furthermore, it allows the process to be
less precise and less dependent on the tolerances. A welding with bad quality
wouldn’t affect the mechanical performance of the frame.

The projection welding has been chosen for being better than the standard spot
welding, in terms of corrosion and water intrusion through the sides of the nuts
and into the welded joint. Thanks to the outer projection with a ring shaped
end, the gap between the nut and the bulk material will be relatively smooth.
The nuts also present a long, internally threaded cylinder in the middle. This
is not only used for provide the electrical contact but also for positioning the
nut and make the welding operation easier. Probably, this nuts were welded
manually by an operator and a welding tool.

The drawback of the method is that the electrical connection is quite poor,
since only the internal threaded part of the nuts is used as the electrical contact
surface. Also, the current must flow through a thin steel sheet, which provides
a very high resistivity. This is the reason why three of them have been welded
in order to lower the resistance.

Another problem with the device is the corrosion that will happen when
operating under severe corrosion conditions. The grounding layout is full
of gaps where the coat has not penetrated enough and water intrusion and
corrosion will eventually take place.

Mercedes and Man These companies adopted a totally different grounding
system, providing the ground potential with a set of copper cables. This means
that they are not using the frame as an electrical conductor and don’t need a
ground connection. The research in grounding without the frame is again left
for further investigations.

Sitrak Among truck’s manufacturers, there are several Asian new brands
that are emerging in the market with the advantage of proven technology and
expired patents. Two trucks were investigated and they both had the grounding
connection shown in Figure 1.13.

The connection is provided by a self-threaded screw that is pulled into the
frame, “threading” its way in. Then, the cable terminal is attached between the
self-threaded screw and the frame. The method is cheap since it only requires
a drilled hole and a special screw with triangle-shaped threads.
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Figure 1.13: [7] Ground screw in a Sitrak’s truck

Before any corrosion problem happens, the electrical contact between frame
and screw is rather good since the screw has deformed the hole and the threads
are in total tight contact with the walls inside the hole. The contact between
the screw and the cable terminal is poor. However, this device is weak against
corrosion and the failure is expected to happen relatively early in the life of
the truck.

These screws are currently used by scania for electrically join both sides of the
frame.

1.4 Electrical resistance and grounding

An inside view of the electrical phenomena in the ground connections

Regarding the “electrical” part of the investigation, our goal is to find the
lowest possible electrical contact resistance that can be achieved while fulfilling
the requirements that were explained at the beginning of this report. This
contact resistance will always exist between the cable terminal, made of tin
plated copper, and the frame, made of steel. Furthermore, it will be a series
sum of three main resistances:

• Resistance between cable terminal and grounding device

• Internal resistance of the grounding device

• Resistance between grounding device and frame
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Figure 1.14: [11] Cable lug

1.4.1 Resistance between cable terminal and grounding device

The cable terminal is made of soft copper (E ∼ 1, 2 · 105 MPa) [4] with a layer
of even softer tin plating (E ∼ 0, 4 · 105 MPa) [4], which means that it will
“adapt” to the surface that it’s been pressed onto. The softer metal in the
interlayer will control the electrical contact phenomena. Furthermore, this will
be ruled by the elastic deformation.

“It is generally accepted that the true contact area is controlled by the plastic
deformation of the asperities projecting from the surface. Although Archard
[8] proposed an elastic theory of contact, Greenwood and Williamson [9] have
shown that deformation of the asperity is generally plastic in most practical
applications. Bowden and Tabor [10] proposed that the contact pressure on
contact asperities is equal to the flow pressure of the softer of the two contacting
materials and the normal load is then supported by plastic flow of the softer
asperities” [6]

The cable terminal and the grounding device are always going to be put together
by pressure and no other method like welding or soldering is allowed. It has
to be this way because we have to be able to attach and unattach the cable
terminal from the frame at any time during the lifespan of the vehicle. However,
the common thing is that the cable is never unattached and the design must
aim in that direction, but always giving the possibility of undoing the joint.
Consequently, the cable terminal and the grounding device will always be put
together by the pressure provided by a screw + nut. This connection will
belong to the category of “bolted joints”.

As a requisite for the ground connection, the cable terminal (also called cable
lug) (Figure 1.14) must not be changed in shape and should not be changed in
the material that it’s made of. However, the soft copper that the connection
plate already has, makes it ideal for grounding and no reason for changing
that was found. The only optimization that we could introduce in the cable
terminal would be a different plating for the copper.
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The copper in the cable terminal, if not coated or plated, is weak against
corrosion in hazard conditions. Although, it will be quite stable under light
corrosion conditions. To prevent this problem and maintain a good surface for
electrical contacts, copper connectors under severe corrosion attack must be
protected. The most common method for protecting a copper cable terminal
is tin plating. However, other plating materials such as nickel can be a good
alternative too, as well as the introduction of contact aid compounds, wax
protection or coat covering, among others. These alternatives will be explained
in detail later when discussing optimization of the design of the grounding
device (Section 3.4).

The resistance between the cable terminal and the grounding device is going
to depend on three parameters:

• Contact area. The cable terminal is a flat plate with a thickness of
around 3 mm and with a hole in the middle. Since the contact resistance
will decrease with the contact area, we should maximize this parameter.
Furthermore, both upper and lower surfaces of the cable terminal can
be used for electrical contact. Using the two of them would lower the
resistance and would be desirable.

• Contact pressure. Given a certain contact area between two conducting
metals, the resistance will decrease when increasing the force that put
them together. The local pressure in the interface will create more contact
points between the metals, breaking the oxide outer layer of each metal
and forming metal-to-metal conducting paths called a-spots. Also, the
pressure in the joint will make the softer metal deform and adapt to
the contact surface, providing wider area and, consequently, less contact
resistance.

• Contact materials. Different metals with different properties in the outer
layer have a big influence in the contact resistance. Especially important
are the effects of plating metals and contact aid compounds. The softness
of the plating will lower the resistance but the thickness will make it grow.
See skin effect for plating layers [6]. Plating metals with high conductivity
will be desirable but an external thick oxide layer will require stronger
forces for providing conducting paths, etc. At the end, the optimal design
will be a matter of finding the balance between the plating layer of the
cable terminal and the one of the grounding device.

In the current ground screw, the resistance between the cable terminal and the
grounding device is estimated to be the 7,6 % of the total resistance of the
ground connection. This calculation will be explained further in this report.
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1.4.2 Internal resistance of the grounding device

Depending on the shape, conducting area and material of the grounding device,
the resistance between the contact point with the cable terminal and the frame
will be set. This calculation is much more straight forward and can be easily
calculated and optimized. The expression that gives us the total resistance will
be, for conductors with a constant area:

R = ρ
l

A
(1.1)

Where R is the total resistance in Ω, ρ is the resistivity of the metal in Ω ·m, l
is the length of the conductor in meters and A is the constant transversal area
in square meters. For grounding devices with non-constant conducting areas,
more likely to useful for our study, we will use the differential expression, where
l is the conduction path (curve).

dR = ρ
dl

A(l) (1.2)

From all the available bulk metals for the grounding device, we will only focus
in the ones that are interesting for our study. Compromising conductivity,
strength, price, oxide layer formation and corrosion resistance, we will narrow
the list between the following metals.

• Copper (ρ = 1, 68 · 10−8Ω ·m)∗1 [2]

• Steel (ρ = 10, 4 · 10−8Ω ·m)∗1 [1]

• Stainless steel (ρ = 69 · 10−8Ω ·m)∗1 [12]

• Aluminium (ρ = 2, 82 · 10−8Ω ·m)∗1 [3]

∗1 Properties at 20 0C. ρ = resistivity.

In the current ground press screw, the internal resistance of the grounding device
is estimated to have the biggest contribution to the total ground resistance.
This statement will be explained further in this report.
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1.4.3 Resistance between grounding device and frame

Depending on the transition from the bulk metal of the grounding device and
the steel in the frame, the overall resistance of the ground connection will be
totally different. Between all the methods for putting together these two parts,
the following alternatives were considered and investigated.

1.4.3.1 Contact by pressure

The ground device and the frame are put together by pressure of any kind.
The electrical resistance between these two parts will be set by the combination
of contact area, pressure and materials in the interface, as it was explained
before.

The current ground screw fits in this category. The serrated part in the middle
of the stud penetrates the steel in the frame providing the electrical contact.
This is actually one of the best methods for electrical contact by pressure in
terms of low contact resistance. Similar good performance in lowering the
electrical resistance of the joint would be expected from a thread-cutting screw
like the one explained in Section 1.3

1.4.3.2 Welding

The steel frame and the welding device are put together by a continuous metal
interface where both of them are mixed. This method creates "highly efficient
electrical connections wich are permanent and have a good appearance. A
properly welded joint is the most reliable joint from the electrical point of view
since there is an essentially homogeneous union with no contact resistance to
generate heat from high currents." [6]

In our case, since the frame is always made of steel, for providing a suitable
welding with homogeneous joint we would have to use a grounding device
made out of steel in the interface. Other material wouldn’t mix in liquid
state with the frame and, consequently, the process wouldn’t be called welding.
Furthermore, the closer the steel properties of the frame and grounding device
are, the better the transition between metals will be. Better welds with more
homogeneous mix of metals in the joint have better mechanical properties.
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There are a multitude of welding processes that can be used for joining two
steel parts. However, we will be interested in only the ones that don’t provide
a big heat affected zone “HAZ”. Since we are welding a device in a vehicle’s
frame, this operation must not weaken the structural integrity by changing the
chemical and/or mechanical properties of the base metal. Regarding this aspect,
special care with fatigue risk of the frame must be considered. Resistance
welding, light arc welding, friction welding and stud welding were evaluated in
this study.

Regarding the applicability of the welding method, apart from the above said,
the following aspects must be taken into account as well.

• Most of the welding operations can be automated. This will be desirable
from the economical and safety point of view. In case of having to
perform the weld manually by an operator, this person would need extra
preparation and qualification, since we are dealing with high temperatures,
above 1300 0C (melting point of the steel).

• Welding operations usually relax the requirements in tolerances. This
will have a favourable impact in the costs.

• Barrier against corrosion. If this phenomenon takes place in a welded
joint, the advance of the oxide or other types of corrosion will be much
lower than the one in a joint made by pressure.

• Fretting risk is totally avoided since we don’t have moving parts that can
be affected differently by vibrations, different thermal expansion, etc.

• Prevention of creep risk provided by the lack of high pressures over the
materials for holding the joint.

• Because of the lack of problems with fretting, creep and corrosion pene-
tration in the joint, the depreciation will be very low and we will have a
steady value of the electrical resistance over the lifetime of the vehicle.

• In our case, and for a general manufacturing process of a vehicle, the
welding operation would be before the coating process for two reasons.
Firstly, because the metals to be joined must be uncoated for providing
the proper surface for welding. Secondly, because the weld interface must
be protected against corrosion and oxide, in case of dealing with steel
parts (frames are almost always made of carbon steel). This requirement
is likely to have conflicts with logistical issues in a manufacturing process.

Stud and nut welding were considered the best options for grounding purposes
and will be introduced further in this report, in Section 2.2.
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1.4.3.3 Brazing and soldering

Brazing and soldering are two similar joining methods in which the work pieces
are heated locally and filler metal, inserted between the work pieces, melts by
the heat obtained from a certain source. This method differs from welding
mainly in the temperature of the process. While a weld requires temperatures
above 1300 0C for melting the steel, these other methods use lower temperatures
in such a way that the steel (or another metal with a melting point above 1000
0C) is joined while being in solid state. The filler metal, with a lower melting
point, is “glued” to the hot metal work piece by the effects of capillarity. No
mixing of metals is provided in the interface between filler and base material.

When the filler metal is tin or more commonly a mixture of tin and lead, with
a melting point of 183 0C, the process is called soldering. If another filler metal
with a higher melting point than tin is used while still being below the melting
point of the steel, the process is called brazing. The filler metal for brazing uses
to be copper or copper-zinc (brass), but other metals like aluminium-silicon or
nickel alloys can be used as well.

For both brazing and soldering processes, the utilization of a compound called
“flux” is normally a must. This compound is necessary for providing the wetting
of the materials and cleaning the external oxide and contaminant layers of the
metal surfaces. Flux is normally applied in the form of paste or powder, but
other forms are also available.

Brazing and soldering joints provide very good electrical contacts. The electrical
resistance and stability of the joint is always going to be better than a joint
provided by pressure, but worse than a welded one.

The advantage of this joining method over the welding operation resides in the
lower temperature used during the joining process. This will have a positive
impact in lower the risk of mechanical weakening of the frame since lower
temperatures have less impact on the chemical and structural changes the
base metal. The crystallographic and chemical change induced by the thermal
treatment is less likely to happen and will be less severe. On the other hand,
these operations usually take longer than a weld and the heat affects a bigger
surface of base metal (depending on the thermal conductivity of the work piece)
and stays for more time. This drawback of brazing and soldering processes
can even deal to a final product where the base material is weaker than an
hypothetic welded one.

Regarding the applicability of brazing and soldering and considering the com-
parison between them and welding, the following aspects must be taken into
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account as well.

• Difficult to implement in an automated process. The use of filler material
and flux complicates the process.

• Weak against corrosion if not protected. The glued joint between metals
is likely to be a starting point for corrosion seeds. The dissimilarity of
metals will favour galvanic corrosion too.

• Fretting is still avoided. Creep, however, might be a problem when
soldering with tin because of the softness of this particular metal.

• Depreciation over time.

• Same logistical problems

Furthermore, it was found that soldered joints in steel parts are difficult to
achieve and have a bad performance. Consequently, only brazing should be
considered an alternative for our purposes.
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2.1 Preliminary concepts

Designs and shapes of different grounding devices investigated during the Thesis
work. In this section, the inventions are briefly explained and brought into
paper in form of drafts

An investigation was started while the considerations were being gathered.
Since the purpose of this Thesis is was to come up with new concepts for the
ground connection, the performance of the current ground screw was regarded
but not investigated in deep. The improving of this device as it is, in terms of
optimizing design, metal composition, plating, etc is currently being carried
out by other researchers.

In order to find the best options and concepts, opinions from several people
involved in this precise device over years were gathered. The ideas were shaped
in paper and their availability was checked with advantages and disadvantages.
Between all the concepts that were proposed, it was considered interesting
to make a classification regarding the shape of the device and its consequent
working principle.

2.1.1 Grounding screws/studs

In these concepts, the screw itself is going to be used as a conductor and will
connect electrically the frame and the cable terminal. The current ground
screw belongs to this category.



 

 

 



32 2. Design

Ground screws provide good electrical contacts in general. Normally, if we
want a good conductivity between screw and cable terminal we would have
to design a screw that has a ring shaped, flat surface in the area where the
electrical contact is done.

Ring-shaped flat surfaces provide a low contact resistance with the cable
terminal attached to them. The electrical contact between a nut and a screw is
not that good and it’s going to be affected by corrosion and air gaps. Commonly,
when an electrical contact between screw and plate is designed, the nuts are
disregarded for electrical conductivity if there is the possibility of having a
contact ring shaped in the screw itself.

On the other hand, if a ring-shaped flat surface cannot be implemented in the
stud, the nuts would have to do the work. In this case, we would use different
nuts for the electrical contact, especially designed for this purpose. The main
disadvantages of using “electrical nuts” is the increased cost, the decrease in the
maximum tightening torque and the risk of deformation by diffusion over time
(copper nuts). Electrical nuts are usually made of copper or plated steel, which
are softer than normal steel nuts. The decrease in the maximum tightening
torque compared to steel nuts deals to lower breakage of the oxide layer in
between the metals that we want to electrically join and consequently lower
amount of a-spots.

Some of the previous concepts required soldering between steel parts through
tin. This operation is more complicated than it seems because of the external
oxide layer of the steel, the wetting of the tin on a steel surface, the necesity of
flux, the horizontal restriction when soldering, etc (see previous section). All
the concepts based in this technology were further discarded because of the
impracticality of the method.

The grounding of the vehicle by stud welding was chosen the best alternative
and it’s going to be studied in deep further in this thesis.

2.1.2 Grounding plates

As mentioned before, electrical contacts between flat surfaces are desired. For
this reason, plates are commonly used in industry for transferring current.

The main problem with plates for grounding is the difficulty of attaching them
to the frame and still avoid water intrusion and corrosion. Several methods
were proposed to deal with this disadvantage, and are listed as follows.
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As it can be seen from the drafts above, most of the plates were designed in
order to have two contact areas with the cable end, one on top and another at
the bottom. With those designs, the contact surface is doubled and the contact
resistance would, theoretically, be lowered significantly as well. Consequently,
the ring-shaped cable end (cable lug) would conduct the electrical current on
both sides of the plate.

After long research in different shapes for grounding with plates, none of them
was found to be suitable for our purposes. However, some of them turned out
to be close to our interests and a proper design might give us a good grounding
device. Between all of them, the most likely to be better were the plates spot
welded to the frame and the plate brazed to the frame by electrical current
(spot brazed).

Spot welded / projection welded plate Grounding devices based in spot
welding have the advantage of a perfect electrical contact through the weld.
The problem of dissimilarity of metals for performing the welding was solved
by using steel metal plates instead of copper plates. These last ones, however,
would provide a significant resistance because of the resistivity of the steel.
Furthermore, in order to solve the problem with coat penetration between the
plates, some extra work in the design was done with the last proposed spot
soldered plates.

With good, solid welds and proper plating of the metal plates, such as nickel,
copper-nickel or copper-tin, we could manage to provide a good electrical
contact. However, the idea was dropped because of mechanical strength
reasons. The spot welds were too harmful and specialists recommended to
discard the idea. Some better methods were found in order to weld the plates to
the frame by capacitor discharge welding and flux tip but the grounding method
with welded studs was already under investigation and seemed much better.
However, this last proposition could be interesting for further research.

Spot brazed plate This grounding method was considered interesting for
grounding purposes but was discarded because of the complexity of the mount-
ing operation and the difficulty of wetting the metals involved in order to
provide a solid contact. The idea behind the installation of the spot brazed
plate is the very good electrical contact that can be achieved between two tin
or nickel plated copper plates. Furthermore, the relatively low temperature
during the bracing process is not going to affect much the properties of the
bulk material of the frame.

The attachment of the tin plated copper plate by resistance brazing is shown
in Figure 2.1.
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Figure 2.1: Spot brazed plate

1. Upper electrode

2. Tin (or nickel) plated copper

3. Sheet of brass/aluminium silicon/nickel alloy

4. Flux for bracing

5. Steel frame

2.1.3 Others
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The local spot plating by “Swabbing” or ESD would be the perfect solution if it
wasn’t for the complexity and time that it takes, which may be around several
hours. This method is widely used in the industry for repairing damaged plated
lift cylinders. For our purposes, a nickel plated layer over the steel in the
frame would provide a good electrical contact with the cable terminal by the
pressure of a bolt. Zinc or chrome plating would provide a rather good electrical
contact as well, even though they are not as soft as nickel (see plating metals
for steel conductors in Section 3.2). The layer of metal substrate must have
been deposited by electroplating or other method that provides cold welding of
dissimilar metals. The welding of a nut was found to be a good alternative for
grounding purposes and is going to be studied in deep further in this report.
The election of a stainless steel nut instead of a normal steel nut is necessary
for fulfil the requirements of the welding method.

2.2 Stud welding

After careful evaluation of all the concepts, the investigation was focused in
grounding procedures by means of Stud welding. With this new method we will
try to provide a perfect electrical joint without compromising the mechanical
strength of the frame

2.2.1 Capacitor Discharge (CD) Stud Welding

The investigation of “soft welding” techniques that provide a low heat affected
zone (HAZ) started with the finding of the Capacitor Discharge (CD) Stud
welding method. Comparing the results of this method against any other
common welding procedure we can easily see that the structural damage is
much lower (Figure 2.2).

The stud is welded by the heating action of an electrical arc between the stud
and the bulk metal. The process is briefly explained in Figure 2.3.

With this method, only a small volume of metal is heated up and melted. This
is achieved by a high current provided by the quick discharge of a capacitor
and uses voltages around 155 - 165 V [15]. Thanks to the short welding time,
which is in the order of magnitude of milliseconds, the heat doesn’t penetrate
into the bulk material and very thin plates of 0.5 mm can be welded with a
stud.
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Figure 2.2: [13] Micrography and tensile tests on an M5 steel stud welded on a
1mm thick steel plate using CD stud welding.

Figure 2.3: [14] CD Stud welding procedure

The drawback of this method is the diameter of the studs. Unfortunately, only
up to M8 (Ø 8 mm) studs can be welded using this technique. That diameter
would not be enough for our ground connection if we only use one stud, but
the results looked promising either way.

2.2.2 Arc Stud welding

In order to provide a good ground connection for the vehicle, we would need at
least a surface of Ø10 mm and that could be achieved by another method: Arc
Stud welding.

However, this method takes longer time (a few seconds) and bigger energy
input than the previous one. The heat affected zone that this operation would
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cause in the frame will make it unsuitable for our purposes. More information
about this method can be found in literature [14].

Following this line of investigation, and after long research in all kinds of
welding types, another method was found. This new welding procedure would
allow us to weld wide surfaces with good welding quality and low energy input.
It is called SRM Stud welding.

2.2.3 SRM Stud welding

The working principle of SRM Stud welding is going to be studied in deep
because of the importance of the method in the conclusion of the Thesis and
the lack of information in literature.

This method of stud welding relays on the dynamic behaviour of the electric
arc between the stud and the bulk material. This procedure is rather new,
commercially available since 2007, and only one brand is supplying the industry
with the technology, Soyer GmbH (Germany).

The acronym of the welding method, SRM, stands for Radial-Symmetric
Magnetic Field, in German language. The working principle is just like in Arc
Stud welding, but with a more controlled electric arc. First, the stud makes
contact with the bulk material and the pre-current starts flowing between them.
Then, the stud is lifted some millimetres so the electric arc is formed. An extra
coil wounded around the stud is now activated, with a relatively small current
(ISRM ∼ 0,2 A). This last coil is built in the stud gun and provides a magnetic
field (B) between the stud and the base material, as it’s shown in Figure 2.4.

With a main current I of 500 – 900 A flowing between the parts through a
magnetic arc, the heating of both surfaces is quick, and both of them melt.
Thanks to the extra coil that provides the magnetic field B, the electric arc is
now under the influence of a magnetic force, according to Lorentz law:

~F = q · ~E + q ·~v × ~B (2.1)

And so the charged particles in the arc (electrons) with a velocity ~−v are
affected by the magnetic force Fm and will follow a circular path when and
where the magnetic field is active (Figure 2.5).

The movement of the arc has been proved by the supplier to follow an spiral
shape, instead of a circular one (Figure 2.6). Because of this phenomenon, the
arc will go all around the surface heating up every point evenly.
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Figure 2.4: Electromagnetic phenomena during SRM Stud welding

Figure 2.5: Electromagnetic force over the electrons in the arc

Figure 2.6: Spiral-shaped pattern that the electric arc follows during the welding
time
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Figure 2.7: M10 copper plated steel stud welded on a 10 mm thick steel plate
using SRM Stud welding

Apart from the main current I and the so-called SRM current ISRM there will
also be a shielding gas, provided by the stud gun, that will hold the welding
pool, control the spatters and prevent oxide of the melted material. This
shielding gas will be surrounding the welding area.

After the electric arc has heated up both surfaces evenly, the stud is lowered
again and the melted metals make contact. After some milliseconds, the joint
is solid and the welding is done. Figure 2.7 has been taken from one of the
samples gotten from the dealer-supplier AB Areg in Sollentuna and it was
performed during my visit there.

From the Figures 2.8 and 2.9, it’s interesting to mention the built-in magnetic
coil inside the stud gun’s head and the thin, black wire that feeds the SRM
coil. It can also be seen the inert gar hose (white hose that comes out of
the gun’s head) that pumps 82 % Ar 18 % CO2 into the welding area. This
shielding gas is similar to the one used in TIG welding and other common
welding methods.

Regarding the shape of the head of the stud (bottom part of the stud in Figure
2.4), some comments should be done.

• It has a very slight conical shape (<0,050C) in order to favour the electric
arc to stay in the centre area of the stud. This angle has been optimized
for improving the quality of the welding.

• It has a “centering tip” for forcing the arc to begin in the centre of the
circle and then follow the spiral path.
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Figure 2.8: Soyer’s PH-3N stud gun with a loaded M10 stud. Welding gun used
for performing the SRM joints

Figure 2.9: Soyer’s PH-3N Stud gun and welding operation in Sollentuna
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Figure 2.10: Ideal shape of the welded ground stud

• It has sharp edges between the welding surface and the cylinder that
forms the non-threaded lower part of the stud. Sharp edges favour the
accumulation of charges and consequently the formation of the electric
arc. The good melting and wetting of the edges is important for providing
a good transition between the stud and the bulk material. By doing this,
paint penetration is improved and fatigue risk because of notch formation
is much lowered.

Furthermore, it should be mentioned that this welding method is patented and
has been awarded with several innovation prizes over the last five years.

2.2.3.1 Welded ground stud

The direct application of SRM Stud welding would be the welded ground stud.
This stud would be just like the standard one but with a contact ring shaped
in the bottom part. Ideally, we would like something with the shape shown in
Figure 2.10.

That design would be according to the size of the current ground connection
with the press screw, with outer ring diameter of Ø20 mm, and would also
have the same metric for the upper threaded part. This M10 part is actually
necessary for allowing sufficient pressure of the nut in order to properly tighten
the cable terminal, when using ring external diameters equal or bigger than 20
mm. Later in Section 3.1 it will be discussed why an M10 or M8 thread in the
upper part of the ground stud corresponds to the optimal design.

However, with the current SRM Stud Welding method we are only allowed to
weld up to Ø12 mm studs. For this reason, the following designs were proposed
in Figure 2.11. All of them have Ø12 mm welding lower surfaces and M10
studs in the upper part. However, we will further prove later that M8 upper
threaded shafts might be a good choice as well.
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Figure 2.11: Designs for the shape of the head of the welded ground screw.
Note how the height of the head must be increased as we grow the external ring
diameter

As it can be deduced from Figure 2.11, the challenge is to find the optimal
design with a compromise between the size of the stud and the area of the
contact ring. The ideal situation would be to have a Ø20 mm, like the one we
currently have, or even greater contact surface. However, among other reasons,
the paint penetration during the coating process after the attachment of the
studs limits the designs. This is the reason why if we want to have a bigger
contact surface, we will be forced to make the stud “taller” in the bottom
part (head). By this consideration in the designs we will allow the annealing
chemicals, primers and powder coat to penetrate in the joint between the stud
and the steel frame, very weak against corrosion, by providing an accessible
area. Furthermore, the charges will follow an easier path through the smooth
lower surface of the head of the stud and it will have a positive influence on
the value of the resistance and its quality[16].

The use of rounded, soft edges in the upper part, rather than sharp ones, has
been chosen for being better regarding the following aspects.

• Less risk of rupture of the plating on the cable terminal. A sharp edge
in the stud ring would produce a crack in the plating and the corrosion
would enter in the deeper, unprotected layer of copper inside the cable
terminal.

• Lower fatigue risk in the cable terminal. The sharp edges in the stud
would initiate notches, small seeds for fatigue cracks in the ring-shaped
cable end. In vehicle applications with continuous vibrations, this is an
important issue.

On the other hand, returning to the problems with logistical issues, a design
with a stud that is too big would collide with the consideration regarding
transportation, ”no big protruding parts during transportation of the frames”.
(See consideration -17-). Another problem with the height of the device is the
increasing electrical resistance since the steel in the head of the stud is not a
good conductor.
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Figure 2.12: [8] Welded ground stud. Main draft and side profile draft

The stud, with a head’s height estimated to be 8 mm maximum, is expected to
protrude a distance of 19-21 mm from the frame. Even though that height is
rather small, problems with transportation will likely happen.

In this case, the constraints regarding logistical issues like coat penetration and
transportation will be very important for the acceptance of the device. If this
design is adopted as the new Scania’s grounding screw, modifications will be
needed, especially in the packing system of the frames during transportation.
Also, a protecting device would probably need to be covering the stud during
the shipping of the welded frames in order to protect the threads from any
damage.

All this logistical problems could be solved by changing some procedures in
production and transporting. This would imply an increase in production
costs but would be carried out if the new grounding device has an economical
advantage over them.

Furthermore, there might be problems during the welding operation if the
design is too far from the original shape of a normal M12 stud. All the designs
have been proven to fit into the welding gun’s head but it has not been checked
the impact that the different shapes would have on the dynamic arc behavior.
Even though this is not likely to be a source of problems, this fact should be
taken into account, especially when welding studs with wide contact rings.

Other alternatives for increasing the contact area and lower the contact resis-
tance are presented in Figure 2.13, although not likely to be optimal because
of the increase in the cost of the stud.
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Figure 2.13: [8] Alternatives for roughening the surface of the ground stud and
lower the contact resistance

2.2.3.2 Welded grounding nut

As an alternative for the method explained just above, the welded nuts also
provide a good grounding, with better features than the current grounding press
screw. Even though this device might seem a very good grounding method
in theory, it was later found that the poor quality of the welding and the
necessity of using stainless steel nuts, instead of normal steel ones, would affect
negatively the performance of the ground connection.

The method consists in the welding of a nut onto the frame by means of using
SRM nut welding. Similar to the method for welding the previous ground
studs, SRM nut welding uses the same welding gun and the same power source.
With a different adaptor in the dead of the stud gun, the nuts are fitted in the
tip of the gun and the welding process is almost the same. However, it takes
some more milliseconds and the energy input is consequently higher. Figures
2.14 and 2.15

The optimization of shape of the stainless steel nuts is much more straightfor-
ward and no special shape seems to be required (Figure 2.16). For electrical
purposes, the upper ring surface of the nut is more likely to provide a better
contact with the cable lug than the internal threaded part, even though those
threads are going to help the passage of current from the cable terminal to the
frame. The utilization of a rounded nut, instead of a hexagonal one, seems
better in terms of current and pressure distribution over the contact surface.

The most important drawbacks of this grounding method are the poor welding
quality and the necessity of using a bad conductor like stainless steel for the nut.
This restriction in the material comes from the fact that the SRM has proven
to be not possible to use for welding steel nuts because of their ferromagnetic
properties. The bigger size of the welding circle of the nuts, compared with
stud welding, requires a more effective method for moving the electrical arc. If
a ferromagnetic material like steel is used, the arc doesn’t move as it should
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Figure 2.14: Stud gun equipped with the adaptor for welding nuts and a nut
fitted in it

Figure 2.15: M10 and M12 stainless steel nuts welded onto steel plates. Cable
lugs attached to them afterwards

Figure 2.16: [18] Welded nut with round external shape for electrical grounding
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Figure 2.17: [18] Alternatives for roughening the surface of the ground stud
and lower the contact resistance.

around the welding surface during the welding procedure and the weld doesn’t
take place correctly. Furthermore, stainless steel nuts are a requirement from
the supplier. This restriction will have the negative effect on the quality of the
welding because of the fact that we are joining dissimilar materials. As it is well
known, steel and stainless steel don’t weld very well together. Their differences
in composition make the welding interface to be weaker than the bulk materials
and the energy input required is rather elevated. In our case, with the limited
energy input of the SRM method, the weld will not be perfect, but partial. We
will check this fact further in this report when testing the mechanical strength
in Section 4.3. This has a strong effect in the conductivity of the welding
interface, since the current is forced to flow through small spots. If we add up
the fact that the stainless steel is a bad conductor, the concentration of the
current in narrow and bad conducting spots will grow the electrical resistance
acutely. See results from the tests in Section 4.2

However, and even though the nuts showed a worse electrical performance
than the current grounding method, they are still better in other aspects like
reduction in cost of material, possibility of automation, reliability, mounting
time and comfort of the operators while mounting (one-sided operation). On
the other hand, the poor quality of the welding would eventually deal to paint
penetration problems and, consequently, corrosion issues. Further conclusions
about the electrical performance of the welded nuts will be explained later.

Another alternatives for increasing the contact area and lower the contact
resistance are presented in Figure 2.17, although not likely to be optimal
because of the increase in the cost of the nut.
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Figure 3.1: Contact ring in a bolted connection

3.1 Size and shape

In this section some parameters of the design of the ground stud and grounding
nut will be optimized. The conclusions extracted from this study will be valid
for high pressure electrical connections, especially bolted connections.

Electrical contact area Here, the optimization of the dimensional design of a
ring shaped contact surface will be studied. The conclusion of this investigation
will be crucial for deciding the main parameters of the design of the ground
stud and grounding nut. The study will deal with a bolted connection like the
one showed in Figure 3.1. The surface for electrical contact corresponds to the
striped area in the picture.

For providing the optimal electrical contact between the cable lug and the
ring-shaped surface, built in the stud, we will be able to modify the following
parameters:

• Metric (diameter of the cylinder in a screw) of the threaded part

• External diameter of the ring contact

• Tightening force of the nut

Between the infinite possibilities for the values of the previous parameters,
some constrictions should be regarded as well.
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Figure 3.2: [19] Strength of steel Class 4.8 and 5.8

• Metric constriction. Only commonly used metric thread sizes will be
valid, and M10 will be the biggest metric possible. In other words, from
the maximum metric diameter to lower values, the possibilities of the
design will comprehend M10, M8, M6, M5, ...

• External diameter constriction. For logistical considerations, and apart
from the electrical and mechanical performance of the device, the external
diameter will always have a limit allowed value. This limit value is,
however, not completely fixed and it shall be set by other departments in
the company. In this investigation the limit value has been set to Ø20
mm but the results are going to be useful for other limit values as well.

• Maximum tightening torque of the nut, depending on the strength of the
stud material and the friction coefficient between screw and nut.

We will start the optimization of the parameters by setting the strength of the
stud. According to the specifications from the supplier of the welded studs,
Soyer, the steel that they are made of will have a default Class 4.8. However,
it might be possible to go for a higher strength upgrading to Class 5.8. The
class is not arbitrary and it will influence the welding process. For this reason,
if this parameter is to be modified, it must be checked with the supplier and
tested consequently. The results of the optimization will be referred to both
steel classes 4.8 and 5.8. In Figure 3.2, the strength of each class.

The next step will be setting the clamping force of the joint according to the
strength of the steel. In order to do this, we will evaluate the design load in a
screw made of a certain steel class. For figuring out which actual data from
the previous table we should use for the typical clamping load the following
recommendations were followed (Figure 3.3).

From the previous figure, we will decide to load the studs with the 75% of their
proof load.

Consequently, for each metric size and each steel class, we will have a default
clamping force in the joint. This is going to be a design parameter. For coming
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Figure 3.3: [20]Typical clamping load and proof strength

Figure 3.4: [21] Common dimensions for threaded shafts. ∗2 Notice that the
nominal shank area is a bit lower than the area given by A = π · r2

up with the actual value of that force, we will look into the exact values of the
area of the metric studs (Figure 3.4).

No lower sizes than M6 were studied because of their low clamping force and
consequently low performance in the electrical and mechanical aspects. At the
end of this Section, we will show that this supposition is indeed correct.

Now we can assume that, for the previous data, the clamping force is

F = Ptypicalclamp ·Ashank = 0, 75 ·Pproofstrength ·Ashank (3.1)

From now on, another supposition is going to be made: the force provided by
the clamp is going to be uniformly distributed along the surface of the ring
shaped electrical contact. This supposition becomes true when the nut that
provides the force, does it evenly. This is the case of clamping joints with
thick washers. Thick washers are widely recommended in literature [4][6][16]
for bolted power electrical connections in order to distribute the pressure of
the clamp. Furthermore, washers help to protect the surface of the lug while
tightening and minimize the risk of the nut being untightened because of
vibrations. However, the use of a washer between the nut and the cable lug is
not going to be allowed because of several reasons.

• There is a limitation in the length of the threaded part. If we introduce
thick washers, we need to make more space for lug, washer and nut.
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Figure 3.5: Cable lug dimensions

The requisite of keeping the device small comes from logistical directives
related to transportation.

• Thick washers add costs in production, both from the introduction of a
new component and the extra time for the operator to install it.

• Even though the electrical contact is designed to happen mostly in the ring
surface, there is some desirable loss of resistance through the connection
between the electrical path formed by cable terminal-nut-screw. Adding a
washer will increase that resistance and consequently the total resistance,
although in a very small amount.

• Washers were used in the past for the electrical ground connection in
trucks and buses by Scania but were discarded because of the reasons
explained above. Furthermore, the risk of untightening of the nuts was
never found to be a problem.

Even though the previous supposition of even pressure distribution might not be
completely true for our purposes, it will be useful for giving an approximation.

According to the previous supposition, the clamping force F will be distributed
in all the electrical contact surface. This area comprises a ring contact given by
the overlap of the surfaces of the cable lug and the ring-shaped bottom contact.
Consequently, the true contact ring will have an external diameter corresponding
to the one of the bottom contact and an inner diameter corresponding to the
one of the cable lug.

In Figure 3.5 nominal sizes for the cable lug’s hole are shown, depending on
the screw used for providing the clamp. These values have been measured
empirically at the Scania’s R&D facility.

With all that previous data, we are now ready to calculate the pressure in the
joint for each case. The expression will be the following.

Pelectricalcontact = F

Aelectricalcontact
= 0, 75 ·Pproofstrength ·Ashank

π
4 · (D

2
externalring −D2

innercablelug)
(3.2)
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Figure 3.6: [21] Approximate resistance-pressure graphic for a copper-copper
joint with 1 mm2 contact area

The next step will be the evaluation of the overall contact resistance for each
value of the pressure. In order to do this, we will use the graph in Figure 3.6.

Lacking the right curve for our electrical contact interface with the actual
metals that we are going to use, the resistance of copper-to-copper contacts is
going to used as an approximation. Actually, the plating metals that we are
going to use in the interface, the influence of the uneven pressure and other
unknown parameters would make unpractical to build resistance-force curves
more accurately than this one.

From this graph and point by point, a detailed table was built in order draw
our own graphs (See Apendix).

For stepping up from 1 mm2 to a surface A mm2 the following supposition was
made by summing the resistances in parallel.

For 1mm2 the resistance is R = R1

For 3mm2 the resistance is R = 1
1
R1

+ 1
R2

+ 1
R3

For A mm2 the resistance becomes

R = · · · = R1

A
(3.3)

We will now compute the values for the resistance of each 1mm2 under a certain
pressure

R1 = R1(Pelectricalcontact) (3.4)

And finally combining equations 3.1 3.3 and 3.4 we have the final expression of
the overall contact resistance depending on the rest of parameters.

Rcontact =
R1

(
Pelectricalcontact = 0,75 ·Pproofstrength ·Ashank

π
4 · (D2

externalring
−D2

innercablelug
)

)
π
4 · (D

2
externalring −D2

innercablelug)
(3.5)
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Figure 3.7: Graph correspondent to steel Class 4.8 for the bolts

Figure 3.8: Recommended pressure for power connectors

In Figure 3.7, the results of computing the values of 3.5 and drawing them into
a graph.

Before commenting the results of the previous graph, it was considered interest-
ing to add to those lines the standard values that are currently recommended
for power electric applications. By doing this, we will check the validity of
the suppositions and expressions with actual experimental data. Furthermore,
issues like minimum pressure in the joint in order to withstand atmospheric
corrosion will be also evaluated with the recommended configurations.

From the data given in literature [21] relative to the design of contact area for
bolted power connectors between copper bars, another graph was drawn. With
the adequate dimensional expressions, it was computed the relation between
recommended contact area depending on the number of volts, hole size and
metric of the bolts, made of 8.8 steel. The expression 3.1 was evaluated for
12 recommended cases adapting the contact surface consequently for squared
external shapes of the power connectors. The 12 cases recommended power
connector configurations for joints from 512 mm2 to 40000 mm2. All of them
are shown in Figure 3.8.
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Figure 3.9: Graph correspondent to steel Class 4.8 for the bolts. The case for
Class 5.8 is very similar to the one above and is not included

Figure 3.10: Graph correspondent to steel Class 4.8 for the bolts

In Figure 3.8, we can see that the recommended pressure in the power connec-
tions gets higher when using smaller areas and bolts. The reason for this is
that those joints compensate the high resistance of the joint because of their
small area with higher contact pressures. The blue lines drawn in the graph
are estimations of the limits of the “recommended zone” for bolted power
connections.

If we add our examined cases by plotting them into the previous graph, evalu-
ating with our data, the following results are obtained (Figure 3.9).

By doing this, we will be able to evaluate the recommended pressure in our
joints according to data for busbar connections and taking into account the
electrical contact area. The orange coloured lines thet have been drawn for
our case correspond to the overlap between possible values and advised values.
Now, we are ready to plot the final results and conclusions for our case (Figure
3.10) (Figure 3.11).

From the Figures 3.10 and 3.11, we can see that for a limit external diameter of
the ring of 20mm, the contact resistance is expected to be the same when using
an M8 thread (low clamping force but bigger surface between the screw and the
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Figure 3.11: Graph correspondent to steel Class 4.8 for the bolts

Figure 3.12: Graphs correspondent to steel Class 5.8 for the bolts

external ring diameter) as when using an M10 thread (high clamping force but
low contact surface). However, the recommended values for power connectors
would advise to use the M8 stud. The reason for this is that, typically, they
don’t recommend to use very high pressures, in this case 80 MPa, that provide
little further improvement in resistivity. Another possible reason could be the
risk of creep of the copper connector (deformation) or simply a bad estimation
when building Figure 3.6 or a vague calculation of the contact pressure. On
the other hand, high pressures would provide better adaptation of the cable
lug to the surface and lower water intrusion in the joint and this effects would
be very desirable. For this reason, the expected performance of a ring surface
with 20mm diameter with an M10 thread would be better than with an M8.
Consequently, the recommendations for power connectors are going to be taken
into account but not followed in our design.

In Figure 3.12, the graphs correspondent to a higher class steel 5.8, with higher
proof strength.

We can deduce that there is little further improvement going from a thread of
Class 4.8 (σ=232,5 MPa) [19] to 5.8 (σ=285 MPa) [19]. This is because we are
already in the limit of the recommended pressure. Obviously, the calculations
advise to use an M8 rather than M10 for lower contact resistance, in the case
of steel Class 5.8 for the bolts.
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Figure 3.13: [6] Increase in contact resistance because of plating

The conclusion of this section, regarding the previous figures, will be that the
optimal design imply using a Class 4.8 steel (lower cost) for the threaded stud
and following the lower line in Figure 3.10 for the lowest contact resistance.
If the limit diameter allowed is more than 20 mm, the utilization of an M10
threaded shaft will be advisable. If the limit diameter is lower than 20 mm,
M8 would be better in theory. Obviously, we will always choose the highest
external diameter that we can afford, i.e. the limit diameter, for the lowest
contact resistance in the joint.

Further comments For a nut factor k (friction coefficient of the threads)
between 0.16 and 0.20 [21] commonly used for plated steel bolts (low friction
values), and according to the expression T = K ·D ·F [21], the tightening
torques would be the following.

M8 threaded shaft ⇒ Tightening torque ∈ (18.3, 22.9) Nm

M10 threaded shaft ⇒ Tightening torque ∈ (35.8, 44.8) Nm

The plating metal will provide a small increase in contact resistance because of
the adverse effect in the constriction resistance (see Figure 3.13). It will not be
studied in this report, but further investigation should be carried out around
this topic for coming up with the theoretical increase of resistance depending
on the plating. For this purpose, it is recommended to follow the calculations
and estimations given in [6]. Since the study of the contact resistance of the
interface is already a rough estimation, the different plating metals should be
studied empirically together with tests of clamping force and area in order to
find the exact values of contact resistance.
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3.2 Plating

The plating of the connectors that will form the grounding device is going to be
a requisite. The main purpose of the plating layer will be to protect both steel
stud and copper lug from corrosion and oxide. Furthermore, the external metal
layer must also provide a good contact area for electrical applications and allow
the current to flow through the external part of the base materials without high
resistance.

3.2.1 Cable lug

Long research was done in order to find the optimal plating for the cable
terminal but at the end, the requirements from production to keep the current
material and plating finally constrained the investigation in that direction.
Indeed, a change of the plating metal in the cable lugs would imply a totally
different clamping and soldering method for the cables to be attached to the
ring-shaped copper end. Instead, here is presented the information found
regarding the current cable lugs of tin plated copper.

The research in new plating metals for the cable terminal was done because
of the findings regarding the use of tin plating for copper contact ends for
power connectors (high responsibility). "Tin coatings are soft and ductile,
and with a thick coating soldering can easily be done. However, owing to its
low hardness and tendency to oxidize readily to yield a self-healing film, tin
is less satisfactory as a contact finish material" [6]. Even though it has been
used extensively in power electric applications, "it is now well-established that
the formation of intermetallics, corrosion and fretting are the most serious
degradation mechanisms impairing the reliable operation of tin and tin alloy
connections. Although the nature of these degradation mechanisms is different,
they all have an adverse effect in the contact resistance of a connection."[6]

"Another problem is that tin easily forms intermetallic phases with copper even
at room temperature" [6].

In case we would have been able to change the plating metal of the cable
terminals, "nickel appears to be the most practical coating material from the point
of view of both its cost and the significant improvements to the metallurgical
and contact properties of electrical connectors."[6] The improvements of this
metal layer will be explained in the next section, steel plating.
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3.2.2 Steel stud

The steel stud welded into the frame must always be plated by other metal
or metals. As we said before, it has to protect the stud from corrosion while
keeping a good electrical contact surface. Also, the way of plating the stud
must be compatible with the welding method.

3.2.2.1 Plating and welding

It is clear that a bare steel stud without any plating layer is going to be easy
to weld into the frame by the method discussed before (SRM Stud welding). It
was found and proven that a steel stud plated with a copper layer provides a
perfect welding as well (test samples welded during this thesis research). Indeed,
even when the stud is copper-plated in the area that is going to be used for
welding, the high energy of the electrical arc during the welding process “burns
away” the copper plating from the steel surface. This useful phenomena has
been used before for other welding methods, especially in stud welding. Long
ago, the welders realized that it was possible to weld plated materials when
burning away the plating layer. This process is rather complex and requires
experience and practice when performing common arc welds like TIG or MIG.
However, when it comes to stud welding, the automation of the welds and the
circular, favourable shape of the studs was found to handle well the existence of
a plating layer between the two metals. Usually, the operation of stud welding
plated metals involves two cycles, the first one for cleaning the metals from the
plating layer and the second one to actually weld the stud. Both of cycles use
to be performed in the same operation, that lasts a couple of mili seconds. As
a curiosity, it should be mentioned that when burning away the plating layer,
this metal is believed to turn into gas or even plasma during the process.

On the other hand, there is a limit in the plating thickness and type of metal
that the process of stud welding can handle. Since the method that we are
investigating is rather new and there isn’t much information, we can just guess
where is that limit. More practically in order to come up with the proper
plating, one should try different plating metals and check the possibility of
welding the stud when keeping a good quality in the final weld. Furthermore,
there is the possibility of partial-plating the stud in case that the welding
process can’t handle the layer in the welding surface. This partial plating is
also offered by the supplier of the weld studs, Soyer, and some samples of
partially plated studs were checked (Figure 3.14).
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Figure 3.14: Partially plated stud welded by arc stud welding

The decision of using a totally or partially plating for the weld stud will
exclusively depend on the availability of performing a good quality weld if the
stud is plated in the welding area.

3.2.2.2 Preliminary evaluation

When it comes to use steel as a base conductor for an electrical contact, few or
none information was found about plating metals for this purpose. Exhaustive
research was done in order to guess which plating material would be appropriate
for bulk steel connectors. Evaluating the corrosion resistance of different plating
layers, the common recommendations for copper power connectors, the price
of the plating methods and materials and the compatibility of different metals
with steel, a list of plating alternatives was built in this section.

The possibility of formation of intermetallics between the external plating layer
and the steel under service operations was not studied. This phenomena would
have negative effects in the stability of the electrical contact because of the
non-conductivity of these kind of compounds. Furthermore, the possibility
of using several layers of different metals for plating, partly for solving the
problem of formation of intermetallics, was not studied either. This topics are
left for further research in steel plated contacts.

Furthermore, and aiming for industrial implementation of the metal finish, the
price of each plating metal should be taken into account.

• Copper 3,16 USD/lb [23]

• Nickel 8,7 USD/lb [23]

• Tin 10,6 USD/lb [23]
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• Zinc 0,19 USD/lb [23]

• Ferro Chrome 1,10 USD/lb [24]

Gold and silver are well known for being the best materials when it comes
to electrical and environmental performance. However, the price of these
metals combined with the size of our connector would make their industrial
implementation impossible due to production costs.

3.2.3 Tin

Tin has been used since long ago as a successful plating metal for steel in
order to prevent corrosion and rust. Currently, it is almost exclusively used for
protecting the steel sheets that form the walls of food cans (Figure 3.15) and
similar containers.

From the electrical point of view, tin is a low class plating. Even though widely
used in automotive and power electrical applications, tin plating presents a
significant contact resistance and a medium performance and depreciation in
service.

• Tin has medium electrical resistivity ρ = 11 · 10−8Ω ·m [25], close to the
one of the steel.

• Usually, and because of the softness and plasticity of the material in
room temperature, tin plating uses to be applied in relatively thick layers,
compared to nickel plating layers for electrical contacts.

• Tin has long been used for electrical copper and aluminium connectors
not only for its medium electrical performance, but also for its effect in
soldering. Metals plated with tin present an excellent external surface
for soldering. This is very desirable for the design of lugs attached to
copper wires by pressure and solder metal (usually tin 60% lead 40%).
However, this feature is not interesting for our purposes, since no soldering
operations are expected in the grounding device.

• Fretting is the biggest problem of tin plating performance during service.
This metal is specially weak when subjected to this phenomena because
of the amount of debris and tin oxide that accumulates in the joint. This
effect will eventually add up to the fact that tin has a low melting point.
When the contact resistance has gotten up to the point when the melting
is achieved, the joint will quickly fail during operation.
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Figure 3.15: Tinned steel cans

The processes for tinning steel that are presented below were only found for the
manufacturing of thin sheets of material. However, looking at the procedures,
it shouldn’t be a problem to implement a similar process for tinning a steel
screw by any of these methods

Hot-dipping The piece is plunged into a molten tin bath.The upper layer of
this bath is filled with flux for cleaning the surface from oxide and contaminants
and providing the wetting.

Electroplating The workpiece is plunged into an electrolytic bath containing
tin salts and it is used as a cathode. Then an electric current is created between
the electrodes in the solution, the tin ions stick to the piece to be plated. For
better finish surfaces, the piece is normally heated afterwards for partially
melting the external layer of tin.

Electroplating will often be preferred over hot dipping because the continuity
and homogeneity of the interlayer between metals. Good interlayers with-
out intermetallic compounds are going to provide a lower electrical contact
resistance.

3.2.3.1 Nickel

"According to the available data for power connectors, nickel appears to be the
most practical coating material from the point of view both of its cost and the
significant improvements to the metallurgical and contact properties of electrical
connectors. The resistance of nickel to form intermetallic phases with copper,
aluminum, and other metals, makes it as a very effective diffusion barrier in a
variety of electrical and electronic devices where diffusion between the coating
and substrate base represents a significant problem. In recent years, nickel was
successfully employed for coating aluminum conductors and power connectors.
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Figure 3.16: Nickel plated steel insert

Figure 3.17: Chrome plated steel and nickel plated steel screws

However, fretting produces considerable degradation of the contact zones in
nickel-coated aluminum contacts" [6]. From the similarity between aluminium
to copper contacts and copper to steel contacts, we can estimate that the
behaviour for our case will be similar. Lubrication and higher loads are found
to mitigate these adverse effects.

Nickel plating of steel parts can be done by electroplating or electroless plating.
The application of the nickel layer by electroplating is the most common and
is currently used for coating screws and nuts for corrosion protection, but not
for electrical contacts. It relays in the application of current between two
electrodes in a saline bath where the work piece is plunged and connected to
one of the terminals. Electroless plating is an auto-catalytic reaction used to
deposit a coating of nickel on a substrate. It doesn’t require the passage of
current between metals and even non-metalic materials and complex shapes
can be nickel plated with this technology.

Both techniques provide a good transition between base material and plating
metal. For this reason, the cheapest of them would be the optimal solution for
our purposes. From the industrial point of view, electroplating is more common
than electroless plating and it should be the best alternative for plating our
ground stud.
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Figure 3.18: Copper plated steel welded studs

3.2.3.2 Chrome and zinc

These metals are not normally used for plating electrical connections but they
are proposed for their corrosion resistance and their easy implementation. They
are widely used in the industry especially, for automotive applications (Figure
3.17).

Zinc plating, because of its low electrical resistance, would be theoretically
better than chrome, but some deeper study should be done in order to decide
if they are a good alternative. Tests with zinc plated copper plates were
performed [26] and they showed a rather poor electrical performance. Some
tests regarding corrosion resistance, electrical resistance and stability of the
voltage drop over time are proposed to be done in further experiments for
grounding applications.

3.2.3.3 Copper

It is well known that copper does resist corrosion well when operating indoors
but it is very weak in hazard environmental conditions. For this reason, copper
is not going to be a candidate for the final finish of the ground stud. However,
copper provides an excellent sub layer for the application of a second plating over
it. The formation of intermetallics with steel is not expected to happen under
normal conditions and it will prevent the formation of another intermetallics
with the external, second plating layer, acting as a barrier. Even though the
utilization of copper may suppose an increase in contact resistance (see plating
effect [6]), copper should be consider for two-layer plating covers.

Furthermore, the only supplier that provides the M12 studs for SRM Welding
applications, Soyer, is only offering copper plated steel studs and non plated
steel studs as standard products (Figure 3.18). The easy availability of the
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Figure 3.19: Proposed plating metals for the steel ground stud

copper plating layer from the economical point of view makes this finish
interesting.

From the previous research done for deciding which plating would be the best
for the ground stud, the list in Figure 3.19 was built. Evaluating the electrical
resistivity of the grounding device, clamping force necessary for breaking the
oxide layer, compatibility with the plated copper connector and resistance
against oxidation and corrosion, Figure 3.19 shows the expected performance
of the plating metals, from the estimated better plating metals to the worst:

3.3 Fretting

Once we have decided the concept for the grounding device, we can evaluate
the effects of fretting in the joint regarding the dissimilarity of metals.

As it was already presented during the discussion of plating metals for the cable
lug, tin plated copper terminals will very likely be used in the ground connection.
For this reason, the problem with fretting corrosion will be first referred to
this component. "Systematic studies of dry tin-plated connection failures have
established that fretting is probably the foremost detrimental mechanism to the
performance of a connection involving tin and tin alloys. Dry (without contact
aid compounds or greases) tin-plated contacts are the most susceptible to fretting
damage, since hard tin-oxide particles easily abrade the contact." [6]

It was proven [67] that "dramatic resistance changes are produced during heating
and cooling of a tin-plated aluminum–copper joint. The progressive deterioration
was attributed to the relative motion generated at the contact interface by the
differential expansion forces between the substrates of aluminum and copper
induced during heating and cooling of the contact assembly" [6]. As it will
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be explained before, the comparison between aluminium-to-copper joints and
copper-to-steel joints is expected to be useful for fretting evaluation. Typical
pictures of damaged copper connections because of fretting corrosion can be
found in literature [6].

The similarity of a well studied phenomena like fretting in power connectors can
be applied to our case. Fretting , in bolted joints and under cyclic conditions
with high currents, is caused by the dissimilarity of thermal expansion of the
metals that form an electrical connection. Long research over years has been
done in fretting of plated and non plated aluminium to copper connections.
Examining the data for the thermal expansion linear coefficients below [22], we
will extract the conclusions for copper to steel connections.

• Aluminium (α = 23, 6 ppm/0C)

• Copper (α = 16, 5 ppm/0C)

• Steel (α = 11 ppm/0C)

Between copper to aluminium, the thermal expansion ratio is 0,7/1 and between
steel and copper, the ratio becomes 0,67/1. From this fact, we can extrapolate
and say that the difference in thermal expansion in our case is going to be
rather similar to the one for power connectors. Consequently, and lacking of
any other source of information, we will try to estimate the fretting behaviour
of copper to steel joints from the one of copper to aluminium joints.

3.4 Contact aid compounds

"It has been known for some time that the use of suitable lubricant (contact aid
compound) improves the performance of an electric contact. When the contact
is made, the lubricant is squeezed away from the points of highest pressure and
hence the metallic conduction through the contact is not disturbed. As a result,
the oxidation of clean metal surfaces is virtually prevented and a high area of
metallic contact, hence, low contact resistance, and protection of the contact
zone from adverse environmental effects are maintained." Factors affecting
lubrication of power connections are summarized in Figure 3.20. [6]

The challenge when investigating the possibility of improving the quality of
the ground connection by the application of contact lubricants was the high
dependence of the outcome. As it has been proven by numerous technical
papers [27] [6], contact aid compounds are only useful in narrow ranges of
parameters. The finding of the optimal lubricant has to be specially designed
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Figure 3.20: [6] Factors affecting lubrication of power connectors

Figure 3.21: [28] Bar graphs summarizing the values of Rc (contact resistance)
for dry and lubricated matte (a) and bright (b) Ni contacts after the first cycle,
after 500 and 5000 cycles

for a certain condition of the connector (such as electric current, normal force,
sliding, micro-motion etc.) and environmental conditions (such as humidity,
temperature, corrosive gases, dust etc.) and it is very complicated.

In order to give an approximation of the possible benefits of introducing contact
aid compounds in the electrical joint, we would have to evaluate the effects in
improving fretting resistance and corrosion resistance. However, even though
the technical information and research in fretting behaviour of power connectors
under fretting conditions is quite broad, there is almost no available information
on the corrosion protection and deterioration of the compound over time.

Regarding the advantages of lubricating the ground connection in terms of
fretting behaviour, the Figures 3.21 and 3.22 may give us an approach.

From the above presente figures, we can extract that the improve in fretting
behaviour is rather moderate. For our purposes, and taken into account that
the fretting failure is not going to be a critical parameter given the currents
in the vehicle and the strong tightening forces inside the grounding contact
interface, we should question the applicability of the compound.
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Figure 3.22: [29] Change in contact resistance of tin plated copper alloy contact
measured across the contact zone as a function of fretting cycles at 27 1C; (a)
Unlubricated and (b) lubricated.

On the other hand, about corrosion protection, very few lubricants have been
identified that provide exceptional long-term corrosion protection yet do not
produce any adverse effect on connector surfaces [27]. Furthermore, in dusty
environments like ours, the undesirable effects of dust retaining in the joint
because of the presence of the compound is going to be overshadowed by the
beneficial effects of corrosion inhibition [30] [31].

Another conclusion for the study done in [27] is that multiple products, such
as synthetic soap greases and other commercial greases, have been tested and
proven useful for bolted contact application. However, no evidences were
found in the literature useful for the conditions in grounding automotive
applications.

Regarding the lifespan of contact aid compounds, no information was found
either. Only the possible reasons for failure of the lubricants can give us an
idea of their durability. The major temperature sensitive aging mechanisms
are evaporation, surface migration, polymerization, and degradation.

As a conclusion for this section, we can say that it would not be advisable to
implement the application of contact aid compounds in the grounding device
for the following reasons:

• The fretting failure of the ground connection is not expected to happen
for our electrical power levels.

• The implement of the process would imply one more step in production
and one more component that must be manipulated with caution. The
increase of manufacturing costs would be significant.

• The available lubricants for electrical contacts existing in the market
have only been found, in this research, for terminals made of aluminium,
plated aluminium, copper and plated copper.

• If the lifespan of the contact aid compound is not longer than 15 years,
its practical implementation would be rejected.
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For further investigation and trial tests, a long list of compounds have been
tested for power applications in literature [27] [32].

3.5 Masking caps

This inserts are totally necessary for the grounding device and, even though
their election and design have only to do with logistical considerations, some
information is going to be shown because of their importance in the performance
of the electrical grounding. As it was explained below, both chosen alternatives,
welded stud and welded nut, must be attached before the painting process.
This action is necessary for providing a conducting surface free of paint for
the devices to be welded. The removal of the paint and posterior weld of the
nut or stud is not acceptable because we would always have to coat that area
afterwards.

The grounding device itself, when well designed in bulk and plating metal mate-
rials, is not weak against corrosion and doesn’t have to be coated. Furthermore,
it must not be coated in the surface where the electrical contact is going to be
made with the cable lug but it might be painted in other areas if it doesn’t
harm the threaded part for the further mounting processes.

Following the normal masking process, first the ground stud/nut would be
welded, then the masking cap would be put in it, covering the appropriate
areas. The coat would be applied and afterwards, once the paint is dry, the
masking cap would be taken away, most likely during the mounting process.
The cover should then be washed and reutilized, if the logistic and economical
issues are fulfilled.

The masking device/operation must, consequently, cover the threads and the
surface for electrical contact from paint and chemicals during the coating
process. However, it must allow the coat to penetrate in the welded area, where
the grounding device is specially weak against corrosion. In other words, it
must partially cover the grounding device, for both welded grounding nuts and
studs. This is the reason why it is probably going to be necessary to design a
masking cap for each application.

Some standard masking caps for covering the threaded part of nuts were found
(Figure 3.23), but not for protecting the external ring surface, used in our case
for electrical contact.

Figures 3.24 and 3.25 show some proposals for the design of the masking cap
for ground studs and ground nuts.
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Figure 3.23: [39] Standard masking caps for screws

Figure 3.24: Medium hardness plastic masking caps for welded stud (two on
the left) and welded nut (one on the right)

Figure 3.25: Silicone masking caps for welded stud (two on the left) and welded
nut (one on the right)
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Further studies should conclude if the masking cap should be made of silicone
and adjusted into the stud/nut by pressure or if it’s better if it’s made out of
PVC or another plastic with medium softness. If this last ones are chosen, the
pressure over the contact between masking cap and electrical contact surface
should be provided by a tightening torque, threading manually the masking
cap into the stud/nut. Other masking methods including wax or sticky tape
were found less likely to be the optimal.
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4.1 Fatigue test

An evaluation of the papers about fatigue risk estimation relative to our case.
Actual tests performed at Scania’s facilities will reveal the excepcional perfor-
mance of the welded M12 studs.

The problem with fatigue, far from dealing with electrical considerations, turned
out to be the main concern of the investigation. For a long time, the research
was focused in understanding this phenomenon, optimizing the parameters in
order to avoid it and evaluating the risk of failure. Even though we will further
prove that the fatigue risk wasn’t a problem at all, but actually a solution
(the fatigue strength is much improved), some feedback of the investigation
process will be provided in this report. Fatigue occurs when a material is
subjected to repeated loading and unloading. If the loads are above a certain
threshold, microscopic cracks will begin to form at the stress concentration
points. Eventually a crack will reach a critical size, the crack will propagate
suddenly, and the structure will fracture.

Any welding operation in the frame is often quickly linked to fatigue risk in
the automotive industry. Welds rely on the process of melting two pieces and
mix them together in the so-called weld pool, before they solidify providing
an exceptional continuous joint. The melting of the steel in the frame during
the mounting process, after all the measures taken for increase the strength
during the formation of the frame parts, is always going to lower the quality of
the piece. The structural properties of the steel have to stand strong stresses
during their life time. That’s why every piece of frame has been carefully
manufactured, controlling the temperature from the cast to the cold rolling
process, when even the micro crystals that form the steel steel were elongated
by means of forging for increasing the longitudinal strength. After all this
care, melting and solidifying a part of the metal will surely ruin the properties
of the steel in a certain area called Heat Affected Zone (HAZ). The HAZ is
the area that comprehends the part of the weld where the metal has been
modified. It includes the zone where it has been melted and solidified again
and also the area where, although not liquefied, the metal around the weld
has changed in composition because of the high temperature. The larger the
HAZ, the higher the damage, and that will also be related with the power
input during performing the weld and the welding time. In other words, the
energy input. The HAZ, because of its different composition and its lower
mechanical strength, is likely going to be a seed for a fatigue crack, depending
on the severity of the weld.
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Figure 4.1: Influence on the fatigue strength of the ultimate angle in a notch.
The figure at the right, with smaller angle, will be weaker than the figure at the
left.

Furthermore, the notch effect is very important for fatigue risk too. Actually,
this effect was according to the welding specialists at Scania more likely to
influence the fatigue risk in our case, because of the sharp edges provided by
stud welding and nut welding in the joint area. The notch effect in fatigue
failures takes place when an indentation is already built in the piece (Figure
4.1). From this initiation point, the fatigue crack can quickly appear and grow.
The increase in fatigue risk by notch effect is related to the ultimate angle at
the bottom of the notch or corner.

4.1.1 Fatigue risk estimation

When the method of grounding by stud welding was presented to the specialists
in the factory, they were sceptic. According to the information available in
literature, the common methods for welding studs have been proven to lower
the fatigue resistance in the frame. As a first approach, it was found that,
according to [40] the FAT index, which estimates the fatigue strength, goes
from 125 to 80 for a case similar to ours.

However, what we wanted to figure out is the comparison of fatigue strength
between the welded stud and the current ground screw. The objective then
would be to have at least 90% of the fatigue strength of the press ground screw
used nowadays. Otherwise, the device wouldn’t be accepted.

For properly testing and evaluating the fatigue strength of any material, one
must draw the so-called S-N curve (Wöhler curve). This graph is empirical and
is the result of the fatigue strength test, that is performed like follows. The
piece is put under conditions of cyclic loading (bending, axial or torsion forces
can be used) at a rated maximum tension in each load cycle. For obtaining
each point in the curve, one single sample is cyclically loaded until the fatigue
failure. Then, the number of cycles that the piece has been able to stand
without breaking under a constant maximum tension is recorded. By doing
this, we will have a pair of maximum tension and number of cycles until failure
for each sample. When we plot these results in a graph, the S-N curve is
estimated by a logarithmic law.
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Figure 4.2: Fatigue S-N curves of diferent elements

Figure 4.3: Structural elements tested with fatigue loading

Up to 13 different S-N curves were compared for estimating the rate of fatigue
strength lost between drilled and punched holes with and without the current
ground screw installed inside. All of them were put against the only source
of information regarding the fatigue behaviour of welded studs, found in [41].
From all of them, the most representative elements (Figure 4.3) are shown in
Figure 4.2.

From the previous figures, we can see that the cloud of points correspondent
to the fatigue test in the welded stud (8) is weaker than the other samples.
However, we should take into account that the steel used for base material in
that test had a very low yield point and consequently low strength. Furthermore,
a very big difference should be expected between the fatigue behaviour of the
stud tested in (8) and the stud considered for grounding welded by SRM. In
Figure 4.4, a michrography and the obvious expected improve in strength of
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Figure 4.4: [41] [42] Welded stud by Arc stud welding (left) and welded stud
by SRM Stud welding (rigth)

Figure 4.5: Pieces tested for fatigue strength. Current ground press screw A)
and M12 welded stud B)

the sample on the right compared to the one on the left.

The very high variability of the tests showed a high dependency on the testing
machine, way of measuring the stress, strength of the material, etc. The other
3 curves not shown above belong to tests performed in Scania around the same
topic.

The conclusion was to perform the tests for our own samples and compare the
devices with the right parameters and the same test machine.

4.1.2 Test

The fatigue tests were performed at the Scania facilities over the pieces in
Figure 4.5.

The base plate of steel in every sample was Domex 240 YP (min 240 Yield
strength), which is much weaker than the steel used in Scania’s frames, Domex
500 MC (min 500 Yield strength). However, since we only want the comparison
between both grounding devices, it will be equally useful.
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Figure 4.6: Ongoing fatigue test with one of the samples of the weld studs

The plates were 260 x 50 x 9,5 mm with a mechanized edge in the middle
part. This waist in the samples was made in order to weaken the samples in
the middle area and avoid the fatigue failure in the grips between the fatigue
machine and the plate. Furthermore, the edges of the plate were brushed and
softened for favour the fatigue failure (the initiation point of the fatigue crack)
in the area where the grounding device is located instead of on the edges of
the plate

The ground press screw was installed in a 14 mm drilled hole. The ground
stud was a SRM welded M12 stud made of copper plated steel Class 4.8. The
fatigue tests lasted for two weeks and were performed under cyclic loading in
axial direction, with a frequency of 15 Hz and a stress ratio R=0,1. In Figure
4.6, a picture taken during the test.

The results of the bending fatigue tests were analyzed using the Scania software
UTM2. A semi-logarithmic S-N curve is used to evaluate the results from
the fatigue testing (i.e. calculate a Wöhler curve). In UTM2, a 3rd grade
polynomial is fitted to S-N data. The point of inflection is guided to 104 cycles.
The exponent m that describes the slope of the S-N curve in the finite life area
(roughly below 106 cycles) and the limit life level are kept free.

In Figure 4.7, the S-N curve resulted from the tests, in a logarithmic form.

Before extracting the conclusions, it should be mentioned that the welded
pieces grew their fatigue cracks from the machined edges instead of doing it
from the welded area. On the other hand, the ground press screws did crack
from the right spot at the edge of the hole (Figure 4.8).
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Figure 4.7: Result of the fatigue test

Figure 4.8: Samples of both types after the fatigue tests.

From the tests, we must conclude that the welded studs were not only good
enough for our purposes, but actually much stronger than the previous art.
The results show that for the welded samples, at least 20% improve in fatigue
strength is achieved. The actual comparison between both types of samples
was not possible to conclude given the unexpected strength of the welded studs.
Consequently, the Wöhler curve (S-N) showed above corresponds to the fatigue
strength of the ground press screw and the plate itself. The curve for the
welded studs, impossible to achieve in practice, should be above the two lines
drawn from the results of the tests.

4.2 Electrical resistance test

The chosen concepts are going to be tested for electrical resistance in this section.
The ground studs will show a good electrical performance in comparation with
the weld nuts and the current ground screw

The electrical properties of the grounding device and its low resistivity is, of
course, going to be key for deciding if it’s good or not. Measuring the electrical
resistivity was not trivial and some research was done in how to perform the
tests and get the correct values. The test procedure that was undertaken was a
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Figure 4.9: Layout of the electrical test

result of recommendations from common procedures for measuring the contact
resistance in bolted power connectors, found in the literature, and the advice
of experts within the company.

In all the tests that are explained in the following sections, a common equipment
and layout was used in order to keep the dispersion in a minimum level. The
equivalent circuit used for measuring is shown in Figure 4.9.

Both batteries provide a voltage source of 24V, which is equal to the rated
voltage in a truck. The resistances R1 .. R4 are controlled by relays and limit
the current in the circuit, going from 30 A to 115 A. With this available variable
resistance, we will calculate the contact resistance under different currents.
Later, we will see that the variation of the resistance with the current is very
low. The current that flows through the test sample is going to be measured
with a shunt resistance. This device is calibrated with a rated resistance of
102,89 µΩ. In order to measure the current, we will measure the voltage drop
over the shunt resistance with the Polymeter 1 and divide this value with the
value of the resistance.

The Polymeter 2 is going to give us the voltage drop over the two points that
we choose. This value, combined with the main intensity through the circuit,
will provide us with the resistance between those two points. Both polymeters
are well calibrated and have a precision of 5 digits.

In Figure 4.10, the actual layout of the test equipment. In the picture, we can
see the batteries and the set of resistances R1 .. R4. Above the resistance set,
from the left to the right, the relays, one of the polymeters, the general switch
and the shunt resistance.

In order to keep the pair of measures corresponding to intensity (through
the shunt resistance) and voltage drop between the chosen measuring points



4.2. Electrical resistance test 83

Figure 4.10: Test equipment

in the grounding device, the readings were done simultaneously. By doing
this, the effect of the delay between measures is solved. This was found to be
necessary since the power source in the testing equipment wasn’t completely
steady because of the progressive discharging of the batteries.

4.2.1 Resistance of the contact surface

The purpose of measuring the resistance of the contact surface is to evaluate
the influence that this part has in the overall resistance. By doing so, we will
be able to better compare the current ground screw with the new concepts.
The contact resistance is going to be the result of the comparison between
two measurements: the overall resistance of a normal press screw and the one
corresponding to another screw in which the contact ring surface has been
modified. This modification includes the removal of half of the contact surface
and the installation of an insulating plastic insert in the removed part (Figure
4.11.

The plastic part will cause the pressure over the whole surface to be the same
as it was before the surface modification. Since the even distribution of the
pressure is kept equal in both samples, the resistance corresponding to each
half surface can be separated and computed like it’s shown in Figure 4.13.

The subtraction between the resistance values measured in each sample will
give us the value of the resistance of the whole surface.
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Figure 4.11: Press screw in which half of the surface has been mechanically
removed. At the right, the screw with the insulating plastic insert.

Figure 4.12: Measure layout. The arrows indicate the measuring points in
which the measurements were taken

Figure 4.13: Equivalent circuit of both samples. On the left, the normal ground
stud and on the right the stud with the modified contact surface
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Rsample1 −Rsample2 = 1
2Rhalfsurface = Rwholesurface (4.1)

The dispersion of the results was rather high and the value obtained should
only be taken as an approximation. The experiment was performed with the
cable lug tightened to the ground press screw with a torque of 35 Nm (default
torque). Taking the last considerations into account, the final value of the
contact resistance of the surface was found to be

Rsurface = 0, 0018µΩ(±50%) (4.2)

The difference between the contact resistance obtained above 1,8 µΩ and the
one calculated in section 8 for copper-copper contacts 2,5 µΩ is quite significant.
Both of them correspond to ring surfaces with an external diameter of 20 mm
and a threaded M10 stud in the middle. The torque in the empiric test with the
stainless screw has been 35 Nm and in the case of the copper to copper contacts
was estimated to be between 35,8 and 44,8 Nm. Turns out that, even though
the pressure in the theoretical calculations was higher and the copper-copper
interface is known to show less resistance than the copper-stainless steel (if
the same pressure is used), the value in the tests was higher than the one
deduced from the equations. This difference is probably caused by the bad
performance of the test, especially the uneven pressure of the screw with the
half surface. If the plastic insert for distributing the pressure didn’t do it
properly and the half metal part of the ring happened to have more pressure
than the nominal, because of the softness of the plastid insert, the results for
the calculated total resistance of the surface would be lower (and wrong). In
fact, with some simple calculations, we realize that if the resistance of the half
surface that was calculated in the previous tests would have been supposed to
be a 24% lower than the nominal value because of the increase of pressure, the
empirical and calculated value would have been the same. For this reason, it’s
been decided to take the value of the theoretical tests as the good value and
assume the wrong performance of the previous test.

Compared to the value corresponding to a whole ground resistance of 33 µΩ
for the ground press screw installed in the frame and with a cable lug tightened
with 35 Nm (this test will be explained in the following section), the resistance
of the surface, when using the theoretical value of 2,5 µΩ turns out to be a
7,6% of the total resistance. The results from the test will be shown in the
Appendix.
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Figure 4.14: Test samples and torque wrench

4.2.2 Global resistance of the grounding devices

4.2.2.1 Design

Once decided that the ground welded stud and the grounding weld nut were the
best alternatives, the gathering of samples began. A second visit to the supplier
in Sollentuna was done and new welds were performed, this time onto the right
steel. The final test was decided to be performed over actual frame parts with
the paint removed manually. These parts would be plates of dimensions 125
x 68 x 9 mm. Some of them were used for welding nuts and studs, others for
comparing the results with the current ground screw. This last device was
installed into the frame while using duct tape for simulating the insulating
effect of the paint. This insulating plastic was set around the edges of the hole
where the ground screw was to be installed for preventing the electrical contact
between the lower part of the contact ring of the screw and the frame. In
Figure 4.14, the final appearance of the samples that were tested for electrical
resistance. In the middle, one of the torque wrenches used for controlling the
tightening torque of the nuts and screws when attaching the cable terminals.

Depending on the samples being tested, different measuring points were used.
However, two common measuring spots F1 and F2 were found to be appropriate
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Figure 4.15: Measuring points for electrical resistance. F1 and F2 were used in
every sample. H1 and H2 were used in the ground welded stud and ground press
screw

for every sample. These points were situated like it is shown in Figure 4.15 and
small notches were hammered in order to measure always in the same spot.

Regardless of the measuring points used in each grounding device, F1 and F2
would give us an approximation of the real grounding resistance by deducting
the effect of the resistance of the frame. The procedure would follow as it’s
explained below.

• A measure of the resistance between a point in the grounding device and
F1 is taken.

• Another measure of the resistance between F1 and F2 is done.

Figure 4.16: Resistance test of the M12 welded nut and measure points used.
The notches hammered in the plate for better perform the resistance measurements
can be seen.



88 4. Results and conclusions

Figure 4.17: Pictures taken during the test of electrical resistance of ground
press screw (left) and welded stud (right)

• The resistance between the point in the grounding device and a “virtual”
point inside the frame just below the device is calculated by subtracting
the second measure from the first one.

Evidently, this would only be an approximation of the actual measure that we
are looking for.

Furthermore, in order to test that the previous method was valid, the linearity
of the voltage drop over the frame surface was proven to be true, even for that
small piece of frame, by other test.

The rest of the test layouts are shown in Figure 4.17.

Making reference again to Figure 4.15, two measures points were used on the
surface of the stud and screw, H1 and H2. H1 corresponds to a measure taken in
the corner that forms the threaded part of the press screw with the ring contact
surface. The distance between this point and the frame, in a perpendicular
direction, was also used for the homologue measuring point in the welded stud.
The measurement H2, with less importance for our interests, was chosen to be
in a point situated between the “crocodile red clip” and H1.

These tests were performed taking 4 measurements in each operation, corre-
sponding to increasing intensity levels from 30 to 115 A. The measurement
pairs for ground screw and welded stud were:

• F1-H1

• F1-H2

• F1-F2

For the weld nuts M10 and M12, and the ground screw with a tightened cable
lug (connection plate) (this last one not shown in pictures), the crocodile grips
were attached like shown in Figure 4.16, transferring current from the end of
the cable lug to the tip of the frame at the other side. The measurement points
for each device were:
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Figure 4.18: Numerical results from the electrical resistance test. ∗3 Ground
resistance referred to the virtual point situated in the frame just below the grounding
device. Measures between the point H1 for studs or “Plate tip” for devices with
cable lug.

• Plate tip-F1

• F1-F2

The decision of measuring the contact resistance using the connection plate
tip was taken following common recommendations in literature. For example,
[43].

4.2.2.2 Results

The dispersion of the data was very low and the results (Figure 4.18) proved
to be reliable after several configurations. Furthermore, the data was very
steady over time. From the low variability of the results, we conclude that
using the average of the resistance measurement for each intensity level is a
good approximation. Although, the real values are shown in the Apendix.

Two main conclusions should be directly extracted from the results showed in
Figures 4.18 and 4.19.

• The welded nuts are not likely to be a good alternative

• The welded stud lowers the resistance significantly

The welded nuts showed an increase in electrical resistance of 28% for M10 nuts
and 43% for M12 nuts with respect to the current press ground screw. This
rather unexpected increase could be because of reduction in conducting area,
bad quality welding between the nut and the frame or poor oxide layer breaking
in the contact interface. The latter cause was found unlikely to be the reason
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Figure 4.19: Results from the electrical resistance test showed in a graph

of this increase after repeating the tests with a proper surface preparation,
reaming, widening and cleaning the surface and finding out that the resistance
was the same. On the other hand, after the strength tests that are going to be
explained in the next section, it was discovered that the quality of the welding
was, indeed, very poor and almost no melting of the steel in the plate was
achieved. This has a strong effect in the conductivity of the welding interface,
since the current is forced to flow through small spots. If we add up the fact
that the stainless steel is a bad conductor, the concentration of the current in
narrow and bad conducting spots will grow the electrical resistance acutely.

Furthermore, the effect of the increase in conducting area and volume will
strongly influence the resistance as well. We can see this from the comparison
between the M10 and M12 nuts. Even though the M12 ones have a bigger
transversal conducting area, they are taller than the M10, and their resistance
is consequently higher.

However, and even with the results showing that the nuts had a worse electrical
performance than the current grounding method, they are still better in other
aspects like reduction in cost of material, possibility of automation, reliability,
mounting time and comfort of the operators while mounting. On the other
hand, the poor quality of the weld would eventually cause paint penetration
problems and, consequently, corrosion issues.

The conclusion of the study of the weld nuts is that, if this device is to be
study more deeply, the design of the nuts would have to be adapted to a lower
device for decreasing the resistance. Welding thick washers instead of nuts and
tightening the grounding plate by a bolt at the other side of the frame might
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Figure 4.20: Transversal areas calculated from the area created by the minor
diameter of the threads [44]

Figure 4.21: Resistances calculated for an M12 steel stud and M10 stainless
steel stud with a length of 14,5 mm, corresponding to the distance between the
empirical measurements

me a better solution in order let the device be smaller. Furthermore, finding
another material that is non-magnetic but has a better conductivity might as
well be a good way to keep investigating in this grounding concept.

The welded studs, on the other hand, showed a very good electrical performance.
Even though they were not tested for contact surface resistance, the weld
interface plus the steel in the stud turned out to have half the resistance of the
current ground screw.

The comparison between the resistances obtained from the tests for the threaded
part of the welded stud and ground screw with the data in Figure 4.20 is the
one shown in Figure 4.21.

The calculated values and the theoretical ones can be considered correct, given
the low difference. This proves that the values of the resistivities for both
metals are valid for our study and, consequently, are going to be used for
further estimations.

It should be commented the fact that the resistance in the current ground
press screw decreased significantly from the test without plate to the one with
the cable lug. The explanation for this can’t be other than the increase in
conducting volume. In the case of the crocodile clip grabbing the ground screw
from the top, the current from the “neck” of the screw to the frame uses a
smaller conducting volume than in the case with the connection plate. When
the lug is attached, the current is distributed all along the contact ring and the
conducting volume though the screw between ring and frame increases. Also, a
small reduction in resistance is provided by the contact between the plate and
the stud trough the tightening nut. For evaluating this effect in detail we could
use a computer programme like Comsol and come up with the exact increase in
resistance because of the increase in volume. Instead, we will perform a rough
calculation for showing briefly how a small increase in volume affects a lot the
electrical resistance, especially in a bad conductor metal like stainless steel.
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Figure 4.22: Conducting volumes for the current press ground screw. Longitu-
dinal section of the middle part

If we compute the volume that form each area shown in Figure 4.22 drawn
when spinning it around the axis, we obtain a volume that is a combination
of several cones. With the real values, the volume in the first case is 1156,7
mm3 and in the second is 1830,9 mm3 approximately. Now, if we approximate
the volume to a cylindrical conductor, with a conducting area corresponding
to the ones calculated above, we can come up with the value of the resistance
using the common expression

R = ρ
l

A
= ρ

l2

V
(4.3)

Where ρ is the resistivity of the stainless steel 6, 9 · 10−7Ωm, A is the area of
the equivalent conducting cylinder, l is the length of such cylinder and V is the
volume of the cylinder, which has been chosen equal to the ones presented in
the previous paragraph. If we compute the expression given above with lengths
l = 8 mm for the first case and l = 9 mm for the second case, the values of
the resistance (neglecting interface contact resistance with the cable terminal
and frame) are equal to the ones obtained experimentally. With this we can
conclude that the increase in conductance volume is likely and mainly going to
be the cause of the reduction in resistance.

Estimation of the resistance of the welded stud concept Our objective now
is going to be the estimation of the percentage in loss of total resistance between
the current ground press screw and the welded stud with the designed optimal
shape. For this purpose, we will compute the resistance as a sum of the contact
resistance between cable terminal and stud ring, internal resistance of the stud
and weld interface.

We will assume that the contact resistance between cable terminal and stud
ring surface is the one calculated theoretically in section 8. For steel class 4.8,
external ring diameter 20 mm, clamping thread size M10 and tightening torque
∈ (35,8 - 44,8) Nm the calculated total interface resistance becomes 2,5 µΩ.
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Figure 4.23: Conducting area in the welded ground stud concept

The resistance that opposes the head of the stud will be roughly calculated
by the same method as we used for comparing the resistances of the stainless
steel conducting volumes. In this case, we will use a volume corresponding to
the semi cone drawn in grey in Figure 4.23.

With an upper ring surface of Ø 20 mm in the exterior and Ø 10,5 mm in the
interior, a height of 8 mm and a lower weld surface of Ø 12 mm, we obtain
a volume of 1558,7 mm3 . If we calculate the resistance approximating the
above volume to a cylinder of 10 mm large (note that the head of the stud
is not expected to be taller than 8 mm) and a resistivity for carbon steel of
ρ = 1, 43 · 10−7Ωm [1], the value for the total resistance of the conducting path
is R = ρfracl2V = 9, 2µΩ.

The resistance of the weld interface is going to be calculated as the difference
between two values. The first one, the value of the measured resistance for the
welded stud, measured at a point in the surface of the stud that was 5,5 mm
away from the weld. The second one, the theoretical resistance of a 5,5 mm
long M12 steel stud.

Adjusting the small error observed previously in this section when comparing
theoretical and empirical electrical resistance of the M12 steel stud, we obtain
a value of R = 10,21 µΩ for the resistance of the stud with a length of 5,5
mm. Extracting that value from the total resistance stud+weld measured in
the test, which was 17,08 µΩ, we estimate the resistance of the welded joint
with a value of R = 6,87 µΩ. This resistance is rather high, but we should take
into account the important error when introducing the measurement from the
“virtual” point in the frame just below the stud. The final estimation of the
total resistance becomes:

Rweldedstud = 9, 2 + 6, 87 + 2, 5 = 18, 57µΩ

Which, compared to the current ground press screw with a resistance of 31,36
µΩ , represents a reduction of 40% in ground electrical resistance

In addition, another test was performed for studying the effect of the cable lug
orientation in the contact resistance, called “streamline effect”. This possible
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influence of the shape and smoothness of the connector in the contact resistance
has been important over the last years for power connectors [6] and, given the
similarity with our case, it was considered interested to study. However, the
test carried out showed no apparent effect. In this test, the cable lugs were
attached to welded nuts with opposite orientations in line with the direction of
the current flow. The results are shown in the Apendix

4.2.3 Resistance of the current ground screw and frame

As a reference and a comment to all the above said, some old test performed at
Scania in 2005 are going to be briefly reviewed. These test were performed for
measuring the resistance of the current ground press screw and frame under
different temperatures.

In this test, a large piece of original frame (C-shaped side member) had three
ground screws connected. The frame was 7mm thick and the voltage in different
points and the current through the frame were measured. The tests were made
at -18 0C and at room temperature.

The results of this tests were the ones showed below.

• The resistance decreased in approximately 0,02 µΩ between 200C and
-180C

• The frame, at 200C, showed a resistance of 0,076 µΩ/m

• The ground screw, at 200C, showed a resistance of 0,034 µΩ

The main conclusion that can be extracted from this tests is that each ground
connection performed with the current ground screw is as good (or bad) in
electrical resistance as 2 m of frame.

The value of the ground resistance in the Scania’s test for the current ground
screw (34 µΩ) was a bit higher than the one obtained in this Thesis Work
when testing our samples (31,4 µΩ). However, the small difference in value
is probably a cause of the big difference in the test equipment and procedure.
Also, it might be because of the fact that the installation of the ground press
screw in the tests done during this Thesis was done in drilled holes of Ø14 mm,
instead of the Ø14,5 mm holes correspondent to the other test.
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Figure 4.24: Torque [Nm] under which the M10 nuts failed

Figure 4.25: Examination of the welded M10 nuts after the strength test

4.3 Strength tests

Static strength was tested on the samples of welded nuts and studs

In this section, a strength test of the M10 welded nuts and M12 welded studs
was carried out. The M12 nuts weren’t tested in strength because of the small
amount of samples available. However, the values can be extrapolated.

We must say that these nuts weren’t welded following all the recommendations
given by the supplier, Soyer. According to the advice of the specialist who
welded the samples, the parameters of the weld may and must be optimized
for each kind of nut and each base material and the parameters given by the
manufacturer of the gun are just recommendations. The nut samples that were
tested for strength belong to the trial-and-error process while finding these
optimal parameters.

The strength test of the nuts was carried out using a torque wrench, which
was attached to the welded nuts. The tightening torque applied in the nuts
with respect to the base plate was slowly increased until the failure of the
weld. In Figure 4.24, the limit torque values reached by the nuts until they got
unattached from the plate.

The nuts 2,3 and 7 were samples in which the welding arc was interrupted just
after the welding process was initiated. In these cases, the parameter of the
lift distance was too high, the electric arc quickly vanished and the melting of
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Figure 4.26: Evaluation of the strength of the stud. Beginning of the traction
test on the left and failure of the stud after the test on the right.

the metals was not achieved in the total area of the surfaces. The lift distance
controls the height to which the nut/stud is separated from the base material
while the main arc is heating the surfaces. Higher lifts allow higher arc energies
and consequently better melting of the materials and weld quality. However, as
we have experienced, the arc can be extinguished when using long lift distances
because of the higher dielectric resistivity of the space between both metals.
This effect can be partly compensated by the adjustment of the inert gas flow
into the welding zone. Setting a value of the SRM intensity too high would
also harm the stability of the arc by spinning it too fast along the welding
area. This and other parameters must be optimized in order to avoid the risk
of breaking the electric arc.

The conclusion of this section is that the nuts that were properly welded, without
arc breakage, were valid in terms of mechanical strength. The recommended
values for tightening bolts to M10 nuts rarely go above 50 Nm, which represents
just the half of the tightening torque that this nuts are able to stand without
failing, according to the tests.

The welded studs were also tried for tensile strength. However, we already
knew that in these kind of devices the weld is always stronger than the stud
itself. One test was carried out and, indeed, the welded stud failed in some
point in the middle threaded part. The pictures of the test are shown in Figure
4.26.

For the test showed in Figure 4.26, one oversized nut and a washer were inserted
around the stud. Another nut was screwed in the stud until the failure.
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4.4 Summary of the conclusions

Below, a list of the strong points of this Thesis work, carried out from January
2014 to June 2014.

1. Several alternatives to the current ground connection have been reviewed.
During the first part of this report, we went through the different meth-
ods for attaching a new grounding concept, checking availability and
implementation. Between all of them, the welding operation by means of
SRM Stud welding had the best features. Other methods like local-spot-
platting the frame around the grounding spot (by means of swabbing
or ESD) or the attachment of the grounding device by brazing were
considered interesting for further research.

2. A new welding operation was found to be very satisfactory for our purposes
and was investigated in deep. The procedure, called SRM Stud welding,
relays on the magnetic properties of an electric arc established between
the frame and the object to be welded (a stud or a nut). Thanks to an
extra coil that creates a uniform magnetic field in the welding region,
the arc will follow an spiral path under its influence (Lorentz law). This
dynamic arc will evenly heat up the surface of the stud/nut and the frame
in milliseconds, melting the materials. The welding operation finishes
with the junction of the liquid surfaces and the posterior solidification,
providing a weld with a very low Heat Affected Zone. Up to M12 studs
can be welded with this technology with exceptional quality. However,
the joint of the stainless steel nuts, able to be welded up to M12 size,
was rather poor. The requirement of using stainless steel is set by the
necessity of having a non-ferromagnetic material for the nuts.

3. Two welded connectors are then going to be proposed as the best alterna-
tives and a parallel investigation with both of them is going to be carried
out. These new concepts, filed for patent application, are going to be
labelled as “SRM Welded ground stud” and “SRM Welded grounding
nut”. The first of them consists of a plated steel threaded stud (M8 or
M10) with a ring shaped contact surface built in one of the ends, where
the Ø12 mm weld is to be performed onto the uncoated frame. The
second concept comprises a stainless steel M10 round nut welded over a
punched hole.

4. The external diameter of the ring contact surface and the inner metric
thread size of the SRM Welded ground stud is going to be optimized
for low electrical resistance values, while comparing the conclusions with
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standard power connectors. The results will reveal that when using an
external ring diameter lower than 19 mm, the contact resistance will be
lower if we have an M8 thread providing the clamping force with the cable
lug. In case we can afford a higher diameter than 19 mm, an M10 clamping
will be better. Naturally, the bigger the external ring diameter the lower
the contact resistance. However, this issue collides with considerations for
paint penetration and total height of the grounding device (packing and
transportation problems). The compromise between stud size, coating
and transportation issues is probably going to be found with an M10
internal thread and a Ø20 mm external ring diameter, which will provide
a total protrusion of 20 mm from the frame surface. Furthermore, the
optimization of the masking caps for coat protection of the welded studs
and nuts is presented in another section.

5. The risk of mechanical weakening of the frame because of the new welded
concepts is going to be tested for the case of the SRM Welded ground
stud. The results will show an increase in fatigue resistance of, at least,
20% compared to the current ground screw. Furthermore, the strength of
the welded interface will show higher proof load than the stud itself. The
welded nuts, tested with torque loading, will show a sufficient performance
as well.

6. The electrical tests present an expected decrease in ground resistance
of 40% for the welded stud and an increase of 28% for the welded nuts,
compared with the current ground screw.

7. The investigation in plating metals for the steel stud will roughly estimate
a better performance with nickel plating. However, the lack of information
in literature about plating metals for steel connectors would require a
deeper study. Metals like zinc, tin, chrome and double plating layers with
copper in the interface should be a good starting point. The stainless
steel nuts wouldn’t need to be plated for corrosion protection.

8. The conclusion of this Master Thesis states the recommendation of the
implementation of a new grounding method through the SRM Welded
ground stud. Although, some modifications in the transportation process
of the frames might be needed because of the new protruding parts.
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