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Abstract

Resistance welding is used very extensively in industry for a wide range of applications.
Knowledge and measurement of the dynamic characteristics of resistance welding equipment
is important in the design of the equipment and in optimization of welding procedures using
finite element software. This is especially true for projection welding where accurate
measurements of effective lumped mass and damping of the welding head as well as its
maximal acceleration and velocity are required for accurate modelling.

This thesis describes a new concept where a mechanical model of the welding head is used
together with the imposition of a mechanical load step function with simultaneous
measurement of resulting head motion to calculate effective lumped mass and damping factor.
Two test systems were devised to implement the step function. In the “free fracture test”, a
metal or ceramic bar is loaded to its breaking point and resulting welding head velocity is
measured. This data allows accurate calculation of machine parameters. The second test uses
the explosion of a small metallic element to impose a step function, when the welding current
causes the metallic element to explode. The final version of this test “the exploding button
test” uses a small cylindrical element fabricated from welding filler wire, with the advantage
that both button geometry and material can be controlled. The exploding button test has
proved to be very effective, can easily be used for in-situ measurements and avoids the
vibrations associated with the free fracture test. These test were applied to evaluate a range of
resistance welding machines.

Finally, an innovative projection geometry was developed to significantly increase projection
weld quality and this design has now been used extensively in industry.

The techniques developed in this thesis have been shown to be practical and effective and
have enabled much better understanding of machine kinematics. The measurements provide
essential data for modelling of projection welding and in guiding the development of
resistance welding machines and procedures.
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1 Introduction

Resistance welding covers a wide range of specific processes, mainly used for highly
automated or even fully mechanised welding applications, the majority in mass production.
All these processes, except one (ESW, electroslag welding), need a mechanical clamping and
pressurising system to compress the workpiece areas intended to be welded prior to welding.
Thus, these welding applications are categorised as resistance pressure welding processes.
(see Figure 1-1)

ELECTRODES OR ELECTRODES OR ELECTRODES PROJECTION
WELDING WELDING OR DIES WELDS

SPOT WELD SEAM WELD PROJECTION WELD

ELECTRODES OR DIES ——

----- R

AFTER WELDING AFTER WELDING

Figure 1-1 Principal types of resistance welds
(RWMA Resistance Welding Manual 4th edition)



In Resistance Spot Welding, passage of a relatively high welding current I [KA] throughout a
locally compressed workpiece area (by means of an electrode force F [daN]) during a
properly defined period of time t [cyc, ms] heats this area due to resistive heating following
Joule’s law (Figure 1-2),

Q(®) = [ R(®).2(t).dt

with:

Q = the heat generated [J];

R = the ohmic resistance [prohm];
i = the welding current [A];

t = time [s];

T = total weld time [s];

Figure 1-2 Principle of resistance spot welding

As the momentary value of both welding current and resistance changes continuously
throughout the duration of the welding time, the integral over the welding time needs to be
calculated to get a correct value of the heat generated in the welding area.

Only a fraction of the generated heat serves to create a molten weld nugget in between the
workpieces that solidifies during cooling down under maintained pressure by the electrodes
on the workpieces. The rest of the heat generated disappears into the electrodes and their
cooling system, the workpieces and the surrounding atmosphere.

The three most commonly known processes, also covering the majority of applications, are
spot-, seam- and projection-welding. These three processes and their variants are extremely
suited and popular to serve as a means of jointing in assembly of overlapping, mainly plate-
like structures.

Since energy necessary for making a good weld (Energy ~ R.I2t) theoretically can be
generated within an infinite range of combinations of welding current and welding time
(Energy~ R.12t = R.(1/2)2.4t = R.(1/3)2.9t, ...) at a chosen specific force level, setting up
welding parameters seems difficult and is mainly based on practical experience. Of course the
reasoning above is incorrect, since energy losses will lead to a lower current level where no
melting will occur and overheating will lead to an upper current level leading to splash welds.

Values for Welding Force [daN], Welding Current [KA] and Welding Time [cyc, ms] are
available in database format, and these values are commonly used to make a base setting to
start from. Fine tuning within the parameter range (weldability lobe) can be done in order to
optimise towards a specific application according to EN ISO 14327-2004 (Resistance welding
— Procedures for determining the weldability lobe for resistance spot, projection and seam
welding). Such a weldability lobe covers a range of combinations of welding current and
welding time at a specific welding force level that lead to welds with sufficient dimensions,
with a lower boundary indicating “stick” welds, and then an area of increasingly growing
weld size towards the maximal possible weld size, followed by the upper boundary leading to
splash welds. A so called stick weld is a weld that didn’t receive enough energy during its
resistance welding cycle, resulting in the workpieces ‘sticking’ together without a molten
weld nugget being formed. As a result, the workpieces can be separated again with the
application of minimal force on the joint. A splash weld receives excessive energy during its
weld pulse, leading to overheating of the molten weld nugget causing the molten metal to



partly vaporise leading to molten metal from the weld nugget to ‘splash’ away with an
explosive character. The selection of all auxiliary settings that need to be made are also
advised in standards [1], [2] and in publications by user groups (eg. RWMA Resistance
Welding Manufacturers Association, Deutsches Verband fiir die Schweisstechnik, etc.).
Resistance welding is popular due to its interesting advantages:

e High energy efficiency (heat generated at the exact location of the joint);

e High productivity;

e Short cycle times;

e Forgiving (Flexible) accommodating poor mechanical fit up of workpieces to join

(compressing force);
e Possibility of imposing a thermal cycle on the workpieces in one single clamping
operation (heat treatment and welding in one combined cycle);

Nevertheless, in general, even amongst engineering staff in a production environment using
the process on a daily basis for assembly, resistance welding has the image of being rather old
fashioned and there has been a trend to replace resistance welding by alternative welding
processes that currently boom in popularity (eg. Laser Welding, Arc Welding, Hybrid
processes, etc.).
Laser based processes have been introduced in the automotive assembly industry where in
several production plants of different constructors, spot welding was massively replaced with
laser welding, laser brazing and laser hybrid welding applications [3].
However, after about a decade of practical production experience in automotive body in white
assembly, many constructors have (partially) returned to the resistance welding processes
because of their specific benefits as stated above, and because of their relatively trouble-free
operation and low operational costs in an aggressive production environment.
Another major advantage of the resistance welding processes over any other welding process
is the feature that heat necessary for weld formation is generated at the exact location where
the joint needs to appear (i.e. in between the workpieces to be joined). This offers the
possibility to highly reduce the time to complete a weld resulting in cycle times being
competitive over other welding processes. Depending on the sheet thickness, welding times
are in the order of a few to a few hundred milliseconds, including clamping and releasing of
the workpiece.
Another advantage is the absence of a molten weld pool penetrating from one side through a
workpiece, resulting in less aesthetical damage to the workpiece surfaces.
The necessity for a pressurizing or a clamping device in Resistance Pressure welding is
obvious and integrated in the physical machine setup of all resistance pressure welding
processes.
In addition, modern high strength steels are very sensitive in respect to the thermal cycle they
experience during welding. Alternative welding processes, certainly the high energy processes
like laser welding, due to their very localised heating, induce a high cooling rate in the weld
area. The latter increases the risk of unacceptable mechanical properties of the as-welded
assembly [4]. Of all welding processes, it is only resistance welding that offers the possibility
to easily influence the thermal cycle forced on to the weld area [5]. Moreover, it is the only
process where pre- and post-weld heat treatment can be made in a continuous process cycle
and in one single clamping operation, without releasing the workpieces and with the very
equipment (electrodes, power source and control system) that is also used to produce the
weld.
It is obvious that clamping under a controllable force is a major feature of all resistance
pressure welding processes and mechanical behaviour of these force-delivering devices for
compressing the workpieces with the welding electrodes is important as they primarily need
to fulfil the following demands:



e Fast closure of the electrodes without impact on the workpiece surface;
e Fast follow-up behaviour at workpiece collapse during welding;

Fa - Electrode Force (kN)
Fo Al Electrode Force Fe lw - Welding Current (kA)
‘ - '\ T -Time (ms)

Welding Current |
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. Time T
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Figure 1-3 General welding cycle of a resistance weld

As can be seen in Figure 1-3, a weld cycle can be divided into a number of stages:
e pre-squeeze stage (1 to 2);

squeeze stage (2 to 3);

weld stage (3 to 4);

hold stage (4 to 5);

and release stage (5 to 6);

In the pre-squeeze stage, the moving electrode closes towards the workpieces, resulting in
contact between the electrodes and the workpieces. The velocity of the electrodes at this very
point of impact is very important considering that too high impact energy will result in
excessive electrode wear [6]. In the squeeze stage, the electrodes are forced on the workpiece
surfaces by means of the force actuating system and this offers the possibility to deform the
workpieces to ensure sound contact between them. The latter is a very important feature of
resistance welding over other processes. In the weld stage, while force remains on the
workpieces, current will be flowing through the electrodes and the workpieces, heating up
every part in the secondary weld circuit proportional to the effective resistance present at each
point. As can be observed in Figure 1-4, there are generally seven resistances, close to the
area where the molten weld nugget is due to be formed, that need to be considered as highly
influencing on heat generation and heat transfer in this area.
The resistances presented with a blue symbol represent bulk material resistances, those with a
red symbol represent contact resistances.

e R; and Ry: electrode material;

e Rj;and Ry: contact resistance electrode-workpiece interface;

e R;sand Rs: workpiece material;

e Ry contact resistance workpiece-workpiece interface;



These resistances of course will change over time, since temperatures will change due to the
heat generated in the materials. Normally, at the start of each weld, contact resistance between
the workpieces to be welded will be the highest in the circuit, followed by the contact
resistances between electrodes and workpiece surfaces. Temperature profile between the
electrodes will follow this initial resistance profile and will change to a more uniform profile
near the end of the weld time. (see Figure 1-4)
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Figure 1-4 Resistances in circuit and resulting temperature distribution
(Image from ITW MSc in Welding Engineering course material)

In the hold stage, the current is cut off and the produced weld is allowed to solidify and cool
down under maintained pressurizing force. This enables the cooler material surrounding the
weld nugget to follow the shrinkage of the weld nugget by deforming the surrounding (cooler
and less deformable) material. In this way, welds without shrink holes or cracks can be
produced. After sufficient holding time, the electrodes release the workpiece and the cycle is
complete. It is obvious that in spot- and seam welding, only small deformations are needed to
ensure this follow-up of the weld nugget and in practice the mechanical behaviour of the
welding head during the closing and follow-up stage in the weld cycle is adequate. There is
actually the indenting effect of the welding electrodes into the workpiece surface due to the
expanding welding nugget that even forces the welding force to rise rather than to drop.

On the other hand, in projection welding, mechanical behaviour of the pressurising system
becomes of outmost importance. In critical applications such as:

e Dbattery cells



radiator fins, connecting nipples and attachments

thin-walled (hydroformed) tubes (increasingly important in automotive assembly)
tubes and/or wires in a cross welding setup

foils with extreme low thicknesses that need to be welded to massive workpieces, etc.,

only low forces can be applied on the workpieces, and each of these is easy deformable, even
at low pressurizing force levels.

The different force actuating systems available for resistance welding machines on the market
each have their specific advantages and disadvantages. They all behave slightly differently
during the closing and follow-up stage of the welding head. Depending on the physical design
of a machines’ welding head, a portion of the actuating force is sacrificed for the welding
heads’ follow-up movement to try and maintain contact during the deformation of the
workpiece. In practice this will result in a lower effective welding force.
It is apparent that obtaining knowledge of the mechanical behaviour of the welding head of a
specific welding machine is of utmost importance to assess the potential welding situation or
to define an optimized workpiece geometry for a specific application.
On the other hand, as a valuable alternative for the “experience and knowledge base” way of
dealing with a welding problem, Finite Element Analysis (FEA) modelling can offer great
opportunities to understand and solve difficult resistance welding problems, especially in the
development of complex projection welding assemblies. However, in order to make correct
numerical simulations that mimic reality as closely as possible, accurate data on machine and
material behaviour is essential. The more realistic the input data, the more potential the FEA
model gains to generate a correct output. The most critical input data is as follows:
e Workpiece and electrode geometry can be defined into the model, together with all
relevant electrical and material mechanical properties as a function of temperature.
e Electrical machine specific settings also need to be entered into the program and thus
need to be measured and defined.
e Machine specific mechanical parameters:
0 the total lumped mass of machine components
= moving electrode assembly
* moving electrode mounting plate
= the machines’ moving mass in its linear bearing
* the moving mass in the force actuator
= a portion of the mass of the moving fixed current leads attached to the
electrode mounting plate;
O maximum acceleration attainable by the moving electrode at a specific actuator
mechanical force level
0 maximum velocity reached by the moving electrode after a specific displaced
distance at a preset actuator mechanical force level.
Generating this essential data, in order to enable to correctly input it in an FEA model
demands the development and construction of accurate test equipment and procedures that
can be used in-situ in a running production environment. The use of such test equipment and
procedures will provide a major advance in optimising resistance welding setups in a wide
range of difficult applications and it could enlarge the applicable working range of resistance
welding as a jointing technology towards more difficult, complex and new applications. This
test equipment and procedures would have to be capable to generate and reproduce
unambiguous data as accurate as possible and should be applicable in an easy and non
disturbing way in every working production environment on whatever resistance welding
process in use.



The latter issue is important, since it necessitates bringing measuring and assessment
equipment out of the laboratory scale into a working industrial production environment.

In summary, knowledge of machine kinematics is essential to accurate modelling of
projection welds involving low actuator forces. The machine kinematics can then be used as a
direct input to Finite Element Modelling programmes and to influence machine design.

This project has a series of major objectives, all associated with collecting accurate machine
specific data for resistance welding machines. This includes:
e Development of measuring techniques capable of being used in situ in a production
environment;
e Development of a universal, solid state electrical loading system and a test procedure
for resistance welding machine electrical measurements, capable of being used in situ;
e Development of a mechanical test and a test procedure for resistance welding machine
mechanical measurements, capable of being used in situ;
e Investigation of the effects that specific machine components have on the machines’
mechanical behaviour;
e Investigation of the effects of programmed welding force on the resulting mechanical
behaviour on different actuator systems;
e Investigation of the effect of welding current on the machines’ mechanical behaviour;
As a higher general goal, increasing awareness with development and production engineers
regarding the capabilities resistance welding can offer, namely a fast and reliable technique
for joining complex assemblies in state-of-the-art materials, is a major objective to reach with
the aid of increased understanding of a specific practical machine configuration and its
resulting mechanical behaviour.



1.1 Origin of resistance welding
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Figure 1-5 Drawings of US 347140 by Elihu Thomson

Resistance welding seems so obvious, especially with hindsight. However, it would be good
to give the credit for inventing the use of electricity flowing through metallic materials thus
leading to heating of all resistances built up in the circuit to Elihu Thomson (1853-1937).

He was born in Manchester on March 29, 1853 of a Scotch father, Daniel and an English
mother, Mary Rhodes and the family emigrated (due to scarcity of work in England in that
era) to America in 1858, settling in Philadelphia.

Elihu Thomson applied his genius largely toward harnessing electricity for the work and
comfort of man. In 1879, Thomson invented and patented a three coil arc dynamo (US
219157), the first three phase generator, which was the basis of solving the problem of
generating adequate current to supply applications with high demands for energy. This
generator is now on display in the Smithsonian Institution and commonly known as the
‘bakery machine’ because of its use for lighting a large bakery in Philadelphia. It was that
machine upon which the later Thomson-Houston Electric Company (founded in 1882) was
based. Thomson originated dozens of patents in arc lighting systems. The Thomson-Houston
Electric Company merged in 1892 with the Edison General Electric Company. This merger



allowed Professor Thomson to give undivided attention to research and technical
development thus demonstrating the value of industrial research.

Some of his inventions are well known also in arc welding, like constant current transformers
including a magnetic leakage shunt (1889) and a movable secondary (1894). His most
important invention in relation to this thesis is his ‘process of electric welding’ (1886) (US
347140) whereby the welded surfaces were fused and united by the heat developed on
account of the resistance in the contact between them. Professor Thomson describes the
genesis of this invention as follows:

"While preparing a lecture on Electricity (one of a course of five) at the Franklin Institute at
Philadelphia, early in 1877, I had the temerity to pass the discharge of a Leyden battery
through the fine wire secondary of a Ruhmkorff induction coil, while the primary coil of quite
coarse wire had its terminals resting together in contact. As the Ruhmkorff was my own, one I
had made, I could take the risk of breaking down the insulation. On the passage of the
condenser spark of about 35 mm. length, a bright flash appeared at the ends of the heavy
primary in contact, and I afterward found them firmly welded together. This suggested to me
the possibility of electric welding, and later, about 1885, as soon as opportunity afforded, I
built the first electric welder, using a transformer to step down to a very short and heavy
secondary between the terminals of which, by suitable clamps, the pieces to be welded were
held in juxtaposition or contact. The first trials of this apparatus were highly successful, and
welds were made not only between pieces (bars) of the same metal, but many different metals
were so united."

Figure 1-5 Drawings of US 347140 by Elihu Thomson gives an impression of one of the
earliest patents (US 347140) relating to resistance welding belonging to Professor Thomson.
The drawings, description and claims of this patent shows us a very basic form of upset
welding of bar, plate and/or tube, equipped with features as force, current, voltage and time
setting.

Deeper reading of dozens of welding related of his patents show the evolution in application
oriented thinking by Professor Thomson, describing features to enable production of endless
band saw blades, valve stems, chain links, etc...

Clearly, resistance welding processes such as spotwelding, projection welding, seam welding,
butt or upset welding, flash butt welding and high frequency welding originate out of the
inventions of Professor Thomson.



1.2 Overview of resistance welding processes

BS EN 14610 - 2004 “Welding and allied processes — Definitions of metal welding
processes”, actually based on the earlier German standard DIN 1910, divides the metal
welding processes into two main groups, namely fusion and pressure welding processes.

Fusion Welding

Fusion Welding YA Welding Processes
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Figure 1-6 Overview of welding processes according to BS EN 14610 - 2004
(Image from ITW MSc in Welding Engineering course material)

However, the processes aimed at in the context of this thesis are all found in the group of the
pressure welding processes (Figure 1-6), comprising the following processes:

Spot welding, seam welding, projection welding, upset butt welding and flash butt welding.

In the following section, the major resistance welding processes are briefly discussed as they
are categorised in BS EN 14610.

1.2.1 Spot welding

Spot welding is used in two basic setups, namely ‘direct’ (Figure 1-7), where electrodes are
positioned on both sides of the overlap to be welded and ‘indirect’ (Figure 1-8), leaving both
electrodes on one side of the overlap to be welded.
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a) Direct spot welding (212)
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4 Power source

5 Spot-welding electrode

b) Indirect spot welding (211)

Figure 1-8 ‘Indirect’ spot welding (ISO 669)

The ‘direct’ variant of the process is the most commonly used and known, offering the
optimal conditions to achieve stability in the welding result. The welding current through the
weld spot to be made suffers from shunting to weld spots already present in the assembly. If
possible, a welding application should be designed to be welded in this set up. In its ‘indirect’
version, the process is also used, often to avoid indentations and thermal marking on one side
of the work piece assembly. The ‘indirect’ variant is nowadays gaining importance due to the
increasing use of prefabricated hydroformed beams to be used in automotive assembly.

1.2.2 Seam welding

Seam welding (Figure 1-9) also finds its applications in different set-ups: lap seam welding,
mash seam welding, seam welding with strip and foil-butt seam welding
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Figure 1-9 Lap seam welding (ISO 669)

As its name suggests, lap seam welding is the version of the process where plates to be
welded are effectively overlapping, offering a sufficient area for the welding process to be
executed. This version of the process is also the most commonly known in numerous
applications.
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a) Before welding b) After welding ; &iglr;plece

Figure 1-10 Mash seam welding (ISO 669)

Mash seam welding (Figure 1-10) is widely used in assembly of fluid receivers (drums, fuel
tanks, etc...)

=

1 Electrode wheel
2 Weld

3 Contact strip

4 Workpiece
5

6

Electrode wheel
Power source

Figure 1-11 Seam welding with strip (ISO 669)

Seam welding with strip (Figure 1-11) is a process variant that is mainly used for increasing
electrode wheel life in mass production, especially on coated steels. However, there are
applications where the use of the strip is intended to modify the heat balance between the
electrode wheels and the workpieces to be welded.
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Figure 1-12 Foil butt-seam welding (ISO 669)

The foil-butt seam welding process (Figure 1-12) is also known as ‘conductive heat seam
welding’.

1.2.3 Projection welding

Y/ Key
4 ° - ;\\\\\\:ﬁ 1 Workpiece
. “"/l/ 2 Weld
b \ 3 Electrode
;." 4  Power source
, : 5 Projection welding electrode
3 ﬂ A  Before welding
A / . B B After welding
2 1 a) Direct projection welding

Figure 1-13 Direct projection welding (ISO 669)

Projection welding can as spot welding also be executed in a direct (Figure 1-13) or indirect
set up (Figure 1-14).
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b) Indirect projection welding

Figure 1-14 Indirect projection welding before and after welding (ISO 669)

Comparable to indirect spot welding, projection welding can also be executed in this set up.
Major advantages and disadvantages of the indirect set up remain.
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1.2.4 Resistance butt welding

The earlier patents of Elihu Thomson actually describe this welding set up.

o SN

5

7

NN\,
¥ [N NN\ N
4 / N
2

3

Figure 1-15 Resistance butt welding (ISO 669)

1.2.5 Flash butt welding

Derived from resistance butt welding, this process allows for welding without the need for a
powerfull electrical mains connection and also the disadvantage of having to securely prepare
faying surfaces to be welded is overcome in this process.
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Figure 1-16 Flash butt welding before and after welding (ISO 669)



1.3 Resistance welding machine set up

There are a number of common elements (see Figure 1-17) in every resistance welding
machine set up:

Upper platen
Electrode holder

Upper electrode

Lower electrade

Lower platen

Electrode holder

machine frame, the core on which the other elements can be mounted,;

an electrode force actuating device (pneumatic, hydraulic or electro-mechanic)
enabling application of a mechanical welding force on the workpieces to be welded;

a power source enabling current flow in a well defined profile throughout the
workpieces;

a highly conductive electrical circuit to lead welding current to the welding electrodes
and through the workpieces to be welded;

and a control system capable of setting and controlling current, force and time for
welding.

Pneumatic actuator

Fixed upper electrode arm Ac"‘_l'jl_t_m- air conditioner

~ Flexible lead

towards moving
Transformer
electrade (Copper) )

~____—Cooling water /

. . . Welding Controls
B E Current Phase shift

Process Timer
Transformer

tap setting

Pressure control

Pneumatic feed | g @

Figure 1-17 Different elements in resistance welding machines
(Image from ITW MSc in Welding Engineering course material)

1.3.1 Machine frame

The machine frame primarily serves to enable workpieces to be mechanically compressed
before, during and after welding while maintaining geometrical stability. This means,
especially in projection welding, that the frame has to be very rigid to ensure the electrode
mounting platen remains parallel, even under maximum electrode force. Only in this way can
prevention of changes in geometry of the contacting members to be welded be assured. A
non-parallel electrode platen will result in non-uniform electrode forces and proportional
differences in welding currents over the contact zone. The latter is extremely critical in
simultaneous multiple projection welding. Two types of frames are capable of ensuring
parallel electrode platens under load: the C-type and the portal type. Both these setups have
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the upper electrode platen directly mounted on the force actuator (welding cylinder), resulting
in a rectilinear movement of the upper electrode. However, flexibility in the arms of e.g. a
portable (manual or robotic) spot welding gun can have the advantage of superior follow-up
behaviour during welding collapse. The disadvantage in this case is the reduced geometrical
accuracy of the welding machine. In the case of the rigid constructions, follow-up during weld
collapse needs to be ensured by means of the pressurising system itself or by additional
follow-up improving devices. Frames can be simple, as in stationary pedestal versions (see
Figure 1-17 and Figure 1-18) where they are most often made of a welded plate assembly, or
combined with the current conducting elements of the machine, as in portable and/or robot
welding guns for spot welding (see Figure 1-19 and Figure 1-20) where the machine’s frame
core is most often a cast aluminium alloy fixture. Other frames can be rather complex like in
multi spot welding where the frame is often of a portal type to support multiple welding guns
at once or as in linear seam welding machines (see Figure 1-21) where there are often large
welding displacements over the workpiece surface that need to be ensured.

Figure 1-18 Pedestal pneumatically driven C-type spot welder
(photo courtesy of PW)

Figure 1-19 PW Portable C-type spot welding gun
(photo courtesy of DAF trucks)
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Figure 1-20 PW Portable Y-type spotwelding gun
(photo courtesy of DAF trucks)

Figure 1-21 LEAS portal type roller seam welding machine on radiator production line
(photo courtesy of Quinn Radiators)

1.3.2 Electrode force actuator

A typical resistance welding cycle always combines a mechanical force program and an
electrical current program. Both of them have to be correctly set within the welding window
[7] and have to be well synchronised to one another, otherwise a sound weld will not be
obtained. Being a pressure welding process, an electrode force actuator is an essential part of
a resistance welding system, with major influence on cycle times in automated welding,
quality of the weld and electrode wear and lifetime. Hence it is not at all surprising that great
care should be taken in the choice, set up and use of the actuator. There is a possibility to
deliver the necessary electrode force by manpower (with leverage), pneumatically,
hydraulically, combined pneumatic-hydraulic, servo electrically or electro-mechanically.
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1.3.2.1 Manual actuation

The systems operated by manpower are mainly the earlier pedestal machines that often also
don’t have electrical synchronisation with the mains supply. Force is applied manually
through a leverage against a spring. It is very difficult to find optimal parameter settings to
achieve welds of repeatable quality with these machines. The other manpowered systems
currently available are the handheld spotwelding systems (see Figure 1-22) for ‘in-situ’
welding, eg. to make welds of roof-lining or repair welding, often in car body repair shops.

Figure 1-22 Handheld Tecna direct spotwelding gun

They are synchronised to the mains and the two electrode versions allow for current flow after

reaching sufficient electrode force.
The other manpowered systems are the so-called manual spotters (see Figure 1-23), mainly
used in car repair bodyshops, although these are also used to weld side panels on touring cars

and buses.

Figure 1-23 Tecna motor body repair unit
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1.3.2.2 Pneumatic and hydraulic actuators

Most widely spread and used in industrial applications are pneumatic actuators. (see Figure
1-24, Figure 1-25, Figure 1-26 and Figure 1-27) They are available in different variants. Fixed
(Figure 1-24) and adjustable stroke air cylinders (Figure 1-25) are the most common. Tandem
cylinders for the multi-purpose resistance welding machines and roll-membrane or diaphragm
cylinders never found wide application, although they do have the advantage of very low
friction in the piston.
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Figure 1-24 Fixed stroke air cylinder
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Figure 1-26 Tandem air cylinder

The tandem air cylinder type (Figure 1-26) offers more possibilities to cope with the
disadvantages of using compressed air as a medium to apply force to the workpieces to be
welded.

Hydraulical oil cylinders are used most of the time to enable very short cycle times in highly
mechanised welding. Figure 1-27 shows a hydraulic oil cylinder pressurising a welding head
on a mechanised welding station to weld windscreen wipers. Notice the orange spring beneath
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the oil cylinder and between the cylinder and the welding head. Follow-up is thus assured by
the spring instead of the cylinder. Moreover, in the majority of the hydraulically actuated
resistance welding applications, the piston is moved to its extreme outward position, in this
way compressing a spring equipped with a divided setting nut enabling exact compressing
force setting, that transfers the actuating force to the electrode and workpiece.

Hydraulic cylinder

Follow-up spring

Figure 1-27 Hydraulical oil cylinder
(photo courtesy of Bosch)

A serious step forward in application possibilities is the combined hydro-pneumatic cylinder,
for instance the ‘Power Package welding cylinder’ by Pressotechnik (see Figure 1-28). This
offers the advantage of less air consumption and controlled set-down of the electrodes on the
workpiece surface (leading to far less electrode wear and noise) due to their much lower
moving mass and also a superior follow-up behaviour.
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Figure 1-28 Pressotechnic power package operation sequence

Also worth while mentioning is the so called friction free roll-membrane or diaphragm air
cylinder shown schematically in Figure 1-29 and Figure 1-30.
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Figure 1-29 Diaphragm air cylinder
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Figure 1-30 Single and double acting diaphragm cylinder
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1.3.2.3 Electrical actuators

Before discussing the electrical actuators, it is perhaps useful to give realistic data for the year
2009 on the worldwide sales from the ARO welding technologies group.

Guns (w/o 3191 63% Robot 61% Servo .
MBR) 37% Manual 39% Pneumatic
Machines 128

Transformers 3268

Servomotors 1343

Controllers 1225

Table 1-1 ARO welding technologies production data 2009
(ARO group Key Figures February 2010)

There is of course the influence of the industry. ARO supplies to mainly automotive
assembly, explaining the high amount of robotic welding applications in comparison with
manual. There is a trend to change from pneumatic actuated machines to servo-electric
actuated ones, but this is highly dependent on the company philosophy at each constructor
(see Figure 1-31 and Figure 1-32).

These ratios will be slightly different for machines installed by other constructors. However,
ARO being one of the major players on the market in this field, the ratios are likely to be of
the same order.

24



100% (T
20%
80% 1
70% ]
60% 1
50%
40% 1]
30% ]
20% ]
10% T f f

oo W B -y |

BMW Daimler Fiat Ford EU Opel PSA Renault Volvo VAG

OServo OPneumatic

Figure 1-31 Implementation of ARO Servo Guns inside Europe in 2009
(data courtesy of ARO welding technologies)
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Figure 1-32 Implementation of ARO Servo Guns outside of Europe in 2009
(data courtesy of ARO welding technologies)

It is apparent that servo actuators are becoming more popular, depending on the specific
company policy. Some automotive constructors have switched completely to servo actuators,
and most are using them, although a few don’t use them. They have the advantage that, in
combination with a suitable control unit, they enable very flexible force programs in the
welding schedules, and their benefits in resistance spot welding of aluminium alloys cannot
be denied. On the other hand, the need for a compressed air supply network throughout a
factory may incur increased costs.

More and more automotive assembly plants are designed nowadays as cells on standard
container platform bases, only with electrical connections and offering enormous flexibility
when redesigning and/or moving the factory to another location.
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Figure 1-33 ARO Servo electric actuator motor
(image courtesy of ARO welding technologies)

As can be seen in Figure 1-33, the servo motor rotor (purple) equipped with permanent
magnets is connected to the nut (yellow) that drives the ball screw (yellow) actuating the
welding head movement. Positioning feedback for the servo can be established by means of a
resolver (cyan) or an encoder on the rear head of the motor. These actuators are available in
water cooled and air cooled versions as can be seen in Figure 1-34.
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Figure 1-34 Water cooled motor (upper) and air cooled motor (lower)
(photo courtesy of ARO welding technologies)

There is indeed an undeniable advantage in using electrical Servo Motor technology for
pressure welding applications in comparison with pneumatic systems:

Freely programmable strokes and weld forces;

Force build-up up to five times faster in comparison with a pneumatic cylinder;
Significantly shorter cycle times;

Jolt-free placing of electrodes, thus:

° less electrode wear;

° no hammering effect during workpiece striking;

° significantly less noise production;

Avoidance of sheet deformation;

Possibility for synchronised movement of welding gun and robot;
Possibility to monitor sheet pairing and thickness;

Possibility of monitoring dressing of electrodes;

It however needs to be mentioned that EVERY electrical Servo Motor driven resistance
welding head is equipped with a spring follow-up system between the ball screw driven by
the motor and the welding head it is intended to actuate. (see Figure 1-35)
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Figure 1-35 Belleville spring follow-up system

Purpose of this system is specifically to protect the motor against damage from impacts of the
welding head on a workpiece or on the fixed welding head. Let us keep in mind that this
protective construction alters the welding heads’ behaviour dramatically. It is only the lumped
mass below the springs that needs to be accelerated during workpiece collapse.

It is however nearly unknown to the machine users that this system is present inside the
welding head and thus nobody comes with the demand to alter this system in function of one
or another more difficult application.
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2 Literature review

Research oriented towards resistance welding applications has been documented since the
1940’s, with most of the publications before 1980 mainly dealing with geometrical issues
related with spot and projection welding or describing possible applications [8], [9], [10],
[11], [12], [13], [14], [15].

Steve Westgate gives a good overview on the evolution in resistance welding and related
technology [16], [17].

Since all resistance welding processes are based on Joule heating, two major subsystems can
be found in every machine built to apply these processes in practice, electrical and
mechanical. The electrical part of resistance welding machines mainly serves to transfer
electrical energy to the very spot where heat is required to realise a weld and is not focussed
on in the frame of this work.

However, the physical coupling of these power sources secondary output with the welding
electrodes in contact with the workpieces to be welded is a very prominent part of the
mechanical system of a resistance welding machine. It adds mass to the moving welding head
and thus additionally influences its mechanical behaviour. The mechanical subsystem of a
machine, combined out of a multitude of possible components of different type and make,
will lead to very specific behaviour and will have significant influence on the machine
performance, its possible field of application, the set of optimal parameters to be used on it,
and also electrode wear and quality level of the welds resulting from it. This thesis
specifically deals with assessment of mechanical behaviour of all types of resistance welding
machines, spot- and projection- but also seam- and butt welding machines.

2.1 Mechanical behaviour

In the past decades, several researchers have made significant efforts to understand the effects
of all factors in the different physical combinations that exist in different machine
constructions on the mechanical behaviour of the welding machine in operation.

This work can be categorised into static and dynamic properties, both specified in the ISO 669
standard ‘Resistance welding — Resistance welding equipment — Mechanical and electrical
requirements’ [1], but dealt with to a largely different degree of detail.
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Static mechanical behaviour

In ISO 669 [1], contact faults resulting from eccentricity and deflection of electrodes or
electrode platens and the setup and procedure to measure them are described for spot, seam,
projection and butt welding.

Eccentricity or horizontal shift of the electrodes (g) and deviation of electrodes (a), (Figure
2-1), correspond to two aspects of the figure at to two successive loads as represented by the

following formulae: g =b - o (expressed in mm)
and: a = a;— oy (expressed in radians)

electrodes

loaded by F unloaded

Figure 2-1 Contact fault in spot and seam welding equipment (ISO 669)

For projection welding equipment (Figure 2-2): a = tan a = (b;—b;) / b;

l
i o | - '
s ¥ N\ .
. 1 Q
clamping platens To
loaded by F L 7

by g

Figure 2-2 Contact fault in projection welding equipment (ISO 669)
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For butt welding equipment (Figure 2-3): «a = tana = x

Figure 2-3 Contact fault in butt welding equipment (ISO 669)

Figure 2-4 illustrates a uniform apparatus useable according to procedures described in ISO
669 for measurement on spot welding equipment.
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Figure 2-4 Measurement accessory for spot welding equipment (ISO 669)

Figure 2-5 illustrates a comparable apparatus according to procedures described in 1SO 669
for measurement on projection welding equipment.
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Figure 2-5 Measurement accessory for spot- and projection welding equipment (ISO 669)
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Dynamic mechanical behaviour

In order to create a common basis for discussion in the international engineering community,
the new technical terms and the experimental method for measuring these characteristics are
given in ISO 669, annex A.

2.1.1 Dynamical mechanical characteristics

(according to 1SO 669 annex A)

These characteristics define the manner in which spot, projection or seam welding equipment
oscillates when electrode contact and follow-up occurs with the component to be welded. (see
Figure 2-6)

A start of electrode contact B start of electrode follow up

Figure 2-6 Schematic dynamic behaviour of spot welding equipment [1]

As can be observed in the figure, electrode contact is represented by point A and electrode
force ascent starts at that point up to the static electrode force F. After contact of the moving
electrodes, force oscillations may occur that can be measured by means of a force transducer.
Also electrode bounce may occur after electrode impact. Follow-up of the welding equipment,
starting at point B in Figure 2-6 occurs during expanding and contracting of the material
while heating and cooling, due to indentation of the electrodes into the components or when
projection collapse occurs. During this follow-up stage, force oscillations may also occur.
In the same Annex 3 of ISO 669, some characteristic quantities are defined:
e Impact velocity (V,) = velocity of moving electrode or platen immediately prior to
contacting.
e Impact energy (E,) = the kinetic energy of the moving mass of the lumped mass of
the moving welding head (welding head, electrode holder, electrode and a portion of
the flexible conductors) just before electrode contact.

m(vg)*
2

E, =
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e Coefficients of force (Kr, Krs and Kry)
F, +F,+F;
B 3F
* With Kr and forces F;, F, and F5 written with index s to indicate contact and index f
to indicate follow-up.
* Forces Fy, F, and F3 are the first three complete oscillations upon electrode contact
or follow-up.
e Force rise time (#,) = the time span from initial contact of the electrodes up to the
point when nominal static electrode force has been reached (see Figure 2-6)

e Decay time (t. t) = the force oscillations resulting from the electrode contact or
follow-up process.

e Follow-up behavior is determined by means of a simulation test, where a circular
projection in accordance with BS EN 28167 : 1992, [18], stamped into a steel sheet is
rapidly melted away by using a sufficiently high current impulse (T = 1cycle) above
the splash limit. The follow-up of the electrode is determined by measuring the height
of the projection weld after application of the electrode force. Evaluation of the force
amplitudes is carried out in accordance to the above.

Consideration:

The ISO 669, in its last revision dating 2001, up to date with the status of still being
current, describes very interesting straightforward measurements to be made on
whatever resistance welding machine, establishing important geometrical data on
machine stability. And the latter is important, since it will be an indication for
undesired movement between the electrodes, leading to increased electrode wear and
possible loss of technical and esthetic quality of the resulting welds.
Concerning the dynamic mechanical characteristics of a resistance welding machine
however, it offers a mutual base platform of approach and understanding to serve as
start for further scientific research.

Publications dealing with the sequential evolution in the state of the art in dynamic
mechanical behavior of resistance welding machines can be categorized in four major
categories, depending on how the issue of dynamic behaviour is approached, namely:

e Theoretical modelling

e Simulation of conditions on laboratory machines

e Effect analysis based on ‘real” welding test

e FEA based on ‘In-Situ’ characterisation tests

2.1.2 Theoretical modelling

Romer, Press and Krause [19], [20], were the first to mathematically model the different
main influencing machine parameters on a resistance welding machine before, during and
after welding takes place.

They used a single-mass vibratory unit as substitute of a resistance spot welding machine with
a C-frame while assuming a rigid frame of the machine. (see Figure 2-7)
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(1) Power generating system
with upper alectrode

Lower arm with
lower electrode
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é Rigid frame
Figure 2-7 Single-mass vibration system [19], [20]

They used the sudden contact between the touching electrodes as a shock function f(t).

O = = 80

With m the moving mass of the upper moving welding head, | the shock intensity and & (t)
the Dirac delta function, i.e.
_ (Ofort#0
5(t) = {1 fort = O}

As a result the differential equation for describing the response of the lower welding head and
arm following the shock excitation is:
My ¥y + byXy + cuxy = f(1)

With as solution:

I . . b
x, = — e Put sinwt and with D, = —=
Mow 2my

(2.1)
Where m,, , b,, and c,, represent the mass, damping and stiffness of the lower welding head
and arm.

During the welding- and hold stage of the welding cycle, as soon as heating due to the
welding current flowing takes place, materials will soften or if possible by their geometry,
they will collapse. This induces the electrodes to move towards each other in the direction of
the electrode force acting on the workpiece. The upper electrode accelerates downwards due
to the welding force F, and its movement is described by the following equation:

m, X, + b, X, = F, (2.2)
With as solution:

FO
4m, D2

bo
2mg

[2D, t — (1 — e~2Pot)] with D, =

xo(t) = (2.3)

Where m, and b, represent the mass and damping factor of the upper welding head and arm.
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So during collapse, the machines’ welding heads move towards each other. The upper
electrode with significant damping effects due to its velocity building up, the lower electrode,
only displaying structural damping in a decaying vibrating way.

Bearing these phenomena in mind, Romer and his co-workers concluded that for optimal
behaviour both before and during/after welding, contradictory demands have to be made to
the mechanical system. (see Table 2-1)

Approach and contacting Electrode follow-up
Lower electrode Upper electrode Lower electrode | Upper electrode
Mass my low Mass m, low Mass my low Mass m, low
Damping () low Damping {, high Damping ; high | Damping {, high
Stiffness ¢; low | Contact velocity v, constant | Stiffness c; high

Table 2-1 Proposed set up of machine parameters for best machine behaviour [19]

Romer also mentions the suggested use of a spring follow-up system between the upper
electrode and the force actuating system to improve mechanical behaviour.

In 1994, Gould et al. [21] focussed on the theoretical analysis of weld head motion, again
revealing the complexity of the subject, and only solvable by using simplifying assumptions,
each representing different stages in the process. He was the first to model motion of the
welding head as an energy balance per unit of time

dxd xm,( J

df 72 =F',V

Tot (2.4)
Where the term on the right is the energy delivered to the system per unit of time, the term on
the far left expresses the work done per unit of time of the force at any specific instance
against the lumped mass of the welding head. The term in the middle represents the work
done per unit of time due to the rate of change of the force against the lumped mass of the
welding head and the final term on the left represents the work done due to friction

The latter is an extremely realistic way of presenting the weld head motion. Gould considered
four stages in movement before contact on a pneumatic actuated welding head, including:

- Stage 1, Pre-motion (due to friction): where the applied force acting on the piston is
insufficient to exceed the friction forces; (building up of pressure)

- Stage 2, Small head velocities: at initiating movement, the developing pressure in the
actuator cylinder is attempting to accelerate the welding head;

- Stage 3, Quasi stable pressure motion or Low jerk (d’x/dt’) motion; meaning change
in welding head acceleration is relatively small due to only very small changes in
pressure in the actuator cylinder;

- Stage 4, Constant velocity head motion: where actual motion is only caused by the
rate of air flow in the actuator cylinder.

This work is very important in general understanding of cylinder movement in a very wide
range of applications.
Limited verification trials were done by Gould on two welding machines.

Feng [22] developed two analytical models in 1997 that describe electrode displacement
during the squeeze stage of pneumatic actuated spot welding machines. The first model,
called weld head model describes electrode movement during the approaching stage, prior to
contact, the second model, named dynamic response model, describes electrode movement
after contact (bouncing characteristics) but before the welding current is applied.

Feng assumes that no separation would occur on impact.
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In using these models, velocity of approach prior to contact, impact force, bouncing
frequency, pressure build-up and force stabilising time can be estimated. Feng validated his
models by experimental tests.

As a matter of fact, Fengs’ models and the conclusions he makes are very similar to those
made by Gould [21].

In his later work in 1999 [23], Gould extended his earlier work in this field in describing a
follow-up process based on his so-called ball model. (see Figure 2-8)

Figure 2-8 Ball melting model [23]

It is assumed that two resistance welding electrodes are separated by a small metal ball. The
ball is used to provide reaction loads to the applied welding force, and is of a height that is
representative of a welding projection or a potential indentation (as if actual materials were
being welded). In this ball test, the ball is vaporised when the current is initiated. Follow-up
behaviour can then be monitored directly through the subsequent motion of the electrodes.
Gould assumed two possible conditions in the follow-up of a machine equipped with an air-
operated welding head, one where a constant electrode force is applied, the other in a closed
air system.

The former system implies that pressure remains constant in the welding cylinder during
workpiece collapse, an assumption that is extremely realistic towards welding applications
both in spot and projection welding. Only those projection applications where large
displacements are due to be made during collapse, such as cross-welding of tubular
components or projections with extreme heights, will not comply to this suggested behaviour.
In the latter system Gould assumes no air flow into the welding cylinder.

The analytical expressions of both these cases enable squeeze and follow-up characteristics of
a machine to be related to machine design.

Although Gould’s theoretical approach is a true milestone in regard of understanding and
predicting machine behaviour during two important stages of the welding process, namely
squeeze and follow-up, Gould did not report procedures and methods which would enable
determination of machine kinematics .

In 1980, Rivett and Westgate [24] define electrode follow-up as follows:

“Head follow-up is a measure of the ability of a welding machine to respond so as to maintain
electrode force under conditions of rapid electrode movement, as when weld splash occurs.”
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They developed a procedure which could be used to characterise the follow-up capabilities of
the welding machine used. To simulate splash welding, a 1.6mm steel ball bearing was placed
between two sheets of Nimonic alloy between the electrode tips. Force, current and welding
time were set, so that the ball bearing exploded within a single cycle. Each time, head
displacement and current were recorded and to gain an indication of the machine
characteristics, the time taken for the head to travel a predetermined distance (in their
examinations 0.4mm) from the onset of current was measured.

Williams [25] describes in his report EUR 15712EN: “Factors influencing weldability and
electrode life when welding coated steels in multi-welders and robotic cells®, how
measurement of head follow-up characteristics were made using the same exploding ball test
as mentioned by Gould and Rivett. Williams clearly refers to the technique as previously
adopted at TWI:

“A 1.6mm diameter ball bearing was placed between two sheets of 1.7mm stainless steel and
the electrode force was applied. A current was passed through the ball causing it to explode
and be expelled from between the stainless steel sheets. The time taken for the moving head to
respond to the resulting loss of force and to follow up a given distance was recorded.”

On questioning Steve Westgate on the origin and the use of the exploding ball test, it appears
that the test was only used for measuring maximum velocities reached by the moving welding
head at different distances travelled. These data obtained from different machines
subsequently could be used to compare machine capabilities.

Equally it appears that Williams used the same test to compare reaction times of a moving
welding head to a complete loss in support for the moving welding head.

2.1.3 Simulation on laboratory machines

Krause and Lehmkuhl [26, 27] stated that dynamic machine properties are due to specific
machine construction and summarised influencing machine specific parameters (Table 2-2).

Pressurising Piston Presssure delivery system | Stiffness
Friction in bearings Air or hydraulic oil Machine frame upper and lower
Friction in seals Magnetic valve switching | Force delivery system

Friction in piston seals | Valve Cross section
Friction in current leads | Flow rate pressure regulator
Elasticity of piston seals | Positioning of elements
Properties of cylinder Choke effect in lines
Follow up systems Accumulators

Piston movement

Table 2-2 Influences on dynamic mechanical machine properties [26]

The basic purpose of this work was to internationally define and standardise mechanical
machine properties to lead to optimised mechanical machine behaviour. They stated that a
resistance welding machine is a vibrating system with masses, spring constants and damping
effects. Forces that apply during electrode contacting and electrode follow up lead to
deformations of several machine components. Their proposed approach basically refers to
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DVS 2913 (1978) “Guidelines for testing single phase spot, projection and roller seam
welding equipment”, later adapted in DIN ISO 669 (1981) “Kenngrossen fiir
Wiederstandsschweisseinrichtungen” or “‘Rating of Resistance Welding Equipment”.

Most likely, the parameters that Krause proposed to measure in order to enable machine
comparison and better understanding back in 1984, were made starting from DIN ISO 669
(1981) considering that schematical images in his publication are exact copies of the standard.
Given the fact that this standard is still current for the moment in nearly unchanged condition
in ISO 669:2000; BS 3065:2001, one could conclude that it offers a strong platform to
evaluate machines. See 2.1.1.

In 1988, Satoh et al. [28] designed and built a spot welding machine with the ability to alter
its mechanical construction to result in four different setups: (see Figure 2-9)

TV AR Bl Bl NaNa
TITTIIITT? 77777% TN
Type A Type B Type C Type D

Figure 2-9 Four types of spot welding machine setups [28]

e Type A: Force exerting upper electrode axis in line with very rigid lower electrode
arm;

e Type B: As type A but with a low rigidity lower electrode arm (by adding a spring in
the lower electrode);

e Type C: Force exerting upper electrode axis not in line with the electrode axis and
both upper and lower arm of the same (lower) rigidity;

e Type D: As type C but with upper and lower arm of different rigidity;

For these four setups, influence of moving mass and friction on resulting spot weld quality
(weld nugget diameter) and electrode wear were examined while welding on mild steel sheet.

Main conclusions were the following:
e Mass of moving upper electrode has little effect on nugget diameter in all cases except
A, whereas friction also has a considerable influence in case A;
e When rigidity is low (B, C and D), friction has little effect;
e Intypes C and D, nugget shape becomes an ellipse under many conditions;

e Impact energy on electrode contact is important towards electrode life and related to
moving mass, friction and stiffness of electrode arms;

e With low rigidity electrode arms, neither moving mass nor friction influenced
electrode life
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Lehmkuhl et al [29] also described methods to obtain and handle process parameter data
during resistance spot welding. Improvements in computer capabilities are emphasised.
Monitoring of current, voltage, dynamic resistance, electrode force, pressure, electrode
acceleration and electrode travel and uses of the data for process analysis and real time control
are described. Types of sensor systems are listed and factors affecting choice of a sensor are
presented. They also described the measuring equipment and techniques to enable evaluation.

Hahn et al [30] developed an experimental spot welding gun to use on a robot with the
following features:

e Altering moving mass of the electrode arms by adding extra mass;

e Altering stiffness by adding an additional spring unit;

e Altering friction by replacing welding cylinders;

e Choice between pneumatic and hydraulic actuators;

Deep-draw quality steel sheet was used for practical tests where weld quality was evaluated
by examining the weld nugget dimensions in metallographic sections and by measuring weld
tensile shear strength.

Main conclusions were the following:

e Static mechanical properties as well as dynamic touching behaviour are sensitive to
moving mass and stiffness of the electrode arms;

e Hydraulic actuator, due to their lower mass and higher damping show a low peak
force and fast decay both in touching and follow-up behaviour;

e Follow-up of a robotic spot welding gun is mainly governed by bending of the
electrode arms. As a result, stiffness and moving mass have low influence on quality
of the welded joints just below the splash limit, but they do affect the scatter in
strength value. A reduction in scatter of the latter is found with lower moving mass
and less stiffness.

Dorn and Xu [31] developed and built a simulation device (see Figure 2-10) to study the
influence of properties like moving mass, stiffness and friction of the moving welding head
that could easily be changed on the simulating device. They built simulating facilities on a
resistance welding machine that enabled them to define the influences of different properties
on dynamical machine behaviour, especially during approach and electrode contact and
during follow-up when welding.
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Figure 2-10 Sketch of Simulating device [31]

They concluded the following:

- Machine parameters could be changed independent for systematic testing;

- Conditions could be accurately set;

- Reduced stiffness of the machines frame improves contacting and follow-up behaviour
of the electrodes but it also increases bouncing effects;

- Low friction improves follow-up, but makes contacting worse;

- Moving mass could not show a clear influence on follow-up in the tested area, in
contacting a low mass is better to avoid bouncing.

In their further work [32] they refined their simulation tests with different friction material
used in the pneumatic cylinder seals and piston seals to reveal the very complex interactions
of mechanical influencing variables on the dynamic behaviour of a resistance welding
machine.

Touching behaviour cannot be improved simultaneously with follow-up behaviour by one
single combination of mass, friction and stiffness.

Dorn also point outs the benefit of an additional spring follow-up system between electrode
and force actuator.

2.1.4 Effect analysis based on ‘real’ welding tests

Dorn et al. [33] simulated spot welding equipment to assess the effects on electrical
resistance of variations in lower arm stiffness, friction, mass moved during the electrode
movement and electrode travel. Static behaviour (contact resistance) was assessed according
to DIN ISO 669 by measurement of the contact error as a result of bending and eccentricity at
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10, 50 and 100% of the nominal electrode force. Dynamic behaviour (dynamic resistance)
was described by use of the electrode force curve and the follow-up.

They could identify a close relationship between the contact resistance and dynamic
resistance and the static and dynamic behaviour, determined by the mechanical characteristics
of the welding equipment.

Tang et al. [34], [35] studied mechanical characteristics of resistance spot welding machines,
such as stiffness, friction, and moving mass and their complex influences on the resistance
welding process and weld quality. They actually built facilities on a laboratory pedestal
welder to enable the changing of mechanical characteristics like stiffness, friction and moving
mass, comparable to the earlier work conducted by Dorn et al [33]. Stiffness of the lower
electrode arm could be lowered by adding springs, as shown in Figure 2-11 below or it could
be raised by adding a supporting leg from the floor to the lower arm of the machine.

2

Springs

Figure 2-11 Changing of stiffness of lower electrode arm [34]

An additional device adding adjustable friction to the upper moving electrode was mounted to
vary the friction force. (see Figure 2-12)

Upper Structure (Moving)
P v e

......

NI TMER R NNUNN

Lower Structure (Stationary)

Figure 2-12 Device for adding adjustable friction [35]
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Welding head moving mass could be varied by mounting additional weight to the moving
electrode. (see Figure 2-13)

.............

Additional
weight

™~

Figure 2-13 Changing welding head moving mass [34]

In their work, those influences were systematically investigated through experiments. The
mechanisms of the influences are explored by analysing process signatures, such as welding
force and electrode displacement, and other process characteristics, such as electrode
alignment. A better understanding of the influences is achieved through this analysis. This
study shows machine stiffness and friction affect welding processes and weld quality. The
latter influences are identified though metallographic examination.

High stiffness reduces electrode misalignment, raises the expulsion limit and increases the
forging effect, resulting in the recommendation of high stiffness in this study. Machine
friction should be reduced when possible due to its negative effect on weld quality. It also
confirms that moving mass does not significantly affect the process and quality of resistance
spot welding. Materials tested on were steels and aluminium base alloys. Interesting to notice
is their use of FEA software to assess the influence of changed machine setup on electrode
arm deflection, electrode misalignment and contact pressure distribution.

Williams et al. [6], [7] concluded from their practical welding tests that the type and design
of the welding machine also significantly determines the electrode life, with important
parameters being (i) the mechanical characteristics of the electrode head assembly defined in
terms of the force-time relationship developed on applying the welding force (frictional
effects and machine rigidity are important in this context) and (ii) secondary transformer
configuration, e.g. series, push-pull, indirect and parallel welding.

Williams [25] also noticed cyclic variations in electrode force, when welding under short
circuit conditions with AC current. Tests using DC current showed a steady state condition of
electrode force, free of any superimposed cyclic pattern. Williams attributes this variation in
load to the electromagnetic attraction induced between the upper and the lower electrode
arms.

42



The mutual force F per unit length between two infinite wires ‘a’ metres apart in a medium of
permeability ‘Y’ is:
F — |J—11 IZL [Nm-l]

2T a

and with the definition of an Ampére generating a force of 2 x 107 Nm™ in two parallel wires
one meter apart, the latter leads to the permeability of free space being defined as:

o =4m.1077 [HMY]

and with
11 == 12 = I
this gives
_ul?L 1
F = pv— [Nm™] (2.4)

Williams used this to estimate the values for these Lorentz forces for one of the machines
tested in this research project [25], resulting in force values on the upper and lower arm for a
machine with a throat depth of 2000mm with applied currents of 8kA and 10kA of 36.1N and
56.3N respectively and with a throat depth of 580mm with similar current levels of 20.9N and
32.7N respectively.

In 1997, Fujimoto et al. [36] investigated the relation between dynamic properties of a
resistance welding machines loading system and weldability. They drew attention to the large
electromagnetic forces generated between electrodes in high current density spot welding,
confirming conclusions made in this field by Williams [25]. These forces induce welding
force fluctuations that adversely affect weldability. The latter fluctuations in force vary
depending on the force actuating systems stiffness, friction and follow-up behavior.

Wau [37] also investigated these Lorenz forces generated between conductors in the electrode
arms due to the welding current passing. In the left part of Figure 2-14 below, Wu gives a
schematic overview of the secondary current path in a resistance welding machine, with 1 the
transformer, 2 the lower electrode arm, 3 the flexible lead towards the upper electrode arm, 4
the upper electrode arm, 5 the upper electrode holder fixture, 6 the upper electrode holder, 7
the upper electrode and 8 the workpieces.

In the right part of the same figure, Wu draws a simplified theoretical current path, indicating

it 3

Taaw

Figure 2-14 Schematical representation of secondary current path [37]

the current, magnetic field and resulting force directions in, around and on the elements of the
current path.
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Dupuy [38] discusses the effects of specifically inertia and damping and also identified stick-
slip effects in friction by using the hysteresis in the application of increasing and decreasing
pressure. He partially tested this on five different pneumatically activated machines. He also
proposes that the operational stiffness and friction of the electrode actuating system influences
the current range over which nuggets of acceptable size can be formed. Welding tests were
performed with 1 mm thickness HSLA 360 steel in accordance with ISO 18278-2.

Zhang and co-workers [39] used dynamic resistance and electrode displacement signals and
by extracting a large set of characteristic parameters (see Figure 2-15) out of these recorded
displacement signals correlated them to tensile-shear strength of spotwelds.
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Figure 2-15 Sketch diagram of characteristic parameters extracted [39]

Their main conclusions are that electrode displacement signals containing the characteristic
parameters could be used as measurement factors to monitor joint quality.

The monitoring models need further study if this technique is to be applied to practical
fieldwork.

Wang et al. [40] analysed the mechanism of fluctuation of electrode displacement by
collecting primary welding current and electrode displacement during welding and extracted
the incremental pulse expansion out of the electrode displacement. They named the latter the
‘displacement fluctuation peak’. From metallurgical experiments, the relationship of this
displacement fluctuation peak with weld nugget growth during RSW was analysed.

Their conclusion is that displacement fluctuation characteristics can be used to evaluate weld
quality.
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2.1.5 Modelling techniques for resistance welding processes

The most important issue for an end user of resistance welding equipment is basically the
availability of a spot weld qualification procedure to ensure, that for a given material
combination, a weld nugget of adequate size without defects can be achieved. The traditional
operation mode has been to estimate nugget sizes from various destructive tests like peel or
chisel testing. More recently, ultrasonic testing or dynamic resistivity profiles have been used
for the same purpose.

Simulation of resistance spot welding through analytical modeling has drawn the attention of
many researchers in the past decades. The early mathematical models were however unable to
deliver realistic analysis of the process due to their complexity. Involving interaction between
mechanical, electrical, thermal, surface and metallurgical phenomena. Most of the attempts
made to simulate the process by theoretical models were limited to heat transfer problems and
surface phenomena and all neglected the thermo mechanical interactions.

According to Nied [41], early models (pre-1980) were only devoted to determining
temperature distributions during the weld cycle. In all publications before Nieds, the
thermomechancial coupling was completely neglected. One assumed the contact area between
the electrode and the workpiece as equal to the diameter of the flat on the end of the electrode.
Bearing in mind that the contact area is established during the squeeze cycle and dependent
on the electrode load used, an initial assumption of the contact diameter can be a source of
large error, especially if spherical end electrodes are used in the process. Nied reports use of
nonlinear thermomechanical coupling and contact behaviour using a commercial ANSYS
code was used to provide more realistic simulation of the welding process but points to the
necessity of correct temperature dependent material properties.

A one-dimensional heat transfer model describing the spot welding process was studied by
Gould [42] in 1987 in comparison with weld nugget development as a function of three
variables: welding current, welding time and sheet thickness. Nugget development was
studied using optical microscopy techniques. The thermal model was formulated to include
effects of: melting, temperature dependent thermal and electrical properties of the steel used
in the tests, heat transfer in the liquid and contact resistances. Gould compared the model
results with the microstructural observations and used the latter to understand the influence of
various factors on nugget development. This initial and rather simple thermal model is
actually an energy balance for each element in the stack of plate like elements in the
configuration (see Figure 2-16 A and B).
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Figure 2-16 Element configuration and governing equation used in Gould’s model [42]

Energy is introduced to the element in two ways: by internal (Joule) heating and by
conduction. This in turn is balanced by accommodating the heat internally (by increasing the
element temperature or by melting) and by heat loss through conduction. Heat flow in his
model is one-dimensional, meaning that heat is assumed to be generated within the weld and
conducted out through the copper electrodes. Also symmetry is assumed to allow for only half
the weld configuration to be calculated. Boundary conditions are very simplified in respect of
initial temperatures (that of the cooling water), no heat transfer across the faying surfaces and
with respect to the heat of melting, the steel was assumed to behave as pure iron.

It is clear that many assumptions had to be made due to lack of available data. For instance
the relationship between the faying surface resistance and temperature is assumed to be linear.
Results are basic and were used to calculate cooling rates in the weld.

Han et al. [43] further developed the heat transfer model above resulting in 1989 in the
capability to predict temperature as a function of time for any location in the workpiece.

More developed numerical modeling of resistance welding processes requires us to view them
as electrical-thermal-mechanical processes. Many researchers have made huge efforts in the
past two decades to lift finite element simulation of resistance spot welding to a level
trustworthy to justify its use in practical welding.

In 1992, Tsai et al. [44] used ANSYS finite element code to model and simulate resistance
spot welding, revealing the state of stress attained during the squeeze cycle and showing a
stress concentration at the periphery of electrode/workpiece interface and the workpiece
faying surface. A ring-like weld nugget was initiated at a distance from the electrode center
and expanded in- and outwards during the weld cycle.

Browne et al. [45], [46] published their experiences of developing coupled finite element
modeling software capable of incorporating the electrical, thermal and mechanical aspects of
the resistance welding process on Alcan aluminium products in 1995, revealing the effect that
the applied force and resulting mechanical deformation has on nugget formation is due to the
determination of the contact area and current density at the faying surface. Contact resistance
is a key factor, as is shunting effect of previously formed welds. Also the effect of domed
electrodes was studied.

46



Li [47] from Battelle Memorial Institute in 1997 pointed out one of the major weak spots in
every numerical simulation solution available on the market, namely the complete absence of
realistic physical material data characterizing contact properties between metals stacked up in
a resistance welding application ready to be welded. Moreover, these data need to be readily
available in the complete temperature field crossed during a resistance welding cycle. Li
states that measured static contact resistance values are mostly attributed to the film effects
and thus are dependent on the surface condition, the current level used in the measurements,
temperature and applied force.

Film resistance breaks down very early in the welding process, typically in a fraction of the
first quarter cycle. So the measured static resistance prior to film breakdown does not
represent the contact resistance in the rest of the welding process. It is believed that measuring
dynamic resistance offers values more representative to the resistive heating during an actual
welding process. However, there are so many factors that would affect the dynamic resistance
values, including electrode geometry, welding current, sheet thickness, electrode force, etc.
and their effects are extremely difficult to be quantified starting from a purely theoretical
approach.

Li proposed a contact resistance model derived from the characteristics of voltage and
resistance of electric contacts and validated his theoretical model with experimental
measurements on spot welding of 0.8mm bare steel. Li used ANSYS commercial finite
element code with however a lot of simplifications to cope with data being unavailable such
as the assumption of electrode force remaining constant during squeeze, weld and hold cycles
or the use of thermal, electrical and mechanical properties of both copper electrode material
and carbon steel from materials handbooks. Although all these parameters are treated as
nonlinear, temperature dependent properties, they remain static measured values. Li’s results
however are a major step forward in understanding the effects of welding parameters on
nugget formation.

Wengqi Zhang and Niels Bay [48], [49], [50], [51], [52] from the Department of Mechanical
Engineering at DTU in Copenhagen, continuously developed SORPAS (Simulation of
Resistance Projection And Spot welding) software during the past decade. One of the major
reasons why this software, specifically dedicated only to resistance welding is gradually
improving and gaining more and more users worldwide, is the very close interaction of the
DTU research department, SWANTEC, a spin-off company from DTU commercializing the
software and the numerous companies with their specific applications in the field. When an
application causes difficulties to be simulated, all efforts are made to find the cause and to
supply a solution, the latter in turn often resulting in another optimization of the software.
There is also a large user group, exchanging experiences at the bi-annual seminars on the
advances in resistance welding or over the innoweld.net network. Several publications based
on user experiences result from the latter. [53], [54], [S5], [56], [57], [58]

Dupuy et al. [59] used commercial finite element code SYSWELD+ to perform electrical-
thermal simulations. Their approach lead them to define three types of input parameters, the
appropriate mesh geometry, contact boundary conditions and material properties. Using a two
dimensional axis-symmetric mesh, only flat tip electrodes were used since the model did not
include a mechanical simulation necessary to reproduce the evolution of contact size during
welding associated with rounded tips.

Current waveforms used are derived from real measured signals, but also purely imagined
current waveforms were used. Radiative and convective heat transfer coefficients at the
boundaries were chosen from literature, as well as the materials electrical and thermal
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properties, which are considered as functions of temperature. Electrical and thermal contact
properties were assigned to extremely thin layers of contact elements at each interface.

Since Dupuy aimed to apply the model for welding on coated steels, adaptation of the model
by introducing additional elements with intrinsic properties of the coating as well as changes
at each interface were used.

Practical problems occurring in his approach are the use of domed electrodes in his
experiments where the model can only deal with flat tip electrodes. The modeled results are
disappointing in respect of quantitative resulting values, but they were useful in understanding
the necessity of a mechanically coupled model and of correct data input of materials and
contact properties as a function of temperature and pressure.

According to Feng and his co-workers [60], [61], there are strong interactions (coupling)
among the electrical, thermal and mechanical aspects of the process that pose significant
difficulties in numerically modeling the resistance spot welding process. Materials ready to be
resistance spot welded show electrical properties as their bulk resistance and contact
resistance that strongly depend on temperature and contact pressure. Feng et al. also state that
changes in the temperature field in the workpieces and the electrodes due to Joule heating will
result in changes in the Joule heat generation rate that in turn will influence the evolution of
the temperature field. Feng et al [60] used Abaqus, a commercial general-purpose finite
element code that they enhanced with a number of user subroutines and modules. Since
electrical contact resistance has a very dominant effect on the formation of the weld nugget,
they proposed a model to describe the variation of contact resistance as functions of
temperature, pressure and material yield strength. This dependence of contact resistance on
the contact pressure and temperature is incorporated in the incrementally coupled finite
element model.

Contact resistance consists of the constriction resistance and the surface contaminants (or
film) resistance. When two metal surfaces, each with certain roughness are brought into
contact, the real contact area of the mutually deformed asperities is much smaller than the
apparent contact area as long as the normal pressure is below the yield stress of the softer
material. (see Figure 2-17)

Load
Contact Area

Surface 1

f Surface 2
Load

Figure 2-17 Contacting surfaces with microasperities and surface waviness [60]

When a current runs through the interface, then the current flow lines bundle together passing
through the separated conducting spots of real contact. This constriction of the electric current
by the contact spots reduces the volume of metal used for electrical conduction locally at the
interface and leads to the rise of the resistance value

The film resistance on the other hand is due to less-conductive surface films such as oxides,
oil, water vapor and other surface contaminants. This film resistance is not taken into account
by Feng [60]. Contact resistance becomes an explicit function of temperature, pressure and
bulk resistivity for a given contact interface.
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Feng et al. measured the electrode to workpiece and that at the faying surface under iso-
pressure conditions and at ambient temperature. (see Figure 2-18)
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Figure 2-18 Comparison of contact resistance variation as a function of pressure at room temperature [60]
They calculated an estimation of the contact resistance variations at the faying interface of the

DQSK steel with 6.33mm electrode face diameter used in one of their simulations. (see
Figure 2-19)

Resistance (p Ohm)

Load (ki) o < Temperature (K)
Figure 2-19 Contact resistance-temperature-pressure diagram according to [60]

Their analysis revealed significant pressure and contact area variations during welding,
necessitating the use of three-way coupled electrical-thermal-mechanical modeling in order to
accurately capture heat generation, thermal history and deformation history during a
resistance spot weld.

Sudnik et al. [62] in 1999 focussed on implementation of electrical parameter setting into the
SPOTSIM FEM software to enable more accurate input of machine electrical settings. Active
resistances of the welding circuit as well as conduction angle of the welding current are taken
into account. Spotsim was developed for Resistance spot welding as the name suggests. The
model is based on the equations of electric potential and thermal productivity. It reproduces
plastic deformation of the metal and takes into account electrode geometry. Machine
dynamics are not accounted for. Quite a large error margin remains between the size of the
calculated molten welding nugget and the values measured in metallographic examination.
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In 2000 and 2001, Sun [63], [64], [65] published the results of several studies using Abaqus
commercial code where she also dealt with simulation of resistance projection welds. The
latter revealing a new problem not accounted for in any of the former investigations, namely
changes in pressure distribution due to changes in the collapsing stage of the welds.

In their publication in 2002, Vichniakov, Herold and Greitmann [66] disseminated the
results of their study on projection welding showing large displacements during the follow-up
stage in the welding cycle using Ansys commercial code. They concluded that FEM can also
in this range of workpieces be used for determination of welding range diagrams.

Later, in 2002, Robin et al. [67], in a joint venture coordinated by PSA Peugeot-Citroen and
with Usinor research centre involved for material characterization also focused on the contact
interactions during spot welding leading to better prediction of reality in the case of using
rounded electrode tips in spot welding simulations. They also used Sysweld software with a
model with coupling between electrical, thermal, metallurgical and mechanical fields and
concluded that contact element formulation is important to generate more realistic results.
There however still remains the difficulty to obtain practical data ready to be introduced as
material related properties into the models input.

In their publication in 2003, Chang and Zhou [68] studied electrode force as important
process parameter when using DC current on a small scale resistance spot welding
application. Variations of contact radii, current density distribution and temperature profile at
the sheet-sheet and electrode-sheet interfaces, the threshold weld times and the maximum
diameters of the weld nuggets under different electrode forces were investigated, resulting in
the following conclusions:

e contact radius at both interfaces decreases during the welding process.

e Increasing electrode force increases the contact radius at both interfaces.

e The minimal contact radius at the electrode-sheet interface is larger than that at the
sheet-sheet interface.

e Welding current density distributes evenly initially, to later increase with decreasing
of the contact area at both interfaces and finally concentrates at the molten nugget
region.

e Increasing force decreases the current density because of the increased contact area.
Temperature at the central part of the workpieces is the highest at both interfaces.

e Molten nugget initiates at the sheet-sheet interface center.

e Temperature increases more quickly under a lower electrode force because of the
decreased contact area and increased current density.

e Shorter threshold weld time or lower threshold welding current is needed for nugget
initiation when the electrode force is decreased. However, decreasing electrode force
also increases the cooling rate at the nugget center.

Thomas Dupuy [69] published a comprehensive review on the state of the art in numerical
simulation of resistance welding processes in 2004. He sums up the potential benefits but also
points at the Achilles heel, potentially present in all publications above, namely the absence of
effective procedures to generate correct physical data on the materials used and their contact
properties under loading and at different temperature levels.

Song, Zhang and and Bay [70] were the first in 2005 to publish procedures to generate
‘real” physical material data using a Gleeble machine. (see Figure 2-20)
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Figure 2-20 Schematic setup of material tests on Gleeble [70]

A Gleeble system is actually a dynamic testing machine that can simulate a wide variety of
thermal/mechanical and metallurgical situations. Samples can be heated and mechanically
loaded following a preset program, while in the mean time, parameters of interest are
measured and recorded for later analysis. A major benefit in the use of a Gleeble machine is
that it heats the specimens by resistance heating, exactly as in resistance welding. In this way,
contact resistance during a process similar to resistance welding can be studied.

Materials tested by Song including low carbon steel (AISI 1018), stainless steel (AISI 304)
and aluminium (AA1050) are widely applied in industry. Test specimen (cylinders 7,5 x
6mm) were machined to a uniform surface roughness, rinsed with compressed air and stored
indoor for approximately 2 months. No subsequent cleaning, rinsing or degreasing was
carried out prior to the experiments to ensure surface conditions similar to those in industrial
use.

During each experiment, the following parameters were measured: force, deformation of
specimens, interface temperature, heating current and voltage drop over the interface

In 2006, Song et al. [71], [72], working in the same department at DTU in Copenhagen made
a major step forward in finite element based numerical modeling for resistance welding as a
tool for development and optimization of complex joints by introducing a more appropriate
model of the contact between the workpieces. A contact model is developed for simulation of
resistance spot as well as projection welding that deals with the mechanical, thermal and
electrical contact problem. Mechanical contact including frictionless as well as sticking and
sliding friction contact. Thermal and electrical contact are modeled by introducing an artificial
contact layer. Song makes the distinction between frictionless contact, constraining contact
only to the normal direction of the contact element, sticking contact, in most resistance
welding situations like spot welding, where tangential sliding at the interface is minimal and
frictional sliding contact allowing sliding by angular oriented elements as in projection
welding. Song succeeded in coupling the three models (see Figure 2-21), enabling more
realistic simulations of resistance projection welded complex joints and welding of dissimilar
materials.
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Figure 2-21 Coupling scheme of models with contact [71]

In his experimental validation of the former publication [72], Song compares the results of
practical tests with simulation deformation results made with Sorpas of compressed
sandwiches of different materials and with the three contact situations. (see Figure 2-22 and

Figure 2-23)

| 030

(c) Experiment versus frictional contact

(a) Experiment versus sticking contact (b) Experi versus frictionless contact

Figure 2-22 Sandwich upsetting aluminium-brass—aluminium in different contact situations [72]

(a) Experiment versus sticking contact {b) Exp versus contact (c) Experiment versus frictional contact

Figure 2-23 Sandwich upsetting brass—aluminium-brass in different contact situations [72]
Satisfactory accuracy between reality and simulation is reached. The frrictional conditions
resemble those in resistance spot welding. A similar experiment was carried out on projection

welding of flat disc — solid ring projection and validated the contact model.

Material data are offered in a large database in the commercial software SORPAS (simulation
of resistance projection and spotwelding), commercialized by the Danish Swantec company.
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2.1.6 FEA based on ‘In-Situ’ characterisation tests

A key development in determination of machine kinematics was the development of a new
concept by this author.

This involved imposition of a step function on the welding head and measurement of
subsequent head response. These measurements could then be used in a model of machine
behaviour to calculate welding head effective lumped mass and welding head damping.

In 2002, the author presented a paper [73] at the 2" International Seminar on the Advances in
Resistance Welding in Aachen where this new concept of measuring representative
mechanical machine parameters such as lumped moving mass of the moving welding head,
damping coefficient, maximum velocity after a distance travelled and maximal acceleration
was described.

The author later realised that the step function could be imposed on the welding head by using
a supporting pin fracturing away underneath the upper electrode. This test was named the free
fracture test, and was developed following an original suggestion by Niels Bay [74] who used
this test method to measure maximal welding head velocities attained after a certain distance
travelled on different machines.

The upper welding head is represented as a force actuated mass-damper system, similar to
Gould’s [23] concept. The lower welding head should be represented as a mass-spring-
damper system, but with very low structural damping. This concept was developed in the
attempt to find a solution to one of the weakest spots in the FEA software, namely the lack of
data on specific machine behaviour. Experience in production welding applications reinforced
the need to generate data in-situ to allow the input of specific machine data into the FEA
software.

Wu et al. [75] later developed a spring supported fracture test at the Technical University of
Denmark where a more weld-mimicking or resembling movement is offered at the
pressurising system by inserting a spring support underneath the fracture tests upper anvil.
This followed a period where Wu worked in the author’s laboratory during a period of
secondment in 2002 and acquired detailed information on the free fracture test.

Chen et al [76] use measured displacement and force signals of small scale resistance
welding machines to input in a Simulink model and calculate stiffness and damping
coefficients of the model (see Figure 2-24)
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Figure 2-24 Representing model used by Chen [76]
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Chen needs to dismantle the machines head with its appendages and weighs all components to
get a notion of the representing lumped mass of the moving welding head. Apart from this, his
approach also necessitates for a force measurement integrated in the lower electrode
assembly. This approach is very interesting, and copes with reality as validated by his
experiments with test welds without expulsions, and with small and with large expulsions.
However, in the current setup, it cannot be used out of the laboratory application because of
the invasive character of the test setup.
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2.2 Projection geometries

Over the years working on this thesis, the importance of workpiece geometry, especially in
projection welding has proven to be of outmost importance. Although not the core of my
thesis, I did examine the influences of different projection geometries on their weldability and
on behaviour in specific applications.

In general, projections can be divided into artificial and natural types. Artificial when any
machining needs to be performed in order to change workpiece geometry to obtain a
projection. This can be embossing in plate like structures, cutting, bending or even additive
casting for more massive workpieces. Some of the artificial projections are standardised, the
majority of them are not.

On the other hand there are natural projections, created by simply bringing two workpieces to
be joined into contact. These applications include concrete steel reinforcement nets, cross
wire grid in shopping baskets and trolleys, or cross welding of steel tubing. There are
interesting applications where artificial changes on natural projections can dramatically
change weldability as well as joint properties.

2.2.1 Artificial standardised projections

Standard embossed projections, mainly for thin steel plate are proposed in BS EN 28167:1992
[18].

It is important to mention that only round projections are dealt with in this standard.
Longitudinal and annular ring projections are described in DIN 8519:1996 based upon DIN
8519:1978 [77].

These cover the majority of applications in thin steel plate welds, that need to be able to
withstand torsional loads and or provide leak tightness.

2.2.2 Artificial other projections

In projection welding, there is a tremendous design freedom for creating projection shapes
and geometries.

Nevertheless, different organisations, like IIW, AWS, RWMA tend to propose geometries
towards their members. However, it is clear that there is some ambiguity concerning the
optimum designs.

Hess and Childs [8], [9] published a pioneering paper on projection welding in 1949. Hess
and Childs limited their investigations to coined embossed projections with a spherical shape.
The latter because those researchers assumed that this type of geometry offered the best
possibilities for symmetrical current distribution and uniform projection collapse. Using a
strain gage based device attached to the electrodes and coupled to an oscillograph, they
measured and recorded electrode displacement during projection collapse.
Their conclusion were mainly the following:
e that projection height/diameter ratio highly influenced weld strength levels over a
greater range of welding conditions,
e that the projection diameter was not very critical within a wide range of values,
e that multiple projection welds did not result in shear or normal tension strengths
proportional to single welds,
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e that fusion only started after projection collapse was practically complete (and
occurring in the first 15% of the weld time,

e that to avoid merging of multiple projections, they should be spaced at least 2.5 times
the diameter of the fused zone.

Nippes et al. [10], [11] built further on Hess and Childs’ work. Projection welding of steel
with low thicknesses, steel in heavy gages and projection welding of steel with dissimilar
thicknesses was investigated.

It is interesting to note the use of spring loaded electrodes to provide the low welding
pressures required for the low thickness steels and still give sufficiently rapid follow-up
during projection collapse.

Harris and Riley [13] proposed projection geometries, both for thin and heavy gage
materials, also covering unequal thicknesses and especially introducing the use of recessed
projections (see Figure 2-25 and Table 2-3) to enable complete setdown of the plates after
welding and covering a variety of equipment to assist in its selection.

PUNCH DIE PROJECTION SHAPE

Figure 2-25 Punch, Die and projection geometry according to Harris & Riley [13]

Plate Projection Punch Die

Thickness | Height | Diam. | Radius | Radius | Height | Diam. | Recess | Recess

radius | height

T@mm) | Hmm) | D(mm) | S(mm) | R(mm) | P(mm) | d(mm) | r=S/3 | h=H/3
3,12 1,47 6,86 | 4,98 2,39 1,91 5,61 1,65 0,48
3,43 1,57 7,62 | 5,46 2,77 2,06 6,35| 1,83 0,51
3,89 1,63 8,38 | 5,97 3,18 2,16 6,86 | 1,98 0,53
4,17 1,73 9,14 6,30 3,58 2,31 7,54 2,11 0,58
4,55 2,03 991 | 6,96 3,96 2,64 833 | 2,31 0,69
4,95 2,13 10,41 | 7,26 3,96 2,82 859 241 0,71
5,33 2,29 1,18 | 7,75 4,75 3,05 9,09 | 2,57 0,76
5,72 2,54 11,94 | 8,26 4,75 3,35 935 2,74 0,84
6,22 2,84 13,46 | 9,27 4,75 3,71 10,31 3,07 0,94

Table 2-3 Dimensions according to Harris & Riley [13]

Cunningham et al. [78], [79], [80] used high speed photography to study the formation of a
projection weld (with the use of sectioned projections without expelling metal during the
weld). They studied weld collapse, the effect of projection height, projection geometry,
nugget formation, heat generation and heat flow as well as weld quality.
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One of their major conclusions was that variation of projection height from the earlier
recommended values by 50% seldom results in changes of strength greater than about 6%,
although consistency in weld production was modified to a greater degree.

These researchers also observed a phenomenon called electromagnetic stirring of molten
metal in the nugget (see Figure 2-26)
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Figure 2-26 Electromagnetic stirring in weld nugget [80]

Adams et al. [81] investigated the AWS, IIW and H&R projection geometries, standard in
that era and concluded the following:

in comparable welding conditions, AWS and H&R projections made stronger welds
IIW projections consistently were the first to expel liquid metal

in comparable welding conditions, strength and nugget areas of AWS and H&R were
practically identical

IIW projections generate heat in a single centre point source where AWS and H&R
projections generate heat in an annular ring

manufacture of H&R projections is more complex since the die does not limit
projection height

different weld settings are needed for each projection geometry to produce optimum
weld strength

Sun [65] investigated the same three projection geometries as discussed above with different
projection heights by using an incrementally coupled, thermal-electrical-mechanical finite
element modeling procedure. The predicted heating patterns were then compared with weld
cross sections.

She concluded that her predicted results on nugget formation and projection collapse
compared reasonably well with the available experimental data. Apart from the confirmation
of earlier work, it also demonstrates that FEA can be used as a powerful tool to study the
detailed physics of a highly dynamic coupled process such as projection welding. Results can
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provide some quantitative understanding and guidelines about projection design and weld
parameter selection.

She states that with this tool, it is possible to develop improved procedures for determining
weld conditions, requiring only a nominal amount of experimental work as a means of
verification

Another important conclusion regarding projection geometry is the following:

e in extremely high projections, the rate of localized heat generation is faster than the
rate of projection collapse and as a result, weld collaring and expulsion will occur
during the early welding cycles.

e On the other hand, when low projection heights are used, premature collapse of the
projection will reduce current density and delay nugget formation.

Resulting, dynamic balance between projection collapse and heat generation must be
maintained to achieve an optimized projection welding process.

2.2.3 Natural projections and artificially altered projections

ARO, [14], [82] based on their experience with customers and their application published a
code of good conduct for resistance projection welding of tubular components.

They are the first to publish the technique of indenting tubular components (see Figure 2-27),
formerly a practice to bend tubes, with the intention to create multiple contact points on the
overlap between workpieces. The latter giving a huge advantage over single contact
overlapping joints in respect of transferring torsional loads into multiple shear loads. Joint
properties under static and dynamic loading are lifted to a higher level as a result.
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Figure 2-27 Advised setup for cross tube projection welding [82]

58



Conclusion of literature review:

Mechanical properties of resistance welding applications are specified in the ISO 669
standard ‘Resistance welding — Resistance welding equipment — Mechanical and electrical
requirements’ [1]. The latter standard dealing in detail with the static machine properties and
supplying test procedures to enable their measurement.

Static machine properties are important in both spot- and projection welding, since they are
responsible for contact errors in electrodes due to eccentricity and deflection of electrode arms
and electrodes.

In respect of dynamic machine properties, the standard emphasises pre-weld machine
behaviour during the approach and contacting stage of the weld cycle and it mentions the
importance of follow-up behaviour during workpiece collapse, the latter specifically

in projection welding, where it is possible that acceleration of the electrode during projection
collapse absorbs a (too large) part of the electrode force, thus leading to oscillations in the
welding force or worse, even complete loss of contact between the electrodes and the
workpiece, immediately leading to expulsion of molten metal, the latter resulting in poor weld
quality.

These working conditions are only possible when actuator force levels have to be set low by
necessity, for instance when workpieces cannot support high mechanical loads as in welding
thin sheet metal, aluminium alloys, projection welding high melting to low melting materials
or welding of thin-walled tubular components.

One can conclude that in order to ensure proper weld quality, fast follow-up behaviour of the
electrode is an essential feature to maintain contact between electrodes and workpieces. The
latter being a very important feature in respect of the dynamic mechanical characteristics of
resistance (projection) welding machines.

Lumped moving mass, friction and stiffness of the moving welding head, including the force
actuator are characterizing factors that will define mechanical machine characteristics.
Researchers have built simulation devices or specially re-designed production machines to
enable experimental evaluation of these characterizing factors by varying them. Contradictory
demands result, depending on properties one wishes to improve or depending on specific
machine design. Where moving mass has no significant influence on weld quality as such, it
has a large influence in follow-up in projection welding.

Romer et al. [19], [20], supply us with the mathematical models that through qualitative
analysis lead to a guideline for improved machine design.

Feng et al. [22], modelled the touching behaviour in air-operated machines, where

Gould et al. [23] provide the mathematical models both for the touching as for the follow-up
behaviour, offering a true milestone in approach.

Many researchers have supplied us with improved understanding of the influence of machine
mechanical properties on weld quality and with recommendations to enable improvement of
these machine properties. However, most of these investigations do not lead to modeling
procedures that can be used in practice, they all stay limited to more qualitative analysis based
on rather invasive measurements.

In respect of the Finite Element Analysis software dedicated towards resistance welding,
research can be divided in two categories, the general purpose commercial software codes on
the market on the one hand, used by many researchers to input resistance welding
applications, and mainly limited to spot welding, apart from a few.
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On the other hand, in spite of so much effort, to enable realistic simulation, especially towards
projection welding applications, availability of correct material and process data are a
necessity. Generation of these data was surely lifted to a higher and realistic level by the
Department of Mechanical Engineering at DTU in Copenhagen, resulting in SORPAS FEM
software, dedicated ONLY to resistance welding applications. However, there remain two
Achilles heals, namely the effective contact properties of materials available on the market or
even of different batches of the same material and mechanical machine properties,
influencing machine dynamics.

Furthermore, three references, Williams [25], Fujimoto et al. [36] and Wu et al. [37] deal with
electromagnetic forces induced by the welding current and acting on the welding arms, while
one reference, Dupuy [38] emphasizes on friction and stick-slip effects during welding head
movement.

Finally, since projection welding is especially vulnerable for poor fitness for purpose in

respect of a machines’ mechanical properties, this less optimal design can be overcome by
using smarter projection design.
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3 Aims and Objectives

Widening the application field of resistance welding is a challenge in this era where many
other high energetic welding processes experience a massively increasing popularity.
Resistance welding however has systematically evolved during its ages of existence and
application. It’s a state of the art joining technology ready to conquer new application fields,
mainly for automated and/or mass production. Finite element analysis (FEA) techniques
incorporating very complete databases covering accurate data of workpiece and electrode
geometries, materials used and parameter sets programmed into the welding machine are
available and they surely increase common general knowledge and in depth specialized know
how amongst welding engineers and assist them in their choice and their practical design of
joining solutions in existing and future applications. Nevertheless, it needs to be mentioned
that sufficient correct data is available in the databases of FEA software for most of the spot
and seam welding applications, thus generating correct output and leading to satisfying results
in numerous applications. However, especially in projection welding of complex geometries
or in those application that incorporate exotic material combinations and/or thin walled
tubular geometries and in all applications where larger displacements are due to be made by
the welding head during workpiece collapse in the deformation stage of the welding cycle,
there is an absence of available data on the mechanical characteristics of the welding machine
to be used. It is a fact that there are thousands of combinations of specific resistance welding
machine assemblies of so many different constructors on the market. Indeed, it needs to be
mentioned that many machines are custom built around a specific application with
components from different constructors.

At the start of this work, only limited data characterising resistance welding machine
behaviour was available that merited to be inputted as mechanical data into FEA software or
that could be used to assess a welding situation in practice.

The objectives of this work therefore can be summarised as follows:

a. Development of mobile measuring techniques capable of collecting all necessary
mechanical and electrical data from a resistance welding machine In Situ in a working
production environment without interfering in the production process.

b.  Development and evaluation of In Situ mechanical tests and test procedures capable of
imposing a sudden step in the pressurizing force between the welding electrodes,
inducing the welding head to make a displacement at its maximum dynamic
possibilities.

c. Development of a measuring and processing procedure to record this sudden
displacement in time and delivering machine specific mechanical data ready to be used
in assessment of specific machine potential and/or in Finite Element Analysis as a
restricting boundary condition.

d. Development of a machine mechanical model and corresponding analysis method for

generating machine specific parameters.

Study of the mechanical test procedure results on machines with different actuator

systems.

Study of the influencing variables on machine model results.

Development of a correct machine evaluation procedure.

Evaluation of influence of welding current on machine mechanical behaviour.

Study on the interaction between projection design and machine behaviour and resulting

weld quality.

®
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Figure 3-1 shows the thesis objectives flowchart graph

Review of previous work associated with resistance welding machine mechanical behaviour

Review targets for resistance welding machine mechanical modelling

Development of measuring techniques for In Situ use

Development and evaluation of In Situ tests and processing procedure

Fracture test

Explosion test

Evaluation of test procedures on different welding machine actuator systems

Pneumatic cilinder Roll membrane cilinder Servo electric actuator

Investigation of influencing variables on mechanical model results

Friction Stick-Slip

Welding current

Definition of correct machine evaluation

< General conclusion

Figure 3-1 Thesis objectives flowchart graph
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4 Equipment used

4.1 Resistance welding machines

4.1.1 AWL multi purpose spot/projection welder

Location: Lessius Mechelen, Campus De Nayer, Laboratory of alternative welding processes

Type description: AWL wp 63 rl range 2 63 kVA/50% 380 Volt/SOHz

Control unit: SER Mega

Electrical Properties

Type of welding current AC
Mains voltage 380V
Mains frequency 50 Hz
Nominal power at 50% duty cycle, Ssq 63 kVA
Maximum welding power, S .x 810 kVA
Transformer tap settings 1
Secondary no load alternate voltage U, 71V
Short circuit secondary current I, 25 kA (350mm)

Mechanical Properties

Force system pneumatic spring load follow-up syst.

Electrode force min. - max. 6 kN at 8,1 bar

Cylinder diameter 100 mm

Throat gap, e and depth, | 120mm to 380 mm =320 mm

Mass of movable parts 4,58kg +4,52kg Electrode assembly + slide
3,02kg Piston rod + spring assembly
3,88kg Flexible lead
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4.1.2 PECO roll membrane spot/projection welder (pneumatic)

Location: Lessius Mechelen, Campus De Nayer, Laboratory of alternative welding processes

Type description: PECO-Messer Griessheim roll membrane 50Hz AC 25kVA

Control unit: Peco

Electrical Properties

Type of welding current AC
Supply Voltage Uy 500V
Aucxiliary Voltage U, 240V
Mains frequency 50 Hz

Power at 100% duty cycle, S,

SS()

Maximum welding power, S .

Secondary open circuit voltage U,y in 1 step

Max. secondary in short circuit ..

Mechanical Properties

Force system Pneumatic
Electrode force, Fpax 740 daN
Admission pressure P, 6 bar
Throat gap, € and depth, | 200 mm to 320 mm /=185 mm
Mass of movable parts 4,402 kg Electrode assembly
3,384 kg Piston rod
2,299 kg Flexible lead
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4.1.3 ARO multi purpose spot/projection welder (pneumatic)

Location: Lessius Mechelen, Campus De Nayer, Laboratory of alternative welding processes

Type description: ARO 72500 PA 91 DC 2 x 90 kVA/50% 500 Volt/1000Hz

Control unit;: ARO

Electrical Properties

Type of welding current DC

Supply Voltage Uy 500V

Auxiliary Voltage U, 240V

Mains frequency 50 Hz Inverter: (1000 Hz MFDC

Power at 100% duty cycle, S, 2 x 63 kVA

Power at 50% duty cycle, Sso 2x 90 kVA

Maximum welding power, S . 240 kVA

Secondary open circuit voltage Uy in 1 step 10V

Max. secondary in short circuit I 30 kA

Mechanical Properties

Force system Pneumatic

Electrode force, Fpax 740 daN

Admission pressure P, 6 bar

Throat gap, € and depth, | 200 mm to 510 mm I =600 mm

Mass of movable parts 8,47 kg Electrode assembly
12,34 kg Piston rod + seals
0,363 kg Flexible lead

65



4.1.4 ARO multi purpose spot/projection welder (servo electric)

Location: Lessius Mechelen, Campus De Nayer, Laboratory of alternative welding processes

Type description: ARO 72500 PA 91 DC 2 x 90 kVA/50% 500 Volt/1000Hz

Control unit: ARO

Electrical Properties

Type of welding current DC

Supply Voltage Uy 500V

Aucxiliary Voltage U, 240V

Mains frequency 50 Hz Inverter: (1000 Hz MFDC
Power at 100% duty cycle, S, 2 x 63 kVA

Power at 50% duty cycle, Sso 2x90kVA

Maximum welding power, S . 240 kVA

Secondary open circuit voltage Uy in 1 step 10V

Max. secondary in short circuit .. 30 kA

Mechanical Properties

Force system Servo electric

Electrode force, F . 740 daN

Throat gap, € and depth, | 200 mm to 510 mm I =600 mm
Mass of movable parts 8,47 kg Electrode assembly
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4.1.5 Mc Gregor p-resistance welding head

Location: Philips Turnhout, welding laboratory, company mechanization group

Type description: Mc Gregor standard opposed welding head module (pneumatic)

Control unit: None, intended for integration in mechanization

Welding power source: Unitek Myiachi Dual Pulse 250 Capacitor discharge

250 DUAL Pl

BYORBO W

Electrical Properties

Input Power

Input voltage 230V 50/60Hz
Max input current S5A

Output Power

Output voltage 6.7V

Max output current 6700A

Mechanical Properties

Force Range: 2-70N

Stroke: Not Applicable

Dimensions: 25x 50 x 179 mm

Compression: 10 mm

Mass of moving welding head components 0,136 kg Electrodes included

Flexible lead included
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4.2 Measuring Equipment

With the restriction of not being invasive in a running production environment, there are only
3 parameters that can be measured during welding: welding current, voltage, and
displacement and/or velocity of the welding head, (the latter dependent on the sensor choice).
Force measurements would require mounting of auxiliary pancake or weld through load cells
and thus the necessary dismantling of parts of the electrode setup. Following this restriction,
for this thesis, the following equipment was used:

e aset of current measuring Rogowski-coils;

e solid state crocodile measuring clamps to measure the voltage;

e a laser triangulation sensor, an LVDT or a Laser Vibrometer to measure displacement
or velocity of the moving welding head. The choice between the last three measuring
systems can quickly be narrowed by the non-invasive restriction above to only a Laser
Vibrometer as remaining technology.

During a fracture and/or explosion test, displacement and/or velocity of the moving welding
head is measured. If necessary, the welding force as set can be measured with a portable
loadcell.

Each of these sensors has its own operating principle, accuracy and measuring range. As a
result of this, the sensor is chosen towards a specific application. These sensors of course are
used in combination in order to make a qualitative assessment of the different measurement
systems.

Each measuring instrument used for measuring the welding parameters as well as the
parameters during fracture and explosion tests is discussed below. Moreover, their advantages
and disadvantages are discussed based on their use within this work and in industrial
evaluations by the author.

4.2.1 LMI Laser Twin displacement Sensor (LTS)
(Figure 4-1)

Figure 4-1 LTS sensor
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4.2.1.1 Principle of operation
(Figure 4-2 and Table 4-1)

When the laser beam emitting from the LTS displacement sensor hits a moving object, light is
reflected in all directions. Part of the reflected light is focussed by means of optical lenses and

L

SO

MR Measuring Range
S0 Standoff Distance
OD Offset Distance

Figure 4-2 Principle of operation

1 hits a position sensitive detector (PSD) as a light spot.

The PSD is a special photo diode with 2 current exits.

The ratio of these exits depends on the position where
light hits the detector. When the object measured
makes a displacement relative to the LTS, the angle of
the light reflected changes, making the incoming light
spot either to move more to the right or more to the left
on the detector thus changing the ratio of the current

exits. This ratio is transferred into a distance value.

In order to obtain higher reliability and a better measuring accuracy, the LTS is equipped with

2 PSD’s.

4.2.1.2 Specifications

Measuring distance 15 mm
Measuring range 12mm
Accuracy +10um
Resolution 0,8um
Measuring frequency 100kHz
Temperature range 0-50°C
Humidity Max 90%
Output signals:
Distance (X) -7,5/+4,5 Vdc
Intensity (1) 0...5 Vdc
Enable (E) -0,7 Vdc within range
+4,7 Vdc sensor out of range
Load (X,1,E) R>10kQ2
Sensitivity ImV/um
Weight 750 (£50) gram
Supply voltage +15Vdc £1%
Power consumption Max. 5SW
Laser 30mW (780nm)

Table 4-1 Specifications LMI LTS displacement sensor

Measuring distance  10,5mm
Measuring distance  22,5mm

When the sensor is out of measuring range, X output becomes +13Vdc.

(+4,5mm)
(-7,5mm)

X=+4,5Vdc
X=-7,5Vdc
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4.2.1.3 Practical Experience

4.2.1.3.1 Advantages
- High measuring accuracy (£10um)

- The laser beam is insensitive to electromagnetic fields as produced by the resistance
welding machines. Additionally, the aluminium housing of the sensor assures a good
shielding of the electronic components and is not influenced by the electromagnetic fields.

- The high internal measuring speed (100kHz) results in an accurate measuring signal.

4.2.1.3.2 Disadvantages

- Small measuring range (12mm). This demands rather an invasive application in the
machines’ working area. Especially in use on projection welding machines where the
displacement during the upsetting stage of welding can be rather high.

- The sensor needs to be positioned at about £ 15mm away from the moving object. In a
multitude of welding machines, the sensor cannot be used due to lack of space. This
demands for the use of auxiliary elements to be constructed and attached to get the
welding head in the field of view of the sensor.

4.2.2 Solartron Linear Variable Differential Transducer (LVDT)
(Figure 4-3)

-u.tt---cc.t.ult'l!.!ttillnm

e A IR

Figure 4-3 LVDT sensor

4.2.2.1 Principle of operation

Figure 4-4 Operation principle LVDT

70



An LVDT is built out of a tube wound with 3 coils. (see Figure 4-4) Towards the mid primary
coil, a sinusoidal voltage between 0,5V to 5V with a frequency of 1 to 30 kHz is fed. The
other two secondary coils are wound so that the voltage generated in both coils is equal when
the ferrite core is in the central position. The secondary coils are also coupled in opposite
direction (phase shift of 180 degrees) which leads to the resulting voltage in the central
position to become zero. The latter is illustrated in Figure 4-5 below.

Primary
Coil
L
| Sec. 1 Sec. 2

/‘-—\\ /“\ /\ Pri_ma_ry
\_/ \_/ Excitation

N\ N\ /7 N\ sect
\_/ \_/ Output

Sec. 2
Output

Sec. 1+
" Sec.?

Figure 4-5 Coil coupling in LVDT

The ferrite core is connected to the environment by means of a rod. When this rod is moved
out of its central position, the core is positioned more in the one secondary coil in comparison
with the other. The difference in voltage leads to an output voltage different from zero. The
amplitude of the output voltage covers information on the translation the rod made, as where
the phase shift (0° or 180°) compared to the input signal gives an indication on the direction
in which the rod moved. Figure 4-6 below shows how the ferrite core is positioned more in
the first secondary coil and less in the second one. In that first secondary coil there will be
more voltage generated than in the second one. Through the winding direction of the coils, the
resulting voltage has the same phase as the primary voltage telling us in what direction the rod
moved. The amplitude of the voltage indicates over which distance the rod moved in that
specific direction.
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Figure 4-6 Left Positioning of ferrite core in LVDT

If the core translates more in the second secondary coil (see Figure 4-7), that will result in
more voltage generated there in comparison with the first secondary coil. The phase of the

resulting output voltage will then be opposite to the primary voltage.

Primary
Coil

| Sec. 1 Sec. 2

N N\ 27, Primary
\_/ \_/ Excitation

T T e, SeC. 1
[ S [ Output

Sec. 2
Output

Sec. 1+
Sec. 2

Figure 4-7 Right positioning of ferrite core in LVDT

4.2.2.2 Specifications

Transducer type Bs110
Mesuring range 28 mm
Sensitivity 28,05 mV/V/mm
Non linearity 0.07%

Table 4-2 Specifications LVDT
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4.2.2.3 Practical Experience

4.2.2.3.1 Advantages

- Compact sensor taking very little space.

- The LVDT offers the possibility to measure on welding guns. Indeed, a welding gun has
no fixed reference in space. This is why one of its arms needs to be used as a reference. In
this case, the LVDT is connected to both arms of the welding gun.

- The relatively large measuring range enables for measuring all applications of projection
welding.

4.2.2.3.2 Disadvantages

- The LVDT operates inductively and even with its physically good shielding still remains
very sensitive to the emanating electromagnetic fields of resistance welding machines.
This disturbs the effective displacement signal during welding. A low pass filter with a
cutoff frequency lower than 50hz is required. For use in fracture tests without current it
serves well. Figure 4-8 shows how the sensor reacts in the electromagnetic field of a
welding machine. This measurement was made without the sensor even being attached
physically to the machine.

LVOT_1kHz jrnen)
-

Time [s]

Figure 4-8 Influence of welding current on LVDT displacement signal

— It is also of outmost importance that the LVDT is attached very firmly to the machine.

— During positioning, some precautions are necessary. Since the LVDT is mostly
attached on both sides of the machine, it is very easy to damage the sensor when the
welding head makes a displacement that is too large. In standard delivery form, the
LVDT is equipped with a ball bearing head. (see Figure 4-9)
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Figure 4-9 Head of LVDT sensor

By means of a spring loading system, the ball bearing head is maintained in contact with the
surface of the object to be measured. Experience revealed that the standard spring was too
flexible to follow the sudden accelerations of the welding heads and hence a fixed mechanical
connection was used. The upper end of the LVDT that is threaded is connected by means of a
plastic ball joint to the welding head (see Figure 4-10). This immediately has the advantage
that the LVDT is electrically insulated from the welding machine to ensure no shunting
currents flow through the LVDT. The disadvantage of this is the increased risk for damage.

Figure 4-10 Plastic ball joint connected to upper end of LVDT

4.2.2.4 Comparison with LTS

To define to what extent the displacement signals of both LVDT and LTS matched, both
sensors were mounted simultaneously on a laboratory test machine. Both sensors were fed the
same reference followed by a known displacement of the welding head. The output signals of

74



both sensors were compared to this and to each other. In a first measurement it was observed
that the LTS displacement signal perfectly matched the real displacement. The displacement
measured by the LVDT was larger than the real distance travelled. Hence the LTS was used
as a reference and the LVDT was recalibrated so that both signals matched as can be seen in
Figure 4-11 below.
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Figure 4-11 Comparison of LTS and LVDT displacement signals
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4.2.3 Polytec CLV 1000 laser vibrometer
(Figure 4-12)

Figure 4-12 Polytec compact laser vibrometer

4.2.3.1 Principle of operation

The measuring principle of a laser vibrometer is based on the Doppler effect. Whenever a
monochromatic beam of laserlight is reflected on a moving object, it suffers a frequency shift
proportional to the velocity of the moving object. This is known as the Doppler effect. If the
object moves towards the light source, the reflected beam will show an increase in frequency.
If the object moves away from the light source, the frequency of the reflected light will
decrease. If the object vibrates, the frequency of the reflected light will be modulated with the
so-called Doppler frequency. This Doppler frequency is proportional to the speed of the
object. That is why measuring the Doppler frequency provides a direct measurement of the
velocity of the moving object.

4.2.3.2 Specifications

The laser vibrometer consists of a unit housing a HeNe lasermodule, an input module, a
decoder module and an output module. The laser beam generated by the laser module is
transferred through an optical fibre with a length of 3 meter to a sensor head. This sensor head
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houses a number of optical lenses to enable focusing the laser beam manually, independent of
the distance between the sensor head and the object to monitor.

The input module amplifies the signal returned by the sensor head. The intensity of the
received laser beam is displayed in an led bar on both the input module and the sensor head.
The more leds that highlight, the better the signal reception.

The decoder module transfers the modulated laser beam into an analog velocity signal. The
input of the decoder is digitized first, followed by processing the signal in a DSP to a digital
velocity signal that is converted by a D/A converter in an analog signal again. On this module,
the velocity range can be set in several stages by means of a switch.

The output module generates a voltage signal proportional to the velocity of the moving
object. This signal is immediately available for data acquisition. The signal is also amplified
and filtered a last time. This filter can be set by means of a switch to a number of settings. The
high pass filter is especially interesting in an industrial environment where disturbing low
frequent noise is present. The low pass filter can be used to limit the bandwidth of the velocity

signal.

CLV-700 Sensor Head

Laser type HeNe, <IlmW

Laser security class 11

Protection rating 1P64

Operating temperature +0°C...+45°C

Working distance 0,11m tot >10m

Weight 0,5kg

Dimensions 202mm x 48mm x 38.8mm

CLV-1000 General specifications

Supply 100...240VAC
Consumption Max.80VA
Operating temperature +5°C...+40°C

Weight

Ca. 6kg depending on installed modules

Dimensions

450mm x 355mm x 134mm

Calibration interval

Every 2 year

Built in modules

Input module CLV-M200

Maximum velocity 1250mm/s

Decoder module CLV-M030

Velocity ranges available in 3 levels
5 mm/s/V, 25mm/s/V, 125mm/s/V
Resolution 2um/s

Output module CLV-M002

Low pass filters :
5/20/100kHz/off
High pass filters :
100Hz/off

Table 4-3 Specifications Polytec CLV 1000 laser vibrometer
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4.2.3.3 Practical experience

4.2.3.3.1 Advantages

The laser beam is totally insensitive for electromagnetic fields. Vibrations detected during
welding are effectively coming from the welding machine and not related to noise.

The sensor head is a very light and compact unit that can be positioned far away from the
welding head by means of a stand. The laser beam can easily be focussed on every

surface.

Maximum measuring range of 1,25m/s is highly sufficient for all resistance welding
applications.

High resolution of 2um/s.

4.2.3.3.2 Disadvantages

The whole of the equipment is rather large, what makes transport a little heavier.

For a few applications where accessability to the machine is limited, the optical fibre of 3
meter is sometimes on the short side. This mostly can be solve by positioning the
complete unit on top of a machines’ housing.

The laser demands a sufficient time to heat up. During this heating stage, the signal shows
an offset drift that needs to be accounted for. Especially when integrating the signal. Also
on changing the velocity range, the signal tends to drift for a few minutes.

4.2.4 PEM UK ROGOFLEX RGF 150, 300 and 300S Current Transducers
(Figure 4-13)

Figure 4-13 PEM UK Rogoflex current transducer
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4.2.4.1 Principle of operation

Rogowski coils are used to measure alternating current. They ‘sense’ the magnetic field
around a current bearing conductor without having to be in contact with it.

Rogowski coils operate according to a simple principle. When a coil (with N windings),
uniformly wound around a non magnetic core with a constant cross section (Am?) is placed
around a current bearing conductor, the alternating magnetic field around the conductor
induces a voltage in this coil. In this case, the induced voltage is proportional to the frequency
of the current. The faster the current changes, the more voltage will be induced in the coil.
This is shown in the equation below.

da - dl
E=u -N-A-Z-pg.2L
#o dt dt

Figure 4-14 Integrator added to output of Rogowski coil

To display the current as an analog voltage signal, an integrator is added to the output of the
coil (Figure 4-14).

4.2.4.2 Specifications

Three different Rogowski coils, an RGF 150, RGF 300 and an RGF 300S were used. The
difference between the first two is only the measuring range. They were chosen to cover a
measuring range of 0 to 60 kA. The RGF 300S has the same measuring range as the RGF 300,
but was specifically made to measure pulsed DC-currents enabling us to measure on a DC or
a MFDC welding machine.

Type Sensitivity Peak Peak dl/dt Max DC | Max Noise Droop
(mV/A) current (kA/ps) offset (A pk-pk) Typ
(KA) (mV) (%o/ms)
@55°C
x5 x1 xb x1 x5 | x1 | x5 | x1
RGF 150 1,0 0,2 6,0 | 30,0 | 6 6 1,51 05 3,0 0,55
RGF 300 | 0,5 0,1 12,0 | 60,0 | 6 6 1,51 0,5 6,0 0,45
RGF 300s| 0,5 0,1 12,0 | 60,0 | 6 6 1,51 0,5 6,0 0,45

Table 4-4 Specifications PEM UK Rogowski current coils
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4.2.4.3 Practical experience

4.2.4.3.1 Advantages

The coils are very simple in use and can be positioned in a fast and easy way around any
conductor. For resistance welding machines there is no problem what so ever since the
secondary conductors are well accessible.

The wide current range enables to measure both on micro resistance welding machines as
well as on 60 kA machines.

4.2.4.3.2 Disadvantages
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A welding machine delivering a constant DC-current for a long time (eg. a DC seam
welder) can not be measured straight forward.

Changing the measuring range or switching the unit off and on results in a sudden change
in the integrator. A slowly disappearing transient results. It takes several seconds for the
output signal to stabilize.



4.2.5 Miyachi MM-601A Load Cell
(Figure 4-15)
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Figure 4-15 Miyachi MM-601A load cell

4.2.5.1 Principle of operation

A load cell is classified as a force transducer. It converts a force to an electrical signal. Load
cells are often based on strain gages. When force is exerted on a strain gage, its internal
resistance changes. The gages are made of ultra thin heat treated metallic foil chemically
bonded with a thin dielectric layer.

Figure 4-16 Strain gage attached to object

The gages are attached to an object that will suffer deformation according to the applied load
by means of custom made adhesives (see Figure 4-16). The precise positioning of the gage,
the way it is positioned and the materials used all have their effect on the quality of the load

cell.
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When the surface to which the strain gages are connected deform due to compression or
traction resulting from the load to be measured, their resistance changes proportional to the
load supplied. If several strain gages are used in a load cell, then they are connected in a
Wheatstone bridge.

When a voltage is supplied to this bridge, the output voltage will change proportional to the
applied force on the cell. This output voltage can be measured after amplification.

4.2.5.2 Specifications

Range 20-950kg

Accuracy -3% full scale

Speed 4 times/s

Max. impulse force allowed 150% full scale

Display functions Decimal point and unit: automatic

Overload: “OVER” on display + alarm

Charge request : flashing “BATTERY” signal

Auto Power-off Automatic after 7 min, without new input

Holding input Stores the last measured value on screen when an
external signal triggers this input

Analoge input 6,7mV/kg (after calibration)

Power Ni-Cd batterij 1,2Vx4 (4,8V), use for 5 hr
Lader MA 510 included

Dimensions 170mm x 75mm x 30mm

Weight 480 g batteries included

Table 4-5 Specifications Miyachi MM601A load cell
4.2.5.3 Practical experience

4.2.5.3.1 Advantages

- Compact and easy to use.
- Measuring range sufficient for most resistance welding machines.

- Due to the analog output it is possible to monitor the force in real time during a fracture
test or an explosion test.

4.2.5.3.2 Disadvantages
- Only limited for the applications operating with lower forces (<1000 daN).

- One needs to ensure that NO welding current can pass through the sensor head. It would
damage the sensor permanently. So it can not be used to measure force during welding.
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4.2.6 Dewetron 2010 — Portable industrial data-acquisition system

. .EiNEaZOIO -IPC
. w—--ﬂPortabIe dustrial PC

Our Mest Populor Indusiol PC plofform

Figure 4-17 Dewetron 2010 portable industrial data-acquisition system

4.2.6.1 General

The DEWE — 2010 is one of the most popular IPC (Industrial Portable Computer) the
Dewetron company sells in its range of Data-acquisition products. It has a good balance
between inner space and external dimensions. It is a very robust all metal system with the size
and shape of a small microwave oven.

It is equipped with a very bright 15” TFT screen. During transport, the complete front is
covered with a closure made of impact resistant resin in which the keyboard is integrated.

When looking in the system, we immediately notice the presence of “COTS” (Commercial
Off The Shelf) hardware and software, although it is a selection of the ‘better’ material on the
market. The mother board contains 3 to 4 PCI- slots and one AGP- slot with a video card
attached. One RS232 serial port, one parallel port, a USB port and an Ethernet card are
installed for communication. A 1 GHz Pentium III processor with 512Mb RAM make the
core of the system, together with a hard disk.

In one of the available PCI- slots, a second mother board is connected, a DAP 4400a/446.
This card is the basis of the integrated measuring system and is specifically optimized for
data-acquisition. This mother board is equipped with its own 1486DX4 processor with a clock
frequency of 96MHz, 16Mb RAM memory and an “onboard” control system, DAPL 2000. In
this way, the main processor is freed from the complete measuring activity.

The DAP card has 4 onboard A/D converters each with a sample frequency of 800kHz. When
combining these 4 input channels, a total sample frequency of 3,2 MHz is possible. To each
A/D converter maximum 16 analog inputs can be connected. The DEWE-2010 has a rack on
its rear side where 16 optional measuring input modules can be inserted. All measuring input

83



modules of the rack are connected to one of the four A/D converters. The remaining A/D
converters allow the system to be expanded with 3 external racks of 16 analog inputs each.

Currently, 15 analogue modules are mounted:
e 6 voltage modules;
e 4 thermocouple modules;
e 5 auxiliary (charge, power supply,...)

4.2.6.2 Specifications

|Main system
Display
Processor

RAM

Hard disk

Floppy Disk drive
CD-ROM drive
Interfaces
Operating system

System specifications
Operating temperature
Storage temperature
Humidity

Vibration

Shock

Power supply
Dimension (W x D x H)
Weight

Options

WIN-XP

RAM-256-512
HDD-2010-80
CD-WRITER
DVD-CD-WRITER
ZIP-250
DEWE-BAY-5.25-xx
DEWE-2010-AC-DC-UPS
DISP-1024-15
DEWE-2010-TOUCH-15
MOB-DISP-6
MOB-DISP-12
MOB-DISP-12-TOUCH
SPLASHKEYBOARD
DEWE-2010-BP-20

DEWE-2010-IPC portable industrial PC

12.1" TFT with 800 x 600 pixel
1 GHz Intel” Pentium 1l

256 MB

40 GB

3.5" / 1.44 MB

24x, internal

2x RS-232, 1x LPT, 2x USB, 10/100BaseT Ethernet (RJ45), PS/2 keyboard and trackball
WINDOWS® 2000 Professional

-10 to +50 °C (enhanced temperature range on request)
-20 to +70 °C

10 to 80 % non condensing, 5 bis 95 % rel. humidity
MIL-STD 810F 514.5, procedure |

MIL-STD 810F 516.5, procedure |

115/ 230 VAC

410 x 230 x 290 mm (16.1 x 9 x 11.4 in.)

typ. 9.5 kg (21 Ib.)

Upgrade to WINDOWS® XP Professional operating system

Upgrade to 512 MB RAM

Upgrade to 80 GB harddisk

Upgrade to internal CD writer, 24/10/24x, incl. software

Upgrade to internal combo drive, 8x DVD, 16/10/24x CD writer, incl. software

Upgrade to internal 250 MB ZIP drive

5.25" drive bay for IDE or SCSI devices (streaming, ...)

IAC/DC power supply (115 / 230 VAC and 10 to 32 VDC) with internal UPS battery

Upgrade to 15" TFT display, 1024 x 768

15" touch-screen for internal display

[Additional external 6.5" display 640 x 480, 300 cd/m? 3 m VGA cable, windshield mounting adapter
[Additional external 12" display 800 x 600, 350 cd/m? 3 m VGA cable, windshield mounting adapter
Touch-screen for MOB-DISP-12

Splash-proof keyboard

DEWE-2010 back panel with 20 BNC connectors, grouped and labeled,

wired to seperately ordered A/D card

Table 4-6 Specifications Dewetron 2010 data-acquisition
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4.2.6.3 Practical experience

4.2.6.3.1 Advantages

- Very advanced data-acquisition system upgradable in the future.

- Dewesoft is a very user friendly measuring software. Also support from the Benelux
dealer as well as from the Austrian main company is very sound. Reporting software bugs
and propositions to enhance the software are always accounted for.

- Extremely good shielding against electrical and electromagnetic fields.
- Superb screen in difficult ambient light.

- Very high flexibility in choice of different measuring modules. Some of them can be
adapted to the needs of the application.

4.2.6.3.2 Disadvantages

- Cooling fan is rather noisy. The latter is off course of no importance during measuring in
an industrial environment, but when processing data at the office it is rather annoying.

4.3 Measuring procedures

4.3.1 Voltage — Current [U-1] — characteristics of a Resistance Welding
Power Source

Since power sources for resistance welding machines are in a completely different range of
available power in comparison with arc welding power sources, loading with a continuously
variable load is not possible as it is with arc welding power sources. This forces us to measure
a discrete amount of effective working points to define the U-I-characteristic.
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Figure 4-18 Schematic view of variable resistance

To allow us the ease of different loads to be set in a discrete manner, a variable resistance was
designed as shown in Figure 4-18 and Figure 4-19.

The resistance consists of 2 Hastelloy 276C bars and with the aid of flat copper endpieces it
can be introduced between the electrodes of the machine on test. A sliding intermediate

85



connection in copper can be moved to vary the load resistance. The use of a precision torque
wrench to tighten the bolt is necessary to ensure a constant and minimal contact resistance
between the intermediate connection and the Hastelloy bars.

Torque M = constant

Upper Electrode Fnichoy Tans

Isolator

Lower Electrode -
Copper

Connection Piece Handle Bar

Figure 4-19 Photograph of variable resistance

This design has a number of advantages:

- It is compact and portable

- Resistive load can be set accurately from a few pu€2 to a few mQ

- Inductive effects are minimal

- Resistance is NOT temperature dependant

- Heat generated during high loading can be dissipated without heating of the resistance.

Several points of the U-I-characteristic are measured in a discrete way and can be exported to
Flexpro processing software in a single or in multiple files, depending on the measuring
procedure. To enable fully automatic processing, the number of discrete points per U-I-
characteristic (per load setting) is limited to 10.

The intention of the procedure is to find out how the U-I-characteristics behave at different
current settings. Also for this purpose, the number of U-I-characteristics that can be calculated
simultaneously was limited to a maximum of 10. The latter meaning in practice that in a
measurement, current can be altered in steps of 10% from 10% to 99% power setting.

Measuring procedure and subsequent data processing are presented in Appendix F
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5 Experimental Procedure

From my literature survey, it is obvious that there are 2 major models describing mechanical
behaviour of resistance welding machines developed in the past. The first by Romer, Press
and Krause [19], [20], the second model by Gould [23]. The first model uses machine
response to an impulse function, the latter is generated by having the electrodes (welding
heads) of the machine collide. The Gould model theoretically describes machine response to a
step function, imposed on the machine welding heads by means of support between them
disappearing by evaporating it. This is referred to as the ‘Ball Model’. This model is only
available as an internal research report by Gould through EWI. No practical information is
given on the development of the model or on the practical design and/or execution of the step
function imposing test. Other UK based researchers, Steve Westgate at TWI [24] or N.T.
Williams [25] from British Steel mention the exploding ball test as a means to compare
welding head velocities following support between welding heads breaking away at a
predefined actuator force with the aim of comparing different actuator systems on different
resistance welding machines. As already mentioned in the aims and objectives of this thesis,
choice of a model describing mechanical behaviour of a resistance welding machines’
welding head, specifically during its follow-up after workpiece collapse, is primary.
Furthermore, it is important to transfer this model into a realistic test procedure and practical
test set-up, enabling to test not only in laboratory conditions, but most of all in-situ in a
working production environment.

The experimental procedure is first of all focussed on the evaluation of a practical test
procedure and on the evaluation of two practical test set-ups, namely the Free Fracture Test,
where support between the welding heads of the machine under study is suddenly taken away
by breaking a brittle supporting pin on the one hand and the Explosion Test, where support
between the welding heads of the machine under study is suddenly taken away by evaporating
the supporting conductive element.

Furthermore, the experimental procedure must reveal the influence of the basic difference
between both test set-ups, the Free Fracture Test being executed without any current flowing
in the machines’ secondary circuit whereas the Explosion Test will have large currents
flowing through the machines’ secondary circuit.

The literature survey also revealed the influence of welding current on the mechanical
behaviour of a welding machine, noticed by Williams [25], Fujimoto [36] and Wu [37].

Study of this influence on machine behaviour and thus on the results delivered by the two
practical test set-ups is accounted for in the experimental procedure.

To determine the cause of the influence of current flowing through the machine on its
mechanical behaviour is also examined in the experimental procedure by exerting a lateral
force on the moving welding head of a machine under study.

Finally, the literature review revealed the opinion of researchers like Thomas Dupuy [38] at
Arcelor-Mittal that welding head friction and ‘stick-slip’ effects in the moving welding heads’
force actuator and its slide would dramatically influence a machine’s moving welding head
follow up behaviour. The latter is also studied in the experimental procedure.

In general, the evaluation of the mechanical behaviour of a resistance welding machine is
organised as described schematically in the flowchart in Figure 5-1 below.
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Evaluation of mechanical machine behaviour

Theoretical model

Test facility and test procedure to impose step function on machine

Measuring techniques and procedures to measure machine response

Data processing procedure

C

Results

D

Figure 5-1 Flowchart experimental procedure

All the steps in the flowchart must be made in order to obtain useable results. Regardless of
the objective, such as:
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very practical evaluation of a working machine on a welding application
the evaluation of all influencing boundary conditions as discussed above,

a pure determination of machine specific parameters of a machine one intends to use
on an application to enable correct input in for instance Finite Element Analysis



5.1 Machine Mechanical Model

5.1.1 Model of the moving welding head
Mass — damper — system

In this model, the moving welding head with its actuator is represented as a mass — damper —
system. (Figure 5-2) This system is actuated with a force Fa, exerted by the moving welding
heads actuator.

|

m

Figure 5-2 Mass — damper — system (moving welding head)
The following machine parameters are taken into account:
- Mass (m): inertia forces of the moving welding head.

- Damping coefficient (b): damping effect of slides and bearings through viscous
friction and stick-slip.

Force is imposed to the mass by means of compressed air acting on the actuator piston and
transferring it through the piston rod towards the electrode assembly. Movement of the mass
is slowed down through the presence of damping forces. The total damping factor of the
driven part is one of the machine specific parameters to define.

During the welding process, pressure will build up in the actuator pneumatic piston leading to
the squeezing of the workpieces to be welded. Resulting to the latter, the workpiece will exert
a reaction force opposed against the mass of the welding head. (see Figure 5-3 Mass-damper
system with reaction force)
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Figure 5-3 Mass-damper system with reaction force

The force balance can be written as follows:

F —-F =m-a+b-v

2
F—F =m.Y f+b-@
dt dt

Where v is velocity of the moving welding head, x is the displacement and ¢ is time. The
reaction force Fr is of metallurgical nature and will change as the welding cycle evolves in

time. At the moment that metallic material becomes plastically deformable due to heating
whilst welding, reaction force will drop and welding head movement will result. The extreme
condition is reached when material in between the electrodes disappears (for instance when
excessive splash takes place due to overheating). The latter can be simulated by a fracture of a
brittle pin during a fracture test. At that moment, F. =0 and the governing differential

equation then becomes:
d*x dx
L=m——+b-—
dt dt

After solving this differential equation, the following basic formula results:

— x(t)Z—Fa(]jz.m'(em[+£-t—1]

m
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5.1.2 Model of the fixed welding head
Mass — damper — spring — system

In this model, the fixed welding head is represented by a mass — damper — spring — system.
(see Figure 5-4) Through the workpieces ready to be welded, this system is equally loaded

with the same moving welding head actuator load F/,.
l Fa

m

k§ Hb

Figure 5-4 Mass — spring — damper system (stationary welding head)
The following machine parameters are taken into account:
- Mass (m): inertia forces of the stationary welding head.
- Damping factor (b): damping effect of material of stationary welding head. ( the
latter will be very low since it is only structural damping in the material of the

lower welding head)

- Spring constant (k): generating a reaction force by means of elastic deformation of
stationary welding head and bending of fixed part of machine frame.

In case of further development of this system, a transfer function results that allows for

calculation of lower welding head displacement as a function of time. Following an impulse
response, one can continue working straightforward with the force.

- Step function response

3 F
s(ms*+bs + k)

- Impulse response

X(ms*>+bs+k)=F

Both are the Laplace transformations of displacement and force respectively.
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5.1.3 Difference between Step or Impulse response

Prior to discussing the fracture test further in detail, it is interesting to consider the difference
between the welding machines’ physical response following an imposed impulse in force
(comparable to an impact) or following an imposed step in force (a sudden change in the force
level).

Impulse response (Dirac function)

In practice, the situation of a collision between the moving electrode (moving welding head)
and the stationary electrode (fixed welding head) can be interpreted as an impulse imposed on
the stationary electrode (fixed welding head) by means of the moving electrode (moving
welding head). The impulse response of the mechanical system subsequently can be recorded
with a force measurement in time. Starting from the measured response combined with the
theoretical response, the typical machine parameters involved can be calculated.

This specific method uses the recorded force signal as a function of time of the according
mass — damper — spring - system.

Although discussed in detail by several researchers [19], [20], the usefulness of this approach
is limited because of the difficulty in reproducing a correct impulse in practice and because
of the difficulty to make force measurements on a machine in a working production
environment. These considerations resulted in the focus on tests and procedures useable in-
situ in a working production environment for this thesis.

Step response

With a step response, the Free Fracture or Explosion test is used to impose the best possible
approximation of a step function on both electrodes (welding heads).

The moving electrode is described as a mass — damper — system. Elastic spring action isn’t
taken into account since this influence in neglectable [19], [20] (as is also showing from the

practical tests). The stationary electrode is described as a mass — damper — spring - system.

The step response uses the velocity of the moving welding head as a function of time. The
latter can accurately be measured in practice in a working production environment.

From the welding machines’ response to this sudden change in mechanical load (step
function) the machine specific parameters subsequently will be calculated.

Further theoretical development can be found in Appendix B.
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5.2 Data Processing Procedure

In Section 5.1 a formula is derived that links theory and a practical procedure to follow on the
work floor. This formula can be further rearranged to include only variables capable for
measurement in practice during a fracture or an explosion test (welding head displacement or
welding head velocity).

b
Basic formula —  x()= % : (e g b. t— IJ
Development of equations

5.2.1 Starting from welding head displacement measurements

Values for displacement of the moving electrode will measured directly using an LVDT, or an
optical triangulating laser sensor, or they can be calculated from the true measured welding
head velocity measured with a laser vibrometer. This measured signal can be compared with
the theoretically calculated values of the displacement on the same moments in time.

Theoretical displacement is calculated as follows:

Fi’acure m 7£'(H[) b
— xfh<t>=—f;—2~(e n () -

(5.1)

The time of the true measurement is added with an imaginary time #,. This represents the

time difference between the time where initial velocity is zero and the time where fracture
takes place. Indeed, this value is important when using the free fracture test as a procedure to
impose a step function on the welding heads. Loading the fracture pin with the welding force
initiates elastic and plastic deformation of the pin (see Figure 5-5) with a specific welding
head velocity v (¢,) =v, that is NOT equal to zero. The presence of this initial velocity is

taken into account by introducing 7, in the formula.

De payer Institute 13500 fps 71

Figure 5-5 Deformation of pin before fracture
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Because ¢, is added with the time ¢, displacement will differ from zero (normally speaking,
displacement = 0 at time ¢ = 0 without ¢,). If we subsequently want to compare the measured

signal, starting from a rest position with the calculated values, then it is necessary to introduce
a shifted displacement. In this case, theoretical start value of displacement (z+¢, =¢,;¢=0)

is substracted from the theoretical displacements.

Imaginary time

As mentioned above, velocity prior to fracture must be taken into account when processing
measured data. Time 7, can be found in the formula for displacement:

F, m ( -t
— xth@:M.[e m’+£.(t_1)j

b’ m
b
> xh (t) _ Fﬁacture tm . 67;1 + fracture - fracture :
’ b b b*
b

@ =y ’ (t) __ Ffracture . e_;'t n Fﬁ'acture
dt ’ b b

F b,
« Vﬂz(t):_%‘ e -1

When t is replaced with ¢, :

Ffracture 72'10 .
> Vzh(to):_T' em™ -1 with: v (¢,) = v,

b
Vo -b ty

<> — +l=e™

fracture

- ln[— v, b +1J:_b-t0
m

fracture

> Zoz_ﬂ'ln(— Vo'b +1]
b F

fracture

(4.2)
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5.2.2 Starting from welding head velocity measurements

Velocity can be calculated from the displacement formula:

b
dx - Vth (t) - _ Ffracture . e_;'t + Ffracture

dt b b
F fracture 7[77'[
> Vi (t) = _T lem —1

And if we want to compare the true welding head velocity signal with the theoretical values,
the initial welding head velocity must be taken into account:

F —é‘(*'o)
— V,h(f)=—$'{em” _1}

t, 1s then entered:

m VO
Ffracture _;[t_;h{_ﬂ. .,+l]]
(_) V (t) — . > . fracture _1
th b

b _b) o 7£+1
F fracture — m\ b F pacture 1

< Vi (t) =- b

b

Fier L b

fracture

LR 5,

> v, (1) =v,e " _M.em +
th 0 b

&
(5.3)

This is the theoretical formula describing the welding head velocity as a function of time at a
specific actuator force (Fyacure In the case of a fracture test), with welding head mass and
welding head damping factor as variables. It can be inputted in a spreadsheet program to
calculate a curve that fits the measured true welding head velocity signal as closely as
possible, using the least squares method.

fracture
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Instructions for use of this procedure in an MS Excel calculation sheet can be found in
appendix D.

5.3 Evaluation of step function imposing tests

5.3.1 Free Fracture Test

Following the theoretical approach described in 5.2, a mechanical support device was
designed and tested. A range of fracture pins is used, designed to fracture in a brittle manner
at pre-set actuator loads. In this way, the loaded welding head suddenly (step function) loses
the reaction force exerted by the fixed welding head on it and thus is left ‘free’ to move
towards the fixed welding head that is positioned a predefined distance away from the moving
welding head. (See Figure 5-6 below)

| F

A BI! CII
A AL
I I

Figure 5-6 Operation principle of fracture test, A, Band C

Instead of the workpiece (in the case of Figure 5-6 A above schematically proposed as a
projection welding workpiece) transferring the actuator force of the moving welding head to
the stationary welding head, the latter is realized by a brittle steel pin Figure 5-6 B (Parallel
dowel pins according to BS EN ISO 8734: 1998) that, depending on the pin diameter used in
the test and the distance between the lower support, breaks away in Figure 5-6 C at a
predefined actuator force.

Figure 5-7 A, B and C Laboratory Fracture test rig on different machines
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This first open laboratory test rig looks as shown in Figure 5-7, B above and was quickly
modified to a closed design (see Figure 5-8 below) in order to prevent the remains of the
broken pins damaging equipment or causing injuries to personnel. This is very important
when measuring in an industrial environment where employees may be working in the
vicinity of a machine. However, the open test (Figure 5-7, B) is still used for high speed
camera evaluations (see Figure 5-9 and Figure 5-10) and for measurements on specific
applications where it is difficult to implement the closed version of the test, as in Figure 5-7,
A on a seam welder and Figure 5-7, C on a spotwelding C-gun (right).

Figure 5-8 Closed design of Fracture test

The essential new concept developed in this thesis is to use this test not only to measure
maximum accelerations and velocity values of a welding head under a specific actuator load,
but specifically to use it to impose a step function in support on a loaded welding head and
subsequently calculate specific machine parameters (mass m, damping factor b) out of the
recorded response signal measured on the machines welding head to characterize machine
mechanical behavior during its operation.

The test the was named the ‘Free Fracture Test’, since the test intends to shift the support
between full support and zero support, thus allowing ‘free’ movement of the welding head.

In order to obtain machine specific data, the Free Fracture Test offers the capability to
measure the maximum potential a moving welding head has under a specific actuator load to
accelerate and to reach a certain velocity after a predefined displacement.

It is a simple and minor-invasive test, that requires only small mechanical changes on the
welding head in order to be mountable on the machine. Additionally, it offers the possibility
to assess the machine potential during a ‘Free’ movement after fracture, thus enabling us to
assess the drop in force that will occur during real welding when measuring welding head
velocity during real welding. This is very important to assess the risk of expulsions during
welding.

The full description of the test procedure and boundary conditions attainable with the test can
be found in Appendix C.
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Figure 5-9 High speed camera images from fracture test (sequential images A to F)
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Figure 5-10 Continuation of high speed camera images from fracture test (sequential images G to L)

Note that a further version of the test, the “Supported Fracture Test” [75] where support after
fracture is taken over by a spring mimicking plastic deformation behaviour of a normal, non-
splashing resistance weld, was developed by Wu, a PhD student seconded in 2002 to work
under my supervision. This work is not reported in this thesis.
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5.3.1.1 Without Welding Current

Under normal conditions, the Free Fracture test is executed without welding current flowing
during the test. I refer to this as the ‘Dry Free Fracture Test’, since no ‘juice’ (welding
current) is flowing during a normal test.

5.3.1.2 With Welding Current

For the examination of the influence that welding current has upon the mechanical behaviour
of a resistance welding machine , a laboratory setup was made to investigate the latter. (see
Figure 5-11 below)

Figure 5-11 Fracture test with current bypass

In this test setup, a current bypass shunting the normal current path is attached to the electrode
mounting platens of the welding heads, enabling current to flow while an insulator is placed
between the lower encapsuling body of the Free Fracture Test. Fracture tests with and without
welding current are made on exactly the same machine setup with the current bypass mounted
in both cases.

5.3.1.3 With application of lateral force on welding head

To enable examination of the influence of welding current in generating a lateral acting force
on the moving welding head, a laboratory setup was made to investigate the latter. (Figure
5-12)
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Figure 5-12 Fracture test with application of lateral force

5.3.1.4 Fracture test with different breaking elements

As an alternative for brittle hardened steel dowel pins to serve as breaking elements in the
fracture test, application of a notch in the pins and alternative materials have been studied to
evaluate their possible use as breaking elements to make machine assessments at lower
welding head actuator loads (breaking forces). See Appendix C.
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5.3.2 Explosion Test

The Free Fracture test has a number of limitations: it is still remaining rather invasive in a
production environment, it is always applied without welding current, it has relatively large
dimensions, and it imposes a step function that leads to extremely large displacements that
only occur extremely rare in practice. Hence use of the Exploding Ball Test previously used
by other authors [23], [24], [25] for comparison of follow-up behaviour of different
machines was considered. This test imposes a step function on the welding head of a
machine, regardless of the fact that it is located in a laboratory or in a working production
environment.

However, the test was now developed to obtain machine specific data following the
theoretical model described earlier in the context of this thesis. The processing procedure is
identical to the one used with the Free Fracture test.

_ i " m VF
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Figure 5-13 Operation principle of explosion test, A, Band C

As can be seen in Figure 5-13, A above, where the projection welding workpiece is
represented, transferring the actuator force of the moving welding head to the stationary
welding head, in Figure 5-13, B, the latter force transfer is realized by a metallic element (a
ball bearing or a piece of metallic wire) that in Figure 5-13, C also conducts the welding
current and that evaporates (explodes) from between the electrodes at a predefined actuator
force.

The test may be conducted with the conductive element (ball bearing or piece of metallic
wire) positioned directly in between the copper electrodes or positioned in between the
electrodes by means of 2 intermediate conductive layers (as is shown in Figure 5-13, B and
C) resulting in higher contact resistances and a higher bulk resistance. This will increase heat
generation and results in the heating process and the explosion penetrating into the
intermediate layers and importantly, protecting the copper welding electrodes against damage.
In this way, the test becomes totally Non-Invasive, since not a single element of the welding
heads needs to be dismantled and there will be no damage to the electrodes. Additionally, the
test can be conducted with exploding metallic elements mounted in between the electrodes
that mimic the height of the projections used in the real welding application under study, thus
leading to displacements that are very close to those occurring in real welding.

The complete procedure to acquire machine relevant mechanical data of a machine under
study can be found in the flowchart as presented in Figure 5-14.
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< Evaluation of mechanical machine behaviour )

Theoretical model

Explosion test

Measuring techniques and procedures to measure machine response

Data processing procedure

< Results >

Figure 5-14 Mechanical test procedure

5.3.2.1 Ball Bearing

The explosion test conducted with a ball bearing element follows brief descriptions in
literature [23], [24], [25].

In the explosion test, the supporting element transferring the mechanical load from the
moving welding head to the fixed welding head is assured by a bearing ball according to BS
ISO 3290:2001 Roller bearings — Balls — Dimensions and tolerances and BS ISO 3290-1:2008
Roller Bearings — Balls — part 1, Steel Balls.

The steel ball is placed directly in between the welding electrodes of a machine under study or
is placed in between the electrodes by means of two intermediate conductive layers. The latter
intermediate layers are preferably plates in a high resistive alloy and with a thickness in the
order of the ball diameter and length and width that allow for ease of application. It is
convenient to position the sandwich layer — ball — layer between the electrodes as they close
under the welding force by safely holding the sandwich between the thumb and index finger
of one hand. In the tests conducted within the scope of this thesis, the test piece dimensions
were as follows:

Bearing Ball dimension: 1,5mm diameter

Intermediate layer: AISI 304; 1,5mm thickness; 10mm x 25mm

In Figure 5-15 below is a photograph of a bearing ball positioned on an intermediate layer.
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Figure 5-15 Bearing ball positioned on intermediate layer

A problem that occurs in using a bearing ball as element to explode is that the ball does not
remain immobilized on a flat surface.

This can be overcome by indenting the intermediate layer with a center punch as can be seen
in Figure 5-16. Indentations should however be made identical to ensure comparable contact
resistances.

Bearing balls of small dimensions are also extremely expensive and hard to find.

Figure 5-16 Indentation in intermediate layer
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The complete sandwich: intermediate upper layer — bearing ball — intermediate lower layer
positioned in between the welding electrodes of a machine under study can be seen in
Figure 5-17.

Figure 5-17 Bearing ball positioned in between electrodes with two intermediate layers

5.3.2.2 Wire Piece and Button

To overcome the practical problems with the ball bearing elements, their general availability,
their availability in different small dimensions, difficult positioning on an electrode or an
intermediate layer, their high price and most of all to enable flexibility in materials choice,
two new options were developed, the use of wire (exploding wire test) and the use of buttons,
small cylinders cut from wire (exploding button test). Welding filler wire was used since it is
available in different diameters and alloys. Small cylindrical buttons, with a length smaller
than the diameter, can also be machined from welding wire. .

The wire piece (a small length of welding wire) has, like the ball bearing elements, the
tendency to roll of the electrode or the intermediate layer, and the separation of the electrodes
is limited to dimensions according to the available welding filler wire diameters.

However, the use of a button machined from wire has the following advantages:

- Available alloys with high resistivity;

- Easy to machine into the preferred thickness;

- Easy to collect when a magnetic alloy is chosen;
- Easy to position;

- Easy to mimic real projection heights;

- Reproducible resistance boundary conditions;

- Cheap.
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Clearly, the exploding button test is superior on all issues over any other elements to serve as
exploding supporting element.

All three elements capable to serve as supporting element to explode can be seen in
Figure 5-18.
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Figure 5-18 Different supporting elements for explosion test
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5.3.2.3 Production of Test Pieces

Producing test pieces out of welding filler wires was in practice best made by means of
Electric Discharge Machining (EDM) through wire erosion.

The choice of this very accurate production technique leads to the need to provide a means of
clamping the welding filler wire to be cut. This was achieved by developing a magnetic
clamping device. The same magnet holding the wire ready to be cut also serves to collect and
retain the small button after it is cut from the wire.

This clamping device (see Figure 5-19) houses a strong Neodymium button magnet capable
of immobilizing the welding filler wire during the wire cutting process. The magnet also
collects the button or wire piece as it is cut and thus prevents the very small elements being
flushed away by means of the very strong flow of dielectric fluid around the eroding wire.
The latter is a very important issue since otherwise all of the eroded small pieces will
disappear into the dielectric fluid conditioning system. It also necessitates the use of welding
filler wires that have magnetic properties.

Practical tests revealed that 17% Chromium wires offer the best combination of high
resistivity and magnetic properties.

Additionally, the wire guide provides guidance for the most common welding filler wire
diameters available on the market (0.8mm, 1.0mm, 1.2mm, 1.6mm,...).

Figure 5-19 Clamping device for production of support elements for explosion tests

The clamping device mounted on an Agie EDM wire eroder can be seen in Figure 5-20
below.
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Figure 5-20 Clamping device mounted on Wire eroding EDM

5.4 High speed camera evaluation

To assist evaluation of the different test procedures, high speed video images were recorded.
These are important to assess the bending of the fracture pins prior to fracture and to evaluate
the heating, melting and vaporising of the conductive exploding elements. For capturing
images of the fracture test, the camera (IDT Motionpro Y4L) was positioned at 0.5 — 0.7m
distance from the fracture test and after several trials the best setting was established and is as
follows: shutter speed or exposure time 71ps, frame delay lus, resolution of the image
512x220pixels, sampling rate 135001ps.

The lens used was a Nikon 60mm macro objective.

For capturing images of the explosion test, the same camera (IDT Motionpro Y4L) was fitted
with an Infinity K2/S long distance microscope objective with a supplementary zoom module
allowing view in between the intermediate layers encapsulating the element to explode and
was positioned at 0.6 — 0.8m distance from the welding electrodes. Stroboscopic LED counter
lighting was used to enable vision in the dark stages (just before and just after the explosion)
and to avoid overexposure during the effective explosion. See Figure 5-21 where LED
stroboscopic lighting is positioned on the left side and video camera on the right side.

When making high speed video images, the machine used to perform the tests was equipped
with a safety glass shielding encapsulating three out of four directions starting from the
fracture / explosion place, thus protecting personnel and equipment against injury and
damage.

It needs to be mentioned that fracture tests in the open design test rig and explosion tests
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performed without the use of additional intermediate layers both produce a real risk of injury
and damage whereas the explosion test conducted with the use of additional intermediate
layers hardly lead to expulsions leaving the encapsulating layers. So in practical application,
when no video recordings are made, these tests can be conducted without any risk and without
shielding.

.

Figure 5-21 Explosion test setup with counter LED lighting
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5.5 Stick — Slip Test

Stick-slip is the phenomenon where two objects sliding over each other spontaneously show a
halting or bouncing movement. The cause of the latter lies in the fact that friction occurs
between two sliding surfaces. The force necessary to overcome the frictional force is higher
when the object is not moving (static friction) in comparison with the object effectively
moving (kinematic friction).

In the case of a pneumatic cylinder it is considered that when the input pressure is sufficient
to conquer the static friction, the piston will initiate movement. (friction force is then opposed
to the movement direction)

At that specific moment, the friction coefficient changes from its static to its kinematic
condition, thus reducing the friction coefficient that in turn leads to a sort of “balance in
force”. The latter will initiate an accelerated movement of the piston until the moment that
pressure drops below the amount needed for conquering friction, stopping movement. In a
well built pneumatic cylinder, air supply will be sufficient to avoid the repeated occurrence of
stick-slip effects.

However, depending on the response of the control valve used and the supplied input
pressure, it occurs and it will lead to the halting movement. The response velocity of the
control valve will define the response time of the air supply network to a drop in pressure.

On the other hand, the supplied input pressure is very important, the higher the input pressure,
the higher the pressure on the piston seals, increasing static friction force and increasing the
risk of stick-slip.

5.5.1 Test setup for stick-slip test

(see Figure 5-22)

To enable stick-slip tests on a resistance welding machine, the lower electrode assembly of
the machine is replaced by a rubber bellows (Pirelli Thorpress air actuator). Compressed air is
supplied from the main nework by means of a pressure regulator at a predefined pressure
level and monitored by means of a Keller 21S pressure transmitter, mounted in a T-joint in
the supply line and measured with our data-acquisition system. Pressure in the welding
cylinder of the moving welding head is set by means of the pressure regulator of the welding
machine in steps of 1 bar, the latter controlled by a second Keller 21S pressure transmitter.
Force between the moving electrode and the supporting bellow is measured by means of a
Miyachi MM601-A load cell.

T-joint with supply line and
Keller 218 pressure transmitter

Miyachi MM601-A load cell

Figure 5-22 Test setup for stick-slip measurements
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5.5.2 Test procedure stick-slip measurements

A predefined input pressure is set on the machines welding cylinder, the latter forcing the
moving electrode downwards to apply a force on the supporting bellows. The Miyachi load
cell is placed between electrode and bellows. Subsequently, the pressure in the bellows is
increased to the point where the bellows delivers sufficient force to move the electrode
upwards again. When this occurs, pressure is no longer increased. As a next step, pressure in
the bellow is lowered smoothly until the cylinder-electrode combination comes into balance.

Figure 5-23 Test procedure for stick-slip measurements

Subsequently, the machine welding head and cylinder are manually pushed upwards and
smoothly lowered again, followed by recording the supporting force.

In a next step, we push the welding head and cylinder downwards and release it, followed by
recording the supporting force again (see Figure 5-23). This procedure is repeated for
different pressure levels in the welding head cylinder between 1 and 6 bar.

5.5.3 Processing of results

The difference between the measured forces (piston pushed up and down) is divided by two
because we measure around an equilibrium point and we have interest in the difference in
respect of this equilibrium situation. The values obtained in this way give us the static friction

force:
_ (= Fl)
Fw (static) — T
5.6 Stick-slip test with application of lateral force

5.6.1 Test setup

The same test setup as used in paragraph 5.5.1 is used, extended with a facility to enable the
application of a lateral force on the moving welding heads electrode. The practical setup of
the latter can be seen in Figure 5-24 below.
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Figure 5-24 Application of lateral force on welding head

Lateral force is applied by means of a mass hanging on a string over a guiding roll and
attached to the moving welding electrode.

5.6.2 Test procedure
Identical to 5.5.2

5.6.3 Processing of results
Identical to 5.5.3
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5.7 Test methodology on different machines tested

5.7.1 AWL machine

The AWL multi-purpose spot/projection welder is a machine equipped with a rather particular
construction of its moving welding head.

The moving welding head actually is composed of two masses, coupled with a compression
spring coupling between actuator piston mass and moving welding head slide assembly mass.
The coupling compression spring is surrounded by a compression limiter, the latter enabling
for setting the compression force range of the spring coupling. (see Figure 5-25)

Compression
- "’
-\

¥ 44 ey limater, .

Figure 5-25 AWL moving welding head coupling system (spring and compression limiter)

Its spring constant was tested on an Instron compressive test bench and was measured as

k = 165N/mm. Both the upper actuator piston rod and the lower hollow shaft of the slide are
connected by means of the nut (and its securing locking screws) on the left of Figure 5-25.
This nut also serves to set the pre-stress level of the coupling spring, in this case, with a spring
compression of 4mm, there is a pre-stressing force of 660N on the spring. The remaining
available travel that can be further compressed is 14mm, yielding the maximal force at which
the limiter contacts the lower slide of 2970N.

Between 660N and 2970N, the force exerted by the piston rod on the lower slide is transferred
through the spring, loading the lower slide with the actuator force, without adding its mass to
it. In this range, piston rod assembly and lower slide and electrode assembly move as if they
were separated. Below 660N and above 2970N, all moving parts (piston rod assembly + lower
slide and electrode assembly) move as one single mass actuated by the actuator force.

This spring coupling was installed as a standard feature in these multi-purpose spot/projection
welding machines to slightly improve follow-up characteristics of the welding head towards
projection welding applications in the lower actuator force range of the machine. It however is
surely subject for improvement since the reduced mass is still the highest in the assembly
instead of the other way around.

By increasing the compressing distance of the spring, the operating range where the spring is
active will evenly increase. But most of all, weight reduction of the lower assembly will lead
to improved behavior in addition to the reduced friction.
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Figure 5-26 below shows a schematic block diagram representing the moving welding head

with its degrees of freedom and limitations.

/L LS /

bl%

Figure 5-26 Moving welding head schematic block diagram (left) + corresponding components (right)

In Figure 5-26 above, the block diagram contains the following elements:

e m = lumped mass of pneumatic actuator piston seal, piston rod, compression
limiter and securing nut.

e b = damping due to friction between piston seal and cylinder wall + damping due
to friction in piston rod bearing + viscous damping in air feed and bleed system.

e Xi = displacement of lumped mass m;.

o Kk = spring constant of coupling spring.

e F, = applied actuator force

e my = lumped mass of moving welding head slide + electrode holder + electrode

assembly + flexible current lead.
e b = damping due to friction between moving welding head slide and its bearing.
° X = displacement of lumped mass m,.

All the testing methodology and all test procedures developed and described in this work aim
to produce characterising mechanical machine values that allows the user to model its
behaviour in a ‘black-box-approach’. The moving welding head thus is represented by a
single mass-damper system, actuated at a specific actuator force (according to section 5.1).

The AWL machines’ physical moving welding head setup as described above should
therefore result in different mechanical behaviour at different actuator force ranges, due to the

coupling spring used.

5.7.1.1 Free fracture tests

Four groups of five fracture tests each at four different actuator force levels (inside and
outside of the working range of the compressing spring coupling in the welding head
assembly) are performed to evaluate the accuracy and effectiveness of the step function
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imposing tests and subsequent data processing procedure to reveal the different mechanical
behaviour due to the spring coupling present.

Or in other words: “Will the step function imposing test with its according data processing
procedure result in different lumped masses calculated?”

Table 5-1 below gives the setup for the step function imposing free fracture test following the
test procedure described in section 5.3.1 and appendix C.

Fracture pin Fracture pin Fracture pin | Support
breaking force [KN] | diameter [mm] | length [mm] | distance [mm]
Range A ~0,75kN 2,5 40 27
Range B ~1,4kN 3 50 32,5
Range C ~3kN 4 40 32,5
Range D ~5kN 4 60 25

Table 5-1 Test setup for free fracture tests on AWL machine

Values for fracture pin breaking force are chosen in the four ranges mentioned above, with
Range A on the lower boundary of the working range of the spring coupling, Range B in the
middle of the working range of the spring coupling, Range C on the upper boundary of the
working range of the spring coupling and finally range D completely outside of the working
range of the spring coupling.

This tests are performed on the welding head twice, with the coupling spring present in the
welding head assembly, and with the coupling spring removed from the welding head
assembly.

5.7.1.2 Explosion tests

To evaluate the accuracy and effectiveness of the exploding button and exploding ball test as
step function imposing test, two series of exploding button and exploding ball tests will be
performed.

In the first series of tests, to enable evaluation of the useful application range of the explosion
tests in machine heat setting, both exploding button and exploding ball tests will be executed
at five different ranges of machine “heat setting (HS)”. The latter is the setting on the
machines’ control box, representing the energy level to be added to the welding application in
between the welding electrodes. HS is expressed as a percentage of the maximum setting that
can be made on the machine.

Heat setting levels to be evaluated are 40%, 45%, 50%, 75%, 99% (= maximum setting).

The actuator force setting is set identical for all these tests at 1,65kN inside the working range
of the spring coupling present in the moving welding head assembly.

In the second series of tests, explosion tests at 99% HS are performed at six different actuator
force levels between 0,4kN and 1,8kN, both with and without the spring coupling present in
the moving welding head assembly.

Table 5-2 below gives the setup for the step function imposing exploding test following the
test procedure described in section 5.3.2.
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Actuator force setting [KN] Heat setting [%
Series 1 | Spring Button 1,65 40 | 45|50 | 75| 99
Ball 1,65 40 | 45 150 [ 75 | 99
Series 2 | Spring Button |04 07| 1 |12]16|18 99
No spring |Button |04 |07 | 1 |[12|16]|18 99
Bearing ball: 1,5mm diameter Button of 1,2mm x 1.2mm diameter (17% Cr)

Table 5-2 Test setup for explosion tests on AWL machine

5.7.1.3 Fracture tests with application of current

Two series of twenty fracture tests are conducted on the AWL machine at an actuator force
setting of 0,9kN with and without the application of a welding current of 10kA, with the test
procedure described in section 5.3.1.2.

Table 5-3 below gives the setup for the tests to evaluate the influence of current on fracture
tests.

Actuator force setting [KN] Current flowing
Series 1 0,9 No current
Series 2 0,9 10kA
Fracture pin breaking force ~0,9kN
Fracture pin diameter [mm] 2,5
Fracture pin length [mm] 50
Support distance [mm] 32,5

Table 5-3 Test setup for fracture tests with application of current

5.7.1.4 Fracture tests with application of lateral force

To enable the influence of a lateral force acting on the moving welding head on its
mechanical behavior, three series of tests will be performed.

First, with the spring coupling present in the moving welding head assembly, a fracture test at
2,5kN actuator force with application of 50N of lateral force on the welding head, as
described in section 5.3.1.3, and a fracture test at an identical actuator force without
application of any lateral force on the welding head.

Second, with the spring coupling present in the moving welding head assembly, a fracture test
at 3,3kN actuator force with application of 100N of lateral force on the welding head and a
fracture test at identical actuator force without application of any lateral force on the welding
head.

Third, a fracture test at 5kN actuator force without application of any lateral force on the
welding head with and without the coupling spring present in the moving welding head
assembly.
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Table 5-4 below gives the setup for the tests to evaluate the influence of a lateral force acting
on the moving welding head on the fracture tests.

Actuator force [KN] | Lateral force [N]
Series 1 Spr!ng 2,5 >0
Spring 0
Series 2 Spr!ng 3,3 100
Spring 0
. Spring 0
Series 3 NO spring 5 0
Fracture pin breaking | Fracture pin Fracture pin | Support distance
force [KN] diameter [mm] | length [mm] | [mm]
~2,5kN 3 40 20
~3,3kN 4 40 27
~5kN 4 60 25

Table 5-4 Test setup for fracture tests with application of lateral force

5.7.1.5 Stick - slip test

To enable the influence of the stick-slip effect on mechanical behaviour of AWL machines’
moving welding head, a series of friction measurements are set up, incorporating the effect of
a lateral force acting on the welding head. Table 5-5 below lists the test setup following the
procedures described in sections 5.5 and 5.6.

Actuator pressure [bar] | Actuator force [KN] Lateral force on welding head [N]
0 0
0,73
1,47
2,22
2,96
3,70
4,44
5,19

N[OOI~ WIN|F-

Table 5-5 Test setup for friction measurements on AWL machine

5.7.1.6 High speed camera evaluation

In several of the tests described above, high speed camera recording is used, together with
data-acquisition of electrical and mechanical parameters, in order to allow for evaluation of
fracture, exploding ball and button tests and influence of current flowing on the machines’
mechanical behaviour.

5.7.2 PECO roll membrane machine

To define the representative machine parameters (mass m and damping factor b) of this
machine equipped with this specific type of actuator in the moving welding head, a series of
fracture tests will be performed on it.
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Table 5-6 below gives the setup for the step function imposing free fracture test following the

test procedure described in section 5.3.1 and appendix C.

Fracture pin estimated | Fracture pin Fracture pin | Support distance

breaking force [KN] diameter [mm] | length [mm] | [mm]
~1,06 2,5 40 20
~1,11 2,5 45 25
~1,14 2,5 50 25
~1,40 3 50 32,5
~1,64 3 40 32,5
~1,82 3 50 25
~2,66 3 40 20
~2,87 4 40 32,5
~3,45 4 40 27
~3,73 4 40 25
~3,76 4 60 32,5

Table 5-6 Test setup for free fracture tests on PECO roll membrane machine

5.7.3 ARO multi-purpose spot/projection welder (pneumatic)

5.7.3.1 Fracture tests

To define the representative machine parameters (mass m and damping factor b) of this
machine equipped with this specific type of actuator in the moving welding head at different
actuator load levels, a series of fracture tests will be performed on it.

Table 5-7 below gives the setup for the step function imposing free fracture test following the
test procedure described in section 5.3.1 and appendix C and for the step function imposing
explosion tests following the test procedure described in section 5.3.2.

Fracture pin estimated Fracture pin Fracture pin | Support distance
Fracture | breaking force [KN] diameter [mm] length [mm] | [mm]
tests ~2,13 3 40 25
~3,45 4 40 27
Actuator force setting [kN] | Heat setting [%]
1,6 99
1,6 99
1,6 99
1,6 99
. 1,6 99
Explosion
tests 2 99
2 99
2 99
2 99
3 99
3 99
3 99

Table 5-7 Test setup for free fracture and explosion tests on ARO pneumatic
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5.7.3.2 High speed camera evaluation

High speed camera recording is used, together with data-acquisition of electrical and
mechanical parameters, in order to allow for evaluation of fracture, exploding wire and
button tests.

5.7.4 Mc Gregor p-resistance welding head

5.7.4.1 Explosion tests

To evaluate the accuracy and effectiveness of the exploding button test as a step function
imposing test and to check its use on a p-resistance welding head working at extremely low
actuator force settings, a series of eight exploding button tests, using Fronius Deltaspot
process tape (single sided copper plated stainless steel) as intermediate layers.

The power source used to vaporise the button is a Myiachi dual pulse capacitor discharge
source, capable of delivering a maximal energy pulse of 250J at its full heat setting of 100%.
Table 5-8 below gives an overview of the setup for the explosion tests to perform on the p-
resistance welding head.

Actuator force setting [N] | Heat setting [%]
50 100
Button of 0.8mm x 1.2mm diameter (17% Cr)

Table 5-8 Test setup for exploding button tests on Mc Gregor p-resistance welding head

5.7.4.2 High speed camera evaluation

High speed camera recording with integrated and coupled data-acquisition is used to allow for
evaluation of the step function imposing test using buttons as elements to explode in
combination with intermediate layers. Especially the accuracy of the test setup and procedures
described in this work when applying it to a p-welding head at the extreme low actuator force
levels used here will be studied.
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6 Results

6.1 Processing of Kinematical measurements

Signals were recorded with the Dewetron data acquisitions standard software “Dewesoft” at a
sample rate of 20000 samples/s, from where they were exported to Flexpro spreadsheet data
processing software. The examples below all come from measurements on an AWL multi-
purpose spot/projection welder equipped with a pneumatic actuator and a spring coupling or
follow-up system integrated in the hollow vertical slide of the upper welding head.

In Figure 6-1 below is a Dewesoft screenshot showing the measured air pressure in the
welding head (blue), the measured welding head velocity (light green) and the air pressure in
the welding head cylinder pressure release line (dark green). The interesting part of these
curves is located in the area marked in red, where fracture of the pin takes place, resulting in a
drop in the welding head cylinder supply pressure, an increase in welding head velocity and
an increase in welding head cylinder release line pressure due to the upper welding head
moving down towards the stationary welding head.
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Figure 6-1 Screenshot of measured signals in a fracture test

In Figure 6-1, the pressure signal clearly shows the manual increase in pressure by means of
the welding machines’ pressure regulator, thus enabling the fracture pin to bend while
allowing the welding head to stop moving prior to fracture. This leads to test results with an
initial welding head velocity as closely to zero as possible.

Figure 6-2 shows a Dewesoft screenshot of a zoom, starting at the moment of fracture, and
stopping just before the moving welding head collides with the stationary welding head. The
latter zoom actually ensures that only data relevant for further processing is exported to the
data processing software. In the mean time this procedure enables the exported datasets to
stay concise and of small size.
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Figure 6-2 Screenshot of zoom at point of fracture

Notice in Figure 6-2 that the welding heads velocity is constantly increasing to more than
1250mm/s (upper measuring limit of the laser vibrometer used), while supply air pressure in
the welding head cylinder remaining nearly constant over the same time span. Air pressure in
the cylinder release line remains zero until after the maximal welding head displacement.
These signals are subsequently exported to Flexpro spreadsheet data processing software,
resulting in the following graphs (Figure 6-3 and Figure 6-4).
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Figure 6-3 Velocity and pressure signal from fracture in Flexpro

Figure 6-3 above shows the fragment in time cut away from the measured signal as exported
into the Flexpro spreadsheet data processing software. The according datasets can
subsequently be processed further for measuring and evaluation, in Flexpro or in MS Excel,
depending on the choice of export destination made in the Dewesoft data acquisition software.
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Figure 6-4 Velocity signal, calculated acceleration and displacement signals in Flexpro

In Figure 6-4 above, the blue velocity signal is both derived and integrated, resulting in the
calculated welding head acceleration signal (purple signal) and the calculated welding head
displacement signal (black signal). The coordinate window on the right displays the actual
values of the three signals (one measured and two calculated) at the time point indicated by
the red cursor.

Note the two peaks in the acceleration signal at the moment of fracture. The initial
acceleration values at the start of movement by the welding head result from elastic
deformation of every element above the upper electrode supporting the actuator force,
including the upper part of the machine frame and of a transient vibration in the machine
following the extreme abrupt change in support initiated by a fracture test. The latter is
obvious when experiencing a live fracture test and will show clearly when viewing a video
recording including the audio signal of a fracture test. This results in a welding head velocity
value of 107mm/s, reached in a time span of 0.00025s and covering a displacement of
0.0114mm. The latter gives a mean acceleration value reached over this very short
displacement of about 430m/s®. After this start in displacement at high acceleration,
acceleration of the complete lumped mass of the welding head stabilizes around 250m/s? in
the first part of the velocity curve and later on gradually decreases as damping effects increase
at higher velocity values.

For clarity, this phenomenon is completely independent of the spring coupling between the
machines piston rod assembly and its vertical slide underneath. With the spring coupling
removed and with both elements solidly attached to one another, the same short high
accelerations occur as a response to a fracture test.
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6.2 AWL machine

6.2.1 Free fracture tests

Figure 6-5 below shows an overview in Flexpro of welding head velocity responses of twenty
fracture tests conducted with three different fracture pin diameters at two support distances on
an AWL wp 63 rl multi-purpose spot/projection welder with pneumatic actuation, yielding
four ranges of fracture forces for further processing.
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Figure 6-5 AWL welding head velocity signals as response to fracture tests

Figure 6-6 to Figure 6-9 below show the velocity signals of four groups of each time five tests
conducted with identical boundary conditions of pin length, pin diameter and pin support
distance.
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Figure 6-6 AWL fracture test velocity signals group A (~0,75kN actuator force)
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Figure 6-8 AWL fracture test velocity signals group C (~3kN actuator force)
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Figure 6-9 AWL fracture test velocity signals group D (~5kN actuator force)

As you will notice, these curves per group are nearly identical in shape and only differ
slightly in slope due to the force level at the moment of fracture slightly differing.

Table 6-1 below shows results after processing the signals from Figure 6-6 to Figure 6-9 as
described in the data processing procedure in Appendix D.
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This includes two sets of analyses. One includes the effect of the spring which is normally

present in the machines’ welding head, while the second doesn’t.

Measured values

Calculated values

Breaking force Mass Damping coefficient
No spring mounted F [N] m [kg] b [ka/s]
1 720 12.5 845
2 730 11.9 822
_ O%‘JKU,\'? érce 3 741 12.2 827
4 752 11.8 929
5 775 11.7 914
1 1393 12.2 898
Group B 2 1448 12.4 1059
~ 1.4kN force 3 1473 11.9 969
4 1353 12.1 930
5 1354 11.8 900
1 3165 121 1306
Group C 2 2714 12.3 1086
~ 3KkN force 3 2943 13.5 968
4 3333 12.6 1238
5 3115 12.0 1314
1 3941 12.0 1329
Group D 2 5574 11.3 2187
~ BKN force 3 5167 12.6 1651
4 5225 12.0 1798
5 5257 12.0 1996
Spring mounted Mean Mass 12.1
1 772 10.8 943
2 722 1.2 865
~ 0,G7;okul\? fgrce 3 782 1.7 833
4 758 11.8 835
5 748 11.5 834
1 1521 9.5 673
Group B 2 1364 10.0 465
~1,4kN force |2 1468 9.7 765
4 1406 9.6 594
5 1483 10.0 640
1 2836 11.0 978
Group C 2 3458 12.3 1144
~ 3kN force 3 3456 12.6 1186
4 3576 12.5 1239
5 3086 11.1 1254
1 5164 11.6 1668
Group D 2 5300 12.6 1257
~ BKN force 3 5167 12.4 1219
4 5222 11.9 1539
5 5022 11.6 1616
Mean Mass out of working range spring 121

Table 6-1 Results fracture tests on AWL multi-purpose spot/projection welder
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Figure 6-11 Fracture test results AWL NO spring

It is clear from the results in Table 6-1 and Figure 6-10 and Figure 6-11 that the feature of the
spring coupling between the AWL machines actuator piston rod assembly, the latter weighing
exactly 3.02kg and having a working range, roughly within 700N and 3000N is effective
within this range of actuator forces. The calculated lumped mass drops from the total lumped
mass of 12.12kg of the actuator piston rod assembly (3.02kg + 4.58kg + 4.52kg = 12.12kg) to

aC
[ ] -
(@]

Q calculated damping factor NO spring

W calculated mass NO spring

4000 5000 6000

the lower 9.1kg of only the vertical slide and electrode assembly.

The damping coefficient drops evenly in that working range to lower values corresponding
with the lower friction between the hollow shaft of the vertical slide and its sliding bearing.
Friction between the upper piston seals does not influence damping in this working range.
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Figure 5-25 shows the coupling spring mounted on the actuator piston rod assembly and
limited in its compression by a cylindrical stop around it.

Its spring constant was tested on an Instron compressive test bench and was measured as

k = 165N/mm. Both the upper actuator piston rod and the lower hollow shaft of the slide are
connected by means of the nut (and its securing locking screws) on the left of Figure 5-25.
This nut also serves to set the pre-stress level of the coupling spring, in this case, with a spring
compression of 4mm, there is a pre-stressing force of 660N on the spring. The remaining
available travel that can be further compressed is 14mm, yielding the maximal force at which
the limiter contacts the lower slide of 2970N.

Between 660N and 2970N, the force exerted by the piston rod on the lower slide is transferred
through the spring, loading the lower slide with the actuator force, without adding its mass to
it. In this range, piston rod assembly and lower slide and electrode assembly move as if they
were separated. Below 660N and above 2970N, all moving parts (piston rod assembly + lower
slide and electrode assembly) move as one single mass actuated by the actuator force.

This spring coupling was installed as a standard feature in these multi-purpose spot/projection
welding machines to slightly improve follow-up characteristics of the welding head towards
projection welding applications in the lower actuator force range of the machine. It however is
surely subject for improvement since the reduced mass is still the highest in the assembly
instead of the other way around.

By increasing the compressing distance of the spring, the operating range where the spring is
active will evenly increase. But most of all, weight reduction of the lower assembly will lead
to improved behavior in addition to the reduced friction.
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6.2.2 Explosion Test

Figure 6-12 and Figure 6-13 below both show an overview in Flexpro of twenty exploding
button and twenty exploding ball tests conducted at a single welding force setting varying
between 1638N and 1694N for evaluation of both tests. The lines are each time the average of
four tests conducted at identical heat settings. Tests were performed with five current settings
between 40% and 99% HS (heat setting) on the machines control panel. In the same graph is
the velocity response of a single fracture test conducted at 1523N for visual comparison. The

welding head of the AWL machine was equipped with the spring cou
rod and lower slide.
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Figure 6-12 AWL welding head velocity signals as response to exploding button tests
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Figure 6-13 AWL welding head velocity signals as response to exploding ball tests

Notice the same slope in all the curves from the exploding button tests (Figure 6-12),
indicating that power supplied to the metallic buttons to melt and vaporise them is sufficient

to remove support faster than the welding head is capable of following.
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In Figure 6-13 however, at the lowest heat settings of 40% slope of the velocity curve (the
upper red curve in the figure) nearly matches that of the black coloured (dotted) fracture test
that resulted from a welding head actuator force of nearly 100N less than the explosion tests.

Also interesting is the time shift in the moment of velocity starting to increase following
current flow throughout the button or ball. In Table 6-2 below, calculated lumped mass and
damping coefficients are calculated for a series of exploding ball and exploding button tests
within a limited range of actuator forces, the latter measured by means of a Keller piezo-
resistive pressure sensor inside the actuator piston pressure supply line and calibrated by
means of a Myiachi load cell between the electrodes. Actuator force is calculated from the

measured pressure in the actuators supply line as follows:

following load tests at different actuator pressures.

Explosion tests AWL

Measured values

Calculated values

Actuator force Mass | Damping coefficient

Heat Setting [%] F [N] m [kg] b [kg/s]
Spring | 99 | Button 1677 9.9 1092
1710 9.4 1165
1758 10.5 909
1690 10.4 682
1412 9.9 969
1902 10,0 615
1726 9.4 1238
75 1681 10.2 826
1744 9.3 1200
1658 10.2 924
1737 9.6 1540
50 1675 9.4 1008
1677 10.6 807
1671 10.2 584
1672 10.8 230
1710 10.4 662
99 Ball 1667 9.1 1384
1671 10.5 324
1684 9.7 1191
1694 10.3 793
75 1678 9.7 936
1674 10.5 303
1667 10.1 781
1663 9.9 1059
1733 9.1 1589
50 1663 9.9 706
1682 10.2 703
1681 10.0 833
1681 10.1 693
1658 10.3 601
1681 10.3 808
1680 10.9 442
1683 9.5 1094

Table 6-2 Results exploding ball & button tests on AWL multi-purpose spot/projection welder

F = P [bar]*742.23-10.238 [N] ,
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Notice that the actuator force range tested in is situated exactly in the working range of the
welding heads coupling spring, leading to values for lumped mass that correspond to those
found by means of the fracture tests. On this specific AWL machine, the 63kVA of available
power is insufficient to conduct explosion tests at actuator force levels of more than 3000N.
The latter leads to calculated values for lumped mass much higher than the weighed masses of
the welding heads components. Due to insufficient heating by lack of available power,
velocity of plastic deformation of ball and button elements are measured instead of the
welding head velocity as a response to the welding heads reaction force completely
disappearing.

These results are graphically displayed in Figure 6-14 and Figure 6-15 below.

Exploding button test results on AWL multi purpose spot/projection welder
equipped with spring follow-up system in welding head
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Figure 6-14 Exploding button test results AWL equipped WITH spring

Exploding ball test results on AWL multi purpose spot/projection welder
equipped with spring follow-up system in welding head
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Figure 6-15 Exploding ball test results AWL equipped WITH spring
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It is apparent from the graph that, in the actuator force range the explosion tests were
conducted (in the middle of the working range of the spring coupling), the calculated masses
correspond very well with those found using the same procedure in free fracture tests.

Also apparent are the large differences between damping factors calculated from these test
signals. It has to be considered what causes these large differences emerging from quasi
identical tests.

It is apparent that consistent damping values are obtained in the free fracture test due to the
large displacement. In contrast in the exploding ball/button test, the displacement is small and
this results in very large scatter in calculated damping.

In practice, the large displacements made in the free fracture test are never achieved in a real
weld. Hence, the calculated damping from free fracture tests has little relevance.

Figure 6-16 below displays a free fracture test and an exploding button test both conducted on
the AWL machine at comparable actuator loads.
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Figure 6-16 Comparison AWL velocity response to free fracture and exploding button test

At first, it is clear from the graphs that an explosion test initiates a far more gentle increase in
welding head velocity compared with the very abrupt increase in welding head velocity by a
free fracture test, the latter initiating a significant amount of vibration into the machine.
Secondly, the displacements made during both tests are far from comparable, explosion tests
leading to welding head displacements in the order of 0 to Imm (being realistic values for
micro resistance welding applications as for a majority of macro applications as well),
fracture tests on the other hand lead to welding head displacements of several mm up to even
more than a cm (see Figure 6-17).
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Figure 6-17 Comparison AWL displacement response to free fracture and exploding button test
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From the velocity signal following an explosion test in Figure 6-16 it shows that it has a
nearly linear shape in comparison with the decrease in velocity built up due to damping
following a fracture test. As damping effects only take place at increasing welding head
velocities that are nearly impossible to be reached with an explosion test, calculated lumped
mass and damping factor of the welding head under study by means of the calculation sheet
used for processing the free fracture tests has to be interpreted with caution.

A far more realistic way of processing measured results is in using Newton’s second law of
motion.

Subsequently, a series of exploding button tests were performed on the same AWL multi-
purpose machine at its maximum heat setting of 99%, at different actuator force levels and
with and without the coupling spring installed in the actuator assembly (see Figure 6-18 and
Figure 6-19).
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Figure 6-18 AWL velocity response to exploding button test WITH spring mounted
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Figure 6-19 AWL velocity response to exploding button test NO spring mounted
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The actual measured (weighed) masses of the composing elements are as follows:
. Spring mounted: 12.12kg total

3.02kg actuator piston rod assembly mass (including spring)
4.58kg lower slide and mounting plate
4.52kg electrode assembly
to be increased with dynamically acting part of mass of flexible current lead (3.88kg)
. Spring not mounted (spring replaced with washers for dimensions): 12.004kg total
2.904kg actuator piston rod assembly mass — 0.185kg (spring)
+ 0.069kg (washers)
4.58kg lower slide and mounting plate
4.52kg electrode assembly

to be increase with dynamically acting part of mass of flexible current lead (3.88kg)

This compares to the calculated effective lumped masses from the different fracture and
explosion tests conducted and displayed in Table 6-1, Table 6-2 and Table 6-3.

In Figures Figure 6-20 to Figure 6-23 below are the individual welding head velocity curves
as a response to exploding button test, conducted at maximum electrical power setting of the
AWL machine and conducted with the spring coupling removed from the welding head.
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Figure 6-20 Velocity and current signal, NO spring, 510N
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Figure 6-21 Velocity and current signal, NO spring, 660N
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Figure 6-22 Velocity and current signal, NO spring, 891N
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Figure 6-23 Velocity and current signal, NO spring, 1155N

Important remarks to be made with these test results:
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the welding head was dismantled a few times in order to remove and re-install the
coupling spring. The tests results in Table 6-3 below conducted with spring were made
with the spring installed without pre-stressing it, the latter explaining the reduced
values for mass at the lowest force levels.

the test results in Table 6-3 below conducted without the coupling spring installed
were made with the nut securing the connection between piston rod and lower slide
tightened too firmly, locking the spring washer in between subsequently leading to
increased friction due to less optimal alignment. The slightly higher results for
calculated masses can be explained as due to lower effective actuator forces in respect
of the piston supply pressure.
Ratio between actuator pressure and effective force load could not be measured since
the actuators assembly was taken apart and assembled with the spring coupling
included again prior to data processing.



In Table 6-3 below is an overview of the 16 exploding button tests conducted and their

velocity responses presented in Figure 6-18 and Figure 6-19.

Measured values | Calculated values
Actuator force Mass Damping coefficient
F [N] m [kg] b [kg/s]
With spring 403 9.0 382
694 9.2 275
970 9.0 365
1200 9.5 205
1564 10.2 -207
1864 10.8 -614
2161 12.6 -2254
2388 12.5 -1739
No Spring 510 13.2 -234
660 14.6 -645
891 14.5 -552
1155 14.0 -283
1406 15.1 -799
1705 15.9 -2142
2087 15.9 -1106
2513 14.1 776

Table 6-3 Results exploding button tests on AWL machine with and without spring mounted

Processed results are also displayed in Figure 6-24.
Explosion test results on AWL multi purpose spot/projection welder

equipped with and without spring follow-up system in welding

o o]

calculated mass expl button NO spring

m calculated mass expl button WITH spring

1000 2000 3000 4000 S000
Actuator Force [N]

Figure 6-24 Exploding button test results AWL equipped with and without spring

Mass m [kg]
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6.2.3 Comparison of fracture and explosion test

In order to allow comparison between both tests, Figure 6-25 below shows the recorded
velocity signals with identical actuator force with 1% an exploding button test conducted with
99% of heat setting on the machine (blue signal), 2" and exploding button test conducted
with 75% of heat setting on the machine (green signal) and 3 a free fracture test (red signal).

mimis]

velocity 2 99 [mmis]

Fracture test

-500

o 0,00 0,002 0,003 0,004
Time [s]

Figure 6-25 Velocity response on fracture and explosion tests

These signals are very representative for all fracture and explosion tests and it shows clear
that the fracture test imposes a very aggressive sudden change in reaction force by the lower
welding head. The latter inducing a lot of vibration into the machine, both in the fixed but
obviously also in the moving welding head.

Bearing in mind the physical construction of this specific welding head, with a spring
coupling between actuator piston rod and the machines’ lower slide, these vibrations cause
more friction, leading to the slightly lower value of acceleration that can be observed in the
different slope of the curves.

The two explosion test responses (blue and green signals in Figure 6-25) clearly demonstrate
the very smooth onset of motion of the welding head.

Note also the extreme slope of the fracture test response in the first 0.3ms (see red marking on
the figure), representing an acceleration value that is significantly higher than what is
physically achievable with Newton’s second law in a linear motion with the given actuator
force.

This behaviour that is consistently present in all fracture test velocity responses of the welding
head can only be explained physically through sudden release of all energy stored in elastic
deformation of components in the upper welding arm and moving electrode assembly.
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6.2.4 General motion of welding head

Given the difference between the welding heads’ velocity response to explosion and fracture
tests, motion of the complete welding head was examined. Motion of both the moving
welding head assembly and the cylinder housing was measured during manual actuation and
during fracture tests.

In unloaded condition, the moving welding head assembly has a play of 0.2mm.

Figure 6-26 below shows the lateral displacement of the moving welding heads’ mounting
plate under manual actuation from its rest position to its most outward position in one
direction (by pulling). In the other direction, the same displacement can be measured (by
pushing).

This play of 0.2mm explains why there is nearly no friction what so ever between the vertical
slide and its bearing, apart from the friction caused due to the grease between slide and
bearing.

Lateral velocity [mmis]

012

o 0,006 opz oms 0,024
Time [s]

Figure 6-26 Lateral (horizontal) displacement of moving welding head assembly, manual actuation
Furthermore, in order to verify the cause of the high acceleration values observed in the first

0.3ms of the velocity responses of all fracture tests, the lateral displacement of the moving
welding head’s mounting plate was measured during a fracture test. (see Figure 6-27 below)
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Figure 6-27 Lateral (horizontal) displacement of mbving welding head assembly, fracture test at 2677N

From this measurement, it shows that there is nearly no lateral motion made by the moving
welding heads’ assembly in the first milliseconds.

Lateral motion of the welding cylinder body was then measured (see Figure 6-28 below).
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Figure 6-28 Lateral (horizontal) motion of upper part of welding cylinder, fracture test at 2930N

Additionally, the vertical downward motion of the welding cylinder was measured (see Figure
6-29 below)
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Figure 6-29 Downward (vertical) motion of upper part of welding cylinder, fracture test at 4888N
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6.2.5 Influence of current on machine behavior

In the graphs of Figure 6-19 one can already notice a different slope in the velocity responses
of the AWL machines welding head on the lower force ranges.

In Figure 6-30, is the velocity response to an exploding button test conducted on the AWL
machine without the coupling spring in the welding head assembly at a piston pneumatic
pressure of 1.21bar normally matching with a force level of 891N. The areas of interest to
have a look at the slopes are marked with green.
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Figure 6-30 Slopes in AWL velocity response to explosion test at 891N, NO connecting spring

In Figure 6-31, is a graph from the same test of both velocity response signal and current
signal during the test.
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Figure 6-31 AWL velocity response to explosion test at 891N, NO connecting spring

Note that the difference in slope in the velocity signal immediately following the abrupt stop
of conduction when the supporting element explodes. Acceleration values in both areas
marked green as well as the corresponding loss in actuator force causing the difference in
acceleration value, are given in Table 6-4 below.

a; [m/s?] (current flowing) a, [m/s?] (current interrupted)

67.84 73.73

A acceleration = 5.89m/s?

A actuator force with mass of 13kg = 76.57N

Table 6-4 A acceleration explosion test 891N, no spring
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The same procedure is followed for the explosion test conducted at 1406N (Figure 6-32) and
results are displayed in Table 6-5.
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Figure 6-32 AWL velocity response to explosion test at 1406N, NO connecting spring

a; [mm/s?] (current flowing) a, [mm/s?] (current interrupted)

106.94 118.08

A acceleration = 11.14m/s?

A actuator force with mass of 13kg = 145N

Table 6-5 A acceleration explosion test 1406N, no spring

Acceleration value in both areas marked green is respectively 106.941m/s? and 118.074m/s?
or a A acceleration of 11.13m/s?.

Bearing in mind that we accelerate a mass of 13kg, this brings us with a A in actuator force of
145N.

Results for the explosion test conducted at 1705N (Figure 6-33) are displayed in Table 6-5.
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Figure 6-33 AWL velocity response to explosion test at 1705N, NO connecting spring

a; [mm/s?] (current flowing) a, [mm/s?] (current interrupted)

108.14 144.20

A acceleration = 36.1m/s?

A actuator force with mass of 13kg = 469N

Table 6-6 A acceleration explosion test 1705N, no spring
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The same procedure is followed for the explosion test conducted at 694N WITH the spring
coupling present in the actuator assembly (Figure 6-34) and results are displayed in Table 6-7.

spring 624N [mm/s)
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Figure 6-34 AWL velocity response to explosion test at 694N, WITH connecting spring
a; [mm/s?] (current flowing) a, [mm/s?] (current interrupted)
70.50 74.68
A acceleration = 4.18m/s?
A actuator force with mass of 9.5kg = 39.7IN
Table 6-7 A acceleration explosion test 694N, with spring
Results for the explosion test conducted at 1564N WITH spring coupling in the actuator
assembly (Figure 6-35) are displayed in Table 6-8.
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Figure 6-35 AWL velocity response to explosion test at 1564N, WITH connecting spring

a; [mm/s?] (current flowing) a, [mm/s?] (current interrupted)

152.15 166.7

A acceleration = 14.55m/s?

A actuator force with mass of 9.5kg = 138N

Table 6-8 A acceleration explosion test 1564N, with spring

142




Results for the explosion test conducted at 1864N WITH spring coupling in the actuator
assembly (Figure 6-36) are displayed in
Table 6-9 A acceleration explosion test 1864N, with spring.

spring 1864N [mm/s]

A

current

Figure 6-36 AWL velocity response to explosion test at 1864N, WITH connecting spring
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a; [mm/s?] (current flowing)

a; [mm/s?] (current flowing)

187.

12

187.96

A acceleration = 0.84m/s?

A actuator force with mass of 9.5kg = 8N

Table 6-9 A acceleration explosion test 1864N, with spring

Results of the reduction in actuator force caused by the welding current in the AWL machine
with the coupling spring mounted and removed are displayed in Figure 6-37 below.

Calculated A actuator force due to current [N]
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Figure 6-37 Reduction in actuator force caused by the welding current following explosion tests
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6.2.6 Fracture tests with application of current

In Figure 6-38 below are the moving welding head displacement responses on a fracture tests,
conducted with 898N actuator load and with the application of a welding current of 10kA for
the blue graph and a fracture test conducted ‘dry’ (without any current flowing through the
machines’ secondary circuit) with 916N actuator load for the pink graph.
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Figure 6-38 Displacement responses fracture tests 900N with and without application of current

There is a significant difference in slope noticeable leading to a difference in displacement
made after 0.01s of 0.226mm.

In Figure 6-39 below, it shows that the decrease in slope takes place during the moments that
current is flowing and restores as soon as current flow stops.
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Figure 6-39 Displacement response fracture test 898N including current signal
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Figure 6-40 Measuring displacement responses with and without current flowing

In Figure 6-40 above, difference in displacement between the two displacement response
signals is measured after an elapsed time of 0.0075s, the difference in displacement is of
0.125mm. If we would compare both displacement signals as being motions with constant
acceleration, it would give us:

s (displacement) = % .at?

0.125mm = - .a (0.0075)?

Which in this case would give a difference in acceleration A a of 4.4m/s?

The difference in actuator force of 18N would already cause a theoretical difference in
acceleration of the welding heads lumped mass (9.5kg) of 1.9m/s?, leaving us with an
approximated decrease in acceleration of 2.6m/s2. The latter decrease in acceleration
corresponding to a decrease in actuator force in the order of 24N.
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6.2.7 Fracture tests with lateral force
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Figure 6-41 Displacement responses fracture test 2507N with and without lateral force on welding head

Considering the difficulty to have a fracture pin break at fully identical loads, it takes about
50 fracture tests to obtain a pair of identical actuator loads at the moment of fracture.

The displacement responses in Figure 6-41 follow a fracture test conducted with an actuator
load of 2507N without any lateral force acting on the moving welding head on the one hand
(blue graph) and on the other hand a fracture test conducted with an actuator force of 2705N
with a lateral force of 50N acting horizontal and away from the welding window on the
moving welding head.

As is noticeable, the displacement curves are very close to one another.

When measuring after an elapsed time of 0.005s, the difference in displacement is of
0.016mm. If we would compare both displacement signals as being motions with constant

acceleration, it would give us: s (displacement) = % .at?

0.016mm = = .a (0.005)?

What in this case would give a difference in acceleration A a of 1.28m/s?

Given a welding head mass from the fracture or explosion tests of 9.5kg, Newton’s second
law would lead us to a difference in actuator force A F of 12N
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Figure 6-42 Displacement responses fracture test 3333N with and without lateral force on welding head

The displacement responses in Figure 6-42 follow a fracture test conducted with an actuator
load of 3333N without any lateral force acting on the moving welding head on the one hand
(blue graph) and on the other hand a fracture test conducted with an actuator force of 3335N
with a lateral force of 100N acting horizontal and away from the welding window on the
moving welding head.

As is noticeable, the displacement curves are very close to one another.

When measuring after an elapsed time of 0.005s, the difference in displacement is of
0.072mm. If we would compare both displacement signals as being motions with constant

acceleration, it would give us: s (displacement) = % .at?

0.072mm =

.a (0.005)?

What in this case would give a difference in acceleration A a of 5.76m/s2

Given a welding head mass from the fracture or explosion tests of 9.5kg, Newton’s second
law would lead us to a difference in actuator force A F of 52N
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Figure 6-43 Displacement responses fracture test 5000N spring/NO spring in actuator assembly and
without lateral force on welding head

The displacement responses in Figure 6-43 follow a fracture test conducted with an actuator
load of 4902N with the coupling spring mounted in the actuator piston assembly (blue graph)
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and one with an actuator load of 5034N and without the coupling spring mounted. Both
responses result from a fracture test without any lateral force exerted on the moving welding
head.

As is noticeable, even with 132N less in actuator force, the response with the spring mounted
is better in comparison with the one where the spring is not mounted.

When measuring after an elapsed time of 0.003s, the difference in displacement is of
0.027mm. If we would compare both displacement signals as being motions with constant

acceleration, it would give us: s (displacement) = % .at?

0.027mm =

.a (0.003)?

What in this case would give a difference in acceleration A a of 6m/s?
Given a welding head mass from the fracture or explosion tests of 9.5kg, Newton’s second

law would lead us to a difference in actuator force A F of 57N to be added with the initial
difference in actuator force of 132N = 189N
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6.2.8 Stick — Slip test

Results of friction measurements are given in Table 6-10 Results stick-slip measurements on
AWL and Figure 6-44 below.

Lateral force [N] Actuator Actuator
0 25 50 75 Pressure [bar] | Force [N]
96 | 110 |124 |138 |0 0

104 | 112 | 128 |140 |1 732

106 | 122 | 136 |148 |2 1474

114 | 128 | 140 |158 |3 2216

150 | 160 | 170 |[198 |4 2959

198 | 216 [230 |256 |5 3701

288 [ 292 |296 |300 |6 4443

348 [ 352 |356 |362 |7 5185

Table 6-10 Results stick-slip measurements on AWL
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Figure 6-44 Results stick-slip measurements on AWL multi purpose spot/projection welder
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6.2.9 High speed camera evaluation

To increase the level of understanding in what physically happens during a fracture test as
well as the behaviour of materials during an explosion test, high speed camera evaluations
were made on the AWL machine.

In Figure 6-45 below is a photograph of an exploding button test conducted on an AWL
multi-purpose spot/projection welder taken at the exact moment that material of the 17%
Chromium button and the AISI 304 intermediate layers is projected away due to the

vaporising of material by overheating.
b

il pz

\ @) -

. T

\\.\ .

Figure 6-45 Photo of material splashing away during exploding button test on AWL

In Figure 5-9 and Figure 5-10, a sequential overview is given of a selection of frames from
high speed recording of a fracture test revealing the substantial level of bending prior to
fracture, the rupture of a fragment, immediately followed by the fracture of the pin. The latter
immediately initiating the disappearance of reaction force, leading to the response of the
moving welding head.

On the other hand, explosion tests were conducted on this machine, both with and without
intermediate layers, with ball bearing elements, wire piece and wire button elements to
explode.

6.2.9.1 Exploding ball test

In Figures Figure 6-46 to Figure 6-49 below, a sequential overview is given of a selection of
frames from an exploding ball test conducted with an actuator force of 918N, a ball bearing of
1.5mm diameter and maximal electrical power available. Notice that liquid material stays in
between the additional layers throughout the complete downward motion of the welding head.
(marked with red circles and red arrows on the four figures)
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Figure 6-46 Exploding ball test AWL (part 1)
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Figure 6-47 Exploding ball test AWL (part 2)
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Figure 6-48 Exploding ball test AWL (part 3)
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Figure 6-49 Exploding ball test AWL (part 4)




The welding head velocity response signal and the initiating current causing the step function
to take place corresponding with the frames given in Figure 6-46 to Figure 6-49 are displayed
in Figure 6-50 below and Figure 6-51, a zoom of the latter.

Currant [A]

I 140
g o

0 0.02 0.04 0.06 0.08
Time [s]

Figure 6-50 Current and velocity signal from exploding ball test on AWL

Current [A]
o

0 0.0007 00014 0.0021 0,0028
Time [s]

Figure 6-51 Current and velocity signal from exploding ball test on AWL (zoom)

It is clear from these graphs that there is no conduction from the moment where the explosion
occurs (marked with the red arrows in Figures Figure 6-50 and Figure 6-51) until complete
setdown of the electrodes, whereas from the high speed images one would tend to conclude
that conduction remains with only a short interruption. Maximum welding head velocity
reached with the explosion of this 1.5mm diameter ball bearing is 224mm/s, in a time period
0f 0.00277s, giving a mean acceleration value of 81m/s.

The intermediate layers have a large influence in the phenomenon of current interruption,
since they allow the element to explode to ‘dig’ into the surrounding stainless layers (marked
with the green arrows in Figure 6-46 and going on until the moment of explosion). Material
actually is sprayed away sidewards, creating a cavity in the intermediate layers. The latter
effect creates space for the remains of the exploding element, in this case a ball bearing, to
sink into both the intermediate layers. At a certain stage (third image of Figure 6-48), bulk
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heating of the ball bearing causes it to partially vaporise, creating excessive expulsion of
material, both from the intermediate layers as the ball bearing.
Notice also that free motion is enabled from the moment that melting takes place.

The latter ‘digging’ is visible in Figure 6-52 below in a metallographic cross-section
throughout the resulting intermediate layers, squeezed together after the explosion test.

Figure 6-52 Cross-section through intermediate layers after explosion test (ball bearing)

One can notice some remaining solidified material that was not expelled due to the vaporising
of material still present in the resulting cavity.

6.2.9.2 Exploding button test

In Figures Figure 6-53 to Figure 6-57 below, a sequential overview is given of a selection of
frames from an exploding ball test conducted with an actuator force of 918N, a button of
1.2mm sliced from a 17% Chromium filler wire of 1.2mm diameter and maximal electrical
power available. Notice the digging in is more pronounced in the first frames and that all
liquid material is expelled from between the additional layers throughout the complete
downward motion of the welding head.
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Figure 6-53 Exploding button test AWL (part 1)
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Figure 6-54 Exploding button test AWL (part 2)
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Figure 6-55 Exploding button test AWL (part 3)
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Figure 6-56 Exploding button test AWL (part 4)
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Figure 6-57 Exploding button test AWL (part 5)




The welding head velocity response signal and the initiating current causing the step function
to take place corresponding with the frames given in Figures Figure 6-53 to Figure 6-57 are
displayed below in Figures Figure 6-58 and Figure 6-59, a zoom of the latter.
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Figure 6-58 Current and velocity signal from exploding button test on AWL
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Figure 6-59 Current and velocity signal from exploding button test on AWL (zoom)

It shows clear from these graphs that also with the exploding button test, there is completely
no conduction from the moment on where the explosion occurs until complete setdown of the
electrodes, what is also obvious from the high speed images in Figure 6-53 to Figure 6-57
above. Maximum welding head velocity reached with the explosion of this 1.2mm thick
button, sliced of 1.2mm diameter 17% Chromium steel filler wire is 224mm/s, in a time
period of 0.00277s, giving a mean acceleration value of 81m/s? identical with the value
reached with the ball bearing test at the same actuator load.

The ‘digging-in’ in the surrounding stainless steel layers also takes place with the buttons
before exploding. Material actually is sprayed away sidewards, also creating a cavity in the
intermediate layers, comparable with what happens with the exploding ball test. The latter
effect creates space for the element to explode, in this case a Chromium steel button. At a
certain stage, bulk heating of the button material causes it to partially vaporise, creating
excessive expulsion of material, both from the intermediate layers as the button element.
Notice also that free motion is enabled from the moment that melting takes place.
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The ‘digging” with this exploding button test is visible in Figure 6-60 below in a
metallographic cross-section throughout the resulting intermediate layers, squeezed together
after the explosion test.

Figure 6-60 Cross-section through intermediate layers after explosion test (button)

One can notice the less curved cavity created by the more straight upper and lower surfaces of
the button in comparison with the cavity created by the exploding ball test in Figure 6-52.
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6.3 PECO roll membrane machine

The Peco — Messer Griessheim resistance welder, equipped with a rather unique pneumatic
roll membrane actuator in its moving welding head has been used previously by Philips
Lighting in Turnhout, Belgium for cross wire welding in lamp production..

Fracture tests and measurements performed during the period when this machine was

available in 2005.

In Table 6-11 and Figure 6-61 below is an overview of the results of fracture tests made at

different actuator load levels conducted on it.

Measured values | Calculated values

Actuator force Mass Damping coefficient
F [N] m [kg] b [kg/s]
1164 8.3 703
1321 8.1 834
1373 8.2 1172
1446 8.2 1164
1579 8.1 734
1632 8.2 1349
2996 8.4 557
3031 8.2 868
3541 8.3 979
3679 8.3 837
3875 8.2 1164

Table 6-11 Results fracture tests on PECO roll membrane

Fracture test results on PECO roll membrane spot/projection welder

‘Damping coefficient b [kg/s)
® — vy
&

3000

Caleulated DF b [kgfs]

@ Calculated mass m [kg]

Actuator force F [N)

Figure 6-61 Fracture test results on PECO roll membrane machine
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6.4 ARO multi-purpose spot/projection welder (pneumatic)

6.4.1 Fracture and explosion tests

Processed results from velocity responses to the step function imposing tests are given in
Table 6-12 below and graphically displayed in Figure 6-62 below.

Measured values | Calculated values

Actuator force Mass Damping coefficient
F [N] m [kg] b [kg/s]
2298 20.9 727 Fracture
3331 20.9 1390 Fracture
2083 214 1051 Explosion
2066 21.9 1247 “
2004 21.7 1266
2189 22.2 972
3309 21.6 1466
3208 20.9 1616
3251 21.6 1658
1617 21.0 591 !
1757 214 962 !
1622 20.9 1052 !
1623 21.0 707 “
1563 21.0 638 “
2769 21.0 1242 “

Table 6-12 Results fracture- and exploding wire tests on ARO pneumatic

Fracture test results on ARO pneumatic spot/projection welder
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Figure 6-62 Processed results fracture and explosion tests on ARO pneumatic
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The explosion tests were carried out with wire elements and without intermediate layers
between the electrodes and the element to explode.

Evaluations were made on the use of different materials and different shapes for the elements
to explode. An example is given in Figure 6-63 below, giving acceleration values reached for
AISI 304 diameter Imm welding filler wire in wire piece lengths of Smm placed without any
intermediate layers between the copper electrodes at different loads and loaded with different
current values on the welding machine under study.

It can be noticed that at a given actuator load value, there is a current value where the
resulting acceleration value tends to stabilise.

Evaluation aisi 304 filler wire diam 1mm x 5mm length
20,0
18,0
16,0 o10 kA
8 140 B15KA
é 12.0 018 kA
% 10,0 020 kA
§ 8.0 ] m25 kA
6.0 230 kA
40 B40 kA
2,0
0,0 ; : .
150 daN 200 daN 300 daN 400 daN
Actuator force F [daN]

Figure 6-63 Evaluation of 5mm x 1mm diameter AISI 304 filler wire as exploding element

On the image above, it is apparent that the available power source on this ARO machine, at an
actuator load of 4000N is possibly insufficient to impose a step in the load from full reaction
force to ON reaction force. The three left bars in the graph at 4000N are the result of
measuring the velocity of plastic deformation of material from the exploding element due to
insufficient heating.

Optimal to use is the ‘button’-type element rather than the ‘wire’-type element. Use of ‘ball-
bearing’ elements results in identical acceleration values as the ‘button’-type element with the
restriction of it being extremely difficult to position and maintain positioned before closing of
the electrodes.

Use of intermediate layers increasing contact resistance and supplying material for the
exploding elements to ‘dig’ in is a technical improvement and saves the electrodes.

To ensure that the machine’s maximum acceleration is measured in an explosion test, one
should ensure that current is interrupted during the explosion. In that way, there is certitude of
complete removal of electrode support. The latter is not a necessity, since high speed camera
evaluation revealed that liquefied material from the element to explode is not hindering
motion.
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6.4.2 High speed camera evaluation

Setup for making high speed video recordings on the ARO machine is visible in Figure 6-64
below.

Figure 6-64 Setup for high speed video recording on ARO pneumatic

Figure 6-65 Positioning of wire and button without intermediate layers

In Figure 6-65 above, the positioning of a wire or button on the welding electrodes without
intermediate layers can be seen.

In Figures Figure 6-66 and Figure 6-67 below are the sequential frames taken from an
exploding button test without the use of intermediate layers, made on an ARO pneumatic
spot/projection welder. Images are taken from a distance in order to get a clear overview of an
explosion.

The first three frames display the ‘digging’ effect into the copper electrodes, in the fourth
frame the button explodes due to excessive bulk heating and its material is expelled in a radial
cloud of molten particles driven by vaporised material, the latter visible as a white cloud.
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Figure 6-66 Exploding button test ARO pneumatic, no intermediate layers (part 1)

168



Figure 6-67 Exploding button test ARO pneumatic, no intermediate layers (part 2)

Notice that in Figure 6-67 above, there is a substantial time gap between the upper three
frames and the two last frames. Due to the impact from the upper moving electrode against
the lower fixed on, a vibration is initiated, resulting in bouncing of the electrodes. The last
two frames show a secondary explosion, caused by the welding current still flowing in
combination with reduced electrode pressure due to this bouncing effect.
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6.5 Mc Gregor p-resistance welding head

6.5.1 Explosion tests

Explosion tests have been conducted in combination with high-speed camera evaluations on
this small standard opposed welding head pneumatic module, equipped with a Unitek
Myiachi dual pulse capacitor discharge power source.

The welding head is pneumatically loaded, enabling a pneumatic piston to move to the end of
its stroke while loading a calibrated spring. Spring used in these tests was set for a load of
50N. Instead of the stainless steel intermediate layers used to test on the larger welding
machines, this test was made with ‘process tape’ normally used on a Fronius Deltaspot
welding machine.

Results are given in Table 6-13 and Figure 6-68 below.

Measured values | Calculated values
Actuator force Mass Damping coefficient
F [N] m [kg] b [kg/s]

50 0.137 19
46 0.145 10
50 0.130 9
48 0.139 7
50 0.132 11
58 0.132 27
48 0.130 29
50 0.131 16

Table 6-13 Results explosion tests on Mc Gregor p-resistance welding head

Explosion test results on Mc Gregor p-welding head
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Figure 6-68 Processed results explosion tests on Mc Gregor p-welding head
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6.5.2 High speed camera evaluation

The Mc Gregor welding head evaluated here is the company standard at the Philips Lighting
production plant in Turnhout, Belgium. There are hundreds of these machines implemented in
highly automated production machines, all assembling micro cross-wire metal components
for HID (High Intensity Discharge) lamps. This company produces between 30 and 40% of
all HID lamps and this micro welding machine is representative for equipment used in the p-
resistance welding application field. Measurements were made in this company using an IDT
HS camera with integrated and coupled data acquisition system. This provides
synchronisation between measured current, resulting welding head displacement and the
physical phenomena taking place during an explosion test.

Set up for high speed video recording on this specific machine can be seen in

Figure 6-69 below.

Figure 6-69 High speed video recording setup for exploding button test on Mc Gregor machine

Notice the Mc Gregor welding heads’ pneumatic and spring actuated actuator (A), the moving
welding head with the upper electrode (B), the fixed lower electrode (C) and the capacitor
discharge power supply used (D).

Supplementary side and back lighting is used in order to avoid overexposure when the
explosion takes place. (bright green spot between the electrodes) Protecting glasses are used
both before the objective of the camera and before the fiberglass used for the illumination.

In Figures Figure 6-70 to Figure 6-75 below are sequential frames taken from an exploding

button test.
Button of 0.8mm x 1.2mm diameter (17% Cr), 50N actuator load, intermediate layers.
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Figure 6-70 Exploding button test on Mc Gregor (part 1)
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Figure 6-71 Exploding button test on Mc Gregor (part 2)
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Figure 6-72 Exploding button test on Mc Gregor (part 3)
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Figure 6-73 Exploding button test on Mc Gregor (part 4)
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Figure 6-74 Exploding button test on Mc Gregor (part 5)
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Figure 6-75 Exploding button test on Mc Gregor (part 6)
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Welding head velocity response signal and the initiating current causing the step function to
take place corresponding with the frames given in Figures Figure 6-70 to Figure 6-75 are
displayed below in Figure 6-76 and Figure 6-77, a zoom of the former.
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Figure 6-76 Current, velocity and displacement signal from exploding button test on Mc Gregor
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Figure 6-77 Current, velocity and displacement signal from exploding button test on Mc Gregor (zoom)

It is clear from these graphs that no conduction due to the button occurs, from the moment on
where the explosion takes place until nearly complete setdown of the electrodes. The latter
shows from the high speed images in Figure 6-70 to Figure 6-75 above.

The fact that conduction is restored before complete setdown of the electrodes is due to the
use of the Fronius Deltaspot process tape used as intermediate layer. (see Figure 6-78 below)

Figure 6-78 Fronius Deltaspot process tape with 0.8mm x 1.2mm diameter button
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This process tape offers the advantage that it is made of Copper plated AISI 304 stainless
steel with the Copper plating removed from one side. The latter initiating less heating on the
side of the electrodes (when it is introduced with the copper plating towards the electrodes)
and initiating increased heating in the contact with the Chromium steel button in between.
Other very important advantages of this process tape is the availability at low prices and the
possibility to cut it to a suitable size with normal scissors.

A disadvantage when manipulated is the loss of full flatness (visible in Figure 6-78 above and
Figure 6-79 below), the latter causing current flowing between the intermediate layers when
they touch before complete setdown of the electrodes.

Figure 6-79 Button and intermediate layers positioned between electrodes on Mc Gregor

This phenomenon is also visible in the high speed recording images in Figure 6-74 and Figure
6-75 where you can notice the intermediate layers (the black areas above and below the gap
where the button disintegrated) no longer being positioned completely horizontal. Maximal
welding head velocity reached with the explosion of this 0.8mm thick button, sliced of 1.2mm
diameter 17% Chromium steel filler wire is 608mm/s, in a time period of 0.00192s, giving a
mean acceleration value of 317m/s? with an measured actuator load of 46N.

When considering this as a motion with constant acceleration, Newton’s second law of
motion would give us a calculated mass of 0.145kg.

Comparing this with test 2 from Table 6-13 above gives us identical values. Indeed, the
damping values are of an order to allow them to be neglected.

The ‘digging-in’ in the surrounding stainless steel layers also takes place with the buttons
before exploding. Material actually is sprayed away sidewards, creating a cavity and
sometimes even a hole in the intermediate layers. The latter effect creates space for the
element to explode, in this case a Chromium steel button.

Notice also that free motion is enabled from the moment that melting takes place.
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6.6 ARO Servo electric

Without full access to this machine and its control system, it is impossible to perform fracture
or explosion tests on it and draw conclusions from them.

6.7 Overview of results per machine tested

Please find in Table 6-14 below an overview of the calculated machine data with their 95%
confidence intervals as they were calculated following fracture and explosion tests on each
machine tested and using the data processing procedure as described in Section 5.2 and in
detail in Appendix D.

Values for damping factors are not given since these are dependent on friction, highly
influenced by the specific force level at which the (fracture) test is performed. The latter
shows clearly from the results in Section 6.

: — Calculated mass (95% Cl)
AWL multi purpose spot/projection welder [kel

Fracture, no spring in system 12,15 (11,95-12,34)
Fracture, outside working range spring 11,98 (11,71-12,25)
Fracture, inside working range spring 10,58 (10,04-11,12)

Exploding button, inside working range spring 9,89 (9,66-10,13)

Exploding ball, inside working range spring 9,88 (9,55-10,21)

PECO Messer Griessheim roll membrane welder | 8,23 | (8,18-8,28)
ARO multi purpose welder (pneumatic) | 21,35 | (21,13-21,58)
Mc Gregor p-resistance welding head | 0,135 | (0,131-0,138)

Table 6-14 Overview of machine data on all machines tested
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7 Discussion

In this chapter, discussion of results generated during the present work as well as their
comparison to other published data is included. It is divided into four sections:

a) use of different step function imposing tests and machine evaluations

Use of the fracture and explosion test procedures and their resulting machine specific data is
expected to contribute to more detailed and correct data input into Finite Element Analysis
software. The latter resulting in more realistic output that mimic reality more closely.

The degree of realism in the presented model and its supporting procedures is compared with
previous published work.

b) importance of machine specific phenomena like ‘stick-slip’, viscous damping and even the
welding current itself on machine mechanical behaviour will be analysed and discussed.
Understanding the influence of the specific make of a resistance machines welding head on
behaviour will allow for a more correct choice of machine towards a specific welding
application.

¢) machine follow-up improving devices

Mechanical machine response during the follow-up stage in projection welding can
deliberately be adapted to a specific welding application. Practical design solutions will be
proposed.

d) alternative design geometries for projection embossments

Improved weldability as well as properties of the joint after welding can be achieved by using
alternative geometrical projection designs. The latter in the meanwhile patented and fully
implemented in windscreen wiper design as well as in high-end cookware;

7.1 Step function imposing tests and machine evaluations

There are undisputable differences between the fracture and the explosion test that result in a
potential shifted application field for both tests in practice. Also the degree of difficulty to
install and/or conduct the test on a specific machine is discussed.

Adoption of the test in International Standards like ISO 669 like for instance in its Annex A
‘Dynamic mechanical behaviour’ would be advisable.

7.1.1 Fracture test

This test offers the possibility in combination with the model presented in this thesis to make
machine evaluations and calculate machine specific data that in turn enables more realistic
numerical simulations of a resistance welding application on specific machines.

It is a simple test, capable of imposing an aggressive step function on the mechanically loaded
welding heads from normal load to zero load.

The test in its closed canister design is completely safe and uses standard and low cost dowel
pins or alternative brittle breaking elements.

Measurements made during fracture tests on different machines in Chapter 6 reveal that this
test in combination with the processing procedure presented in this thesis enables the
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calculation of the lumped mass of the moving welding head following a single or at maximum
a few tests.

Following the tests conducted on the AWL standard spot/projection welder under study in this
work (see 6.2 AWL machine), it is clear that this test is capable of determining damping
characteristics of a machine at a wide variety of different actuator loads.

This evaluation is possible due to the large displacements automatically made by the moving
welding head in response to the step function that this specific test imposes on the machine.
Displacements in the order of a cm or even more are normal as a response to a fracture
imposed. This is in contrast to what happens in reality as soon as a welding head comes in
motion, attempting to follow the decreasing reaction force against the actuator force when
workpieces collapse under heating. Displacements in the order of a few tenths of a mm to a
few mm at maximum are of a more realistic level considering the large majority of welding
applications. However, in projection welding of hollow components, like cross-tube welding
or in projection welding of materials with lower Elasticity Moduli, larger displacements
occur.

The fracture test allows us to make a complete evaluation of the mechanical properties of a
resistance welding machine’s moving welding head in full accordance with the theoretical
approach of pneumatic actuators by Gould [23], [21]. The latter is very interesting for general
understanding of all machines where the welding force necessary is generated through an
actuator that is driven at nearly constant force. This is the case for all fully pneumatic
actuators and for actuators where an actuator (pneumatic, hydraulic, electro-mechanic or
piezzo-electric) with a bi-stable state (on or off) loads a spring actuator when it is in its on
state, under condition that the spring is well-chosen in order not to drop too much force
during the displacements due to be made during welding.

The theoretical model used copes well with reality as is proven by the calculated results using
the processing procedure developed in this work. Calculated lumped masses are very realistic
and close to weighing results of the dismantled physical components of the welding head
tested. Calculated damping coefficients are also realistic and follow the same tendency as
frictional measurements.

Disadvantageous in the use of the fracture test is the introduction of a significant shock to the
machine frame, the machine arms, the moving welding head as well as in the machines’
foundation. This leads to a lot of vibrations that are effectively measured along with the
response signals. These vibrations do not jeopardize the calculated results as such, they
however highly influence the regression coefficients obtained when calculating the model
results.

The major disadvantage in the use of the fracture test is however the issue of the large scatter
on the force level at which the fracture effectively takes place. This necessitates the
application of a force measurement system on all fracture tests made, in order to enable
correct calculation of mass and damping factor in processing afterwards. Additionally it needs
to be mentioned that the fracture test is not applicable on micro welding machines due to its
physical dimensions.

Using the fracture test in its open design requires safety precautions to be made before
conducting the test in order not to harm personnel or damage equipment with the ejected
fracture pin. These particles are projected away and reach very high velocities, making them
dangerous projectiles that can travel several metres.

Although small versions of the test were made and used, application of the test on a micro-
welding machine is very difficult to impossible due to lack of stable breaking elements.
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7.1.2 Explosion test

This test, reported earlier as an easy means for hands-on machine comparison [24] at TWI and
British Steel [25] and proposed by Gould [23] in his so-called ball model describing the
follow-up process of a resistance welding machine, offers the possibility in combination with
the model and processing procedure presented in this thesis to make machine evaluations and
calculate machine specific data. The latter data subsequently enable more realistic numerical
simulation of resistance welding applications.

It is a very simple test, capable of imposing a step function on the mechanically loaded
welding heads from normal load to zero load and all of this without imposing vibration in the
machine frame, its arms, its welding head nor in the machine foundation.

The test is completely safe when simple shielding by means of a piece of cardboard or an
alternative is used. It can be operated with standard ball bearing elements or with custom
made buttons that can be cut to the required dimensions from low-cost standard welding filler
wire.

The test setup for an explosion test is so simple that nothing on the machine to be tested needs
to be dismantled or replaced. The element to explode is placed between a sandwich of two
intermediate conductive layers and introduced between the machine’s electrodes, followed by
the execution of the test. The power source of the machine under study itself delivers the
energy necessary for heating and vaporising parts of the element to explode and its
surrounding intermediate layers.

Measurements made during explosion tests on different machines in Chapter 6 reveal that this
test in combination with the processing procedure presented in this thesis enables calculation
of the lumped mass of the moving welding head following a single or at maximum a few
tests.

In contrast with the fracture test, this test does not allow for imposing a step function on a
machines’ welding head that results in large displacements. Nevertheless, it allows for
realistic displacements that mimic those made in the vast majority of projection welds. The
fact that the extreme case of a splash weld is highly surpassed by this test, still resulting in
very smooth kinematic responses by the welding head without introducing vibrations into the
machine, is certainly an advantage.

Hence, machine behaviour as response to the worst case scenario in projection welding can be
measured. As a matter of fact, previous publications [19], [20], [21], resulted in a boost in
understanding of the welding process, but they all describe follow-up over large
displacements, the latter enabling for welding head velocities to increase to extreme values
never reached during real welding. However, reference [18] advises to use a real circular
projection and have this heated above the expulsion limit to make machine evaluations.
Following the tests conducted on the AWL standard spot/projection welder under study in this
work (see 6.2 AWL machine), it is obvious that the use of this test, followed by the data
processing procedure presented in this work is to be made with the necessary precaution and
with sound knowledge. Since the response signals only cover very small displacements not
leading to high welding head velocities, it follows that damping effects as they are described
by others [19], [20], [31], [34], [35], [23] are very difficult to be calculated and resulting in
realistic and useable values.

It also needs to be mentioned that the explosion test can be executed to a certain actuator force
level, depending on the energy the machine’s power source can supply. High actuator loads
will decrease contact resistances between the intermediate layers and the element to explode,
leading in extremis to plastic deformation of the element rather than melting and vaporising it.
All of this should not pose a problem, since the welding heads’ lumped mass can be
calculated at low actuator force levels and accelerations subsequently can be calculated at
different actuator load levels. Calculated lumped masses are very realistic and close to
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weighing results of the dismantled physical components of the welding heads tested. Results
from tests on a Mc Gregor micro-welding head confirm the ease of use of this test in practice
and have proven reliability considering the agreement between calculated mass by testing and
the weighed values of the latter.

7.2 Measurements on AWL machine

7.2.1 Fracture and explosion tests

Results from fracture tests actually resulted in uniform values for calculated lumped mass of
the moving welding head components in the lower actuator force values and with values
above 3kN. However, within the 0.6kN to 3kN range, results deviated from the weighed
values on the machine itself. Hence a quest for design drawings from the welding head
followed without result at the constructor, resulting in the complete dismantling of the
welding head. The latter revealing the presence of a spring coupling between actuator piston
and moving welding head slide assembly, surrounded by a compression limiter, the latter
enabling for setting the compression force range of the spring coupling. (see Figure 5-25)
Figure 5-26 shows a schematic block diagram representing the moving welding head with its
degrees of freedom and limitations.

It must be mentioned that the fraction and explosion tests executed on the AWL machine
revealed the typical construction of this specific welding head.

Fracture tests also show that a feature of this spring coupling is to disengage the piston with
its seals and the piston rod with its additional mass from the rest of the moving welding head
components. This alters machine behaviour favourably within the force range of the coupling
spring.

7.2.2 Influence of current on machine behaviour

Explosion tests carried out on the AWL multi-purpose pedestal spot/projection welder
revealed the influence of current flow on acceleration values measured. Welding current
causing changes in welding force due to Lorentz forces generated were already mentioned in
previous research by Williams [25], and others [36] and more recently confirmed in tests
performed by Wu [37].
In the schematic representation of the secondary current path of a resistance welding machine
in the right image of Figure 2-14 [37], Wu draws the directions of welding current and the
directions of resulting Lorentz forces acting on the conductors. Two major influences can be
notices:
a) Forces Fj, acting on the horizontal conductors and directed outward from the
welding window;
b) Forces F,, acting on the vertical conductors and acting outward from the welding
window;

Forces a) act immediately opposite to the normal actuator force thus decreasing the latter,
explaining the decrease in acceleration from the welding head as soon as current is flowing
and an immediate increase in acceleration from the welding head as soon as current is
interrupted when the conducting button vaporises.

Forces b) act sideways on the moving welding head, thus in the explosion tests and the
fracture tests with the application of current, they do not result in more friction in the force
range where the coupling spring between actuator piston rod and lower slide is active
(between 0.6kN and 3kN), thus inducing no influence on actuator force and acceleration in
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this working range. These forces however have a significant influence leading to increased
friction out of the working range of the coupling spring or even more pronounced in the tests
conducted with the spring coupling removed from the moving welding heads’ assembly.

Note in Figure 6-37 that dismantling the welding head and removing the spring alters the
influence that welding current has on reduction of the actuator force. The latter can only be
explained by the increased friction present at the higher actuator forces. This is
understandable considering the construction of the actuators’ piston seal (see Figure 7-1). The
latter is made with an angular lip squeezed progressively against the actuators’ cylinder wall.

Figure 7-1 AWL piston seal

Fracture tests with the application of current during the test reveal that current indeed reduces
acceleration of the welding head as long as current flows.

Following the definition of Lorentz forces,

F="122[Nm']

Giving in the case of the fracture test in Figure 6-38 with length of upper conductor welding
head (part of throat depth) = 0.26m and throat gap (or separation) = 0.18m:

2%¥10~7 100002+0.26
F = = 29N

0.18

This value is certainly of the same order as the loss of force causing the decrease in
acceleration leading to the difference in displacement as seen in Figure 6-38. Lorentz forces
will also cause the moving welding head to be loaded with a force faced outwards, with the
dimensions of throat depth = 0.3m and length of electrode assembly = 0.12m:

2¥1077 10000%%0.12 _
0.3

F = 8N
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7.2.3 Fracture tests with application of lateral force

From these tests, simulating Lorentz forces acting lateral and outwards on the moving
welding head seen in Figure 6-41, we conclude that no significant influence can be measured
in the actuator force range (0.6kN to 3kN) where the coupling spring disengages the piston
and piston rod from the lower slide.

Tests conducted with an actuator force outside of the working range of the coupling spring, as
seen in Figure 6-42, reveal a measureable influence due to increased friction between piston
seal and actuator cylinder wall. Removing the coupling spring from the actuator assembly
increases the influence as seen in Figure 6-43. However, when the forces used to impose a
lateral load on the welding head to examine the influence were increased to over 100N,
(exceeding Lorentz forces that might act in the lateral direction on the welding head realistic
by over a factor 10), there is no further effect

The Lorentz forces act both laterally and axially and the axial effect in this AWL machine
setup has a more significant influence.

7.2.4 Stick —slip test

Much research in the past focussed on specific machine properties and their influence on
machine behaviour [31], [34], [35], [26], [27], others focussed on the influence of these
properties on weld quality and electrode life [6], [7], [30], [31]. Dupuy [38] concludes from
his tests on five different pneumatically actuated machines that stick — slip influences
machine follow-up behaviour.

In the tests conducted in the present work, the pneumatic actuated moving welding head of
the AWL machine was forced in equilibrium at different actuator loads by means of inflating
a rubber bellows. Afterwards, the moving welding head was manually displaced upwards,
immediately followed by recording the actuator force. Subsequently, the moving welding
head was manually forced downwards, again followed by recording the actuator force.

The results give us the static friction of the welding head at different actuator loads.
Kinematic friction is generally accepted in engineering machine construction guides, to have
values of 10 to 20% lower than the static friction values.

From Table 6-10 and Figure 6-44, we conclude that the absolute value of static friction (and
automatically the absolute value of kinematic friction) increases with increasing pneumatic
pressure in the moving welding head actuator. Considering the physical design of the piston
seal on this AWL machines’ actuator, this is logical behaviour. Increased pneumatic pressure
in the actuator cylinder will squeeze the sealing lips tighter to the cylinder wall, thus
increasing friction.

The additional influence of lateral force will be similar at different actuator pneumatic
pressures, since the lateral force will force moving welding head in the lateral direction, but
always proportional to the lateral force acting on it.

When looking at the fracture test results in Table 6-1 and Figure 6-10 in combination with the
stick-slip friction tests from Table 6-10 and Figure 6-44 then we conclude that damping
effects in welding head motion are caused by friction rather than viscous damping in the
welding cylinder.
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7.2.5 High speed camera evaluation

Both exploding ball as exploding button tests were evaluated on the AWL machine by means
of high speed video recording. Both test procedures using intermediate conductive layers with
a high bulk resistance and high contact resistance values result in significant ‘digging-in’ by
the element exploding into the intermediate layers. The latter creates a cavity capable of
encapsulating remains of molten material from the exploding element that wasn’t projected
away during the explosion. This effect prevents the welding current resuming before the
electrodes make contact again. Exploding button tests show less tendency for molten material
to remain trapped since there is a more pronounced tendency for material from the contact
area ‘intermediate layer — button’ to be projected to the side instead of down and upwards.
The welding head velocity signals as a response to both these step function imposing tests
(ball and button) have a very smooth course, without abrupt changes in velocity as seen in the
fracture test responses.

The major practical advantage of the exploding button test is the ease of application as the
button remains in place as it is introduced between the welding heads. The use of intermediate
layers avoids damage to electrodes and allows us to introduce the sandwich intermediate layer
— button — intermediate layer with ease between the standard electrodes mounted on a
machine.

7.3 Measurements on PECO roll membrane machine

Results from fracture tests made on this machine, presented in Table 6-11 and Figure 6-61
lead to the conclusion that a welding head with this specific feature of a so-called low friction
piston results in follow-up behaviour ruled by a still significantly high mass of 8kg and
damping values comparable with those obtained with a standard pneumatic actuator like the
one on the AWL machine. What does show as an advantage is the damping factors not
increasing with increasing actuator force, as could be expected from this type of actuator. This
is only advantageous when large displacements are needed, for instance in a projection
welding application.

7.4 Measurements on ARO pneumatic multi-purpose machine

7.4.1 Fracture and explosion tests

Fracture and explosion test results presented in Table 6-12 and Figure 6-62 both reveal the
high lumped mass of this moving welding heads’ assembly in full agreement with the
weighed values of the dismantled individual components. Damping factors increase
proportional with pneumatic pressure in the actuator as could be expected from this type of
actuator.

It shows from these tests that this is not the optimal machine for projection welding of
components that require fast follow-up at low actuator forces.

This machine was used for evaluation of wire pieces or buttons to serve as an exploding
element in an explosion test. Results in Figure 6-63 reveal the necessity for sufficient welding
current to apply at a given actuator force in order to measure the welding heads’ response
rather than the plastic deformation of the wire or button.
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7.4.2 High speed camera evaluations

These high speed video recordings were made from a distance with a zoom objective,
resulting in clear macro view on material being expelled from between the electrodes. All
explosion tests carried out for this occasion were conducted without the use of intermediate
layers increasing heating and ‘digging’. It shows clear from the images in Figure 6-66 and
Figure 6-67 that initial heating causes the ‘digging’ effect into the electrodes as also noticed
in more detail and with a microscope objective on the AWL machine, followed by the
overheating and vaporising of material, driving most molten material away in a horizontal
plane due to the limitation made by the electrodes.

Vaporised material is clearly visible as a white cloud escaping from between the electrodes.
Interesting to notice also in Figure 6-67 is the secondary explosion occurring due to the
bouncing effect of the moving welding head and the deflection of the fixed electrode.

7.5 Mc Gregor p-resistance welding head

7.5.1 Explosion tests

Table 6-13 and Figure 6-68 give the processed results from explosion test made on this
welding machine in-situ at the Philips plant in Turnhout Belgium and confirm why this small
machine is used as a standard in hundreds of factory mechanisations. Due to the small
lumped mass of the welding head, measured accurately from the processing procedure
presented in this work, and in full accordance with the weighed values of the components in
combination with very low damping coefficients defined, this is an extremely fast workpiece
collapse follower.

This statement is to be taken literally, since a difficult cross-wire welding combination
between a Molybdenum and a steel wire, that is a high melting against a low melting material,
often used by Philips to evaluate the follow-up capabilities of a welding application does not
explode under identical conditions used in the explosion test as is apparent from high speed
recording.

7.5.2 High speed camera evaluations

High speed recording revealed the synchronisation between initiation of melting and
establishment of a high acceleration value driving the moving welding head downwards.

The usefulness of Fronius Deltaspot tape as an intermediate layer is proven, offering the
possibility of even higher current loading without damaging the electrodes. The use of this
copper plated AISI 304 stainless steel process tape is simple and its use is highly
recommended. (you can simply cut the required length from a reel with normal scissors, bend
it in the shape you like to handle it with the most comfort, place the button in between and
introduce the sandwich between the electrodes)

With a little attention, the disadvantage of the intermediate layers touching and conducting
too early can be prevented.
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7.6 ARO servo electric

Without full access to the machines’ control system and its control algorithms it is impossible
to even conduct fracture tests on this machine. Explosion tests work, but since the spring
follow-up system, present in each of these machines was pre-installed and loaded to operate at
a force level above 4kN, data obtained from explosion tests executed below this force level
are not reported. Without the feature of the spring follow-up system, there remains a slow
following system of the servo motor with its drive spindle, in the configuration of our
laboratory machine capable of developing a maximum velocity of 200mm/s.
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8 Application of testing methodology to projection
welded parts

8.1 Innovative welding cycle

In the course of this PhD study, the author used both step function imposing tests and the
processing procedure developed during this work on several machines and applications in
industry. Since the author works in consultancy towards companies using resistance welding
as joining technology, dozens of applications passed the revue in the past six years.

Through the possibilities created by the tests and procedures described in this work, realistic
input of a highly mechanised Bihler resistance welding machine to weld Bosh Aero-twin®
windscreen wipers was possible in Sorpas® commercial finite element code. This enabled the
author to calculated the necessary ‘hold-time’ [5] to enable the C45 spring steel used for the
beams of these windscreen wipers to cool down under maintained clamping by the electrodes,
and just long enough to allow for post-weld heat treatment in the same single clamping
operation, thus annealing the brittle heat affected zone of the eight welds made
simultaneously.

Since the lumped mass m [kg] cannot be weighed straightforward, since the welding head has
a pivoting design, actuated by a spring that’s driven by an hydraulic on/off actuator. Both
fracture and explosion test enable for correct calculation of the lumped mass that plays in the
welding head kinematics for this specific machine design.

To allow calculation of realistic temperature-time values with Finite Element modelling
software, it inherently implies realistic calculation of workpiece deformations. Moreover,
when calculated deformation deviates, current densities will do so as well, especially leading
to unrealistic temperature time curves (see Figure 8-1).

SORPAS (R) Vervion 6.0 Enterprive Edition
Copyright (C) 1235-2005 by nd E ing ApS. All rights reserved
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Figure 8-1 Temperature time curve of a node in the HAZ calculated with Sorpas®
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The latter resulting in useless machine weld settings (see Figure 8-2) producing brittle welds.
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Figure 8-2 Example of machine parameter setting and resulting current flow

Correct data input results in useful temperature time curves, subsequently leading to useful
machine parameter settings and sound welds (see Figure 8-3 left image). On the other hand,
calculating incorrect machine parameter settings result in extremely high hardness values and
unavoidable cracking in the HAZ (see Figure 8-3 right image)

Figure 8-3 Hardness measurements, weld with good (left) and useless (right) machine parameter settings

Searching for a welding — cooling — post weld heat treatment cycle in the classical way by
means of practical tests is comparable to searching for a needle in a haystack, as already
commented by Gould [5]. The fact that this rather innovative welding cycle allows for post
weld heat treatment to start from the hottest spots just welded and cooling down due to the
higher bulk resistance of the material at these eight spots saved an enormous amount of
machine capacity, thus doubling output and decimating scrap production. Previously, welds
ruptured prior to the implementation of this technique in transport from a welding machine to
a post weld heat treatment station. Current welding and post weld heat treatment of the eight
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welds in a single windscreen wiper are performed with a floor to floor time of less than a
second.

For the moment, those two machines produce finished products in one single welding — post
weld heat treatment cycle, along with seven other new built machines.

8.2 Innovative projection geometry

Information available in Section 2.2, and especially data published by Harris and Riley [13]
and by the ARO company [14], later confirmed and reported by Xin Sun [63], [65], in
combination with the authors consultancy work at Bosch in micro-resistance welding resulted
in the development of an innovative new projection geometry for use in the eight projection
welds assembling the Aero-twin® windscreen wipers. This geometry, in the mean time
patented DE 10 2007 012 700 Al 2008.09.18 consists of a central projection, fully
surrounded by a groove, capable to receive all material squeezed out of the weld, thus
maintaining the cross-sectional area of the current path through the projection. In a normal
projection weld, the cross-sectional area continuously changes as the projection collapses,
thus cooling the weld at constant current level.

On the other hand, this design allows for complete setdown of the two workpieces without
any gap remaining. Supplementary, the groove around the projection, if well made allows for
stress relief of the weld on the one hand and on the other hand creates a weaker area around
the weld, thus relieving the weld and even the heat affected zone from bending stresses under
dynamic loading.

All of this resulted in application of this geometry on all projection welding applications in
the Bosch Aero-twin® wiper design, with singnificantly higher cycle test life and slam test
resistance.

Figure 8-4 Prototype p-surf scan (left) and series production projection (right)

Figure 8-4 above shows the p-surf scan of a milled prototype tested in the Bosch Aero-twin
wiper production on the left and the resulting mass produced projection design as patented
and currently used in production.

To evaluate the influence of the sacrificial groove projection design in different materials and
designs, comparative tests were made by this author. To enable mechanical testing of
projection welds made with the former ‘normal’ design in comparison with welds with the
contemporary ‘grooved’ design, test pieces with both geometries were produced with
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dimensions as can be observed in Figure 8-5 below. Test pieces were also made in different

materials.
The pink part in the figure simulates the plate material used in real welding, where the green

part represents the part containing the projection.
10mm
.

1 0mm

/Omm

50mm

A

40mm
Figure 8-5 Dimensions of test pieces

To enable evaluation of the sacrificial groove in the design, comparative tests were made with
an identical projection geometry apart from the groove. In Figure 8-6 and Figure 8-7 are
photographs (right image is zoom of left image) of both geometries as they were machined on
the bottom face of the green test pieces from Figure 8-5.

Figure 8-6 Projection design without groove
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Figure 8-7 Projection design with groove

Figure 8-8 below gives a cross sectional view on the as welded geometry with a projection
design without groove (left) and with groove (right).

Figure 8-8 Cross-sectional geometry after welding

Furthermore, a multi-purpose clamping device (see Figure 8-9) was developed that allows
mechanical testing on an Instron test bench in normal load (left), shear load (middle) and
bending load (right).

i

Figure 8-9 Clamping device for mechanical testing
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In the mean time, the same design is implemented in the high-end series of cookware,
designed by celebrated British architect John Pawson. The minimalistic design urged the
author to introduce this projection design in every handle on lids, pots and pans from this
series. (see Figure 8-10 below) The design with the sacrificial groove around the weld also
increases the robustness of the joints.

Figure 8-10 New projection design in casted stainless steel handles for cookware
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9 Conclusions

® A new process model based on welding head response to a step function in actuator

force and its necessary data processing procedure was developed. Welding head
response signals can be recorded and both displacement or velocity response of the
welding head on the imposed step function can be used as input for the data
processing procedure. This enables calculation of total lumped mass of the moving
welding head in combination with its damping factor.

New and state of the art non-contact and non-invasive measuring and data-acquisition
techniques and procedures were developed and tested that enable in-situ measurement
of machine welding head responses to the imposed step functions.
These measuring techniques also allow for assessment of a working resistance
welding application in a running production environment.

Machine specific data, related to a specific application can be measured and/or
calculated and can afterwards be used as input data to enable more accurate finite
element calculations of that specific welding application.

A new test, the free fracture test, was developed to impose a step function on the
welding head and hence calculation of machine parameters. This test was shown to
provide accurate measurements. However, it imposes an aggressive step function
(never achieved in real welding situations) which introduces vibrations.

The explosion test was developed to more realistically simulate machine movement.
This test also enables accurate calculation of effective lumped mass. Initial work
utilised ball bearing elements but the final version of the test uses buttons, fabricated
from welding filler wire where both the geometry and the material can be chosen.
This test is straightforward and easy to use in-situ.

The influence of Lorentz forces generated by the welding current on the force
equilibrium in a resistance welding machine was examined. These forces are definitely
present and alter machine behaviour. Specifically these effects can be important at low
actuator force levels in combination with high current levels.

The level of the static friction force and resulting stick-slip effects at different actuator
force levels were studied and these match with the damping effects occurring during
welding head response on a step function imposing test.

High speed camera evaluations were made both of the free fracture test and the
explosion tests. The latter leading to a better understanding of the physical processes
taking place prior, during and after the explosion.



® An innovative new projection geometry was designed incorporating a sacrificial
groove around the projection. This new geometry has major benefits in achieving full
setdown with no gap left, and in maintaining stable current density and hence improve
weld quality. This new technique has been used extensively in industry.
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10 Recommendations for further work

Although step function imposing test setups and procedures have been developed in
this work, the author suggests that further work on optimisation might help for
successful transfer to the workfloor.

Further research in the field of servo electric actuated machines, or even all types of
actuators using an electronic feedback control for weld head motion would be
advisable. This should however be executed with full cooperation of the machine
constructor.

Influence of current on machine mechanical behaviour could be a subject for further
study.

Explosion tests have the disadvantage that they cannot be used in the higher actuator
force levels due to the decrease in contact resistance at these higher force levels in
combination with insufficient available welding current from the machines’ power
source. It would be advisable to search for possible alternative materials or material
combinations that allow for testing at higher load levels.

Spring follow-up systems used in capacitor discharge machines to improve behaviour
in projection welding deserve further attention, since this type of machines becomes
more widely used in a wider variety of applications.
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Appendix A - Physical properties materials used
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308L | 309L 316L | 430 13%Cr |17 % Cr | S235 | Hasteloy
LNb | 405 430 276C
C 0,02—- [<0,03 |<0,03|<0,03]0,08 0,12 0,17 10,01
0,03
o Mn ,6— |18 1,7 0,5 1,00 1,00 1,40 1
< 1,75
ﬁn Si 04— 10,5 0,5 0,5 1,00 1,00 0,08
2 0,475
g | Cr 20,25 | 24,0 19,0 18,2 11,5- 16,0 — 16
k= 14,5 18,0
2 INi 10 13,0 12,0 57
% P 0,015 10,03 0,04 0,04 0,03
O s 0,015 ]0,02 0,03 0,03 0,03
Density 7700 - | 8030 8027 | 7700 | 7800 7800 7800 | 8890
(kg/m?) 8030
Poisson ratio 027-1027— 1027-10,27- 10,27 — 0,27 — 0,27 —
0,30 10,30 0,30 0,30 0,30 0,30 0,30
E — Modulus 190 - | 200 190 - | 220 200 200 210 205
8 | (GPa) 210 210
é Tensile 620 600 620 420 480 480 360 785
o | strength (MPa)
TC; Yield strength | 450 440 440 275 275 275 235 365
2 | (MPa)
S | Strain at 36 41 37 26 16 20 32 59
8 | fracture (%)
= [Insnoering (%) | 36 | 41 37 |26 |45 45 32
Coefficient of | 17,2 15,6 15,9 10 10,8 10,4 11 11,2
thermal
8 expansion
5 | (um/m).°C)
g« | Thermal 15,2 15,6 16,2 |25 27 26,1 4] - 10,2
8. | conductivity 52
= | (WmK)
g Specific heat 500 502 500 460 460 460 480 - | 427
£ | (J/kgK) 530
Electrical 72 78 74 60 60 60 20
= | resistance
g (nQ.cm)
E
M
Table A-1




Appendix B - Theoretical Model

B.1 Model for the moving welding head

|

m

Figure B - 1 Schematical model moving electraode

Compressed air inside the welding heads actuator cilinder exerts a force ‘Fa’ [N] through the
piston and its piston rod on the (lumped) moving mass ‘m’[/kg]/ of the welding head (see
Figure B - 1). Movement of this mass will be slowed down by frictional effects, causing
damping, represented by a damping factor ‘b’ [kg/s] or [N/m/s].

During welding, the workpiece exerts a reaction force ‘Fr’ [N] through the electrode on the
moving mass (see Figure B - 2). This force is normally the same force that is present between
the workpieces to be welded, except when for instance they are plastically deformed plate like
structures that don’t fit properly. In that case, a part of the compressing force is used to
deform the workpieces to have them contact.

During the squeeze stange, Fa = Fr applies.

-
”" o

- \

Figure B - 2 Schematical model moving welding head with reaction force of workpiece

When the weld pool is formed, reaction force ‘Fr’ will decrease, leading to the mass to start
moving, governed by the following equation:
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2
Fa—Fr:md—f+b@
dt dt

The reaction force ‘Fr’is of metallurgical nature.

In the fracture test, reaction force ‘Fr’ completely disappears ‘Fr = 0’ , mimicking a weld that
extremely overheats and explodes.

2
dx+b@

At that moment; Fa=m——
dt dt

This equation is solved using system dynamics by applying Laplace transformation where
displacement is written as a function of time:

Fa(s)=m-xs* +b-xs = Fa(s)=(m-s> +b-5)- X(s)

X(s) 1
= =—
Fa(s) ms” +bs

X(s) _ 1/m
Fa(s) 2 +2s
m

As mentioned above, during the fracture test, reaction force ‘Fr’ will suddenly disappear due
to the brittle pin breaking away. As a result, the machine actuator system is loaded with a step
function. A step function is introduced in the Laplace domain by multiplying with ‘//s’

leading us to:
1

S X(s)=F (s) — —
s(s®+—-5)
m

1
& X(s)=F,(s) —L2——
sz(%-s+l)

Reverse transformation to the time domain: s — t leads us to:

F (1)- _b,
@x(t)z%-[e m +%-t—l}
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Displacement is expressed here as a function of time. This means that starting from
displacement measurements made on the moving welding head in its response to a fracture
test, mass and damping factor can be calculated iterative.

Since a velocity measurement using a laser vibrometer is by far less invasive in a production
environment, calculating mass and damping factor starting from a velocity signal is the more
realistic and practical approach:

Instead of the actuator force symbol Fa, it is more suitable to introduce F° fracture @s the force
at which fracture is initiated.

@ — Ven (t) - _ Ffracture ] B_E -t + Ffracture

dt b b
Ffracture _b ‘'t

vy = - —)  le t — 1

When the true welding head velocity, 1, needs to be compared with the theoretical values,

then initial velocity Uy needs to be accounted for:

Frracture b
— () = - e -(e e t")—l)

Lo is subsequently introduced:

Ffracture a %<t_ %.ln<_l"vo—.b+1>)
< vth(t) = - —b - le fracture -1
Ffracture [ _ Et Vo .b
o vge) = - e empt (0P ) g
b | Frracture
b t Ffracture _b t Ffracture
— vyu(t)=vy.e m t— e m +

—  vy(t) = —“— W - (e_%t —1)]—[170 . e—%t ”

The minus sign in front of the formula makes the final value negative to facilitate comparison
with the measured values for velocity that are negative.
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B.2 Model for the fixed electrode
Most often the lower electrode in the majority of resistance welding machines.

The model looks as follows:

Figure B - 3 Schematical model fixed welding head

X 1

Transfert function: —=——F— "
F  ms?+bs+k

The fixed electrode is composed out of a mass ‘m’ . Deflection depends on the stiffness 4’
of the electrode arm. The corresponding movement or vibration that follows is dampened with

a damping factor ‘b’

Since it is difficult to derive the used constants directly out of the displacement signal, they
are transformed into three parameters that can be identified straightforward from the

measured signal: the damping ratio ‘¢, the natural fequency ‘®’ and ‘G’.

b b
é_bc - 2mw
X G * w? k
= imn Y7,
F s2+2fws +w e m
G=1
k

Force ‘F’ is imposed as a step function. In the Laplace domain, a step function is proposed
by deviding its value by ‘s :

X(s)= F*G*o’ _Ko, K1 = K2
s(s2+2§a)s+a)) s s—pl s—p2
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Ko = &
k
1o Ko
pl(pl-p2)
Ko Ko
p2(p2- pl)

II S —> 1 (transfer back to the time domain)

x(t)= Ko+ K1*e"™ + K2% ™"
> e = [cos(w/il — &7 i(()ot)+ J* sin( 1-¢&2 Ot)J
> e = [cos(w/ (1- £ icoot)— j* sin( 1-¢&2 Ot)J

e ™" = [cos A+ j*sinB|

e " = e [cos A — j*sin B]

4

Fo
C= 5
Kl=-C+ jD 2k,
K2=-C— jD with Do Fo*¢&
= 5 =
2k, \/(1_5 )

Kl*¥e PP K2 %o PP = _DC*e @ *cos A —2D *e ' *gin A

= 2¢ “"(C*cos(w, *t)+ D *sin(w, *1))

x(t) = Ko—2e " (C *cos(w, *t)+ D *sin(w, *t))

with @, =+/(1— 52)500
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How to find the machine variables from a step response :

It is often a hard job to find all individual machine variables on a random welding machine. It
is even difficult to do so on a machine in a laboratory. So it is more obvious to derive the
variables out of a step response. As an example in Figure B - 4 below the response signal to a
step on a lower electrode arm.

Deflection [mm]

Figure B - 4 Step resonse fixed welding head

This step response follows equation :

y(t)= Ko—2e*(C*cosw, + D*sinw,) with @, =+/(1-&>

0
In this equation, there are some terms to distinguish:

-the pulsating term with frequency ‘wd’.

-the exponential function decaying in time

-the final value ‘Ko’

Determination of variables can be made as follows (see Figure B - 5):

Let us suppose a step is imposed with a known force ‘F,,’.
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§
=
g
Q .

Figure B - 5 Measuring on step response fixed welding head
= Ko

= Read final value K on the measured signal above

4

| | a)d,
2w

= W, =
measure S

=k
= k= Fo/Ko
" Wy, ¢

((f((tl))—Ko))

* flt2)-Ko

> b T, (r2-11)
2) 0, ==& jo,




= b
= b=E2mwo,
= G,

= Gy = 1/k

= k, m, b or o, & G, known.
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Appendix C - Test procedure Free Fracture test

As already mentioned before, formation of a plastically deformable or molten weld pool
causes workpiece support against the electrodes clamping force to partly disappear. The
moving welding head will respond to this drop in reaction force by making a displacement in
the direction of the workpiece. Velocity of this displacement is depending on the lumped
mass of the welding head (welding head plus every auxiliary attached machine element that
will have to displace as well), of the damping factor and possibly the elastic spring constant of
the moving welding head. Resulting from these physical limitations, this welding head
movement cannot take place infinitely fast and thus will lead to a drop in force exerted by the
moving welding head on the workpieces. To analyse the latter, a theoretical model is
developed within the scope of this thesis. The resulting equation of welding head
displacement or velocity as a function of time contains the machine characterizing parameters
lumped mass of the moving welding head m [kg] and its damping factor b [N/m/s] at a chosen
preset welding force F [daN].
By means of the free fracture test, a step function is imposed on the welding heads by means
of breaking of the welding head supporting pin. This step function is necessary in order to
have a valid theoretical model transferred in practice. By measuring the welding heads
displacement and/or velocity response to the imposed step function, sufficient data is
available to subsequently calculate the characterizing machine constants m and b.
In order to measure welding head motion, measuring equipment and procedures were chosen
and developed that can deliver accurate and reliable results and that can be used on such an
endless pallet of different resistance welding machines in so many different production
environments. Also choice of measuring equipment should be made to assure safety for
operators in often highly automated production environments. The author’s personal
experience with significant accidents has led to a focus on safety. Noninvasive, contactless
and in general more expensive measuring equipment resulted and with proven benefit. This
has allowed assessment of welding applications in production plants without interfering into
production in a guaranteed safe usage.
For measurement of welding head motion, a laser vibrometer was chosen, capable of
measuring motion accurately from a relative large distance away from the object to measure.
The free fracture test has the purpose to apply a step function on the welding head to monitor,
achieved by breaking a brittle element away from between the electrodes. Pressurizing force
is built up in the force actuator until the force level for fracture is reached. At that instance,
reaction force fully disappears resulting in the electrodes to move freely towards each other.
This motion is measured and resulting data is processed.
Design of the fracture test needs to follow some important requirements:

- It must be compact and easy to mount on any production welding machine;

- The material to fracture (pins) must break in a brittle way in the setup;

- The test itself should have a low mass in order not to influence the lumped mass of

the welding head under study;
- The test rig must retain the three remaining parts of the pin after fracture and must
ensure no injury or damage is caused,

The ultimate design result is a cylindrical canister (Figure C - 1) containing supporting
washers with different inner diameters that offer different supporting distances for the pins to
break accordingly. After fracture, the three remaining parts of the pin stay trapped in the
canister. This canister is attached to the stationary welding head. Against the moving welding
head, the canisters lid is mounted, a metal disc with a hardened steel pin attached to its
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underbody intended to exert the welding heads force on the center of the pin to break. The
hardened steel pin used for this purpose is the same one as the metal pins used as breaking
element. It is very wear resistant and thus doesn’t need to be replaced often.

Inside the canister on the lower welding head, support distance for the pins to fracture can be
chosen through changing the inner diameter of the supporting washer. A load cell can be
mounted underneath the lower part if required.

ILLHT 1

Figure C - 1 Closed canister design of free fracture test

Materials to serve as breaking elements need to break in a brittle way, thus having the
reaction force transferred through the element to disappear instantly in order to be able to
represent the force drop as a step function.

Material should also must be standardized to enable use of this test by others in a reproducible
way. Force where fracture takes place must be known in advance and must have a range from
a few daN to around 500daN. Material that can break with a few daN is needed for testing on
applications in micro resistance welding while the higher levels are needed for the heavier
applications.

Tests have been conducted on hardened steel pins (with and without EDM machined notches),
ceramic building materials, technical ceramics and Hipped technical ceramics.

To enable evaluation of fracturing materials towards their potential usefulness and also to
allow for high speed camera evaluations, the open and very flexible test rig was designed, as
can be seen in Figure C - 2 below.
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Figure C - 2 Open test set-up for fracture material evaluation

The test rig has a lower support that can be positioned to the requested value and has the
possibility to insert a load cell to measure fracture force levels.

Fracture tests on hardened steel pins.

A material with low scatter on the force level at which it breaks is needed in the bending test
rig as displayed in Figure C - 2 above.

Diameter of the hardened steel dowel pins used is finished to a very accurate level. They are
easy to purchase in large numbers since they are standard material. The tests conducted served
to examine if these pins could cope with our demands.

The tests were performed on pins that showed a breaking force well within the force level of
our institute’s welding machines. Results of these initial tests in the open test set-up for two
sizes of dowel pins can be found below in Table C - 1 and Table C - 2.

Material: ISO 8734:1997 Dowel pins 2.5mm x 50 mm

Support distance (mm) 25 35 42

Fracturing force (daN) 127 90 63

Sdev 8.1 2.7 4.3

Mmax (Nmm) 7938 7875 6615

6 (kN/mm?) 5.17 5.13 431
Table C - 1 Steel dowel pins 2.5mm x 50mm

Material: ISO 8734:1997 Dowel pins 3 mm x 50 mm

Support distance (mm) 25 35 42

Fracturing force (daN) 185 145 119

Sdev 10.7 3.9 8.0

Mmax (Nmm) 11563 12688 12495

6 (kN/mm?) 4.36 4.79 4.71

Table C - 2 Steel dowel pins 3.0mm x 50mm

Remark: These results are mean values of 100 tests per material.
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The fracturing forces cover a large range of the force levels to be used on the welding
machines. The scatter is acceptable.

To enable comparison with pins of different at different supporting distances, I calculated the
bending momentum and the stress value at fracture ¢ .

M =F *% Mmax = breaking momentum (Nmm)

F = fracturing force (N)
x = support distance (mm)

32« M .
= o = material fracture stress (N/mm?)

o 3
w*d

d = pin diameter (mm)

Notice the very high value for the calculated bending stress value in the order of 5000MPa.
This value is however realistic considering the fact that we bend small diameters of very high
strength hardened steel dowel pins with a martensitic structure. It also needs to be mentioned
that each fracture follows the same physical pattern as can be observed during high speed
camera evaluation of the fracture tests. (see Figure C - 3 below)

De nayer Institute 13500 fps 71 ps

J y
/ /

“.

De nayer Institute 13500 fps 71 us

\ ' : '," /

Figure C - 3 Fracture following bending load in high speed video recording

The dowel pin always displays a relevant plastic deformation prior to fracture. At the moment
of fracture (upper part of Figure C - 3), a shell (visible in the red circle in the lower part of
Figure C - 3 just underneath the upper support anvil) is sheared out of the top area of the pin
to fracture due to compressive loading of the latter pin and this induces an impact-wise stress
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increase on the remaining cross-section and is instantly followed by the fracture of the
remaining pin cross-section in two elements that are projected sideways. Considering the
extreme velocities of the remains of the pin and in order to ensure a guaranteed safe working
environment, the fracturing device in a closed canister was designed as seen in Figure C - 1
before.

The lower support is engineered in the closed design as washers with support distances (inner
diameter of the washers) of 20mm, 25mm, 27mm and 32.5mm respectively. The outer
diameter is 60mm.

The results of the fracture tests in the closed canister design on steel dowel pins are
summarized in Table C - 3 and they are displayed in the graph of Figure C - 4.

Dowel pin Dowel pin Supporting Breaking
Diameter Length distance Force
(mm) (mm) (mm) (daN)
2.5 40 20 106
2.5 40 25 85
2.5 40 27 79
2.5 40 32.5 65
2.5 45 20 138
2.5 45 25 111
2.5 45 27 102
2.5 45 32.5 85
2.5 50 25 114
2.5 50 32.5 87
3 40 20 266
3 40 25 213
3 40 27 197
3 40 32.5 164
3 50 25 182
3 50 32.5 140
4 40 20 466
4 40 25 373
4 40 27 345
4 40 32.5 287
4 60 25 490
4 60 32.5 376

Table C - 3 Fracture forces for standard steel dowel pins in closed canister

This table contains all combinations of standard hardened positioning pins according to ISO
8734:1997 as they were tested in the closed canister design fracture mechanism with
supporting washers. The available fracture forces cover a range from 65daN to 490daN. The
test can be used safely and reliably to impose a step function in reaction force between the
welding heads of a machine under study at a given force level. When a force level for a
specific application is given, the choice of the dowel pin to use in combination with a
supporting washer can be made quickly.

Larger pins than diameter 4mm are not used, since they would possibly damage the test
equipment. Although it needs to be mentioned that it is not necessary to conduct the fracture
test at higher force levels since following the theoretical model, it is possible to define the
relevant machine parameters at lower force levels.
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Figure C - 4 Fracture forces for standard steel dowel pins in closed canister

However, to enable testing on small machines in micro resistance welding, working with
force levels below 60 daN, alternatives are needed. This issue was solved by adding a stress
concentrating factor to the pins to lower their breaking force. The latter is realised by
machining a notch in the middle of the dowel pin prior to fracturing it.
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Fracture tests on hardened steel pins with notch

Machining of a notch is realised by means of EDM wire erosion. The result is a dowel pin
breaking at force levels below 60daN. Electro erosion is an accurate machining process
offering the possibility to cut a notch of defined width and depth in the middle of the dowel
pins. There is very low scatter on the breaking force levels of pins with identical notch
dimensions. Dowel pins were machined with a sparking gap of 0.25mm at different sparking
depths. In this way, fracture tests can be conducted at force level of few daN.

Material: ISO 8734:1997 Dowel pins 1.5 x 32mm
Support distance used: 27mm
Notch depth (mm) Fracture force (daN)
0 21
0.25 7.78
0.5 5.36
0.75 3.02
1 1.34

Table C - 4 Fracture forces for steel dowel pins with notch in closed canister

Remark: The results displayed in Table C - 4 and in Figure C - 5 are the mean values of 50
tests of each notched type of dowel pin. Scatter on the values within the range of 0 to 10%.

Support distance of 27mm, notch width of 0,25mm
25
— 20 *
2
©
)
o 15
o
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0 0,25 0,5 0,75 1
Notch depth (mm)

Figure C -5 Fracture forces for steel dowel pins with notch in closed canister

Hardened steel dowel pins are suited for the purpose of this step function imposing test. At a
chosen fracture force, the right dowel pin and according support washer needed can easily be
selected. Force levels of nearly zero to 490daN can be used. Higher force levels are not
necessary since the theoretical model is based on a motion signal instead of a force signal.

To realize the lower force levels, an accurate notch needs to be machined into the standard
pins. The fracture test is relatively easy to mount on different machine designs.
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Fracture tests on ceramic materials

Initially, traditional coarse ceramics (floor tiles) were tested, followed by technical ceramics
(ALLOs — 99.7%). Because of the high investment costs of the technical ceramics, only
fracture tests with a support distance of 32.5mm have been executed.

Tests on ceramic tiles

Results on building ceramics were rather disappointing, since scatter levels on fracture
forces were above 20% although extra care was taken to cut the elements to test to
dimension very accurately. Another limitation is the very low range of fracture forces
achievable. This would necessitate to test with unrealistic dimensions of the fracturing
elements.

As aresult of this, technical ceramics were evaluated.

Tests on technical ceramic bars
The tests on untreated technical ceramics proved that this was no improvement in comparison

with steel dowel pins. Scatter on the fracture force is extreme due to the limited homogeneity
of the ceramic material. (see Figure C - 6 below)

Figure C - 6 Inhomogeneity (hole) in technical ceramic bars

As a possible solution for this lack in homogeneity, the technique of Hot Isostatic Pressing
(HIP) was used. The latter technique can be applied:

- as a production process within a sintering production process;

- as a post-densification process.
The latter post-densification process offers the advantages to enable treatment of the
identical materials already used in the other tests.
Disadvantage of this treatment is that surface defects are not treated and there exists the
possibility for grain growth in materials.

The densification process was applied on ceramic pins purchased at Ceratec, a Dutch
supplier. Bodycote is a company specialized in application of the HIP — process on different
industrial applications. The pins to examine in value as a potential breaking element in the
fracture test were treated at Bodycote. A schematical image of a HIP installation can be seen
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in Figure C - 7, the HIP cycle chart displaying the pressure and temperature chart as used on

the ceramic pins used in the tests is displayed in Figure C - 8.

As might be expected the costs for the technical ceramic bars and the Hipping are very

high.
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Figure C - 7 Schematical view of a HIP installation
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Figure C - 8 Cycle chart from the cycle applied on the pins tested
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Evaluation was made after Hipping treatment to determine the properties in comparison with
the untreated ceramic material. Bending tests were carried out on an Instron test bench. Pin
diameters tested were 3, 4, 5 and 6mm.

Results of Hipped technical ceramics
Diameter 3 mm
Post HIP, the pins meet the demands of low scatter (< 10%) and brittle fracture.

Diameters 4, 5 and 6 mm

The length of the HIP — cycle seems to be too short to treat these diameters to their center.
Many internal discontinuities remain, leading to large scatter (20 to 45%) on the results of
the fracture force making them unusable as fracture element for the breaking test. On the
other hand, longer application of the HIP treatment would increase the operational cost of
the test way beyond what we can afford.

The HIP treatment certainly has proven to improve the quality of the technical ceramic bars.
However the financial added value to the already very high prices of the untreated technical
material make use of this approach unfeasible.
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Appendix D - Processing procedure Fracture/Explosion test

A processing procedure was developed for determination of the relevant machine parameters
lumped mass ‘m’ [kg] of the actuated moving welding head and damping factor ‘b’ [kg/s].
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Figure D - 1 Screenshot of spreadsheet for processing fracture and explosion tests
Columns are commented below in the same order as they appear in the spreadsheet

- Column B
Points of time where displacement or velocity measurements are recorded, starting at Os.

- Column C
Recorded displacement signal of moving welding head.

- Column E
Imaginary time to correct welding head velocity not being zero at moment of fracture.
A
b
ty=—"n| -2 41 [s]
b Ffracture )‘
- Column F
Recorded velocity signal of moving welding head. (or calculated from displacement signal)
xn — xn—l [m/s]
tn - tn—l
- Column G
Approximated welding head velocity.
b
—t -t

Ffracture . “m -1

5 —| vee ™ [m/s]

vth(t) =~
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- Column H
Approximated welding head displacement.

F e~ M _b +y)
xt/1(t)=—ﬁac+-(e’”(” +£-(t+t0)—lJ [mm]
b m
- Column I
Shift in displacement
'xn - xl [mm]
- Column J
Square of the difference between true and approximated welding head velocities, (misfit).
(Vw - Vth )2
- Column K

Summation of the squares of differences between true and approximated welding head
velocities.

Supplementary, the measured value of the force at which fracture took place must be inserted
in cell L7 and the true measured initial velocity in cell LS.

Graphs
Two graphs are produced:

1. Comparison of velocities
True measured velocity is compared with approximated velocity.

2. Comparison of displacements
True measured displacement is compared with approximated displacement.

Processing procedure
1. Set up fracture of explosion test on machine to test.

2. Using a data acquisition system, measure welding head velocity (or displacement)
during response on fracture or explosion. Record force. Record current.

3. In the data acquisition program, determine the exact moment of fracture or start of
displacement in the total recorded signals. Starting from the point of time of the
fracture or the initiation of movement, cut the signals and export them for instance to
MS excel.

4. Import the velocity signal (or the displacement signal) in function of time into
columns B and F or C.

5. Input the measured initial welding head velocity in cell RS8.
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6. Input the fracture force or the actuator force on the explosion test /7, in cell R7.

7. Columns E, G, H, J and K are calculated automatically.

8. Subsequently, the ‘solver’ function (see Figure D — 2) in MS Excel is used to
minimize cell K14 (containing the difference between measured true welding head
velocity and approximated welding head velocity). The latter by altering the values of
mass ‘m’ and damping factor ‘b’ in cells R4 and RS5. These cells contain the machine
parameters we search for.

-1 J K L M N 0 [P] @ R s 7 B

4 Calculated mass 820 kg

5 damping factor 1349 kg/s

6

o Measured: actuator force 1632 N

8 initial welding head velocity  0.00078 m/s

9 o I

L Porameters vangplosser x|

"l W (Z v - ver))% 1000 True verst .

12

1 Doelfunctie bepalen: I E

14 1.05019f 5610446 61660, = 0 _ -

15| 26505240 E 000000 | M O © Mg C Wasdeyan: |
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Figure D - 2 Use of the solver function in MS Excel

9.

a. Cell R4: Lumped mass of moving welding head.

b. Cell R5: Damping factor of moving welding head.

Select as target function cell K14 to minimize by altering variables in cell R4 and
RS

Read the values for mass and damping factor.
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Appendix E - Design procedure Spring Follow Up
system.
E1l Based on Belleville washers (not intended for conducting current)

If it shows from the results of the fracture tests that the total lumped mass of the moving
welding head is too large, a spring follow-up system might bring a solution. On the other
hand, when we calculate the drop in force on a collapsing weld and the latter appears to be too
high, the same spring follow-up system can avoid expulsion problems and resulting inferior
welding quality. Indeed, when mass [m] and damping factor [b] of a tested machine are
defined by means of a fracture- or an explosion test and when the highest acceleration peak
and the corresponding welding head velocity occurring at this point in time are measured
during a projection weld in practice on this specific machine, the actuator force needed to
achieve this kinematical condition can be calculated. The latter portion of the actuator force is
at that point in time no longer available to compress the workpieces to maintain the weld in
compressed condition and definitely will lead to expulsions. These problems will nearly never
occur on applications where actuator force levels can be set at high values in relation to the
moving welding head mass. But nearly all projection welding applications are vulnerable for
this specific problematic since one cannot apply high mechanical loads on the workpieces to
avoid excessive deformations. In practice, a large lumped mass of the welding head with its
according large inertia indeed will lead to a slow follow-up behaviour as a result. The use of
the spring follow-up system is intended specifically to decrease the mass underneath the
springs to be forced into movement when the welds deforms. When the actuator system exerts
its load, the spring system and the workpieces are loaded. When deformation is induced when
the weld pool is formed, a drop in reaction force results leading to initiating moving of the
smaller mass of the welding head underneath the springs, driven by the compressed springs.
A spring system can only be designed based on the displacement needed during the weld and
on the weld pressure that is needed. In projection welding, this displacement is part of the
height of the projection embossments. As a rule of thumb we can state that the allowed drop
in force of the spring system can only be 5% of the welding force with a total displacement of
the projection height.

Choice of springs with low hysteresis is advantageous as are high damping effects since this
will more quickly dampen out vibrations caused by the follow-up system. Of course, the
spring system needs to be designed as low as possible in the moving welding head actuator
system in order to achieve a lumped mass below the springs as low as possible.

Example calculation on a Dalex pedestal projection welder:

Demands towards the spring package:

Welding force of 2000daN, meaning the springs will be loaded with this force.

Weld application: projections of 1mm height.

The spring system thus needs to be able to follow a displacement of 1mm and only lead to a
drop in force of maximum 5%.

Calculation:

Belleville disc springs from eg. Amatec
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Springs marked with R are made from stainless steel.

Fn
Du Di t Lo Ln Newton Nummer

76,20 25,40 3,43 5,13 4,17 7655 S84190°
38,10 2,36 4,80 3,63 4037 S84200*

Art. Nr.: S84200

Di
Du
t
Lo
Ln

Di
t
9 ——

Du
= 38.10mm
= 76.20mm DuDi = 2
= 2.36mm
= 4.80mm Lo/t = 2.03
= 3.63mm
Pi = 4444 - 5431N (working range)
P = 725IN (max. force to flat)
h = Lo-t = 480-236 = 244mm

= unloaded height of truncated cone of free spring

ht = 244/236 = 1

When 4 discs in parallel ==> 1778 —2172daN

Spring displacement s =Lo - Ln = 1.17mm
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Figure E - 1 Belleville spring characteristic

If we limit the force loss to 5% =2 from Figure E - 1, we read: 0.08 * 2.44mm = 0.1952mm
spring displacement allowed.

If we want to have follow-up movement by means of the Belleville springs of 1mm with force
loss limited to the preset 5% =» 1/0.1952 = 5 series stacks of 4 parallel discs each.

Sizing:

1778 —2172daN, single = 4.80mm, 4 parallel = 11.88mm,
4 parallel in 5 series stack = 59.4mm (unloaded)
Single = 3.63mm, 4 parallel = 8.63mm,
4 parallel in 5 series stack = 43.15mm (loaded)

1334 — 1629daN, single = 4.8mm, 3 parallel = 9.52mm,
3 parallel in 5 series stack = 47.6mm (unloaded)
Single = 3.63mm, 3 parallel = 8.35mm,
3 parallel in 5 series stack =41.75 mm (loaded)

889 — 1086daN, single = 4.80mm, 2 parallel = 7.16mm,
2 parallel in 5 series stack = 35.8mm (unloaded)
single = 3.63mm, 2 parallel = 5.99mm,
2 parallel in 5 series stack = 29.95mm (loaded)

445 — 543daN single = 4.80mm, in 5 series stack = 24mm (unloaded)
single = 3.63mm, in 5 series stack = 18.15mm (loaded)
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Unloaded:
594 mm

Loaded:
4315 mm

Figure E - 2 Stack of 4 parallel Belleville springs in 5 times series

Four discs stacked in parallel cause friction and hysteresis. This can be solved by
stacking the discs next to one another instead of in each other.

= P

p HME‘:}%

Figure E - 3 Belleville spring stack split separate in 4 parallel
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E2 Based on Copper leaf springs (intended for conducting current)

As can be seen in Figure E - 4 below, on the left side a photograph of a spring mounted on a
test machine, on the right side a schematical representation, the copper follow-up leaf spring
can be separated in four separate leaf springs (see arrows in the image). These separate
springs are mounted per two in series and subsequently in parallel. As a result of the latter, in
calculating the spring constant of one single spring also gives us the spring constant of the
total spring package.

Figure E - 4 Copper follow-up spring mounted on lower welding head

When we restrict the loss in force (at projection collapse) to 5 % (cell C6) at a given actuator
force (cell C5), this leads to a deflection following this actuator force that must be 20 times
the height of the projection. So assuming the projection height is 0,3mm, the deflection needs

. 0,3 Projection height .
to be 6 mm, following formula § = == , saeramreares (cel C16). The spring has a

100 100
linear characteristic. In this way we know the deflection required to be made by the spring at a

given actuator force. This has to be within the mechanical properties of the material used to
build the spring.
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Figure E - 5 Leaf spring deflection
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. . . F Actuator force
The spring constant “c” is written as — (—]_C)
o) deflection

3(b.h*.E.§
L= T[mm]

In this formula, “b” is the width (cell C9) of the leaf spring, “h” its thickness (eg. cell G5, all
cells in red, “E” is the E-modulus of the material used (cell ¢7) and “F” the actuator force. In
this formula, “F and 6 are given values by the boundary conditions we request. After input
of “b and h”, the springs length “L” results. After varying the values of “b and/or h” we find
a series of lengths that possibly can be used for this spring. There is however another
restriction, namely the mechanical strength of the leaf spring that has not been taken into
account. The material we aim to use in the application of a conductive leaf follow-up spring
will be presumably a Copper alloy offering a good combination of electrical and mechanical
properties. For instance the choice can be made to use CCZ (Copper Chromium Zirconium
alloy) having a maximum tensile strength of 410 N/mm? (cel c10). We apply a safety

coefficient (cel cl1). Cell cl12 gives us the “allowed stress”. Subsequently, the allowed

3. F.L - N .
[—]. This value may never exceed the
mm

b.h3E

From ¢ = follows that:

bending stress value “c” is caluclated: 0 = P

maximum tensile strength of the material used, even considering a safety coefficient. All
combinations not meeting these demands will be considered as “not applicable”. These cells
are marked “yellow” with an “if-function”. The cells marked in blue give the length of the
complete follow-up spring. The latter is twice the length of the single spring calculated above
added with twice the length of the connecting pieces at the springs ends (where the three bolts
are visible in the image) (cell c13) and finally the central stiffer area with increased thickness
to allow mounting of the spring to the lower welding head and mounting of the lower
electrode holder respectively (cel c14).

Example calculation:

Assume: F =3000 N

Allowed force loss: 5%

E-modulus: 125000 N/mm?

Projection height: 0,25 mm

Spring width: 100 mm

Tensile strength: 410 N/mm?

Safety coefficient: 1,2

Length connecting pieces at ends: 30 mm
Length central elevated part: 100 mm

Calculation:
If these values are entered in the spreadsheet, the most compact spring is the one with a

thickness of 7.3 mm.
3lb.h3.E.8
L= —F [mm]

Entered in the formula:
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3000
Subsequently we need to check if the allowable stress value is not exeeded:

It gives us: 3\/100' 7371250005 _ 500,86 mm (cell K20)

_3.F.L N
T b2 'mm
This gives,
_3.3000.200.89 339.27 N 5
0= 00, 737 03927 N/mm
410 N/mm?

= 341.66 N/mm?

1.
Finally the full length of the spring:
Total length = (2 *200.89) + (2 *30) + 100 = 561.8 mm (cell L20)

This is just below
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Appendix F - Procedure and manual for processing the
Voltage — Current U-I-Characteristics of a Resistance
Welding Power Source.

F.1. Introduction

See 4.3.1. in Measuring Procedures

F.2. Measuring procedure and manual for measuring and
processing data

This section discusses in detail how current and voltage are measured in Dewesoft and how
the recorded data are processed in Flexpro to U-I-characteristics.

The settings of the different measuring channels on the Data-acquisition are programmed in a
setup-file “U-I-weerstandlas.iDS”. Since we can only measure discrete points on a resistance
welding power source, we only can define a single point on the characteristic with each
measurement. We then have the choice to work with a single point in each measuring file or
we measure multiple points in one single measuring file, by inserting pauses between the
different measurements.

It is convenient to conduct the measurements in practice by measuring a single point of the
characteristic (eg. at short circuit), repeating this measurement each time with a different
power setting on the machine, and collecting these data in a single measuring file.
Subsequently a second point on the characteristic is measured for the different power settings
on the machine and this procedure is repeated for several loads.

This programmed setup-file also allows for the primary characteristic to be measured. In total
4 input channels were configured.

SLOT | Rl .—M— | Edsay | BRGSOV | ZEROv|  SET
0 _ : “ %@Q?D\I{Hz _:,1,03;;.\?*3\ in“.ax"r l?ms ? 0
1 500%0?6}’“2 -m'o:*::\'ca&".ioumz [ . 5| =z

_2 | E\J!\?Il_g;ﬁz I gﬂzmrbu:\; :L’::‘.i-‘j.l\'r @ . ? =72
4 P&%P-?mr -mll'-':m,-\.a‘-.".‘or_ll?_aeﬁ ™ . ==

If accessability to the primary side of the machine is limited, it is possible to disable input
channels 2 and 4 if wanted.

The Rogowski-coils used are positioned both around primary and secondary current leads and
switched on. Two pairs of voltage clamps are needed to measure primary and secondary
voltage.

At this stage, the first point of the characteristic to be measured needs to be chosen.
Processing in Flexpro is programmed to start with the short circuit point meaning welding
without a workpiece between the electrodes. It is important to reduce the welding time set to a
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minimum in order not to create a thermal overload on the electrodes that could potentially
damage them.

Also the amount of different current or heat settings on the machines’ control box that we
want to supply to every single load setting on the measuring resistance needs to be chosen
here (< 10). On most machine control boxes, current can be preset as a ‘percentage’ [%] or in
‘per mille’ [%o] of the maximum available power the machine can deliver. For ease of
processing it is best to work in steps of 10% or multitudes of 10, for instance in steps of 10
(10,20,30,40,50,60,70,80,90,99) or in steps of 20 (20,40,50,60,70,80,99) etc....

Then all is set to start the measurement, through the menu bar we open the recorder screen
where all activated measuring channels are visual and operational.

i1
File  Edit Data Displays Spsteem  Help Geen data opslag ruikt geheugen= 1% (0,1s]
e | FE |Gl | FE Pt [ e P :

Meten Analpss Setup Dverzicht  Scope | Recorder | Opslaan Stop
Werwijder Yoeg toe

Meervoudig

Alle data punten -
Felatief <

4 -
Beviies Schem

Ingang 0 Ingang 1
Ingang 4

When we hit the ‘record’ button, a communication field opens where comments regarding
that specific measurement can be added. To maintain an overview over the different
measurements made, this field can better be commented.

When we hit the “OK”-button, the measurement starts. We set the machine to the lowest heat
setting (10%) and after measuring the first flow of current we pause the measurement.

oo TE | gl | T s (e | @ | @ [=

Meten Analyze Setup Owerzicht  Scope Becorder Pauze Stap
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Thus the measuring file is not closed, only no incoming signals are recorded. The latter gives
us the time to switch the machines’ control box to the next heat setting (20%). When this is

done, we restart recording by pressing the “Arm” —button.
(]
i Stop

f | e T e
Setup Owerzicht  Scope | Becorder

Once this flow of current (at 20% heat setting) is measured, we pause the measurement again,
raise the heat setting again and restart recording. This procedure is repeated until all heat
settings in our scope are measured at this one specific load. After the last measurement, the
measuring file is closed (“Stop”). In this way we obtain the short circuit point of the
characteristic at all heat settings.

It is good practice to have a quick look at the measured file after each series of measurements.
This is done by hitting the ‘Analyse’ —button after the stopping of the measurement.

Meten E& =ﬂJJ ‘ e F"’t’ I—__* Expart % gl

B

Meten Analyse

Setup Overzicht SO Becorder
* DEWESoft - Datafile: U-I-karakteristick_AWL_Def =& x|
Fle Edt Data Displays Systeem Help 20:26:18 srukt geheugen= 1% (0,13)
;ﬁ = AR FTET ~_- " £ B1 Snel opslag gestat om 10:14:25.076 File posite: 0 -
e ermien gﬂ-u Iu;l for F o 4 Prﬁ ﬁ[EI Snel opslag gestopt om 10t14:34.976 Fie positie: 2373624 :I
Meten Analyse sl Over : 9|82 Snel opslaq qestart om 10.14:33.276 File posit

The entire procedure can subsequently be repeated for all other loading points of the
characteristic.

Afterwards, all measured files can be exported to Flexpro one by one.
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By hitting the ‘Analyse’-button once (or twice), an overview of all measured files is
displayed. The first one we open is the one of the short-circuit point.

We subsequently hit the ‘Export’-button followed by chosing the script “U-I-characteristic
[>1000A] under “setup-name”.

gestat om 1014:25.076 File positie: 0
gestopt om 10:14:34.976 File positie: 2373624

qestait om 10:14:33.276 Fie positie: 2373624

tiek [>1000A]

The measurement is exported by hitting the “Export data”-button. Flexpro opens
automatically.

The different measurements within the measured file are automatically placed in a number of
folders (Datal,Data2,Data3,...), equal to the total number of current levels measured. Each
folder contains 4 signals, SignalO, Signall, Signal2 en Signal3 matching with secondary
current, secondary voltage, primary current and primary voltage respectively.
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B3 10 1) Calctime Formula  No value
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10 p-sec_S0 Quadratic Mean (RMS) Formula  No value
() P-sec_60 Quadratic Mean (RMS) Formula Mo valee
TG P-sec_70 Quadratic Mean (RMS) Formula Mo value
1(X) P-sec_80 Quadratic Mean (RMS) Formula  No vale 'ﬂ
1 object(s) selected
By etV Bl e Pue bR YHY BHAANVYLUETE -5 (T EHw@
I | I ==

Also the folders of all possible current characteristics are already present in the script
(10,20,30,40,....,99). The intention is that for instance folder “10” should contain all points of
the U-I-characteristic at a preset heat-setting of 10%.

In a next stage, each Datafolder is dragged under the matching “current-folder”.

Suppose we measured the current in steps of 10%. Then Datal is dragged to folder “107,
Data2 to folder “20”, etc, and finally DatalO0 is dragged to folder “99”. If however we work in
steps of 20, than Datal is dragged to “20”°, Data2 to folder “40”, etc....

If we did NOT work in steps of 10%, the unused folders may NOT be removed. Example:
Suppose we measured in steps of 20%, folders “10”, “30”, “50”, <707, “90” CAN NOT be
removed.

When there are one or more erroneous measurements (it can happen that an operation on the
machine goes wrong), than these are not dragged to the matching folders but removed.

If a measurement is missed, this can be stored in a separate measuring file and need to be
exported one by one and placed under the correct “current folder”.

This procedure is repeated until all measured points of the U-I-characteristic are placed in the
matching current folders.

As an example, the image below shows how all points of the “U-I-characteristic” (from short
circuit to no-load at 10% and 20% heat setting are organized.
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In processing, there is the choice between a number of graphs, e.g. the secondary “U-I-
characteristics”, the primary “U-I-characteristics”, the secondary power characteristics and the
primary power characteristics. By depressing the matching icon of each representation,
calculation is started and the results are displayed graphically.

@U_I-secundair

B U _1-Primair

@F‘-secundair

@F‘-primair

F.2.1. Calculation method of primary and secondary U-I-characteristics

The calculation method is explained based on one single heat setting, 10%. For all other heat
settings, calculation is likewise.

The essence of the calculation is in calculating an RMS-value of every measured signal, be it
primary or secondary current or voltage.

The image below shows as an example the secondary current in the short circuit point at a
heat setting of 10%. The RMS-value of this signal needs to be calculated.
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Figure F - 1 Short circuit point: secundary current at 10%

To obtain a correct RMS-value, the current pulses need to be isolated from the complete
measured signal (there is measured over more time than the actual time the current flow
lasted). A function “index” was created for this purpose that searches the start and the end of
the actual current flow. The “index” function searches the indexes of these start and end
points (the position of the points in the signal) and sends them back. The Flexpro script of this
function is given below as an illustration.

Arguments Data

Data = Knipburst(Data, 0.05)
Datal = smooth(Absolute(Data),10)

_Max = Maximum(Datal)
if Datastructure( Max) >= STRUCT DATASERIES then

End

_Max = Maximum(_Max)

Datal= LevelCrossings(Datal, 0.400000000000000 * Max, 0.0100000000000000 * Max,
EVENT BOTH, EVENT INDEX)

NSamples = numberofelements(Datal)
i= Datal[0]
j= Datal [Nsamples-1]

If Data[i] >0 then

else

end

Do

i=i-1
While Data[i] >0 and Data[i] <= Data[i+2]

Do

i=i-1
While Data[i] <0 and Data[i] >= Data[i+2]
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If Data[j] >0 then
Do

j=j+1
While Datafj] >0 and Data[j] <= Data[j-2]
else
Do
j=j+1
While Data[j] <0 and Datafj] >= Data[j-2]
end

Return {i,j}

Once the indexes of the actual weld time are found, the RMS-value can be calculated. This is
done with the following function.

1/9] = Mean(l11[index[0],index[1]], MEAN SQUARE)

These calculations are made both for primary and secondary currents.
In the normal representation of a static characteristic (U-I-characteristic), the first point is the
point at NO-load. The first point measured at each heat setting is the point at short-circuit.
The latter meaning that to obtain a correct representation of the U-I-characteristic, we should
reverse our measured points. In the calculation this issue is dealt with.

As an example, in the image below, the calculated primary and secondary U-I-characteristics
of our laboratory AWL resistance welding machine are shown.
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Figure F - 2 Primary U-I characteristics at different current-levels

When we load the machine secondary with a current of 27 kA, we draw a current on the
primary side of 400A and this results in a voltage drop on the primary side of 20V.
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Figure F - 3 Secondary U-I chararcteristics at different current-levels
F.2.2. Calculation of primary and secondary power in time

Calculation of primary and secondary power in time is simple and based on the U-I-
characteristics already available. The U-component is multiplied with the I-component. At
first we need to check if the U-I-characteristic in question effectively exists. If we worked
with steps other than 10%, not all U-I-graphs exist and it is then useless to calculate the power
of these. The Flexpro script for calculating the power is given below.

Arguments Data

i=0

If Data[0] <> ? then
P = Data
Nsamples = Numberofelements(Data)
For i=0 to Nsamples-1 do
P.Y[i] = Data.X[i] * Data.Y[i]
end
Return P
else Return {?}
end

The following images show the primary and secondary power curve of our AWL machine.

243



3 : : : : : : : H : : : : : : : : : H | [ y——r
H H H H H H H : H H H H H H H H H H

PEeeo ] LU N NI I A N RN S SN TN SN S FI . F . F . feedoclerdectosdess bordeeibondiaid . | | —0— Pprim_20

1 . 1 i 1 1 X : ! : : H . ' : —v— Poprim_30

4~ P-prim_40
E H H H H H H H H . . H H . H L H H o~ Ppam_80

A OO OO O OO O OO0 OO0 O SO OO0 OO O O OO0 OG-S0 O 0 - 5 o IO SO0 W | B SN
AR AR R R R R R R R R R P B B B | sl

-t P-prim_80

INEEEEEEEEEE

: : : : : : : : H i : : : : : : i || —e= Pprim g0
S (L T BT ST R S S S S SRR DR I H. “/V‘ R B e P-prim_g9

P . boodeasd
sospsadess besdesen
H H
' EELLEEY SEE LR -

o

e « & 0 100 120 140 140 150 200 o) 240 0 F -] 300 o an 0 3%0 400

Figure F - 4 Primary Power Curve
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Figure F - 5 Secondary Power Curve

F.3. Conclusion

Measuring and processing one or more U-I-characteristics of a resistance welding machine is
somewhat more complex in comparison with an arc welding power source. Measurement on a
power source of for instance an arc welding machine is possible with a continuously changing
load resistance where all points of one characteristic can be captured in one single
measurement. This cannot be done on a resistance welding machine where a number of
discrete load resistance values can be offered to its power source. Because currents delivered
by resistance welding machines are relatively high in magnitude and can only be delivered
during short times, the use of a liquid resistance that offers the possibility to change its
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resistance continuously is not possible. For this reason, the portable discrete variable
resistance system was developed by the author to enable in situ measurement of both U-I-
characteristics as power characteristics on any resistance welding machine. Semi-automated
processing was developed that requires a minimum in handling to calculate the measured
characteristics and display them graphically. However, this processing procedure limits the
number of measured points per characteristic and the number of characteristic per machine.
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