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Abstract

The electrical contact resistance at the electsb@®t and sheet/sheet interfaces was
investigated in this dissertation for zinc coated ancoated automobile sheet steels using both
experimental and numerical approaches. A new,tinesiperimental measurement method was
proposed to evaluate the electrical contact rewistaas a function of welding current. These
experimental results were used in a numerical apiion procedure with the finite element
modeling commercial software SYSWELD to numericaltimate the interface temperature in
a stepwise approach. The main results of this vodvided new electrical contact resistance
curves as a function of interface temperature wliohld be used as input parameter in a
resistance spot welding simulation to improve tbeusacy of process models.

This dissertation was divided into four differerttapters. The first chapter was a
literature overview of the resistance spot weldingcess including all of the process, material,
and metallurgical variables that have an influencethe weld quality in terms of size and
strength. Also, a brief overview of the zinc cogsirprocesses and the problem of electrode wear
when welding zinc coated automobile steels wasigeavsince much of the pertinent resistance
spot welding research, including that of the progaonsors of this work, focuses on advancing
knowledge in this topic to improve the efficienciytbe welding process. It was determined the
electrical contact resistance was the parametechwhad the most influence on the heat
generation during welding, weld quality, and eled& wear. Therefore, a main focus of this
chapter was the introduction of the concept ofteleal contact resistance as well as the current
research challenges facing the resistance spotingektientific community in this respect.
Specifically, the shape of the electrical contasistance curve as a function of temperature was
discussed here in detail, as well as different oethfor measuring this parameter. It was
determined that a large demand exists in this fi@ican all encompassing technique to measure
the electrical contact resistance during actuatlimglas a function of interface temperature.

In the second chapter, the newly proposed techniquexperimentally measure the
electrical contact resistance as a function of igld¢urrent using total resistance measurements
in the welding electrodes was introduced. This népre included important process
modifications such as single sheet experiments watly low welding current and one period of
low current application. The purpose of the processdifications was to keep the bulk

temperature as low as possible in order to reduedtlk material resistance contribution in the
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total resistance values so that the electricalaminesistance curve shape could be investigated.
The total resistance curve shape was found to hesensitive to the welding force value as well
as the material/coating being analyzed. With lowelding forces, the curve was found to have a
decreasing nature. As the welding force increaskd, electrical contact resistance curve
flattened and, in some cases, even increased. Kwas also found in the total resistance curve
for DP600-copper and low carbon steel-copper ctstathe total resistance curve for zinc
coated steel-copper contact had an increasingenatur

In the third chapter, the experimental measurentechnique was validated with the
finite element modeling program SYSWELD. In ordervalidate this measurement technique,
the input electrical contact resistance and bulkenma resistance curves were numerically
manipulated in the simulation program. The purposdoing this was to determine at which
current values the bulk material resistance playeale in the total resistance measurements, and
on the other hand in which current range the atadticontact resistance could be measured
without the influence of bulk material resistanée. the welding current increased, the bulk
material resistance contribution was found to @ayle in the measurement. With the help of
the numerical simulation, a low current range wam# in that the electrical contact resistance
curve shape could be experimentally measured Wwithtéchnique. It was also determined that
the electrical contact resistance for galvanized afectrogalvanized coated steels at the
electrode/sheet interface was negligible. Additipnahe input SYSWELD electrical contact
resistance curves were found to be significantigcaurate with regards to their shape and
values.

The fourth and final chapter was the numerical meitgation of the contact interface
temperature at the electrode/sheet and sheet/stteetace using a numerical optimization
procedure. Specifically, the finite element metheas used to calculate, in a stepwise manner,
the interface temperature in the simulation whibbvaed for good matching between numerical
and experimental total resistance values. Additlgnthe contribution of the electrical contact
resistance and the bulk material resistance waserncatly separated from the total resistance
value to assist in the technique. Due to its coriple@nd possibilities for future applications, the
optimization procedure was described in this chraptedetail. The newly created electrical

contact resistance curves as a function of temyreratere presented and compared to literature



for accuracy and validity. The procedure couldrplemented in the future for all material and

coating combinations.

Kurzfassung

Im Rahmen der vorliegenden Dissertation wird dekteische Kontaktwiderstand der
Elektroden/Blech und der Blech/Blech Oberflachen n vorerzinkten und blanken
Automobilstahlen mittels experimentellen und nusehen Verfahren untersucht. Eine neue
Messmethode wird vorgeschlagen: Der elektrische tédawiderstand wird wahrend des
Schweil3prozesses gemessen. Im Zuge dieser Messlaetira die Finite Element Methode mit
der Software SYSWELD verwendet, um die Temperagair Kbntaktoberflache zu kalkulieren.
Die Hauptergebnisse dieser Arbeit sind neue ebeltita Kontaktwiderstandskurven als Funktion
der Temperatur fur verschieden verzinkte sowie kdafiutomobilstahle. Diese Kurven kdnnen
in weiterer Folge in einer Widerstandspunktschweidtation verwendet werden, um die
thermischen und mechanischen Ergebnisse zu verhesse

Mit diesem Vorhaben beschéftigt sich diese Dissiertain vier Kapiteln. Das erste
Kapitel umfasst eine Literaturrecherche, in der diehtigsten Prozesse, Materialien und
metallurgischen Einflisse auf die Schweilpunktd@ali — Punktdurchmesser und
Schmelzzonenform — diskutiert werden. Des weitesschaftigt sich dieses Kapitel mit
verschiedenen Zinkbeschichtungen und deren Eintwésden Elektrodenverschleild. Im Zuge
dieser Literaturrecherche stellte sich heraus, d#es elektrische Kontaktwiderstand der
wichtigste Parameter fur die Warmeeinbringung, dsehweil3punktqualitét und den
Elektrodenverschleild darstellt. Daher befasst ®oh grol3er Teil dieses Kapitals mit der
Vorstellung dieses Konzeptes, sowie die haupts@udi Schwierigkeiten um dieses Thema.
Gerade die Form der elektrischen Kontaktwiderstamd®n als Funktion der Temperatur
wurden in der letzten Zeit intensiv diskutiert, sewerschiedene Messmethoden, um diese
Parameter genau zu bestimmen.

In dem zweiten Kapital wird eine experimentelle Btagthode vorgestellt, in der der
Gesamtwiderstand zwischen zwei Elektroden als Fomldes Schweil3stroms gemessen wird.
Das Ziel dieser Methode ist die genaue BestimmueigFbrm der Kontaktwiderstandskurve
wahrend des Schweil3prozesses. Diese Messmethodlgande Vorteile: Erstens werden

Einzelblechversuche durchgefiihrt, um den Kontalewathnd an der Elektroden/Blech



Oberflache genau zu messen. Zweitens wird ein igediSchweil3strom verwendet, um den
Stoffwiderstand wahrend des Messens so niedrig wiéglich zu halten. Es wird
herausgefunden, dass die Schweil3kraft auf die [Be@miKurve einen wesentlichen Einfluss hat:
Eine Steigerung der Schweil3kraft bewirkt eine agstele Kurve, eine Verringerung derselben
eine abfallende Kurve. Wahrend des MessvorgangsDRB00 Stahl und weichem Stahl wird
ein Hohepunkt der Widerstandskurve festgestellf3gxdem ist das Ergebnis des Messens des
zinkbeschichteten Stahls eine standig ansteigemaeek

Das dritte Kapital beschéaftigt sich mit dem Ubefpni der experimentellen
Messmethode unter der Verwendung des Simulatiogsmms SYSWELD, um
herauszufinden, in welchem Strombereich der Komtialdrstand und ab welchem Stromwert
der Stoffwiderstand dominiert. Je hoher der Stromekesto mehr spielt der Stoffwiderstand in
den Messungen eine Rolle. Es wird herausgefundess die vorgeschlagene Messmethode die
genaue Form der Kontaktwiderstandskurve in einemdrigen Strombereich zeigt. Weiters ist
der Kontaktwiderstand an der Elektroden/Blech Q&enke fur feuerverzinkten Stahl zu
vernachlassigen.

Das vierte und abschlieBende Kapitel beschéaftigh smit den Ergebnissen der
Kalkulation der Kontaktoberflachentemperatur flirelEtode/Blech und Blech/Blech. Ein
schrittweises numerisches Optimierungsverfahren Zigmperaturberechnung mit dem
Programm SYSWELD, wird an dieser Stelle aufgrunthese Komplexitat sehr ausfuhrlich
beschrieben. Im Zuge dieses Verfahrens werden e&ldrische Kontaktwiderstandskurven
ermittelt, welche mit der einschlagigen Literatugrglichen und in weiterer Folge in einer
Simulation verwendet werden. Die oben erwdhnte ex@atelle Messmethode in Verbindung
mit dem numerischen Optimierungsverfahren steliteei neuen Weg dar, eine elektrische
Kontaktwiderstandskurve als Funktion der Temperawrermitteln. Damit kann sowohl die
Genauigkeit zuklnftiger Simulationen gesteigers, @lich die Effizienz des Schweil3prozesses

durch die Optimierung von Schweil3parametern vedsesgerden.
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Chapter 1: Introduction to Resistance Spot Welding: A Literature
Overview

1.1 Process overview

Resistance spot welding (RSW) is the principal meétfor joining sheet metal in the
automotive, building, transportation, office fuumé and domestic appliance industries. There
are many advantages of the RSW process includmgalse and speed at which the process can
be automated for high production, the high quabfywelded joints, and the relative low
operating cost. One of the main disadvantages @fpthcess is the difficulty controlling weld
nugget formation after a certain number of weldgehaeen produced. The reason for this is the

large number of process variables that can inflaghe heat generation and weld formation.

o R1 Bulk electrode resistance

i Electrical contact resistance (Rce) electrode/sheet

SR Bulk sheet resistance
. A e .
R4 Electrical contact resistance (Rce) sheet/sheet

R4

R6 R5 RS Bulk sheet resistance

R6 Electrical contact resistance (Rce) electrode/sheet

R7 R7 Bulk electrode resistance

Figure 1.1: Overview of the RSW process with cdmiting bulk and contact resistances [1].

In RSW, heat is generated by the resistance o$ jp@ihg welded to the flow of electric
current. The total heat production Q (J) comes fdonle heating:

Q = IRyt (1.1)
wherel is the welding current in ampeiR; is the total resistance of the contributing resise

values in ohm, andis the welding time [1-2]. The total resistancéhis summation in series of
the bulk material resistances of the electrodestiadheets, and the electrical contact resistance



(Rce) at the electrode/sheet (E/S) and sheet/st®&) interfaces. An overview of the

contributing resistance values is presented in reiglil, where a total of seven different
resistances acting in series are shown. The RabkeatS/S interface should be the largest
resistance value to ensure melting occurs at timation for the weld to be made between two
sheets.

A schematic representation of the RSW process asvshin Figure 1.2 [3]. There are
three stages in the process: squeezing, weldirdyf@ging. During the squeezing cycle, two
copper alloy electrodes are pressed together dgagtal sheets with a force around 2.5-3.5 kN.
During the welding stage, relatively high curre(slO kA) are applied to generate the heat for
melting with a welding time of around 20-40 ms. Hutual welding current and force values are
dependent many variables including the materialago@ined, the surface coating, and the
thickness of the sheets. When the current appbicas over, the electrode force still remains

during the forging step so water cooled electraasprovide adequate cooling for the weld.
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Figure 1.2: Schematic diagram of the 3 stageseoRBW process [3]
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1.2 General motivation for resistance spot welding resear ch

The weldability of sheet metal components using R®W process is of particular
interest in the automotive industry, since evenylas between 4000-6000 welds in its assembly
process [4]. A modern automobile production lineduces approximately seven million welds
per day. In a well controlled manufacturing openatimore than 99% of these welds would meet
the requirements put forth in standards. Howevee, td the high volumes encountered, a 100%
acceptance level is the goal since a rejectionofiexen less than 0.1% would represent a large

number of defective components. To ensure and miairthe structural integrity of critical
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components in an automobile body, the possibilitgroducing even one defective weld must be
eliminated [1].

Recently, there have been severe requirements royadastries to have more corrosion
resistant coatings, which increased the use of ziatings on steel sheets for corrosion
resistance in order to extend product life and owprproduct quality. Typical zinc coatings used
in the automobile industry are galvanized, galvafed electrogalvanized, and corrosion
protection primer coatings. The presence of zinthensteel sheet surface has a great influence
on the weldability. A pair of spot welding electesdcan manufacture significantly fewer welds
in zinc coated steels compared with uncoated st8plscifically, the presence of a zinc coating
results in an accelerated electrode wear rate atet@ase as well as an uncertainty in electrode
lifetime. For hot dip galvanized steels, the eledér lives may be as low as 1500 spot welds,
compared to the lives in excess of 10,000 weldb#oe steels [5]. The mechanisms of electrode
wear of zinc coated steel are an important topit wegards to weld formation and quality and
will be discussed later in this chapter.

In a high productivity process like RSW, the castseplacing electrodes and the time
associated with changing and or dressing wornrelées can be very high. Also, the uncertainty
in electrode lifetime can lead to the productiovefak, undersized welds in critical automotive
components, which raises product reliability consefor automobile manufacturers as well as
safety concerns for passengers. It is therefor@itapt for manufacturers to know exactly when
the electrode lifetime has expired. This can bg ddficult, however, considering the variability
and inconsistency in testing results for differsats of materials and zinc coating combinations.
Therefore, one of the main motivations for RSW aecke is the advancement of knowledge for
the prevention of undersized welds as well as tieeliption of weld size and strength for a
certain set of materials being joined throughostlife of a pair of welding electrodes.

Numerical simulation provides a great tool for dpgimization of the welding parameters
as well as the prediction of thermal, mechanicadl eetallurgical aspects of the RSW process.
With the help of numerical simulation, understagdihe relationship between welding and
process variables and electrode degradation isgémeral focus of this project in order to
optimize the production in terms of weld qualitydgoredictability. More specifically, this work
focuses on the interfacial contact conditions dythre welding of zinc coated automobile steels.

The important parameter is the Rce at the E/S d8drfierface. The influence of temperature
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and interfacial pressure on the Rce curve was figaed using both experimental and
numerical techniques with the assistance of théefielement modeling (FEM) program

SYSWELD. The experimental and numerical resultshaf work will be presented in chapters
two, three, and four, while this chapter focusesaarview of the important aspects of the RSW

process as well as the impetus for this research.

1.3 Sdlection of the optimal welding parameters

The procedure for selecting welding parameterscéfotime, and current) will now be
discussed in order to understand weldability. Tésstance spot weldability of automotive sheet
steels is characterized by a two dimensional welithalmbe as shown in Figure 1.3 [6]. In order
to define a weldability lobe, the current range aredd time must be determined for acceptable
weld size at a constant force. From the lirfeonstant time) in Figure 1.3a and starting with a
low weld current, the weld diameter is measuredstmcessive increases in welding current. The
upper bound for acceptable weld formation is defibg weld nugget splash or expulsion, which
is when molten metal bursts out from between theetshat high welding currents. The lower
bound of the current range is defined by the wedgnéter. In most cases, an acceptable weld
nugget must have a diametep dt, wheret is the thickness of the steel sheet. This proaeidur
then repeated for a new tirg and this leads to the determination of a lobaaufeptable welds
in terms of weld time and current value. A matewaich has good weldability exhibits a large
area of the weldability lobe. It is important totedhat weld current ranges and weld lobe
determination are highly variable and depend omumber of factors which will be described
later.

For zinc coated steels, the welding current rasgshifted towards higher values for two
reasons. More welding current is needed to produmcacceptable weld compared to uncoated
steels because the Rce at both the E/S and Sfthags for zinc coated steels is lower. Since the
resistance is lower, more current is needed fot peluction. Also, during the formation of a
weld in zinc coated steels, the zinc melts and peshed to the edge of the contact diameter,
forming a zinc annulus encircling the weld. Thisialus shunts some of the current around the

weld zone, leaving less current available for wieldnation [5].
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Figure 1.3: a) Weld growth curve for determiningldigg range in minimum and maximum
current. b) Typical weldability lobe for RSW, shawithe welding time and current range for
acceptable welds [6].

1.4 Zinc coatings for automobile applications

The application of zinc and zinc alloy coatings @rsteel surface is one of the most
important techniques used to protect steel comgeneom aqueous corrosion. The corrosion
resistance of zinc coated steel is improved by tagthods: barrier protection and galvanic
protection. In barrier protection the zinc coatimgll first corrode before the corrosive
environment reaches the steel. In galvanic praiectiinc is anodic to iron at ambient condition
and will sacrificially corrode to protect the steselbstrate [7]. Typical processing methods used
in producing zinc coatings include hot-dip galvamig thermal spraying, and electrodepositing.
A brief overview of the three main zinc coatingseaatigated in this work will now be given.
1.4.1 Hot-dip galvanized coatings

Hot-dip galvanizing of a coiled sheet steel produeblves the emersion of steel in a
liquid bath of zinc or a zinc alloy using a contius process. In the continuous hot-dip process,
welded coils of steel are coated at speeds of @®@m min'. There are many steps that occur

during hot-dip galvanizing, and the processes mégrddepending on the hot-dip galvanizing
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line. The following discussion is what generallycocs at an industrial hot-dip galvanizing plant.
Prior to emersion in the liquid zinc bath, the btedirst cleaned to eliminate any surface oxides
and surface carbons that may react in the zinc. @dtis is usually accomplished with pickling
and brushing operations. The sheets are then paigh an annealing furnace in a reducing
atmosphere that will reduce organic contaminants anface oxides and will provide optimal
strip entry temperature for the sheets before imsmerin a zinc bath. Both horizontal and
vertical furnaces are used in this step, and tldrgerate, hold times, and final temperatures are
important process steps in determining the finaltiog properties. The steel is then immersed in
a zinc bath at a temperature around 450 °C. Duhisgprocess the zinc begins to react with the
steel to form the coating, and many different Feafid Fe-Al intermetallics can form during
dipping. Aluminum is added to the zinc bath forfeliént reasons and is a very important
parameter for controlling the microstructure of doating [7-9]. This will be discussed in further
detail in chapter 1.6.2.

There are several reactions taking place at thees@me during the dipping stage,
including dissolution of steel by the zinc, solid#tion of Fe-Al-Zn intermetallic compounds,
solid state diffusional phase transformation, aalidgication of the liquid zinc alloy. All of
these transformations are diffusion controlled, arelgoverned by the diffusion of zinc into the
iron substrate, although iron diffuses a bit thioupe alloy phases at a much slower rate.
Typical dipping times range from 4-8 s and varyeateping on the speed of the strip and desired
microstructure of the strip. Typical zinc coatirigcknesses and masses are usually around 200
um and 150 g i respectively. After hot-dipping, the steel is mmd and put through a
controlled cooling process or a heat treating mscealled galvannealing. The bath time,
temperature and the bath chemistry are importarmdilas because they affect the metallurgy of
the overlay coating and the interfacial layer bemvthe steel and the coating [7-9].

The anatomy of the zinc coating is shown in Figlr along with the corresponding
aluminum distribution in the coating in wt %. Atetlsteel/zinc interface, an interfacial layer of
FeAls(Zn) is usually present [10]. This layer forms ffied prevents any Fe-Zn intermetallic
phase formation, thus acting as a so-called inbibitayer. Consequently, this layer has a
significant influence on the resistance spot weldglof galvanized steels because it influences
the alloying and degradation rate of the electrodibe presence and thickness of this interfacial

layer is very dependent on the aluminum conterthenbath. Above the inhibition layer is the
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overlay layer, which has a structure consistingerly large grains galled spangles. This layer is
made of dendrites of pure zinc etg &nd appears as a polycrystalline structure. Tinlace of
galvanized coatings has a very small, continuoy®Abxide layer around 5 nm in thickness.

This layer inhibits further oxidation by actingaprotective barrier [11].

AI surface
5-20 mg/m?
A
<— Al,O, (ca. 50 %, ca. 5 nm)
el <+ 0,1-0,2 %
- 1<— Fe,Al; (ca. 45 %, 50-200 nm)
Steel < .04 %
g >
Aluminum %
AI zinc layer

0,10-0,20 % Al

AI interfacial layer

200-500 mg/m?

Figure 1.4: The anatomy of a galvanized coated stk corresponding aluminum content in
the coating [10].

1.4.2 Galvannealed coating
Galvannealed coatings are essentially diffusiorticga that expose hot-dip galvanized

sheets to temperatures around 500 °C in orderaduge a coating microstructure consisting of
Fe-Zn intermetallic phases. The important variabiéscting the reaction kinetics are theating
rate, hold temperature and time, and cooling r8iece the Fe-Zn reactions are diffusion
controlled, care must be taken with the galvanngaprocess in using optimal parameter to
produce desired coating microstructures. Theresakeral intermetallic compounds that can
form as a result of the galvannealing processnmbst common being the zet§ phase (6 %
Fe), the deltad) phase (FeZn), and the gammd} phase (20 % Fe) [12]. The electrode lives
associated with hot-dip galvannealed steels areavenl compared with galvanized steels due to
the different phases that result on the electrodd¢ase as well as higher hardness for

galvannealed coatings [5].
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1.4.3 Electrogalvanized coatings

Electrogalvanized steel is produced by electrodéipgsa zinc film onto the surface of
the steel sheet. Coating weight on sheet steelgesafrom 30 to 100 g fper side. The
production of electrogalvanized steel involves etgslating, which is running a current of
electricity through a saline/zinc solution with mz anode and steel conductor. The part to be
plated, the steel sheet for example, is the catlobdle circuit and the anode is the zinc. Both
components are immersed in a solution containimg ithat permit the flow of electricity. A
current is applied to the cathode causing the metal in solution to lose their charge and plate
out on the cathode. As the electrical current floeveugh the circuit, the anode slowly dissolves
and replenishes the ions in the bath. Due to eemiffce in microstructure and different
interactions with zinc and the copper electrodesdus1 RSW, electrogalvanized steels are
proposed to have improved weldability results coragao galvanized steels. There are many
advantages of the electrogalvanizing process coedpiar the hot-dip galvanizing process. Due
to the nature of electrodeposition, the coatingedpced are smooth and have excellent
adherence to the sheet. They are therefore easilyted and remain intact after heavy
deformation. Unlike galvanized coatings, the suet of electrogalvanized coatings is
homogeneous and consists of pure zinc [13].

1.5 Electrode wear during welding of zinc coated steels

The end of an electrode lifetime is the point ia RSW process when the electrodes can
no longer produce a satisfactory weld nugget umigierwelding conditions chosen for the test.
Electrode wear is directly related to the time tloraat temperature, the magnitude of the
maximum temperature experienced at the electrpdauting welding, and the materials that are
in contact at the E/S interface. The heat diffusatraracteristics of the electrode body are
important in determining the maximum temperaturethaf electrode, as well as the Rce and
thermal contact resistance between the electrodsiaet.

The mechanisms of electrode wear of zinc coatezlsstee well documented in literature
[5, 14-20]. There are three main mechanisms oftrelde wear that occur during RSW:
Mushrooming or growth of the electrode at the ettt surface, alloying between the sheet
coating and the electrode, and pitting at the sdédet surface. Mushrooming is a mechanical

phenomena resulting from high welding temperatued the applied force during the RSW
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process coupled with microstructure changes atiphef the electrode. At higher temperatures

the copper electrode material at the surface oékbetrode will begin to recrystallize and soften.

The forging force during welding will result in neaial being pushed to the outer edge of the
electrode. The extent of the softening will dependhe maximum temperature developed at the
E/S interface, the amount of previous cold workhe electrode material, and efficiency of the

electrode cooling. The amount of mushrooming i® aspendent on the amount of soft alloy

layers that form on the electrode surface. Alloybejween the electrode and the zinc coated
steel is dangerous because it leads to a deplefimopper at the face of the electrode and
wastage of the electrode material. Depending omzitiecoating, the base metal, and the thermal
cycle that the electrode experiences, certain ghisen at the tip of the electrode due to zinc

and iron diffusion. The Zn-Cu phases that form lo@ $urface have a lower melting point than

the original electrode and local melting will oceuore readily. Also, most iron rich phases that
form are brittle, and thermal cycles and weldingcés cause cracking and pitting of the brittle

phases, leaving an uneven electrode surface. Dt toonical shape of the welding electrodes,
all of these electrode wear mechanisms eventualylt in the increase in the electrode face
area, and, if for given welding parameters, will&a a reduction in the current density delivered
through the electrode and lead to a smaller wegijaudiameter.

Figure 1.5 shows a cross section of a welding eldetafter welding 500 spot welds on
galvanized steel sheets. The three electrode weahanisms are clearly visible. Mushrooming
of the alloy layers is seen in Figure 1.5a, whbheedofter zinc rich phases are pushed to the edge
of the electrode due to the welding force. Pittargl material loss mechanisms are shown in
Figure 1.5b. These mechanisms form an uneven doudace of the electrode, and the missing
alloy products are left behind on the surface ef skeel sheet. This process of pitting tends to
develop non-uniform electrical current density camtcation around the pit, resulting in further
increases in electrode face temperature [21]. Tifleaence of zinc coating on the alloy layer

formation and subsequent weldability will be disrgsin the next section.
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Figure 1.5: Light optical microscope images of theface of a cross section of a welding
electrode after 500 welds on galvanized steels hhasning, pitting, and alloying are visible on
the surface (image made by author).

1.6 The main factorsinfluencing electrode wear and electrode lifetime

There are numerous RSW process variables thateimfki the weld quality, the rate of
electrode wear and thus the end of an electroentié. The most important of these parameters
were separated into four different categories asglayed in Figure 1.6. The influence of the
most important of these variables on electrode vwaat weld quality will now be briefly
discussed. It is important to note that factorsolwthave a large influence on electrode wear may
or may not be beneficial for weld quality. The guagameter that stands above the rest regarding
its importance to heat generation and electrode i8ghe Rce. This parameter will be discussed
in detail under the section surface parameters.
1.6.1 Material parameters

The material parameter displayed in Figure 1.6 whthgreatest influence on the rate of
electrode wear is the zinc coating type. One offitisé investigations into the electrode lifetime
of zinc coated steels was performed in 1950 [2Zjene it was stated that electrode tip
deformation was the main cause of the productionnafersize welds. Recommendations were
made for a Cu-Cr electrode to resist deformationmbre recent work investigating the wear of
galvanized and galvannealed steels, Holliday 4t d}t15] evaluated electrode wear with change
in electrode mass and length through an electrideadst. The fastest rate of electrode face
growth was observed when welding the hot-dip gakexhcoated steel, with galvannealed and
uncoated steels performing much better. With gakegh steels, the dominant electrode wear

mechanism was mushrooming and for galvannealetsstee dominant mechanism was pitting
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and material loss. The poor weldability resultzioic coated steels compared to bare steels was
attributed to the lower melting point of zinc aral the alloy products on the surface of the
electrodes.

Parker [16] proposed electrode tip growth was thiee of hardness decrease at the
electrode tip during welding, which can lead to gteenomenon of mushrooming. A large
reduction in material hardness at the electroddatie due mostly to recovery and also some
small areas of recrystallization were observed. fEte of hardness decrease was dependent on
the electrode material and the strengthening camdif the electrode. Electrodes that resisted
ageing and that were not affected by exposuregi temperatures performed better in electrode
life tests results. The use of dispersion strengeCu-AbO; electrodes, for example, would
result in longer electrode life due to the elece®dbility to retain its hardness and resist
deformation.

Welding Surface

o welding time ) thermal contact resistance
welding force oxide layer type

electrical contact resistance electrode-sheet

current type electrode shape ) i

surface roughness . .

electrical contact resistance sheet-sheet

the welder electrode alignment

surface oils

oxide layer thickness

machine stiffness current shunting

welding machine current value

electrode wear
and electrode
galvanizing plant lifetime

. o dipping time
electrode composition steel type

aluminum in bath

coating microstructure coating type

alloy additions

zinc bath temperature

bulk material resistance \ sheet thickness

steel grain size \ annealing temperature/time

coating thickness \ material properties

Material Microstructure

Figure 1.6: The main factors influencing electrodsar and electrode lifetime (figure made by
author).
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Howe and Kelly [5] compared the resistance spotdalality of the 3 different zinc
coated steels and found that electrogalvanized galdannealed steels exhibited the best
electrode lives. The result was also verified hyeotauthors [14-18]. The main reason for the
improved electrode life of galvannealed and elgzheanized steels was due to differences in
the alloy products formed, which affected the etsd wear mechanisms.

The actual coating thickness was determined toenite the electrode life as well. The
thicker and softer the zinc coating, the more tleddimg electrodes tend to indent the coating,
resulting in pick up at the sides of the electréigeand greater wear. The current range and
values was also affected by coating weight [23}hwvaioth the range and values increasing with
increasing coating weight. This was related tophesence of a larger zinc halo which formed
around the weld, which in turn affected both thes Rad the sealing ability. The electrode life
was not directly related to coating weight.

1.6.2 Microstructural parameters

The microstructure of the zinc coating has a strorilyence on the resistance spot
weldability of coated steels. In order to gain dtdreunderstanding of the influence of the
microstructure on the electrode wear and weldagbiiit is important to look closer at the
interfacial reactions occurring between the coaéind steel during galvanizing. One of the most
influential parameters on the microstructure ars dhe weldability of galvanized zinc coated
steels is the presence of a Fe-Al interfacial laydrich in turn is strongly influenced by the
amount of aluminum in the zinc bath. In fact, Hostel. [19] determined the aluminum content
in the bath to be the most significant factor difex electrode life of galvanized coatings.
Additions between 0.1-0.3 wt% aluminum are addetthéobath to improve the reflectivity of the
coating, to reduce the oxidation of the zinc batid to obtain a ductile coating by suppressing
the formation of brittle Fe-Zn phases. However, thest important function of aluminum
addition is for microstructure control by promotitite formation of a Fe-Al interfacial layer
between 50-200 nm thickness (see Figure 1.4) betvilee steel substrate and the zinc. A
transition point exists at approximately 0.15 wtbénanum in the bath, above which a stable
FeAls layer is formed and remains intact [7]. A detailadestigation into the microstructure
and morphology of the interfacial layer of galvatzoating can be found elsewhere [24-28].

In terms of the resistance spot weldability of galized steels, it is important to avoid the

presence of this inhibition layer to achieve longkxctrode lifetimes. The reason is the layer
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inhibits iron diffusion and prevents Fe-Zn alloyiimgthe coating, which in turn produces a low

melting point zinc product in contact with the cepelectrode during welding. It was shown by

Matasuda et al. [29] that iron-rich alloy layerstbe surface of the electrode are beneficial to the
prolongation of the electrode lifetime due to thieigher melting point and resistance to the

mechanisms of electrode wear.

Since most of the hot-dip galvanizing reactions difeusion controlled, any variables
that influence the time and temperature of theayaking process will affect the interfacial layer
and thus the microstructure of zinc coatings amdvikldability. In a galvanizing line, there are
many different variables to mention and consideccdkding to Faderét al. [30] the most
significant parameter affecting the aluminum conterthe interface layer and the interface layer
thickness was found to be the difference betweenbidith temperature and the initial strip
temperature.

Substrate solute additions are known to affectréfte of attack of zinc on steel during
hot-dip galvanizing, and thus inhibit the formatioh Fe-Zn phases. Some important solute
additions to the steel substrate and/or the zirtb baclude aluminum, carbon, manganese,
titanium, niobium, and phosphorus. Alloying addisocan be separated into elements that
segregate to the grain boundaries, like carbonpdmodgphorus, and those that form compounds
that will precipitate through the grain, leavingtbrain boundaries clean and pure. Hisamatsu
[31] suggested the chemical nature of grain boueslancreases the thermodynamic activity at
grain boundary sites on the steel surface durihgag&zing, resulting in preferential nucleation
sites and growth of Fe-Zn phases at these sitean@jrain boundaries have no barrier to Fe-Zn
formation while segregated grain boundaries lihgirt activity and inhibit Fe-Zn compound
formation. Interstitial-free steels have grain bdares that are essentially carbon free due to the
precipitation of titanium and niobium carbides witlthe grain and are therefore more sensitive
to Fe-Zn outburst formation. Phosphorus is alsonnto segregate to ferrite grain boundaries
and block the diffusion of zinc along those bouratarlt was proposed that substrate grain
boundary cleanliness is the dominant steel sulesteature that controls the kinetics of the Fe-
Zn reaction during galvanizing [32].

Jordan and Marder [33] also determined the infleepicgrain size of the substrate steel
on the Fe-Zn alloy phase reaction kinetics duriogdip galvanizing. In their experiments, steels

substrates with two grain sizes, 15 and 85 pum, wested in a decarburized low-carbon steel
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and hot-dipped galvanized in 0 wt % and 0.2 wt%ZAlbaths. In aluminum-free galvanizing
baths, the substrate steel grain size had no mflu®n the kinetics of phase growth on Fe-Zn
compounds. However, in the 0.20 wt% aluminum bhaéra was a strong influence of grain size
on the phase growth. The 15 pm grain size steekastioxumerous areas of Fe-Zn outbursts,
while the 85 pum grain size steel showed no Fe-Zaselgrowth over the same reaction times.
This phase growth thus corresponds to the locatiGubstrate grain boundaries, and more grain
boundaries promote the Fe-Zn reaction.

There is also an influence of the substrate ste¢he electrode life, and this is related to
the material properties, specifically the bulk maleresistivity, as proposed by Howe [34].
Higher bulk resistivities result in lower currer@quirements and longer electrode lives. Also,
higher bulk resistivities shift the resistance aesistive heating away from the E/S interfaces,
and into the bulk. If less resistive heating occatrshe E/S interface, the rate of alloying and
electrode wear decreases.
1.6.3 Welding parameters

The welding current value and welding time have treatest influence on the
temperature of the electrode surface and thereéfmeextent and rate of electrode wear during
welding. These parameters are determined in thenemas shown in chapter 1.3 and usually do
not change during welding experiments (unless atirstepping occurs). The electrical and
mechanical factors, specifically current type (aé&ting current (AC) or direct current (DC)) and
welding force will be briefly discussed with regardo their influence on weldability and
electrode wear.

The differences in the welding performance of A@ &C welding systems are related to
the precise shape of the current waveform. AccgrttinNishiguchi and Matsuyama [35], for a
fixed value of root mean square (rms) current ame tthe total energy input to the weld zone
would be larger for DC than for AC currents. Aseault the weld nugget growth commences at
an earlier stage and grows at a slightly fastex waien using DC currents and a lower welding
current can be used to create the same size wglgehurhis relationship was supported by Li et
al. [36], who examined the differences between AG BC waveforms on the weld size using a
finite element simulation model. Podrzaj et al.][8und that high peak AC values are much
more likely to cause expulsion than welding cursenith lower peak values but the same rms.

Thus the welding current ranges for a certain setaterials is wider for welding with DC. It is
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also important to mention the influence of thermeotic effects such as the Peltier and Thomson
effects, which can have an influence on the shépleeonveld nugget and differences in electrode
wear between the top and bottom electrodes wherg IBC welding setups [38-39].

Regarding the mechanical aspects, the machinaeeggfand welding force are the most
important variables with respect to weld formati®he machine stiffness has a big influence on
the weldability range, specifically on the expulsianits during current range tests. Machines
should be sufficiently rigid as to minimize skiddirof the electrodes or deflection of the
electrode arms. High stiffness increases the cuferweld metal expulsion and also reduces
electrode misalignment and is therefore recommendddctrode head assembly friction
adversely influence weld quality because it leadghe formation of internal discontinuities in
the weld such as porosity [40-42].

The effect of mechanical loading on the Rce wagstigated by James et al. [43] and
Crinon and Evans [44]. During welding, when thesend microscopic sliding at the contacting
surfaces, the Rce of that surface remained vety. Méhen sliding occured at the E/S or S/S, the
Rce was much lower. The sliding and shear stressiti the insulating oxide surface layer,
producing metal to metal contact. Contact pressimae in not enough to disrupt the surface
film, but a shear stress at the interface is neédedack the film. The amount of breakdown that
is experienced by the oxide layer is dependenherokide thickness, the surface roughness, and
the amount of shear stress on the surface.

1.6.4 Surface parameters

Any variable which affects the temperature evolutat the E/S and S/S interfaces is
considered here. Since the temperature evolutidheainterface is directly related to the Rce,
any parameter which influences Rce will have a iBmant influence on the temperature
evolution. These include surface roughness, ziating type, and surface oxides. The presence
of oil on the sheet surface can either increas#eorease the Rce, depending on the type of all,
the length of time the oil is exposed to the swefaand the chemical reaction of the oil and the
surface [45]. Oils that break down surface oxidesta or prevent their formation decrease the
Rce, while oils that promote oxide layer formattend to increase Rce. The next section will go

into more detail the theory of Rce.
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1.7 Electrical contact resstance theory

The Rce between two metals is a complex physiagbeaty. For this reason scientists
have been extensively studying the Rce for oveye&is. The Rce is known to be a function of
several different variables including the followinge real contact area, the contact pressure,
yield stress of the contact surfaces, the interfteceperature, surface characteristics such as
roughness and oxide layer thickness, and the laglistivity of the contacting materials [46]. A
detailed review of Rce theory and important conseptl now be discussed. First, the nature of
contact surfaces and contact asperities will b@dhiced. Then, the physical aspects of the film
and constriction resistance will be explained fokd by the classical equation for Rce. Next, a
description of the different experimental measutiachniques will be discussed as well as the
pertinent research challenges facing the RSW cortyniinally the motivation and impetus for
this current work will be presented at the enched section.

1.7.1 The nature of contact asperities

In order to understand Rce of metals, it is impdrta first discuss the nature of contact
surfaces. Real surfaces are not atomically flaherathey are rough and are composed of a large
number of small, but discrete, contact points datlentact asperities [47]. Therefore, when two
metals come into contact, the entire area of thgaod surface is not touching, rather only a
small area. This true area of metallic contact oxct the contact asperities. In a ductile
material, the number of these surface asperitiggpating an applied load increases with
increasing temperature and pressure due to yielofinige asperities and thus more coming into
contact. The Rce across the surface of two metdkimown to decrease with asperity flattening
and thus with an increase in the number of aspertoming into contact [46].

A schematic representation of this concept duri®@\Rcan be seen in Figure 1.7 [48].
These asperities at the S/S interface are repexbdmt the black dots in the figure, while the
circle represents the apparent contact area. llpjttae true contact area will be a small fraction
of the apparent contact area and will increase wdthperature and pressure, approaching the
limit of the apparent contact. This is, of counset, only the case at the S/S interface, but the E/S
interface as well. When a current is applied actbsse contacting metals, it is allowed to flow
only through the true areas of metallic contactomly through the asperities. This can lead to a
situation where the current is constricted whilsgiag through these asperities. This concept

will be discussed in the next section.
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Steel-Steel
Contact Surfaﬁe

Figure 1.7: True contact area vs. apparent comti@et during RSW [48]. The true contact area
will initially be a small portion of the apparenbrdact area, and will approach the apparent
contact area with increasing force and temperature.

1.7.2 Film and constriction resistance

One of the first published contributions to RceRBW was performed by F. Studer in
1939 [49]. The electrical resistance across thentary between two conducting surfaces was
accounted for in two different ways: the presenica thin film of foreign material between the
surfaces, and the concentration of current thramghll areas of true metallic contact. Presently,
the Rce in RSW is known to be the sum of a higistasce film contact and a low resistance
metallic contact [46].

Generally, even a clean metal surface is tarnishtda surface film. The film resistance
is mainly due to highly insulating surface oxiddsjt also grit, surface oils, and other
compounds. These films contribute to the resistamicéhe electrical contact because they
decrease the possibility of local metal connectabrthe asperities. The film resistance will
generally start very large, and then decrease iwitteasing temperature and pressure due to the

break down of the highly resistive, insulating lesyand the burning off of oils/grit.
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The metallic contact is known as and referred tpuhlications as constriction resistance,
as first proposed by Bowden and Williamson in 1958]. If an electric current is passed
between two conducting metals, the flow of chargk e greatly constricted in passing the
contact interface due to the fact that only a \&mall fraction of the surfaces will be in electtica
contact. This constriction of current lines pasdimpugh a contact area is schematically shown
in Figure 1.8 [51]. Due to this constriction in toarrent flow lines, the potential difference
across the interface will be greater than that Wwhaould have been produced by the same
current passing uniformly across the boundary. Tt disturbance in the current stream will
give rise to an additional increase in resistance electrical circuit. As seen in Figure 1.& th
constriction is most severe in the metal closédéoimterface. Also, most of the energy dissipated
as the current flows through the constriction app@a heat generated in the immediate vicinity

of the interface.

et Pt lTT Pt

Figure 1.8: Schematic diagram of the physical eurflew lines in constriction resistance [51].
The welding current is constricted to minute areasghe contact surface, causing local heating
and a rise in resistance.

1.7.3 Classical equation for electrical contact resistance
With the size and number of contact asperities sgiexific resistivity of the materials in
contact, and the electrical characteristic of aogtaminant film, it is possible to estimate the

value of Rce (in Ohm) according to the followingiatjon from Greenwood [47]:
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_ 1 3 Ps S
Rce—{(p1+p2)(4,7a+32,7|)}+ A -

wherey is the number of contact asperitiass the average radius of contact asperiggeandp,

are the specific resistivities of the materialeamtactps is the resistivity of the surface filmajs

the thickness of the surface contaminaitjs the contact area, ardl is the average center to
center distance between asperities. The firstgfaite expression is due to constriction effects,
and the second is due to surface contaminantsimor difects. If the surface is clean and
uncoated, the second added term in the equatinotipresent. It is important to note the load
and temperature are not explicitly present in E@, but both influence the values pfanda.
With increasing force and temperature the valuesasfda will also increase, which will lead to

a decrease in Rce. However, if the surface regissvincrease, for example from an increase in
temperature through constriction resistance, tlilidead to an increase in the Rce.

Calculating accurate values of Rce using this egunaequires knowledge of the size and
number of contact asperities under a given loalcdrtain temperature, as well as the thickness,
composition, and distribution of contaminants, whin reality is very difficult to obtain. An
alternate approach is to measure the Rce directhafgiven material, temperature, and load
combination. This will now be explained in the negttion.

1.7.4 Experimental measurements of the electrical contact resistance and the dependence
on temperature and pressure

The importance of measuring and analyzing the Rc&kREW is widely recognized and
has been extensively studied [43, 44, 48, 52-6B8% Rce and its variation with temperature and
pressure are crucial for the accurate descriptiothe formation of a weld nugget in RSW
process models. In order to facilitate the incoaion into RSW process models, the Rce has
recently been expressed as a unit area Rce (wétluriits Ohm ). In RSW, the unit area is
equivalent to the face diameter of the welding teteles at the E/S interface and the apparent

contact area at the S/S interface.
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Figure 1.9: Device used to experimentally meastee Rce as a function of pressure and
temperature [53].

One of the most widely used methods for experimigntaeasuring the Rce as a function
of temperature and pressure is schematically shiomigure 1.9 [3, 52-58]. In this ex-situ
experiment, the investigated samples are placadpiower press between two stamps connected
through electrical wires to a current power supgurrents are supplied to the measuring
circuits and the voltages across the contact imted are determined. The measurements of load,
current, and voltage are recorded simultaneousiygusomputerized data at different furnace
temperatures. The main advantage of this techngjtlee ability to control the contact interface
temperature as well as the contact pressure. Pagdynother advantages include the control of
the real area of contact with accurate surfacegsedions, as well as the ability to investigate
both the E/S and S/S contact surfaces simultangodsivever, these experimental conditions
are non-realistic compared to actual welding. Sedly, the slow heating rate does not
accurately represent the actual welding processgravivery fast heating rates and high

temperature gradients across all directions cdytaplay a role in the values of Rce.
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Additionally, in these ex-situ experiments, a lowrent is applied to the device compared to a
high welding current used in real welding experitserAs a consequence, the effects of
constriction resistance are not accurately accaufme Also, it was shown that interface sliding
during welding can breakdown the film resistancarduRSW, and this is not accounted for in
the described setup [44]. Despite these drawbalc&snfluence of pressure and temperature on
the Rce can be experimentally determined.

A standard exist for evaluating the Rce of metalscontact: DVS 2929 [59]. This
measurement method takes place during the actuldingeprocess and thus considers the
complicated interfacial conditions that are preskming welding such as interface sliding, large
and uneven contact pressure, rapid heating ratekagé leads are attached to the welding
electrodes as well as the sheets and the voltageisicalculated across the electrodes and across
the contact interfaces as a function of weldingetitdeally, the resistance should be evaluated as
a function of the interface temperature in ordeiniplement the Rce vs. temperature curve into
process models, but this is very difficult to expmmntally measure due to large temperature
gradients at the contact surfaces. Another maintahming of this technique is the inability to
account for the bulk material resistance contrdoutiBoth the bulk material resistance and the
Rce are measured instead of only the Rce. Agais,ishimpossible to experimentally account
for the increase in bulk material resistance whik setup.

In most results published in literature, a decreagbe Rce with increasing pressure and
temperature was found for copper-steel, copper-zteel-steel, and zinc-zinc contacts [3, 43,
44, 49, 52, 57-61]. The reasons for this trend wbesbreakdown of highly resistive surface
films and the eventual flattening, yielding, and ltmg of contacting asperities. Several
researchers, however, have recently proposed sesuidtradictory to established theory as to the
shape of the Rce curve as a function of temper@&;e53-56, 62]. Using this same technique as
just described, Rogeon et al. [53] measured areaser in the Rce at both the E/S and S/S
interface for galvanized coated steels, and a suiese decrease before melting of the coating.
The reason for this increase in Rce was attribtdedvery high contact ratio at the beginning of
the tests (real contact area : apparent contaa) &e zinc coated materials due to a low yield
stress of the surface zinc. In other words, theedese in resistance due to more surface asperities
coming into contact was negligible because théainitue contact area was almost equal to the

apparent contact area. Thus, an increase in nesestaas attributed to surface resistivity effects.
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Song et al. [62] also measured a local peak witBleeble machine for uncoated low
carbon and stainless steels and attributed thmsl i@ an increase in the surface resistivity of the
metals in contact from constriction resistanceshibuld be said that although the experiments
with a Gleeble machine more accurately represenRBW process with regards to heating rates
and interfacial pressures, the interface temperag¢gtimation is limited by the distance of the
thermocouple from the contact interface. However tireasured increasing trend in Rce with
temperature is still well-founded.

Babu et al. [48] developed an empirical model whad¢$o predicted a peak in the Rce
curve at intermediate temperatures for copper-steélsteel-steel contact. Here, the competing
effects of bulk material resistance and Rce wega¢lasons given for this peak.

1.8 Impetusfor current research

There still remain doubts as to the actual shapevatues of the Rce curve as a function
of interface temperature for different material @nations as well as the validity and accuracy
of different measuring techniques. It is unclear éxact reason for the presence of a peak in the
Rce curve as a function of temperature and, perhapg importantly, the increasing trend of
Rce with temperature for different material combimas. Clearly, if the Rce curve is in fact
increasing in nature, this must also be implementegrocess models in order to achieve
accurate temperature predictions.

Regarding measuring techniques, most efforts tdkeepexternally from the actual
welding process and thus do not account for impbr#fects such as fast heating rates, uneven
pressure distributions, constriction resistance] alectrode sliding which are present during
RSW and can greatly influence the Rce. On the dthed, those efforts that take place during
the welding process have the following limitatiottse inability to separate the contributions of
the Rce and the bulk material resistance from tleasured total resistance value, and the
inability to accurately measure the contact intexfeemperature.

There is clearly a demand in the RSW field for Aiacompassing measuring technique
for the Rce, especially considering the growingamg@nce of modeling the RSW process as well
as new material/coating joining combinations inoautbile bodies. This current work proposes
a new experimental-cum-theoretical approach to ieedhe Rce curve as a function of interface

temperature. An experimental measuring techniqué lvé proposed to measure the total
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resistance during welding as a function of weldingrent. Next, the finite element method will
be used to validate this proposed measurement iteehnSpecifically, the FEM program
SYSWELD will be used to find the current value winéine bulk material resistance plays a role
in the experimental measurements, and current sawgebe determined in which the Rce can
be experimentally measured. Finally, the finitened@at method will be used to predict the

contact interface temperature with a numericaloiztétion technique.

1.9 Summary and conclusions

The RSW process remains the most important joimmgthod for the automobile
industry. For this reason, there exists high demtordresearch in the field regarding the
weldability of different material and coating comhtions in order to improve process
efficiency. One of the main problems for the resise spot weldability is the wear of the
welding electrodes. Electrode wear causes an isereathe contact diameter of the welding
electrodes, which in turn leads to a decreasedrctiirent density through the electrodes and the
formation of undersized welds in critical automebicomponents. The electrode wear
mechanisms, namely mushrooming, alloying, and natlrss/pitting, are greatly accelerated
with the presence of zinc coatings on the surfd¢heosteel.

Additionally, the type of zinc coating as well dsetcoating microstructure has a
significant influence on the electrode wear raterdpRSW. Generally, softer and lower melting
point phases on the surface of the electrode, asdiu-Zn phases, promote the rapid wear of
welding electrodes. On the other hand, Fe-rich ghdsve higher melting points and promote
longer electrode lives because they slow down tharwnechanisms. Galvannealed coating have
longer electrode lives than electrogalvanized dvayazed coatings due to the different iron
phases present in the coating and thus the Featioj products which form on the electrode
surface. Regarding the microstructure of galvanigeels, the presence of a Fe-Al interfacial
layer between the steel and zinc coating was kntmagreatly influence the electrode life. A
transition point exists at approximately 0.15 wt¥nanum in the zinc bath, above which a
stable FeAls layer is formed and remains intact between the zwating and steel substrate.
This layer is known to inhibit the diffusion of maand thus prevent Fe-rich phases from forming

on the welding electrodes.
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A detailed literature review was performed and sashéhe most important factors
influencing the electrode wear and weld quality evdiscussed. The most important of these
factors was determined to be the Rce at the Sé&faae for weld size and quality, and at the E/S
interface for electrode wear. For this reason, @nrpart of this first chapter was dedicated to
Rce concepts and theory and different measuringntgues to quantify the Rce. The following
summary and conclusions can be made from this eheggarding the Rce:

* The Rce between two metals during RSW has beeredtfnr the last 70 years. It is
known to be a function of several different varegbincluding the real contact area,
the contact pressure, the vyield point of the cdntasperities, the interface
temperature, surface characteristics such as regghand oxide layer thickness,
surface oils and bulk resistivity of the contactmgterials.

* When two metals come into contact, the true coraee will always be less than the
apparent contact area because surfaces are natallgrflat. The true area of contact
occurs at contact asperities.

* There are two physical contributions to the Rcenetals: the film resistance and the
constriction resistance. The film resistance, nyagdused by a surface oxide, will
usually decrease with increasing temperature amdeasing force due to the
breakdown of the highly resistive oxide. The cadostn resistance, which is caused
by the constriction of current lines through cohtasperities, can cause a local
increase in the resistance and temperature onutfecs.

» The different methods to measure the Rce, botltunasid ex-situ, where outlined in
this chapter. Although these methods can genecaigntify the Rce, they all have
shortcomings in certain areas.

» The measurement efforts that take place exterfiaiy the welding process do not
account for important effects such as fast heatitgs, uneven pressure distributions,
constriction resistance, and electrode sliding Whaoe present during RSW and can
greatly influence the Rce.

» Those measurement techniques that take place dthengvelding process do not
separate the contributions of the Rce and the Imgkerial resistance from the
measured total resistance value, and do not aetyin@ieasure the contact interface

temperature.
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* It is generally believed Rce will decrease withreasing interfacial temperature due
to the breakdown of the film resistance. Howevagently there is measured
evidence of an increase and peak in this curve iwdteasing temperature.

* There exists a demand for an all encompassing mesasat technique to measure

the Rce as a function of interface temperature.
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Chapter 2: Experimental M easurement Technique: Total Resistance
asa Function of Welding Current

2.1 The dynamic resistance curve during resistance spot welding

The total resistance in RSW is an important paramatcause it can be used to explain
many physical aspects about the welding process.cdbmposed of the Rce at the E/S and S/S
interfaces, and the bulk material resistances @fethctrodes and sheets. In order to evaluate the
total resistance, the voltage drop is experimentakkasured during RSW with leads attached to
the welding electrodes. This voltage measuremetskisn at the peak of the current waveform
(both AC and DC) in order to avoid impedance eHeantthe measurement [61]. Taking both the
voltage drop and welding current as a functionimmiet the resistance can be calculated using
Ohm’s law. The result is often referred to as tlyrasnic resistance of the system because the

resistance changes with time.
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Figure 2.1: A typical dynamic resistance curve RSW of zinc coated steels [63]. The
beginning of the curve describes the physical dspH#dhe Rce of the system.

An example of a typical dynamic resistance curvezioc coated steels is given in Figure

2.1 (a similar curve applies for uncoated steelsvell) [63]. The initial drop in the curve is
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related to the important Rce phenomena includiegotteakdown of the resistance films such as
an oxide layer on the sheet surface, the deformatfoasperities and thus the increase in real
contact area, as well as the softening and mettirthe zinc coating. The subsequent increase in
the dynamic resistance curve is mostly relatedhto temperature increase and bulk material

resistance heating. To date, there has been nibuigperimental measurement technique to

separate the contribution of the bulk materialstasice and the Rce from the dynamic resistance
measurements. In order to do this, one must knevexact temperature at each area in the bulk
material in order to estimate the bulk resistaacgtuation that seems best suited for FEM.

In this chapter a new experimental measurementadethll be introduced to measure
the total resistance during the welding procesa aasiction of welding current using resistance
measurements in the welding electrodes. This meithaimilar to DVS 2929 [59], however it
differs in the type of welding current applicatidnwill also be shown this technique will be the
starting point for the determination of valid curt@anges in which the Rce is measured without
the influence of bulk material resistance in Chapteee, and the determination of the interface
temperature, which will be presented in Chapter.foiis chapter will describe the measuring
technique and the modifications to the welding entrrand welding process. The experimental

results will be presented and discussed as wieagnd of the chapter.

2.2 Description of experimental measuring method
The theory behind the new measurement techniquaew be briefly discussed with the

aid of Figure 2.2. This figure shows the theorétstampe of the total resistance, the Rce, and the
bulk material resistance curves as a function ofeéasing temperature or increasing welding
current. As discussed earlier, the Rce will usudbygrease with increasing temperature. This is
also the case for the input Rce curves in the SYBW8#atabase for coated and uncoated steels.
The bulk material resistance will always increase wcreasing temperature from to the theory
of electrical conductivity of metals [64]. Althoughe total resistance is the sum of the Rce and
the bulk material resistance, in the lower tempgeatrange the total resistance is almost
exclusively the Rce plus room temperature bulk melteesistance. It is desired to stay in this
temperature range in the bulk of the materialshim éxperimental measurements to limit the
contribution of the bulk material resistance ta juom temperature effects. In doing this, total

resistance measured will represent the shape dnesvaf the Rce.
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Figure 2.2: Schematic diagram of the contributiegistances during RSW (curve made by
author).

A schematic diagram of the new approach with thetrdouting resistances and the
voltage measurement is shown in Figure 2.3. Ong/sireet was used in this approach instead of
the normal welding with two sheets. The reasonpfenforming an experiment with one sheet
was to eliminate the Rce at the S/S interface dewoto simplify the problem and focus on the
E/S interface. The bulk resistance of one sheettancelectrodes as well as the Rce at the two
E/S interfaces are present in the measurement.clihent was also modified in this new
approach. Instead of the normal 10-12 periods ofaf@lication, only one period AC was used.
Relatively low welding currents were also usedhis texperiment with the range 0.5-9.5 kA
effective current. The reasons for the welding entrmodifications are threefold. Firstly, it was
desired to minimize the effects of thermal conductand therefore the temperature dependent
bulk material resistance on the total resistandeegameasured in the welding electrodes. As
mentioned above, it was desired to measure inaderl temperature range to investigate only
the Rce. The second reason was to produce an aim@gsising temperature at the E/S interface
with each successive measurement. The final reassnto simplify the implementation of the

current waveform into the SYSWELD software.
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Figure 2.3: Overview of the contributing resistaf@etors in the modified single sheet welding
experiment. The experimentally and numerically meas voltage drop includes all of the
contributing resistances in the process (figureeradauthor).

Figure 2.4 shows the smoothed, real time currentefeams that were used in the
measurements. These current waveforms, ranging Bd¥0.5 kA effective current, were
experimentally measured and smoothed so they dmiidput in the RSW simulation for better
accuracy. The points in Figure 2.4 represent tla pethe first half wave of current application.
Each point represents one welding experiment irckvbine total resistance value was calculated
with the corresponding voltage drop. As the curresteases with each successive step, the
interface temperature at the E/S interface alsoeases. Thus, the resulting data of total
resistance versus welding current should look idaehtto the Rce curve as a function of

temperature.
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Figure 2.4: Real time current waveforms from thpeziment, which were also used in the spot
welding simulation (figure made by author).

Table 2.1: Table of materials used in the expertaleneasurements

standar | surface sheet yield tensile
material d conditior | thicknes | strengtl | strengtl C Mn Si P S Ti Al
mm MPa MPa wt% wit% wt% wt% Wit% Wt wt%
EN 120- max max max max max max
DX54D 10346 Z100 0.8 220 260-350| 0.120 0.600 0.50 0.100 0.040 0.300
EN 120- max max max max max max
DX54D 10346 ZF100 0.8 220 260-350( 0.120 0.600 0.50 0.100 0.040 0.300
EN 130- max max max max max
DC06 10152 ZE75/75 0.8 180 270-350| 0.020 0.250 0.020 0.020 0.300
EN 180- max max max max max max min
H180Y 10268 bare 0.8 230 340-400| 0.010 0.700 0.300 0.060 0.020 0.120 | 0.010
HTC600 EN 340- min. max max max max max max
X 1033¢ bare 1.C 42C 60C 0.17(¢ 2.20C 0.80( 0.08( 0.01(C 2.00C
HTC600 EN 340- min. max max max max max max
X 10336 7100 1.0 420 600 0.170 2.200 0.800 0.080 0.010 2.000

2.2.1 Materialsused in the experimental measurements

The chemical composition and mechanical propeaigsom temperature of the different
steels which were experimentally measured with tdehnique are given in Table 2.1. The
reasons for choosing these certain materials feesitigation are as follows. Firstly, it was
desired to measure the Rce of all of the diffemmt coatings, hence the choice of galvanized,

galvannealed, and electrogalvanized steels. Segomdlas desired to determine the influence
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of yield strength of the steel on the Rce, henee dhoice of a soft, low carbon steel and a
stronger DP600 steel. Finally, it was desired tonpare the results to simulation, and the
SYSWELD RSW database contains material data fordasMeon, DP600, and galvanized coated
steels (high carbon steel as well).

Table 2.2: Table of pertinent welding parameters

welding force welding welding welding
material kN machine current electrode
DX54D 2.5
DX54D 23 AC 170 kVA | 1 period AC | F1-16-20
DCO6 25 power source P 50-5.5
H180Y 2.5,35,45 0.5-9.5 Iy
HTC600X 3.5

2.2.2 Experimental procedure

The surfaces of the materials were cleaned to renany oils and surface grit and were
welded in this condition. F1-16-20-50-5.5 electdecording to EN ISO 5821 were used in the
welding experiments [65]. The electrode materiakwa2 / 2 according to EN I1SO 5182 (Cu
with 1 % Cr and 0.1 % Zr) [66]. The squeeze timeldaime, and hold time were 20, one, and
10 periods, respectively, and the welding force @&skN for the one mm thickness materials
and 2.5 kN for the 0.8 mm thickness materials. fiddally, three different welding forces were
used for the uncoated H180Y steel to investigateitfiuence of force on the total resistance
values. Table 2.2 shows the pertinent welding petamm in the experimental study. A
SCHLATTER Selecta pedestal machine with an AC 1VA bower source was used as shown
in Figure 2.5. Experiments were performed with &ffee welding currents of 0.5 to 9.5 kA with
steps of one kA. The voltage drop was measureddagivihe electrodes using an in-house built
computer assisted measurement system which recuedigels every 0.1 ms. The total resistance
was calculated using the voltage drop measurentetiteapeak of the first half wave of the
welding current (see Figure 2.4). The experimergeewepeated four times for each current step.
The average total resistance from the experimerd @wmluated as a function of current.
Electrode imprints on the surface of the metal sheere examined with a stereoscope and the

average diameter was recorded using image andlgsisfour different measurements.
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Figure 2.5: RSW machine, AC 170 kVA used in the divej experiments. All welding
experiments were performed at voestalpine in Lingstria.

2.3 Experimental resultsand discussion
2.3.1 Uncoated steel-copper contact

The experimental results of the new measuremehnhigge are shown in Figure 2.6 for
single sheet uncoated DP600 steel-copper conthet. mMaximum weld current on the x-axis
corresponds to the points in Figure 2.4 for thekpgaahe first half wave of current application.
Since these are single sheet experiments, therestigkance is the sum of the bulk resistances of
two electrodes and one sheet, and two Rce at thenEgrfaces. There is initially an increase in
the total resistance until a peak is reached af 4nlaximum current (or at 1.5 kA effective

current). After this peak the curve falls signifitly, flattens, and begins to increase as the
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welding current increases. It is proposed thatpiak in the low current range is most likely a
peak in Rce due to the constriction resistanceamuhcrease in surface resistivity. As outlined
earlier in chapter one, there are competing effetesperity deformation and surface resistivity
in the Rce of two surfaces. From Eq. 1.2, an irezan surface resistivity will increase the Rce
of two metals in contact, while asperity deformatand more asperities coming into contact will
decrease the Rce. If the increase in Rce from twhface resistivity outweighs the decrease in
Rce from surface area, then it is possible forRbe curve to increase. The increase in the higher
current range is most likely the increase in thik material resistance contribution.
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Figure 2.6: Experimental total resistance resutssingle sheet uncoated DP600-copper contact
with new measurement technique. The maximum weldimgent was taken from the current
waveform seen in Figure 2.4.

The experimental results for uncoated low carb@elstopper contact are shown in
Figure 2.7. Three different welding forces werddadsvhich resulted in three different shapes of
the total resistance curve. At the lowest weldiogé of 2.5 kN, total resistance starts at very
high values and is always decreasing. This is rikeyy due to the film resistance contribution
from the Rce at the E/S interface. The resistangekty falls as the oxide lay on the surface

breaks down with increasing temperature. At a higbece of 3.5 kN there is a significant
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decrease in the total resistance as well as a alastic peak in the low current range. It is
proposed the initial force application in the squeg stage disturbs the film resistance and
flattens the contact asperities which have a raasulowering the resistance. As explained in
Figure 2.6, the initial peak is most likely duestarface resistivity and constriction effects. A¢ th

highest tested welding force of 4.5 kN, the cusvalmost flat, although there is a slight increase

at low currents. In this situation the force igenough to flatten all asperities and elimindite a
film resistance.
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Figure 2.7: Experimental total resistance resubis H180Y steel-copper contact using three
different welding forces. The higher welding foremke down the film resistance and led to
flattening of the curve.

2.3.2 Zinc coated steel-copper contact

The experimental results for galvanized, galvarewadnd electrogalvanized zinc coated
steel-copper contact are shown in Figure 2.8. Allttee curves are increasing, while the
galvannealed steel shows flattening at higher wegldiurrents. Since all of these curves are
increasing, it could be said that the film resistaffor zinc coated steels is negligible, and the

constriction resistance is the only component mriesglso, results for galvanized steel and
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electrogalvanized steel are similar and very lolWisTmeans these zinc coatings have the same
Rce values, which is logical because the theremact between copper and pure zinc in both
cases. Due to the low values, it could be the RtleeaE/S interface is completely negligible for
galvanized and electrogalvanized coated steelstrargdthe only resistance present is the room
temperature bulk material resistance. The totaistasce values for galvannealed steel are
significantly higher, which is most likely due tbetincreased hardness of the coating from the

presence of iron-zinc intermetallic phases and thifisulty in surface asperity deformation.
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Figure 2.8: Experimental total resistance resutszinc coated steel-copper contact. The total
resistance curves show increasing characterigélestrogalvanized and galvanized have similar
values while galvannealed is significantly higher.

2.3.3 Theinfluence of electrode wear on the Rce curvefor galvanized steels

It is also possible to investigate the influencefcess variables such as electrode wear
with this measurement technique. Figure 2.9 shavestobtal resistance curves for galvanized
steel-copper contact, one test with new electraghelsthe second test with worn electrodes after
100 welds. The worn electrodes produced signiflgahigher total resistance values with a

decreasing curve. One possible explanation fonarease in the Rce curve is the slight increase

43



in contact area from the mushrooming effect. Whwm ¢lectrode contact area increases, the
pressure at the E/S interface decreases, and thelRee as a function of temperature could
perhaps be shifted to higher resistance valuest@geeater difficulty in asperity deformation.
Another more likely explanation for the change iceRs the possible effect of alloying on the
surface of the electrode, specifically the formatiof an oxide layer on the surface of the
welding electrodes. Gugel et al. [67] proposedAhpresent in the Fe-Al-Zn intermetallic layer
at the coating substrate interface of galvanizedtiogs oxidizes during welding to form
aluminum oxides that deposit on the electrode f&uece aluminum oxide is a highly resistive
coating, elevated electrode face temperaturesxgected. This could explain the reason why
galvanized steels have the poorest electrodentiésti The large Rce values from electrode wear
would lead to an increase in the temperature atEitseinterface and thus an increase in the
electrode wear mechanisms.
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Figure 2.9: Comparison of electrode wear after w@lding points. The difference in the two
data sets is related to electrode wear and theatiom of alloy layers on the surface of the
electrode which causes an increase in the filnstasce.
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The experimental results presented in this chagtew the total resistance as a function
of welding current. However, it was assumed thedimgl current and bulk temperature was low
enough such that the bulk material resistance ditl play a role in the total resistance
measurements. If this is the case, then the shiafiee dRce curve will be discernable from the
proposed experimental results. In order to be sureotal resistance measured in the welding
electrodes represents the Rce of the investigataterials, further investigation must be
performed to find when the bulk material first be@s measurable. The next chapter will use
FEM to find out at which current values the bulktenel resistance plays a role in the total

resistance measurements.

2.4 Summary and Conclusions
In this chapter an experimental technique to ingast the Rce at the E/S interface was
proposed. The total resistance was measured asctofu of welding current during the actual
welding process using voltage leads in the weldilegtrodes. Important process modifications
including single sheet welding and one period of l&C were made. The advantages of the
measuring technique are as follows:
* Single sheet welding experiments which allow foe ttlose investigation of the E/S
interface
« Low welding current to limit the bulk material re&nce contribution to the total
resistance measured in the welding electrodes
* One period of alternating current application argezimental measurements at the peak
in the first half wave of current application teeate an always increasing temperature at
the E/S interface
The experimental results for zinc coated steel andoated steel-copper contact are
summarized as follows:

» For uncoated DP600 steel-copper contact, a petieitotal resistance was found in the
low current range. It is postulated this peak isal peak in Rce due to competing effects
of surface resistivity and asperity deformation.

» The welding force has a significant effect on thepe and values of the total resistance
curve. For uncoated low carbon steel-copper contaat welding forces led to high

initial resistance values, while increasing thedired force flattened the total resistance
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curve. This is most likely due to the breakdownsafface oxides, which are highly
resistive, with increasing force as well as adaitg of surface asperities.

Zinc coated steel-copper contact showed an incrisassal resistance with increasing
welding current. Galvanized steel-copper and edgetvanized steel-copper contacts had
very similar resistances, and galvannealed steeldtgher total resistances.

The electrode wear of galvanized steels producgdraficantly different total resistance
than with new electrodes. The total resistance mash higher for worn electrodes,
which could lead to more heating at the E/S suréawkan increase in the electrode wear

rate.
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Chapter 3: A Simulation Based Deter mination for Measuring

Electrical Contact Resistance

This chapter will deal with the validity and veddition of the measuring technique which
was introduced in Chapter two using the finite edatmethod with the program SYSWELD.
Specifically, SYSWELD will be used to find the rangf welding currents where only the Rce is
measured and not the bulk material resistance. Wili€onsist of numerically manipulating the
input Rce and the bulk material resistance curgesdch measurement and discovering at which
welding current value the bulk material resistabeeomes discernable in the total resistance
measurements. In doing this, one can be sure tpedf the total resistance curve represents the
shape of the Rce for the investigated materialso Adlifferent shaped input Rce curves will be
used in the simulation to determine the influencetloe valid welding current range of the
measuring technique. Before getting into the nucaérresults, a brief introduction into the
SYSWELD software will be provided.
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Contact conditions
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Figure 3.1: Overview of coupling routine in SYSWEI&3].
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3.1 Introduction to SYSWELD software

Generally, finite element modeling of the RSW psxean be used as a tool to optimize
the process parameters such as current, time, aod in order to save production cost and

ensure the formation of acceptable welds in terinsize and strength in critical automobile
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components. An accurate RSW simulation requiresnia¢hematical coupling of electrical,

thermal, metallurgical and mechanical interactiomsll-defined boundary conditions, accurate
material properties, and, perhaps most importaattgurate electrical contact radius prediction
and the start of the simulation and throughout ¢herent application. An overview of the

coupling routine from the FEM program SYSWELD, tteenmercial software used in this work,

is shown in Fig. 3.1 [68].

In RSW there is a significant change in the cantadii between E/S and S/S interfaces
during welding due to material softening and elsér sink-in, especially the with spherical tip
electrodes which were used in this project. Thsults in large changes in the temperature
evolution and thus nugget formation in the assenthlg to changes in the current density
distribution. It has been shown the electro-theromaitact conditions related to the evolution of
the mechanical contact greatly influence the wetvgh mechanism in RSW [69]. The accurate
implementation of the coupling procedure betweesttdcal-thermal and thermal-mechanical
modules is therefore very important to capture ghysical interaction and produce a more
realistic predictive model.

3.1.1 Thermal electrical coupling formulation

Electro-kinetics and heat transfer are coupledutinothe power dissipation from the
Joule heating effect with a concentration of thetlgeneration at the interface between two solid
bodies in contact while passing a current. The Hedher propagates into these bodies by
conduction heat transfer mode associated with riiposed thermal boundary conditions. The
electrical phenomena are assumed to be governedebglectro-kinetic model for a frequency
close to 50 Hz with temperature dependent ele¢tcoaductivity. Considering the Fourier
conduction law, the heat transfer in a homogeneoedium is governed by the heat equation
with the Joule effect as an internal heat sourcemdye detailed description including the
pertinent differential equation can be found elsesgl{70, 71].

3.1.2 Thermal metallurgical coupling formulation

There are three types of interactions considerdwvdsn thermal and metallurgical
phenomena: metallurgical transformations which ddpen the thermal history, metallurgical
transactions which are accompanied by latent hdbgcte which modify temperature
distributions, and thermal properties which are sghaependent [72]. The steel materials

investigated in this numerical study are charargeriby the proportions on the austenite, ferrite,
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bainite, and martensite phases. For diffusionalsfiamation, the phenomenological model from
Leblond and Devaux was used to reproduce CCT dmagrsing fast cooling and heating rates
[73]. For the martensitic transformation, the Kimish-Marburger law was used [74]. The
thermal conductivity and enthalpy are approximdigdneans of a linear mixture rule from the
thermal properties of each phase, where both tHeinaatia effects and latent heat of
transformation are considered.
3.1.3 Thermo-metallurgical mechanical coupling formulation

The interactions between thermal, metallurgical amthanical analyses are due to the
following: thermal expansion and thermal strainke tvolume changes due to phase
transformation, the contact conditions at the EfM8l &/S interfaces, and the temperature
dependent behavior. The effect of stresses on #tallorgical transformation is not taken into
account. Viscoplastic effects are neglected dubdovery short times for RSW. The mechanical
process is described by the three governing equatioamely the compatibility condition, the
constitutive relation, and the equilibrium conditiy5].
3.1.4 Contact formulation

The contact states of interfaces are very importarine RSW because they strongly
influence the flow of electric current and the hegneration. There are three important
parameters that define the contact between twasesfin SYSWELD: the thermal contact
resistance, the electrical contact resistance,tb@cheat partition coefficient. Thermal electric
contact between two surfaces is defined by the w#éra threshold value at the E/S interface
and an input distance at the S/S interface. If swdaces are bigger than a threshold distance
input by the user, then both surfaces are supptseskchange heat through radiation and
conduction in the air. If two surfaces are smaltben they coincide and the heat exchange
coefficient and the electrical contact resistanepethd on temperatures of the surfaces. The
model formulation of electro-thermal contact cormdhis is based on the Gauss quadrature [76]. A
more detailed analysis of the contact conditiomslmafound elsewhere [3, 77-79].
3.1.5 Relevant boundary conditions of RSW model in SYSWELD

Radiative and convective heat transfer coefficiaattshe boundaries are considered to
simulate the heat losses due to the water flondenghe electrode and also the heat flux
exchange between the structure and the surroundiimg.mechanical boundary conditions are

the electrode force applied at the top surfacehef upper electrode by assuming a uniform
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pressure distribution across the annular end aad/étical nodal displacement of the annular
end of the lower electrode [70].
3.1.6 Material properties

The electrical conductivity of the materials ance tthermal and electrical contact
resistance at the E/S and S/S interface are prd\adea function of temperature. The thermal
conductivity, density, specific heat, enthalpy, alaent heat are given as a function of
temperature and phase. Regarding the metallurdi@isformation, the kinetics of the
transformation for different heating and coolingesaare given for austenite, ferrite, bainite, and
martensite. The mechanical properties are alsongaga function of temperature and phase.
These include the Young’s modulus, Poisson coefiigithermal strains, yield stress, and strain
hardening [71].

3.2 Numerical procedure

A new RSW user interface was created within thenéaork of this dissertation. It was
accepted by ESI company and will now be implememeall future versions of the SYSWELD
software. Appendix A outlines the new RSW interfamed further details can be found
elsewhere [80]. It was shown that, as well as imigpthe user friendliness, the efficiency, and
the accuracy of temperature prediction comparethéold version, the new interface also
allowed for detailed examination and managementhefcontact surface at the E/S and S/S
interfaces.

The goal of the numerical simulation was to deteemif the proposed total resistance
curve represents the shape of the Rce curve. fmmlication purposed, the discussion will first
be on one mm uncoated DP600 steel- copper coliigcte 3.2 shows the simulation mesh used
in the analysis as well as the nodes where thageltdrop was measured. Again, as stated in
Chapter two, this occurred at the peak of the fiedf wave of welding current. The mesh was
made to match the F1-16-20-50-5.5 electrodes wierle used in the welding experiments. The
thermal, mechanical, metallurgical, and electriozterial properties were taken from the
simulation database for DP600 steel. A more detageplanation of the procedure was
published by this author elsewhere [81].
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1mm

Figure 3.2: Mesh used in ttf8YSWELD simulation showing nodes where the voltage drop was
recorded.

Figure 3.3 shows the important electrical propsrité the investigated steel. Three
different Rce curves were modelled in the analyR® curve A, Rce curve B, and an Rce curve
set to nearly zero (not shown in figure). Rce cukvis the input Rce curve from the SYSWELD
database for DP600 uncoated steel-copper conthist.clirve was experimentally measured with
the device presented in Figure 1.9 [53]. Rce cldwegas taken from Babu et al. [48] and has a
characteristic peak in Rce. Rce curve B also hlasively higher contact resistance values than
Rce curve A. This will allow for the investigatiaf the Rce value on the welding current in
which the bulk material resistance plays a rolthatotal resistance measurements. For the third
curve, the Rce was also set to a near zero valoeder to investigate the influence of a RSW
simulation with only bulk material resistance ettec

Additionally, two different bulk material resisttyicurves were modelled in this analysis:

the normal material bulk resistivity curve for dteghich is shown in Figure 3.3 and a second
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bulk material resistivity curve set to a room temngpere value (not shown on curve). This was

performed to investigate only the contributiontod Rce on the measurement values.
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Figure 3.3: Two input Rce curves (A, B) and bulkisévity used in the simulation of uncoated
DP600 steel. Rce curve A: SYSWELD database for atecbDP600 steel-copper contact: Rce
curve B: steel-copper contact from empirical mdd8él. The Rce and material resistivity curves
were also set to near zero and room temperatunesalespectively, for the simulation.

Strong coupling between electrical, thermal andhaatcal interactions was used in the
simulation which considered sink-in of the weldialgctrodes during the force application. A
strong coupling ratio of 0.1 was used in the sirtioilg which corresponded to an electro-thermal
and mechanical iteration time of two ms. An eled&rageometry with 5.5 mm contact face
diameter and a curvature of 50 mm was used inithelation to match the welding electrodes
that were used in the experiments. Real time cumaveforms of one period AC were input
into the simulation ranging from 0.5-9.5 KA in stepf one kA. The new RSW interface also
allowed for the implementation of real time currer@veforms into the simulation. The welding
force used was 3.5 kN, which also matched that fiteerexperiment. The E/S contact radius was
altered to match that from the experiment. See AgpeA for more details.
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Table 3.1 Overview of single sheet welding simolasi

Rce I nput Rce Input Bulk M aterial Bulk M aterial
Simulation CurveA CurveB Resistance for Resistance of
Test Run HTC 600 X constant RT
Value
STR 1 X X
STR X X
STR : No RCE X
STR 4 X X
STR5 X X

Table 3.1 shows an overview of the five differemwdation test runs (STR) performed
in this analysis. Each of the input Rce curves daeRigure 3.3 was simulated with normal
material bulk resistivity values as well as withiyomoom temperature values. Additionally, a

simulation was performed with only bulk materiadistance effects.

3.3 Results and discussion of simulation data

The numerically simulated total resistance pointsnfall STR simulations in Table 3.1
are shown in Figure 3.4 as a function of the peathée welding current of the first half wave of
current application. A number of important aspegftshis figure must be discussed. The most
important is the comparison of total resistancentsowith standard Rce and material resistivity
input values to the total resistance points witlyanom temperature bulk material resistivity
(closed squares/triangles and open squares/trengigpectively). In the lower current range, the
data points from the two different simulations @eey close to each other. In fact, the peak in the
STR 4 and STR 5 simulations is present. Therefegardless of the presence of bulk material
resistance, the total resistance values in therl@wgent range represent the shape of the Rce
curve.

The deviation of the total resistance values 8tarts around six kA for the STR 4 and
STR 5 simulations and around 10 kA for the STR #l TR 2 simulations. These points
represent the first current at which the bulk mateesistance plays a role in the total resistance
measurements in the welding electrodes. Theretbere exists a current range below these
current values in which the total resistance mesbsur the welding electrodes is almost exactly
the Rce at the E/S interface. This so called valident range is different depending on the
shape and values of the Rce curves. The reasdhddatifferent current ranges can be explained

as follows. Rce input curve B has much higher \@loempared to Rce curve A, as seen in
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Figure 3.3. This means the interfacial heatinghim ¢imulations with Rce curve B is larger. Due
to thermal conductivity, the surrounding bulk makheating is also larger, and the bulk
material resistance contribution is greater forheagrrent value. Therefore, the bulk material
resistance contribution is seen at lower currehtesafor Rce curve B. If the Rce value is higher,
the current range where one can measure only theMRh total resistance measurements in the
welding electrodes with the proposed technique balsmaller and shifted to lower welding

currents.

500

400 -
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200

Total resistance [uQ]

100 -

Maximum weld current [KA]

Figure 3.4: Numerical results from all STR simwas. The different curves are in correlation to
Table 3.1. The current value where the bulk mdtegsistance plays a role in the total resistance
measurements is seen here.

3.3.1 Influence of value of Rce on temper atur e evolution
In order to verify the results, temperature prafifeere examined from simulations in the

low and high current ranges. Figure 3.5 shows teatpee profiles at two different maximum
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currents from STR 4 and STR 5. The temperatureuiool is centered about the contact
interface in the lower maximum current range (maxmcurrent of 4.2 kA from Figure 3.4).
The temperature contours from STR 4 and STR 5lacevary similar in this range regardless of
the presence of the contribution of bulk matergsistance. Regarding the higher current range
(maximum current of 17.7 kA), there is noticeablgrsnheating from STR 4 than STR 5 and the
temperature contours are significantly differerttisTis due to the bulk resistance heating in the
sheet, which is much more significant in this terapge range. From the simulation results, it is
again proposed only Rce contributions are preserthé total resistance curve in the lower

maximum current range.

maximum current 4.2 kA

Temperature
[°C]
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Figure 3.5: RSW SYSWELD simulation for single shelebwing temperature isotherms at two
different current values for different Rce Curvesi#d B (STR4 and STR 5, see Figure 3.4)

The influence of the value of the Rce curve is aksen in Figure 3.6, which displays the
temperature evolution at the E/S contact interfaicthe peak in the first half wave of welding

current in the lower maximum current range from SITBnd STR 4. As the maximum current
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increases, the temperature difference at the coint@cface between STR 1 and STR 4 is always

increasing. These results only verify what was showFigure 3.5.
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Figure 3.6: SYSWELD simulation showing temperatire@asurements at E/S interface for STR
1 and STR 4, see Figure 3.5.

3.4 Comparison of experimental and simulation results

The overall objective of this section is to compé#re experimentally measured total

resistance values and the numerically simulatedl tasistance values. In most cases, the

comparison of experimental and numerical data ifopeed with the goal to achieve good

matching. However, in this special case, it is @aned to compare the valid current ranges in

which the measurement is acceptable, as well aedahe influence of the input Rce curve on

the numerical data.
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Figure 3.7: Total resistance curve from experimeamd simulation for uncoated DP600 steel.

The experimentally measured curve (from Figure B.6pmpared to STR 1 in Figure 3.7
for DP600 steel-copper contact. The experimenta daow similar but lower resistance values
compared to the simulation. According to the nuoanesults, the total resistance data for STR
1 represent the Rce with only room temperature beslstance effects until around 10 kA. Since
the experimental data is lower than the numericaipulated data, it can be said the
experimental total resistance data correspondst®te at the E/S interface at least up to 10 kA.
From the experimental results, an increase indted tesistance is also seen after 10 kA. At this
point, the contribution of the bulk material rearste, which increases with temperature,
outweighs the contribution of the Rce. Thus thekp@@asured in the experimental data is an
actual peak in the Rce curve and the experimengasorement technique is thus accurate in
measuring the shape of the Rce curve.

There is good matching between experimental andilated data at higher welding
currents but not at lower currents. The main redeothe difference between experimental and
numerical total resistance values in the lowerentrirange is the difference in the input Rce
curve and the actual Rce curve. Rce curve A inrEidi3 shows the input Rce curve from
SYSWELD for uncoated DP600 steel-copper contaghatE/S interface. This is an always
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decreasing Rce curve until flattening occurs. lalitg as determined by the experimental
measuring technique and validated with the numkesitaulation, the actual shape of the Rce
curve for uncoated DP600 steel-copper contactatEts interface has a peak in the curve at
lower temperatures. If the actual Rce curve wepatiin the RSW simulation, then there would

be very good matching between the experimentahanaerical data in Figure 3.7.
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Figure 3.8: Comparison of total resistance restdis galvanized steel-copper contact to
simulations with and without Rce.

The numerical results for galvanized steel anddavbon steel-copper contact are shown
in Figures 3.8 and 3.9, respectively and are coetp#&n experimental total resistance results.
The SYSWELD input Rce curve for galvanized stegdpmy contact was used for the numerical
results shown with red circles. The red triangklgzresent simulations with a near zero value of
Rce, or simulations with only bulk material resista effects. The total resistance values from
the simulation of galvanized steel with the inputeRcurve are significantly higher than the
experimental results. The reason for this is thgelavalue of the Rce curve used in the
simulation. When this input Rce curve is set torfeeao, the experimental values and the
simulation values show much better fitting and alrost identical. Thus, the Rce at the E/S

interface for galvanized (and electrogalvanizedelst is negligible. This result was also
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proposed elsewhere [81, 82] but has not been wallgraccepted in the RSW community. For
uncoated low carbon steel-carbon contact the nwaderesults are again significantly higher
than the experimental data. These findings suppf@tneed to have accurate Rce data in

simulation programs.
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Figure 3:9: Comparison of low carbon steel-coppertact with numerical simulation.

3.5 Summary and conclusions
The FEM program SYSWELD was used to perform RSWulations to verify the

accuracy of the experimental measurement technidueh was proposed in Chapter two. The
input Rce and bulk material resistivity curves wemanipulated in the simulation in order to
discover at which current value the bulk resistapt®yed a role in the total resistance
measurements. In doing so, a current range wagslfouwhich the Rce could be measured with
total resistance in the welding electrodes. OvgeitalVas determined with the numerical analysis
that the newly proposed method for experimentalgasuring the Rce during welding is very

accurate regarding the shape and values of theige in the low to medium range of applied
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currents. Increasing the value of the Rce led tle@ease in the valid current range where the
Rce could be evaluated without the bulk materigistance coming into play.

The numerical results were compared to the expetmheesults for the materials
investigated in this work. In all cases, the inRae curves from the SYSWELD database did not
accurately represent the shape and the valueg d®¢k curve, causing mismatching in the total
resistance values. Specifically, the Rce at theiface for DP600 steel-copper contact had a
peak at lower temperatures. Also, the Rce for gahesl and electrogalvanized coated steel-
copper contact was found to be negligible.

The overall goal of this work is to extract Rce ¥smperature curves from these
experimental total resistance values. In orderdahds, however, the total resistance must be
converted to Rce, and the temperature must be kiadwhre E/S interface. The next chapter will
involve a numerical optimization procedure to detiee the values of the Rce and to estimate

the contact interface temperature.
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Chapter 4. The numerical optimization of the contact interface
temperatur e using finite lement modeling

4.1 Introduction

The main goal of this chapter is the estimation @pitimization of the unit area Rce (with
the units Ohm 3 curves as a function of interface temperatutieo#h the electrode-sheet (E/S)
and sheet-sheet (S/S) interfaces for the matenaéstigated in this work. This is a continuation
of the previous two chapters in which the shapthefRce curve was experimentally measured
as a function of welding current. Here, the firdtement method will be used to first separate the
bulk material resistance contribution from the lkotasistance values. Then, the contact
interfacial temperature at the E/S and S/S willopgmized for both single sheet and double
sheet welding experiments. The main idea of thcgulure is to vary the contact interface
temperature in the input Rce curve in SYSWELD usangfepwise, trial and error approach to
match the simulated total resistance to the exmeriah total resistance. The exact numerical
procedure will be introduced and discussed for zimated steels. It will be shown the proposed
numerical procedure is applicable for all matec@dting combinations provided a databank of
the investigated material as well as the experiaigasistance values.

The newly proposed Rce curves as a function of éeatpre for copper-steel and copper-
zinc coated steel combinations at the E/S interfand steel-steel and zinc-zinc combinations at
the S/S interface will then be calculated and caegbdo previous Rce curves from literature.
The validity of this technique will be discussedttwregards to the accuracy of the results.
Additionally, the influence of interfacial pressutee to a change in welding force on the results
and shape of the curve will be discussed. The neletgrmined curves will be used in a RSW
simulation and the results will be compared to expent with regards to the shape and size of
the HAZ and molten zone.

4.2 M odel definition and numerical procedure

A summary of the SYSWELD simulation routine canfbend in Chapter two while a
detailed explanation of the model definitions, badany conditions, and the coupling between
electro-kinetics, heat transfer, and metallurgy banfound elsewhere [3]. The weak coupling

thermal simulation option was used in this numérngaimization procedure. Simulations were
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performed with a modified RSW interface as desdrilmeAppendix A which allowed the user to
input a threshold for the electro-thermal contaetween the flat sheet and curved electrode
surface to determine the actual contact radiub@gtectrode [83]. Special attention was taken to
ensure the initial contact radii in the simulatjprogram at the E/S and S/S interfaces matched
exactly to the experimental radii measured with stexeoscope. The new RSW interface also
allowed for the implementation of actual currentvefarms into the simulation. The two-
dimensional axis-symmetrical mesh is shown in Feglid with an electrode geometry matching
the electrodes from the welding experiments. Altot&5 contact elements were used across the
length of the electrode contact radius. The elenmmgth along the contact radius was small
(0.05 mm) in order to account for small increagethe contact radius.

RSW simulations were performed on a single and ldosbeet for low carbon, DP600,
and zinc coated steel materials using real time, pmriod effective current values of 0.5 to 9.5
kA, exactly like in the experimental welding proceel from Chapter two. The voltage drop was
recorded during the time of the peak of the firalf lvave of welding current at the top of the
electrode and across the contact interfaces. Tlezage temperatures across the contact
interfaces were also taken from the simulation amalyzed at the peak in the first half wave of
welding current.

Simulations were performed with a near zero Rcaeval the contact interfaces to act as
a reference point for the numerical optimizationgadure. A stepwise trial and error procedure
was then implemented, starting with the lowest wgjcturrent setting, to optimize the average
interface temperature and thus the Rce curve sordbistance values from the simulation
matched the total resistance values from the exygeti. The contribution of the bulk material
resistance was numerically separated from the tetastance to get the estimated Rce value. A
detailed description of the procedure will now Ineeg below in the next section with reference

to the experimental and simulation results.
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1 mm

Figure 4.1: Overview of the mesh used in the RSMUkition

4.3 Results and discussion of Rce curve optimization: galvannealed steel-

copper contact

The procedure to optimize the input Rce curve m gmulation will first be described
with galvannealed low carbon steel-copper contattieaE/S interface. Afterwards the procedure
will be applied to the S/S interface. Finally, thesults will be presented for the remaining
materials that were investigated in Table 2.1 admehtcompared to the Rce curves from
literature.

The experimentally measured total resistance datashown in Figure 4.2 for
galvannealed steel-copper contact along with thaulsited total resistance values from
SYSWELD in red. The SYSWELD simulation was perfodneith a near zero value of Rce.

The overall goal of the numerical optimization teicjue was to alter the input Rce vs.
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temperature curve in a stepwise approach to mhttotal resistance values in the simulation to
the experimental values for each current settingortler to change and optimize the input Rce
curve, the following three parameters must be knfawrach current setting:

* the actual Rce value

» the actual contact area

» the interface temperature when the voltage dropsoreanent occurred (at the

peak of the first half wave of AC)
The actual Rce resistance value was first estimattedom temperature to give a starting point
for the analysis. At higher current values, thekbuhaterial resistance contribution was
numerically separated from the experimental taaistance to give the Rce value, which will be
explained in more detail. The contact area was ntak®m experimental stereoscope
measurements and combined with the Rce values ke th@ unit area Rce value. Finally, the
interface temperature was optimized with a numepeoacedure and the help of FEM and will
later be discussed.
4.3.1 Deter mination of room temper atur e Rce as starting point
In order to begin the stepwise procedure for oming the Rce curve, a starting point

must be chosen at room temperature. It was asstheefitst current input in the experimental
procedure (0.5 kA effective current) was sufficigntow enough to induce an interface
temperature around room temperature at the peatheffirst half wave of current. This
assumption was numerically checked with SYSWELEhmfollowing manner. Using a trial and
error approach, a constant Rce value was inpubhenstmulation and the total resistance was
numerically measured. Depending on the total rastst values, this constant Rce value was
either raised or lowered until the total resistarficem simulation matched that from the
experiment, as shown with the arrow in Figure Z12e constant Rce value which matched the
simulation data to the experiment data was arolxd T, as shown in Figure 4.3. Therefore, if a
simulation was performed with the unit area Rcaugalrom Figure 4.3, the simulated total

resistance from Figure 4.2 would match that fromekperiment.
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Figure 4.2: Comparison of experimentally measuredi smulated total resistance values at 2.5
kN welding force for galvannealed steel-copper aontThe input unit area Rce curve was
changed to match the numerical and experimentall tesistance values.

One very important detail must now be discussecchvis the basis for the interface
temperature optimization. It is not necessary lier¢urve shown in Figure 4.3 to extend until the
melting point of the material when performing a RSWIding simulation at the first current
step, 0.5 kA effective current. Rather, it is ongcessary to define this curve until the maximum
average temperature of the contact interface atinie of the voltage drop measurement, or at
the peak in the first half wave of current applicat The average temperature is the average
between two adjacent nodes on the electrode anet sbatact surface. This average contact
interface temperature at the peak of the first halfe is shown in Figure 4.4. The values are
sufficiently close to room temperature. Theref@®assumption can be made here for a starting
point (20°C, 7E-11 Ohm fjy which will be the starting point for the inputitiarea Rce curve in
SYSWELD.
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Figure 4.4: Average temperature across the E-Sacbiterface at 0.5 kA with optimized Rce
curve. This temperature was taken at the peakeiffitst half wave of welding current.
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4.3.2 The separation of the bulk material resistance and Rce from thetotal resistance

As mentioned above, in order to optimize the Rawesdior the next current setting (1.5
kA effective current), the following three variablenust be known: the Rce value, the contact
area, and the interface temperature. This sectibrexplain how the Rce value was estimated
for the input Rce curve. For the Rce value, an irgm assumption was made in order to make
an accurate estimation. It was assumed the bulktaese contribution from the previous current
step in the analysis (0.5 kA in this case) was wéoge to the bulk resistance contribution in the
existing current step in the experiment. In oth@rdg, because the welding current increase
between current steps was relatively low, the bulkterial resistance contribution between

successive current steps is similar.

Electrode

C
o

- ..._______._______________l

Sheet

Figure 4.5: Schematic representation of importamtase element groups used in the analysis
numerical calculation of the total resistance, Raed bulk material resistance. Group A:
application of welding current, Group B: electrodentact surface, Group C: sheet contact
surface [68].

The bulk material resistance increase at a giveresustep is numerically determined in
the following way. Figure 4.5 shows the group oportant skin elements on the electrode and
sheet used in the simulation routine for calcutatine total resistance, the Rce, and the bulk
material resistance. At the peak of the first adive of current application, the voltage drop was
taken at the following three groups of skin elerme, B, and C. Group A is where the current
is applied. Group B is the contact surface of tleeteode. Group C is the contact surface of the

sheet. The average voltage drop was then deternfioedthe results at the nodes, with special
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attention to take only the nodes which are in tlaratectrical contact for the latter two element
groups. The total resistance is calculated usingy®taw, the peak in the first half wave of
welding current and the average voltage drop aqossp A. The Rce contribution (at one E/S
interface) is also calculated using Ohm’s law whéee voltage is the difference in the average
voltage drop across group B, and group C. The Rx#ribution subtracted from the total
resistance would give the numerical bulk mateesaistance contribution for that current step. It
can be seen that, for a current step

simulation __ simulation simulation
Roulkn - I:\)lotn 2Rcen 4.1)

This equation seems rather obvious because theréstatance is just the sum of the Rce at the
two E/S interfaces, and the bulk material resistazantributions of the electrodes and sheet.

Once the bulk material resistance contributioneiedmined for the first current setting, it
is possible to move to the next currents setting§ KA effective current). The estimated Rce
value to be input in the unit area Rce curve indimaulation was taken as the experimentally
measured total resistance value from the existingeat setting minus the numerically
calculated bulk resistance value from the previstep, multiplied by the experimental contact
area. This is represented in the following equation

simulation _ experiment _ simulation experiment
Ren - (laotn I%)ulkn_l ) An (4.2)
Where R, "™**" was previously determined in Eq. (4.1). Again, Eay. (4.2) to be accurate,

the bulk resistance increase with increasing ctistsp must be very small.
4.3.3 The optimization of the interface temper atur e of unit area Rce curve

The interface temperature is the final unknownafale and must be optimized again in a
trial and error approach. Figure 4.6 shows thrgeothetical Rce curves (A, B, C) used in the
numerical procedure for the optimization at the KAbeffective current setting. All curves have
the same room temperature Rce value as a startmgf, pas found from the previous
optimization at 0.5 kA effective current. They alsmare the same peak unit area Rce from the
assumption explained above in Eq. (4.2). Directiterathe peak in Rce, there is a sharp
discontinuity and the curves immediately drop tonear-zero value. The reason for this
immediate drop is to assist in the determinatiothefoptimum interface temperature. This drop

allows the simulation program to tell the user wia@nunderestimation of the contact interface
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temperature occurs. If there exists a temperatmreéhe E/S interface above the maximum
temperature of the unit area Rce curve, then treeiRoear-zero or negligible at this region in
the FE mesh. This situation will be representedabgrop in the total resistance value in the
simulation. Thus, the optimized average interfaregerature for the input unit area Rce curve is
that which exists just above the maximum averagerface temperature at the peak of the
current application.
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Figure 4.6: Proposed Rce curves for optimizatiorthef interface temperature in the second
current step. The only difference between the airg¢he interface temperature. The immediate
drop in the Rce values after maximum results imm@d drop in total resistance when an
underestimation in the interface temperature ocd&tamsh curve was tested in the simulation and
the total resistance was numerically calculatedcamdpared to the experimental values.

In the following explanation, the procedure for thelection of the optimum contact
interface temperature will be discussed while raigrto Figures 4.6 and 4.7. Figure 4.7 displays
the average contact interface temperature meastitbe@ peak in current for each proposed Rce
curve (color coded to Figure 4.6 with solid linesyelation to the maximum estimated interface

temperature (color coded with dotted line). The Rarve B (blue) in Figure 4.6 represents the
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optimized unit area Rce curve because the intetiEoperature, as shown by the solid blue line

in Figure 4.7, is just below the maximum Rce terapee of 42 °C, as shown by the dotted blue

line. For Rce curve C from Figure 4.6, the avenatgrface temperature, which is represented by
the solid black line in Figure 4.7, is well belometproposed Rce temperature of 50 °C. Thus, 50
°C is an overestimation of the contact interfacegerature for this current step. Considering the

Rce curve A the average interface temperature dgtgrst above the dotted line, or just above

42 °C, at the edge of the contact interface, cguaisituation where this portion of the contact

interface has a near-zero Rce contribution dudéodrop in the unit area Rce curve after this

temperature. This condition greatly affects thalto¢sistance value measured in the electrodes
due to the thermal/electrical coupling in the REBWation, as will be shown next.
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Figure 4.7: Average contact interface temperatakert from the numerical simulation at the
peak in the first half wave of welding current f&ce curves A, B, C. The temperature at the
maximum of the Rce curves are shown with dottedsliand color coded. When the average
interface temperature is high than the maximum tfRogperature, there exists a zero-resistance
value in the FE mesh at this point.

70



50 - % Rce curve B
* Rce curve C

€
=
o ] e
&
c
©
e
82
0N 404 1 ¥ Rce curve A
o
S
'
S
o
= ] .
O Galvannealed-experimentally measured
% Simulated values from optimized Rce curve
< Simulated values from non-optimized Rce curve
30 L] l L) l
0 1 2

Effective welding current [kA]

Figure 4.8: Comparison of experimental and numbyisamulation resistance values for
galvannealed-copper contact in the low currenteamge filled red stars represent values from
the optimized Rce curves.

Figure 4.8 compares the experimental total resistaralues with the optimized total
resistance values from the simulation in the lowrent range. At 1.5 kA, the total resistance
values for the three proposed unit area Rce curvdsgure 4.6 are labelled and shown. As
expected, the optimized interface temperature, a& €urve B, has a numerical total resistance
value that is closest to the experimental value4 AfC, or with the Rce curve A, the simulated
total resistance drops suddenly to a value aro@hd@hm. In other words, although Rce curve
A and Rce curve B are very close, their simulatgdltresistances are significantly different.
Again, this is due to the trend shown in Figure &fiere the E/S interface temperature exceeds
the maximum temperature of the Rce curve. Thisasdn results in a portion of the FE mesh on

the E/S interface with a negligible Rce contribat{the voltage drop in this portion of the mesh
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is much lower due to a negligible Rce). This sitatis reflected in a much lower total

resistance value in the welding electrodes. ReggrRlice curve C, the numerical total resistance
value does not fall within error of the experiméni@ues. In this case, there is an overestimation
of the interface temperature which results in allemalope in the unit area Rce curve and thus
lover Rce values at the same temperature settingpaed to Rce curve B (see Figure 4.6).

Therefore, the total resistance is lower for thisse compared to Rce curve B.
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Figure 4.9: Comparison of experimental and numergdimized total resistance values for
galvannealed-copper contact. Very good matching feasd after the numerical optimization
procedure.

4.3.4 Discussion of the validity of numerical results

The procedure presented in sections 4.3.2 and wa&s3then performed at each current
step to optimize the entire unit area Rce curvee Tésults of the numerical optimization
procedure for galvannealed steel are shown in Eigwd. All of the red stars represent the total
resistance value with optimized Rce curves. Thaikitad resistance values fall well within the

error bars apart from those at effective currets.® and 8.5 kA. The possible reasons for these
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discrepancies will now be discussed. Due to therreabf the optimization procedure, each
simulated data point and thus each optimized Roeeds very dependent on the experimentally
measured resistance values from the previous dwstep (see Eqg. (4.2)). At 0.5 KA, there exists
the most scatter in the experimental reading. $batter is most likely the reason for the initial
disagreement between experimental and simulatiten dfa the last current step, the reason for
the disagreement is most likely due to an inaceuestimation of the bulk resistance at higher
current values. Thus, Eq. (4.2) becomes less aecatdnigher currents due to an increase in the
bulk material resistance between the current stEmpire 4.10 shows the actual simulated
increase in bulk resistance from the optimized &a®es in this analysis using Eq. (4.1) for each
current step. It is seen that, in the lower curmamge, the bulk resistance increase in almost
negligible. As the current increases, the bulkstasice contribution also increases, which could

lead to some inaccuracy in the method of optimirati
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Figure 4.10: Simulated increase in bulk materigistance contribution for each current step
after the completion of the numerical optimizatiprocedure for galvannealed steel-copper
contact. An increase in the bulk material resistaat higher currents could be the reason for
some error in the optimization procedure. Numerieallts are taken from equation (4.1).
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The proposed unit Rce curve for galvannealed stggber contact after completion of
the numerical optimization procedure is shown imguFe 4.11. The interface pressure is
estimated at around 350 MPa, but is not constaatvény welding current step due to electrode
sink in. The curve has a continuously increasirgystance with increasing temperature until a
peak is reached at around 360 °C. As mentionedegadn increase in the Rce could be
attributed to an increase in the surface resigtidiie to constriction resistance effects. An
increasing Rce until a peak is reached before thiéimg of the coating was also experimentally
measured by Rogeon et al. [53]. The shape of theeauatches very closely to the shape of the

experimentally measured total resistance valuesfasction of welding current.
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Figure 4.11: Proposed Rce curve for galvannealedl-sbpper contact using the numerical
optimization procedure. The estimated contact pressvas around 350 MPa. A curve
smoothing procedure was applied.
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4.3.5 The influence of contact area on the numerical optimization procedure

There is a very strong influence of the E/S congaet on the value of Rce. Therefore,
the contact area must be accurately estimated tlmmexperiment. Figure 4.12 shows an
experimental stereoscope image of the contact@itizken at the end of one period of current
application. Four different diameter measuremerdgsewiaken for each current setting, and the
results are shown in Figure 4.13. Also seen in féigu13 are the simulated E/S contact radii.
The experimental contact radii remain constant!uai effective current of 3.5 kA. Thus,
electrode sink-in of the curved electrode is ngnhiicant in the lower current range and the
initial contact radii after impact is the same fa first half wave of current application in this
current range. Also, the simulated contact radii tie same as the experimental up to 3.5 kA
effective welding current. However, at 4.5 kA, #lectrode first begins to sink into the sheet and
the contact radii increase with each successivdinglcurrent step in the experiment. However,
in order for the resistance values in the simuhat@mclosely match those from the experiment, it
was required to set the simulated contact radii kmwer value than the experimental results. It is
important to note the experimental contact radireveneasured after one period of current
application, or after the second half wave, and rémstance measurements that were being
compared and optimized occurred at the peak ofitstehalf wave. It is therefore reasonable to
believe the actual contact radii at the peak infits¢ half wave of welding current to be very

close to the proposed contact area used in siraolatid shown in Figure 4.13 in red.
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Figure 4.12: Stereoscope top down image of cosiadaice at the end of one period of current
application
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Figure 4.13: Experimentally measured and numeyicaiimulated E-S contact radii for
galvannealed material.
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4.4 Application of optimization procedure to sheet/sheet contact interface for
galvannealed steel

Determining the Rce curve at the S/S interfacegugie proposed numerical procedure is
more complicated than for just the E/S interfatés first essential the unit area Rce curve at the
E/S interface is determined with the numerical mptation procedure. The room temperature
Rce value is determined the same way as in théesehget experiments. However, the input Rce

value for the next current step follows a differequation, as shown here:

Re(s / S):jmulation — (ROtt:xperinmt _ R)umii_rrulation _ kRe (E / S):i_rlrulation) A:xperiment “3)

In principle, this equation is similar to Eq. (4f@y the single sheet experiments, but there is an
added component that must be subtracted from tiperemental total resistance, namely
Ree(E/S). Not only must the bulk resistance contributiombenerically determined at the peak of
the first half wave of welding current, as explainbefore in section 4.3.2, but also the
contribution of the Rce at the E/S interface. Thisralso an added correction factorwhich
considers that the increase or decrease in thecBegibution at the E/S interface between
subsequent welding current steps is not negligibieit is rather significant in most cases. If
there was no correction factor in the equatiors possible the input Rce at the S/S interface is
either overestimated or underestimated, dependmwgiwether the Rce at the E/S interface is
decreasing or increasing, respectively. The cohdtas usually between 0.8 and 1.2 for good
fitting to experimental data, and equals 1 whenRige at the E/S interface does not increase
between current steps or is negligible (as is #se dor galvanized steels as will be later shown).
For increasing Rce is greater than one while for decreasing Ras,less than one. In case of
galvannealed steelkjs around 1.1.

The experimental total resistance data for doubéesexperiments on galvannealed low
carbon steel is shown in Figure 4.14. The dataahasaracteristic increase in the total resistance
which is similar to the single sheet results inufegg4.2. The simulated total resistance results are
also shown in red after the numerical optimizatmoncedure was performed. The optimized
interface temperature was determined in the sanmaenas described above for the single sheet
experiments. The simulation data show good coroglan the lower current range. However, as
the current increases, there is mismatch betweempkimized resistance from simulation and

experimental data. There are two possible explanstifor the mismatch. One is that the
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correction factok, whose value is determined by the slope of the dReee, is not accurate and
must be adjusted according to the change in sldpteo Rce curve. The other explanation
involves the increase in bulk material resistam® previously mentioned for the single sheet
analysis, as the current increases, the increathe ibulk material resistance between subsequent
steps also increases (Figure 4.10). Regarding ¢lwbdld sheet experiments, there is a greater

contribution from the added sheet as well as froenatdded S/S interface heating contribution.
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Figure 4.14: Experimental and simulated total tesise data for double sheet welding
experiments for galvannealed steels. Simulatioa déer the optimization procedure is shown
in red.
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Figure 4.15: Rce curve at S/S for galvannealed staapared to curve at the E/S interface. A
curve smoothing procedure was applied.

The numerically optimized Rce curve at the S/Srfate for galvannealed low carbon
steel is shown in Figure 4.15. The Rce curve aBt&interface is also shown for comparison.
The shape of the curves is similar and they ark lmareasing until a peak is reached before the

melting of the coating.

4.5 Galvanized and el ectrogalvanized low carbon steel numerical optimization

It was previously determined in Chapter 3 thatRige at the E/S interface for galvanized
and electrogalvanized low carbon steel was nedéigibherefore, this section will discuss the
S/S interface for these materials. The total resist data for double sheet experiments is shown
for galvanized and electrogalvanized low carborls®nly one data set was produced for the
two materials because their total resistance valers almost identical. The simulation data is

also shown in the curve in red after the numeragimization procedure was performed. A
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decreasing trend is present for the total resistalata as seen in Figure 4.16. Eq. (4.3) was used
in the determination of the input Rce value in tesample as well. However, considering the
assumption that the Rce at the E/S interface ifigielg for the investigated materials, there is
no contribution from the terR(E/S). AImost all of the simulated resistance datavathin the
standard deviation of the resistance measuremeota the experiment. The numerically
determined Rce curve for galvanized and electr@yabed low carbon steel is given in Figure
4.17 with a characteristic exponentially decreasimgpe. It is interesting to note that in all cases
the shape of the total resistance curve is the smsnihe shape of the Rce curve at the S/S

interface.
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Figure 4.16: Experimental and simulated total tesice data for double sheet welding
experiments for galvanized and electrogalvanizedlst Simulation data after the optimization
procedure is seen in red.
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Figure 4.17: Numerically determined Rce curve faivgnized and electrogalvanized coated
steels at the S/S interface after optimization gdoce.

4.6 Comparison of resultsto literature

The results from the numerical optimization procedwill now be compared with
literature. Most of the curves taken from literatuwvere measured with the ex-situ technique as
described in Chapter 1. Figure 4.18 displays Reeesufor low carbon galvanized steels at the
S/S interface. The numerically determined curvagishe present analysis has the lowest value
of Rce, which could be due to the significantly Heg interfacial pressures during the testing
procedure. The input curve from SYSWELD, as shownred, is more than an order of
magnitude higher. This could be a reason for amiaiéy large source of error in the simulation
of the RSW process. The shape of the curve measwyrethieblemont [52] is similar to the
numerically determined curve, although its values still much higher. Rogeon et al. [53]

measured an increasing curve until a peak was eéacist before the melting point of the zinc
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coating. A similar curve shape was found with falvgnnealed steel-copper contact, as seen in

Figure 4.15. Overall, there is a large discrepandaye Rce shape and values from the different

authors.
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Figure 4.18: Comparison of numerical determined Bee/e with those from literature. All
curves are for galvanized low carbon steel at fiseii8erface.
4.6.1 Uncoated steel contact and the E/Sinterface

The numerical optimization procedure described wabzed for uncoated material
combinations as well (see Table 2.1). The resolitdblank, low carbon steel and DP600 at the
E/S interface from the numerical optimization piwe are shown in Figure 4.19 and compared
to literature and also from the SYSWELD simulatimogram for different interface pressures.
Two different Rce curves for low carbon steel-coppentact are presented (blue and green

curve) at different welding forces to investigdte tinfluence of interfacial pressure. At higher
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interface pressures, the Rce curve is significalayer for copper-low carbon steel contact.
There exists a peak in the Rce curve at higherfate pressures at around 75 °C. The reason for
the peak in the curve as well as lower values ahifgher interface pressure could be attributed
to an oxide layer on the surface of the steel. ¥sdaned by Crinon et al. [44], the oxide film
resistance is still present at lower interface suess and thus the Rce curve begins at a high
resistance value and exhibits an exponential-likerehse with increasing temperature. As the
interfacial pressure increases with welding fortbe, oxide layer is immediately broken down
with the application of the electrodes during theeezing stage of welding. This may allow for
constriction effects to take place in the presasfcgue metal-to-metal contact, as explained by
Bowden et al. [50]. The influence of welding forcan be accounted for with this proposed

technigue and should be accounted for in RSW psotexlels.

Babu Model at 200 MPa [48]
——DP600-Cu at 500 MPa
—— LC Steel-Cu at 350 MPa
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Figure 4.19: Comparison of simulated results ofoated steels at the E/S interface using
numerical optimization procedure with literature.
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Babu et al. [48] also proposed a peak due to ttmepetitive nature of bulk material
resistance and Rce. An increasing Rce may alsaubdaldifficulty in asperity deformation in
the lower temperature ranges, which would increélaseconstriction resistance effects. The peak
in the modelled curve is located at a higher tewrtpee than the proposed curve with the
numerical optimization procedure.

Regarding DP600, the proposed curve is comparddetanput curve from SYSWELD.
Although the interfacial pressure is not given,stheurves share similar starting and ending
resistance values, although the temperature aéfietg for the proposed curve is lower than the

input Rce curve from SYSWELD. More exact compargssocan be made with knowledge of the
interfacial pressure.
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Figure 4.20: Numerically determined Rce at the i&itSrface for galvanized DP600 steel with
comparison to literature.
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4.6.2 Galvanized DP600 steel

A galvanized, DP600 steel, as shown in Table 24ds waiso analyzed in this work to
determine the influence of the base metal on theedrcve. Figures 4.20 and 4.21 show results of
the numerical optimization procedure for determgnihe Rce curve performed on galvanized,
DP600 steel at the E/S and S/S interface, resmdgtiWUnlike that for galvanized low carbon
steel, the Rce for this material at the E/S intefevas measurable and was compared to results
from literature. The reason for the presence of Rxethis material could be related to the
presence of a harder base with higher yield sire600 steel. This proposed Rce curve has
an increasing trend until a peak is reached befarenelting of the coating, similar to that of the
galvannealed material. The peak was discovereohadritemperature values at the S/S interface

compared to that of literature.

2.50E-009 —— S-S Galvanized DP600 at 80 MPa Rogeon et al. [53]
— S-S Galvanized DP600 at 280 MPa
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Figure 4.21: Numerically determined Rce at the iBf&rface for galvanized DP600 steel with
comparison to literature.
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4.8 Simulation resultswith new Rce curves. coated DP600
A RSW thermal simulation was performed with the hewroposed Rce curves for

galvanized DP600 steel and compared to an expetanaoss section. The results are compared
to experiment and shown in Figure 4.22, with th@esxnental and simulated fusion zone
estimated in red. The size and shape of the matere are in good agreement with the
experimental data. The radii of the heat affectmies are also similar, although the shape of the
simulated heat affected zone is noticeably differérhis could be due to the simulation
procedure, where electrode sink-in was not consaler the analysis. Thus, the electrode radius

remained constant and the outer edge of the etertn@s not able to conduct heat away from

the weld, resulting in the simulated shape of that laffected zone.

Figure 4.22: Results from a RSW simulation using Ree curves for galvanized DP600 steel
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Make experimental resistance
measurements with described
single sheet method.

v

Starting with the lowest current,
change input Rce curve in
simulation to a horizontal line.
Perform tests until resistance
value matches exp. Make sure
contact radius also matches exp.

v

Take the avg. contact interface
temnp. from simulation at peak of
first half wave and cut off the
Rce curve at this temp. This is the
optimized Rce curve for the first
current setting.

v

Move to the following current
setting. Estimate the input Rce
value in the simulation using eg.
1. Change the contact temp. to
created many different curves

(See Fig. 7.)

Measure the average contact
interface temperature for each
simulated Rce curve. The curve
where the maximum Rce temp. is
closest to the average interface
temp., without exceeding it, is
the optimized Rce curve for this
current setting.

Ensure the experimentally
measurad contact radius is
similar to that in the simulation.
At higher current settings, the
simulated contact radius may be
lower to achieve better fitting to
exp. data.

Figure 4.23: Flow chart of proposed numerical opation technique
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4.9 Summary and conclusions

A numerical optimization procedure was proposedstimate the unit area Rce as a

function of temperature at the E/S and S/S intedaduring RSW for different material

combinations using an experimental-cum-theoretggdroach. A summary of the procedure is

given in Figure 4.23. In this procedure, FEM wastfused to separate the contribution of the

bulk material resistance from the total resistafites, combined with in-situ experimental total

resistance data, allowed for the estimation ofuhi area Rce value in the following current

step. Then, a trial and error approach was take@ptinize the interfacial temperature in the unit

area Rce curve, which allowed for good matchingiofulated and experimental total resistance

data

. The following conclusions were made in thalysis:

The estimated Rce curve for galvannealed mateatkhe E/S and S/S interface was
found to be increasing until a peak was reachedigiter temperatures just before the
melting point of the coating. This increase Rcendrevas previously proposed in
literature but not universally accepted for zinateal steels.

The Rce for galvanized and electrogalvanized lovb@a steel at the E/S interface was
found to be negligible. However, this may be depemdon the base material, as
experiments with galvanized DP600 proved otherwi$e Rce curve for galvanized and
electrogalvanized materials at the S/S interfaces ieund to have decreasing
characteristics. The Rce values for these two egatiere also found to be the same.

A peak in the Rce curve was also found for copper-tarbon steel contact, a result
which was determined to be dependent on the ienf@essures and was only found at
higher interface pressures. The interface pressse large influence on the shape of the
Rce curve and should be considered in all procestels.

The results of the newly propose technique for meag the Rce at both interfaces were
compared to experimentally measured curves froemalitire with varying results. It is
postulated that in some cases, the curves intiteralo not represent the actually curve
present during real welding conditions. RSW simatawith the newly proposed curves
were performed and compared to an experimentalscgetion with very good

agreement.
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Overall, the results of this dissertation represantlternative method for estimating the
unit area Rce curve as a function of interface tmampre. Although the FEM program
SYSWELD was used in an unconventional way during #nalysis, it still enabled for
reasonable estimations of the interface temperateven if the interface temperature is not
calculated, the experimental technique can be usedetermine the influence of surface
characteristics on the Rce which allows for a baitelerstanding of important process factors
such as weld diameter, weldability lobes, prodwggeatability, welding current ranges, and

electrode wear.
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Appendix A: Overview of the newly developed spot welding inter face

The new spot welding interface, which deals witle thre-processing, creation and
modification of a spot welding simulation projesi)l now be described as well as the important
improvements made to the old interface. The prey®YSWELD spot welding advisor had two
possibilities to investigate the coupling at th& Hiterface: weak and strong coupling option. In
the weak coupling option, the thermal analysiseggrmed during the current application and
then the mechanical analysis is first performethatend of the current application. In the strong
coupling option, the mechanical analysis is coupeth thermal analysis during the current
application, which accounts for the electrode smland evolution of contact radius at the E/S
interface. The new interface allows for easy iragign of user defined electrical, thermal and
mechanical coupling parameters to change the ivarétme and electrode contact radius at the
E/S and S/S interfaces.

The spot welding advisor in SYSWELD is a SIL (SYSRAD interface language)
interface to manage the pre-processing, procesaimi) post-processing of spot welding
simulation in SYSWELD [79]. A comparison of the uripdialogue sequence between the old
and new interface can be seen in Figure Al. Thaesesg of definition of the required data for
the pre-processing was restructured, modified attdnded, which allowed for a more user
friendly modification of the important calculatiggarameters. The input dialogue now consists
of six main groups: file management, meshing, netand contact resistances, electrical load,
mechanical load, and calculation parameter.

In addition to the old dialogue it is now possilbbeselect the type of applied current:
alternating current (AC), direct current (DC) oreuslefined current function from an external
file (defined by simplified FORTRAN). Furthermorthe time function of the mechanical load
can be imported from an external input file withime-force table. In the last, newly added
dialogue window, as seen in Figure A2, the userdefine main calculation parameters. There
are four analysis options the user can choosemtileanalysis, thermal analysis with a
subsequent mechanical calculation respectively wealpling, strong coupling pressure

controlled, and strong coupling distance controlieach option will now be briefly described.
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old input dialogue

,Create a project ©

or

:Modify a priect®

new input dialogue

Definttion of

* Project name

* Electrode mesh

- Pre-defined Mesh
- Custom Mesh from mesh file (*.as0)

= Mumber of sheets
= Material Database file (* mat)
* Electro thermal contact file (* fct)
* Intensity frequence for LC

= Number of Electrical Loads

* force value

= time of pressure application

Selection of coupling type for thermao-
mechanical calculation

¥

= Definttion of geometry parameter of the Pre-
defined mesh

= Selection of the thermal contact resistance’
and electrical contact resistance’
for electrode fsheet and sheet 7 sheet contact

= Selection of sheet material’

* Definition of sheet thickneszes

Defintion of Electrical loads
=Weld time
= effective current

I riesy step I
| estuctwsastsp

—— ]
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Definition of
= Project name
I - Electrode mesh
| - Pre-defined Mesh
- Custom Mesh from mesh file (*.as0)
1 = Mumber of sheets
= Material Database file (*mat)
= Electro thermal contact file (* fot)

I______I______

= Definition of geometry parameter of the Pre-
defined mesh

= Selection of the thermal contact resistance’
and electrical contact resistance’
for electrode [ sheet and sheet [ sheet contact

= zelection of sheet material’

= Definition of sheet thicknesses

v

Selection of Electrical current weawe form'
= pre-defined AC
= pre-defined DC
= glectrical load from external file
(time-current as simplified FORTRAMN function)

v

P — -

Defintion of 1
= [rtensity frequency for LC
= Mumbker of Electrical Loads I

————.———'———————

Definttion of Electrical loads
=yeld time
= effective current

L]

= Selection of Mechanical load type'
- pre-defined mechanical load
- mechanical load from exterrnal file
(tirme-force az takle)
= Definition of hold time'

Y

e mm o mm mm EmTEm Em =
Defintion of force value' for the pre-defined I
mechanical oz

el et

= Selection of Calculation type'
- thermal claculation
- thermo-mechanical claculation, weak
coupling
- thermo-mechanical claculstion, strong
coupling, pressure controlled
- thermo-mechanical claculation, strong
coupling, distance contralled
= Definition of
- thermo-mechanical coupling rate
- threshold value for electro-thermal contact
- m&x. calculation time
- storage frequency of cloulsted results
- max. timestep for adaptive time stepping

Figure Al: Input dialogue sequence of old and npet welding interface

File management

Mesh, material and

llechanical load Electrical load

Calculation parameter

contact resistances



S SPW_PROJECT

Calculation Paraneters

“#* thernal caloulation

+ bhermo=mechanical calculation, wesk coupling

-+ thermo=pechanical calculation, strong coupling, prescure

control Led

-+ thermo-nechanical caleulation. strong coupling. distance
control Led

Coupling rate [0,25] 5

threehold value for electro=thernal contact in mm D001 _ﬁ,l

pnly For calculations: thermal amnd thermo=mechanical, ws=ak coupling

congtant contact radiue shestsshest [anl s
ctart * weld * hold time in sec: 0, i

mak, calculation time in sec ﬁ

STORE, stored caleulation cards [41 a

DTHA¥L For weld tine in sec 121 B
| [T | Cancel

Figure A2: Dialogue window from newly created RSwierface used for definition of important
calculation and contact parameters
Al.1 Calculation options

For the electro-thermal calculations, the eledrnrnal contact is established if the
distance between the opposing surface elementsvisr Ithan a user defined threshold value at
the E/S interface. At the S/S interface the radialsie can be input into the dialogue box and
does not change with welding time.

For the weak coupled thermo-mechanical calculatisabsequent to the thermal
calculation a mechanical calculation is carriedaiuthe end of the current application.

For the strong coupled thermo-mechanical calculatpyessure controlled, the electro-
thermal contact surface (E/S contact radius) isloetated and defined from the mechanical
contact surface (all nodes having a normal corftace difference of zero) at each coupling step
with a threshold value of zero. In this simulatmption, the threshold value is not significant in
the determination of the E/S electrical contacfasia, rather the maximum pressure along the

interface. Hence the user defined contact radimoirsignificant.
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For the strong coupled thermo-mechanical distamcgralled simulations, the electro-
thermal contact is established similar to the tlaranalysis. If the distance between the
opposing surface elements is lower than a thresrailee, there is electro-thermal contact.

In addition to the analysis options, it is possilbbe define and alter the following

parameters:

coupling rate (and iteration time respectively) ttoe strong coupled simulations

- maximum calculation time respectively the coolimge after the removal of the
electrodes. This option allows saving computatioretif you are e.g. only interested
in the processes during the welding process andimthe residual stresses after

cooling. In the old spot welding advisor, the stamdvalue was 50 seconds.

- storage frequency of the calculated results; oéredt for accurate studies of the

process parameters especially in the early stdgbe oveld process

- maximum time step for adaptive time stepping tarease the accuracy and time

resolution of the results, especially for only that analysis

- threshold value for electro-thermal contact deifomit of thermal analysis, weak
coupled thermo-mechanical analysis and strong eouilermo-mechanical analysis,

distance controlled
- actual contact radius at the S/S interface

In the past, the type of current wave form andtfipe of analysis were defined in the
spw_interface.cmd file, which had to be edited nadlgu The defined values of the new
parameters are added in addition to the spot wgldioject file (*.spw) for traceability of the

simulation and its parameters.
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