High-speed resistance mash seam welding of

tinplate-packaging steels for

three-piece can manufacture

— A Literature Review-

Date: November 2006

By: Adriaan H. Blom

Supervisor: Prof. Dr. lan M. Richardson

Delft University of Technology

Materials Science and Enigineering 4

TU Delft
2628 CD Ddlft

The Netherlands Delft University of Technology



Abbreviations

AC Alternating Current

BA Batch Annealed

CA Continuous Annealed

CCT Continuous Cooling Transformation
CHT Continuous Heating Transformation
DC Direct Current

DR Double Reduced

DRD Drawn and Redrawn

DwWI Drawn and Wall-Ironed

ECCS Electrolytic Chrome-Coated Steel
FE Finite Element

GTA Gas Tungsten Arc

HAZ Heat-Affected Zone

HSRW High Speed Resistance (mash seam) Welding
HSS High Strength Steels

LDR Limiting Drawing Ratio

LSS Low Strength Steels

LTS Low Tin Substrates

MHD Maximum Heat Development

PWM Pulse Width Modulation

SR Single Reduced

TFS Tin Free Steel

TZM Titanium Zirconium Molybdenum

WIMA Wire MAsh






Abstract

Containers for food products, pressurised aer@sulsgeneral line goods are characterised by
the use of high-speed resistance mash seam wellimg.industrial application for fabricating
the body of three-piece containers mostly uses ldaeoluced tinplate material of around 0.2 mm
thick. The can body is made from a rectangulareigctinplate, formed into a cylinder, welded
followed by insertion and double seaming of the eapgls. Resistance mash seam welding is most
commonly applied to the welding of the longitudimallinder seams, where the automated
character of the process achieves speeds of 8@5anImin. A good quality weld consists of
intermittently repeated overlapping weld nuggethjclv create a continuous gas tight welded

seam along the total height of the can body.

To ensure good weldability with high quality joints welding parameter range is appoint,
within which the materials are welded. This opemgtvindow is bounded by a lower limit, above
which good mechanical behaviour is established @mdipper limit, below which no material
ejection (formation of splash) is encountered.

Despite the simple principles of the welding practeere is an extra demand on the process
potentials and product performance to utilise toigts optimum, therefore a more profound
understanding of the welding procedure itself igureed (i.e. a link between the process
parameters, thermal-mechanical history and mianogiral phenomena) and thereby a
definitively based understanding of joining undéfedent process conditions (i.e. current, force,

speed, etc.) with associated material features.

To this aim, this literature review is written tast of all describe the present state of
knowledge in the process of three-piece can matwfacThis is done by looking at, the
development of the process, its relation to othemtaner manufacture processes, up- and
downstream processes in three-piece can manufagaeess characteristics, the effect on the

materials employed, and the modelling part of tieéding process.

The high-speed resistance mash seam welding prdeessoped rapidly into a very fast and
highly automated welding process, which despiteothuch more suitable processes is still able
to maintain more than half of the steel contaireaiqaging market.

Three-piece container production consists mainly faiming operations whereby many
limitations and restrictions on the tinplate inthoe the welding procedure. Nevertheless, welding
is a major influential process step, which hadetiine effect to what happens to the can body

material and its properties in the final product.



The welding process is characterised by the (contesistance, which shows the effect of heat
generation and temperature balances on the fildland associated metallurgical features. The
contact resistance is directly influenced by thddimg parameters and tinplate properties to
operate the process to its maximum speed and optimorking window, whereby the dynamic
character of the welding process in combinatiom e welding and material parameters makes
it difficult to classify the process to one type.

The welding process is settled in terms of the manmufacture specifications, yet very little is
known or published on the actual mechanism of vielchation. The existing ones are based on
some rather ambiguous and indistinguishable assonsptEven though a lot of time and
resources are invested in understanding the precesassociated materials, especially related to
protective layers with several thicknesses, itleen studied without considerably looking at the
behaviour of the materials during processing. Lapg@ameter studies or data-mining in
combination with statistical analyses were emplayefind material-process connections.

Given all the different parameters that should m&uded, only 2-D models of the HSRW
process written in commercial codes appear to .eXign though modelling the process is very
difficult, it provides a great deal of useful infioation, otherwise unattainable form experimental
studies. Both commercial and in-house codes areericah approximations by which an exact
answer is most probably not possible and requiaidation by experimental studies.

To accomplish an optimisation in the process anteri@ in the future, understanding on a
more profound basis with the use of different pssceonditions is reached by focussing on the

metallurgical and physical alterations around tleédvinterface line.
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1 Introduction

Aerosol and food can manufacture is characterigethé use of high-speed resistance (mash
seam) welding (HSRW). This industrial applicatiam fabricating the body of three-piece cans
uses Double Reduced (DR) tinplate-packaging ste¢dmal. The body of the can is made from a
rectangular piece of tinplate, formed into a cyindand welded. Even though high-speed
resistance welding is an apparently well estabtishad understood production method for
packaging aerosols, food and general line cansathgal process is rather complex, involving
aspects of many different scientific phenomena,ctvtoccur simultaneously. A good quality
weld consists of intermittently repeated overlagpimeld nuggets, which create a continuous
solid-state bond along the total height of the lsady. Three-piece can manufacture implies that
the containers are made from the seam welded cdy, ollowed by insertion and double
seaming of the two end caps.

In order to ensure good weldability with high gtialjoints a welding parameter range is
defined, within which the materials are welded. Wwlding parameter range is bounded by a
lower limit, above which good mechanical behavi@iestablished and an upper limit, below
which no material ejection (formation of splashgigountered.

Despite the simple principles of the HSRW procabgre are a lot of limitations and
unrecognisable phenomena occurring in this proc&be relationships of many of these
phenomena to each other or to the welding proaessa yet clearly understood.

Worldwide, welded steel containers represent thstrpoedominant form of packaging for
human and pet food products; approximately 90%hef world’s food cans are three-piece
containers. Occasionally, in Asia, three-piece caeseven used for beer and beverage markets
due to the quality control required for drawn anallvironed (DWI) cans. Although high-speed
resistance welding can achieve speeds of 1.2 nete tts an extra demand on the process
potentials and product performance to utilise toigts optimum, therefore a more profound
understanding of the welding procedure itself igureed (i.e. a link between the process
parameters, thermal-mechanical history and miantosiral phenomena, and thereby a
definitively based understanding of joining undéfedent process conditions (i.e. current, force,
speed, etc.) with associated material features.

This literature review is written to describe thegent state of knowledge in the process of
three-piece can manufacture. In this way, contidioutio the incomplete research on the materials
tin layer and microstructural development during jbining process can be better guaranteed.

The goal of the unfinished research, besides ggngra definitive understanding of the welding



process, is focused on joining under different psscconditions and with material conditions in
order to optimise the joining process, whilst gainknowledge on the formation of the welds,
which finally forms a basis for material developmanthe future. An understanding of the weld
formation can also open up new ways to enlargevbriing window of the welding process. In
particular, when appropriate adjustments can beenmtacthemical composition, microstructure,
metallic coating type and/or thickness, it mightdmssible to bring down the lower limit of the
welding current range. Of most interest for theelsseipplier and can manufacturer would be the
idea of making difficult to weld materials weldaliy widening the operating window to an
acceptable level, but also to make increasinglypimated commodity can shapes, after welding.
Even for easily weldable materials, for which thare no direct necessities to alter the weld
range in terms of process control, energy saviggsbe made by can manufacturers to run at
lower currents, and with higher safety marginstia end not only industry, but also the end-
users or consumers will benefit.

In dealing with these issues, the following aspélitbe considered:

¢ How did the high-speed resistance mash seam wedlowpss develop and what is the

relation to other container processes?

« What is the relation of the welding process to tipeand downstream processes in

three-piece can manufacture?

« What are the high-speed resistance mash seam geliness characteristics and what

is their mutual relation?
« What is the effect of the welding process on théemas employed?
« What is done on the modelling side to understaedH8RW process?

These questions are addressed by means of revidiwnfigh-speed resistance mash seam
welding history and competitive processes in canufacture, three-piece can manufacture from
start to end, and examining process details, ssahetd quality/weldability, welding parameters,
material factors and standards and the influencéhefjoining process on the materials. The
review is based on different literature resourcasging from tinplate and tinplate container

manufacturers to researchers and educational lzmokell as material data references.

The process of resistance mash seam welding aspigd is, in principle, well understood and
easy to explain. First, two pieces of sheet aredinbinto an overlap contact after which they are
fed through two electrode wheels. The main propesameters that contribute to the quality of

the joint are electrode force, alternating curf&@) through the electrodes and sheets, the speed



of sheet passage between the electrode wheeldhartdtal of the material overlap. Because of
the contact resistance between the two overlapghiegts, heat is generated between the sheets,
which are then mashed, and supported by enoughgkeatation, joined as shown in figure 1.1.

Mashing involves deformation of the material tog®the sheets together.

Oreerlapping
weld nuggets

Electrodes

i
=) .
Direction
.I_.I'
Copper wire
Front view Side view

Figure 1.1: Schematic of resistance mash seam weldiwith on the left—hand side a front view and on
the right—hand side a side view. The radii of theapper electrode wheels are different in size for #hn
various can diameters and a copper wire moves beter the electrode wheels and sheet material to
prevent problems of electrode contamination and degdation.

The process involves semi-continuous sequentiatisvel weld nuggets to produce a solid—
state, gas tight weld seam. In present day proaluctipeeds between 80 and 115 m/min (1.3 to
1.9 m/s) are achieved (typically some 750 cans/mitf)out the need of any pre-treatment and
with generally small material overlap distancesn@én the order of 0.4 to 0.6 mm. During mash
seam welding, the lap forges down to produce & jmitat thickness typically 1.1 to 1.4 times the
original sheet thickness. Thickness strains indiger of 30 to 50 % are applied to the joint,
which is unsatisfactory for cold pressure bondingd therefore welds are primarily formed due to
thermal processes in which strains on the sheé&cuplay an important role. The successive
weld nuggets are made with current oscillation deetgies ranging from 200 to 1000 Hz. An
electrode wire-feeding system is used to overcoroblpms of electrode degradation, the wire

being placed between the electrodes and the shatetiad to be welded [1 to 6].

In the process the tinplate is exposed to thernmstbties in which various physical and
chemical alterations take place, which determirgefthal properties of the joint. Generally, the

demands on these properties are considerable, iabpeos a high quality products, such as



commodity-shaped and aerosol containers. Diffusiearystallisation, recovery, precipitation

and dissolution are all influenced by thermal higtof the joint (formation). In general, material

properties can be improved by welding with higharents, leading to greater peak temperatures,

and lower welding speeds, resulting in longer timeslevated temperatures [7]. Each parameter

variation indicates an alteration in the tempematgradients and heat balance across the

resistively heated overlapping sheets and therefifferent associated temperature cycles, final

shapes (i.e. more or less deformation) and microstres.

Heating of the sheets is also affected by the tiigeadifferently sized copper electrode wheels

(see figure 1.1). A smaller contact area of thellemealectrode wheel (i.e. at the inside of the can

Figure 1.2:

Images of two weld seam sample
intersected in the middle of the welds parallel tahe
welding direction. The top picture shows the shapef
some weld nuggets and their associated heat patteg

whereby the darker regions indicate a highe
temperature. The bottom pictuwe shows the relate
microstructures. In both pictures, the side of th
smaller electrode wheel was positioned at the botto
The sample on top was etched with a picral solutioto
make the heat patterns visible, whilst the bottor
sample was etched with &% nital solution for five
seconds to show the microstructure. The distan
scales are 300 and 100 um for the top and bottc
picture respectively [1].

body cylinder) introduces a higher
current density than the larger electrode
wheel. Consequently, more heat
generates at the side where the sheets
pass the smaller electrode wheel. As an
example figure 1.2 shows a final weld
seam shape and associated metallurgical
features taken parallel to the welding
direction in the centre of the weld seam
[1, 2, 8 and 34].

A welding current establishes the
welding current range used for
acceptable welding (i.e. weldability).
This welding operating window or
weldability range comprises a lower and
upper welding limit. The lower limit is
determined by a mechanical tear test of
the weld, by which no cold welds may
form. Cold welding gives an indication
that the weld has not been sufficiently
warm to produce a mechanically
adequate weld. The upper limit is
determined by visual detection of

formation of splash, which involves



metal particle ejection from the welded seam edghs. welding current range is a mapping of
the current (i.e. temperature) and mostly one othain governing welding factor or parameter
(e.g. welding speed, weld nugget length, electfodee, etc). Figure 1.3 gives an illustration of a
weld range, associated with images of a cold aridvetd. A good weld quality is reflected by

means of the weld properties or metallographiajiest such as grain type, size, etc.

g

"

Welding current

[l iy l
¢ [
L 4

|
i

Force, speed, etc.

Cold weld
Figure 1.3 The lefthand side shows a schematic of the weld range anid iassociated weldin
operating window or welding latitude. On the righthand side, the top picture shows ¢
enlargement of an overheated or hot weld. Here, tharrows indicate the splashes; thevelding
direction is from right to left. The bottom picture shows a cold weld, which is broken by the te
test. In both pictures, the white arrows indicate he length of a weld nugget and the distance sca
are 1 mm.



2 History & can manufacture processes

The usage of welded cans started to grow rapidigr ahe Second World War, replacing
soldered tinplate can manufacture. The reasonhierwas to decrease the human lead intake
from food, lead being present in the soldered sdams. As a reaction to the disappearing
soldered cans, the alternative of welded cans w&ed into the market and needed to fulfil the
needs of can manufacturers and consumers, yetkeeesired output capacities.

The welding process compared to soldering, has afl@ther distinct advantages, such as
speed and strength. First, typical welding machiagsmade by the Swiss firm, Soudronic AG,
provide flexibility with respect to can height adthmeter changes. Secondly, the can body will
consistently fail before a weld seam provided arse good integrity. Furthermore, a welded
seam is lead free and uses less material; as Bypidd mm material overlap width is required in
contrast to the 5 mm for a soldered seam can. alvew margin required in a welded seam also
offers a wider scope for designs than soldered seltoreover, to provide the strength necessary
for the axial and radial loading, the can walls beaded (i.e. surface ripples are introduced),
which is more difficult with soldered cans. The @l production process waste products, and
the tinplate cans are easily recycled making weldin environmentally sound process for such a
large volume-packaging product. As a result weldiagk over as the preferred production
technique for three-piece can manufacture with f@eetdosol and general line containers.

During the growth period of the welding process6d® and 1970s) and over the years
afterwards, different three-piece welded can mastufang processes were developed, of which
only a few found commercial acceptance. In Ameritee so-called Conoweld process was
successfully developed for semi high-speed manurfacif tin-free steel (TFS) and hard coated
containers. However, in Europe the emphasis wasegdlaan manufacturing a wide range of
tinplate containers, which was a remaining condepin traditional soldered cans and took
advantage of the accumulated knowledge and experiém the use of tinplate-packaging
applications over the past decades. Europe comveuekly and completely to a welded side
seam for cans, and standardised cans and the pimdpoocess found acceptance.

In the mid and late 1970s two-piece can manufacstaeted to grow in the European can
industry in competition with the three-piece welgliprocess, and in the early 1980s two-piece
can manufacturing was adopted. For a two-piece aampund metal blank, either steel or
aluminium is stamped from a large piece of singttuced (SR) tinplate (i.e. temper rolled). From
this, increasing degrees of cupping take place ardiitable wall is formed. The wall is ironed to
the desired height (i.e. drawn and wall-ironed) éitheld with the product, which is in the most



cases, are carbonated beverages. Today, two-p@temanufacture rivals three-piece can

manufacture, because it eliminates the difficultmtake small height can when welding, and

reduces sterilisation times, giving better prodyaalities. It also needs less attention afterwards

(e.g. better deformation behaviour, no weak spatosion) and harder; better adhering lacquers

can be applied with higher cure temperatures. Euribre, the material cost savings (thickness

reduction) whilst still lending rigidity and the sdnce of a seam on the can make it an attractive

rival.
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Figure 2.1 The top diagram show:
the evolution of the canmaking
technologies over the years up

1990 presented a the percentage ¢
the steel used in canmakin
technology. The lefthand side show
the corresponding evolution of sale
of Soudronic AG welding machine
up to 1983. By the introduction o
the Wire MAsh (WIMA) welding

technology, the turning point 1975 is
noticeable in both diagrams [36, 53].

In manufacturing three-piece tinplate containdrs, éxtra requirement of a strong and airtight

sealed seam is necessary. Besides welding andisgldhe use of special adhesives could be a
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way of achieving such a tight seal. Nevertheldss,vtelding process, because of technical and
commercial advantages, quickly overshadowed thtss processes as shown in the diagrams of
figure 2.1. The figure shows that the evolution vrelding corresponds with a similar

development in the sales of the welding machineghé literature, the process of side seamed
packaging containers is hardly mentioned. Howetvaras replaced by welding because welding
is faster and produces a stronger and leak prahsén side seaming the seam is purely a

mechanical closure of the containers [3 to 5, 9H0{d

2.1 Welding technologies of the three-piece can

2.1.1 Wire welding

For three-piece can manufacture, the resistancdingeprincipal is based on a wire-feeding
system to overcome electrode contamination andadatjon during welding. This welding
principal has a long history and is predominantiweloped and still owned by one welding
equipment manufacturer, Soudronic AG in Berdietkdwijtzerland. It is for this reason that the
process is commonly named Soudronic welding. Cddimgefrom the Soudronic point of view
has evolved from a simple to a rather complex me@e which today the small material overlaps
create a solid-state continuous bond along thédatabody height, consisting solely of repeating
sequential-overlapping weld nuggets.

Around the early 1950s, the first wire welding piple called a butterfly or fully overlapped
weld came into existence, as is schematically shaivthe top of figure 2.2. The welds are named
after their appearance. In the butterfly weldinggeiss can blanks with edge overlaps of 2.0 to
4.0 mm were required creating a weld nugget whialy occupies a quarter of the overlapped
area. The non-welded parts in the overlap weracdiffto protect from internal crevices and
corrosion, which was undesirable due to unsatisfdgt sealing with corrosion protective
lacquers in food and drink containers. Howeverase of a wire-electrode feeding system the
process was suitable for tinplate welding withche heed of edge grinding and was typically
used in hand feeding production, i.e. large voluwfegails, drums and other non-food specialty

containers.

11



external
welding roller

. J fiattened
| L wirs
N electrodes

o Wald zone

2.0-3.0

weld zone
»’(mashed seam)

weld zone

mﬂmashad seam)
e T T

0.4 SUPERWIMA SEAM

==

Figure 2.2: Historical developments of resistance e welding. From top to bottom the butterfly,
WIMA and super-WIMA welding principles are schematically shown. On the right-hand side
associated photographs of the weld appearances aleown [6, 9 and 11].

The poor corrosion properties, the needs for highreduction speeds and better material
formability over the following years led to radicaiprovements in the mid 1970s. The next step
in the line of the wire welding process evolutiencalled Wire MAsh (WIMA) welding. Mash
meaning that the material is (highly) deformed &mdjed to join the materials together. The
WIMA weld (see the centre features of figure 2.2eaded over the entire can blank overlap of
0.5 to 0.8 mm. The smaller overlap permitted weajdgpeeds of up to 50 m/min making it
possible to use tinplate for almost all beverage fmod container applications. However, one
side effect of this development is the consideradhaller tolerances it brought about on the
process parameters.

The desire for reaching higher speeds and narrowenaps led to the latest development step
in resistance wire welding, super-WIMA welding. Tkaper-WIMA weld (see the bottom
features in figure 2.2) developed in the late 1970s with the former development it uses a
material overlap, only smaller, typically 0.4 t&Gnm, and welding speeds of 80 to 115 m/min
(2.3 m/s to 1.9 m/s) are not exceptional. Howetlee, super-WIMA welding process further
intensified the problems of process parameter dales and raised questions about mechanical

and physical tinplate property variations that migffect the weld quality. Today, the super-

12



WIMA welding process is mainly used for aerosol &mad can manufacture, within which weld

seams need to be highly accurate, airtight anddedipressure proof [3 to 5 and 9].

2.1.2 Edge grinding

The edge grinding process is based on the principkurface cleaning the can blank edges
before welding in order to avoid any electrode aamhation and degradation. Although this
welding principal did not prevail, it is importabéecause the idea of surface cleaning has and still
is being used in innovations on the existing comaiwelding processes. As with the wire
welding method, edge grinding before welding wasdpminantly developed by one
manufacturer, Conoweld and therefore named Conowelding. As with Soudronic welding,
the Conoweld welding process forms a continuoussi giilase bond with sequential overlapping
weld nuggets over the entire can body height.

From the 1950s to the beginning of the 1970s, tthgeegrinding process was a popular
resistance welding process; it replaced the soldgirocesses and competed with the Soudronic
process. In the edge grinding process, carefulcantblete automated mechanical removal of the
steel blanks top, 1 to 2 um and outer blank sigdésfo 3.0 mm, was accomplished by machine
grinding immediately before welding. This was ddrecause of the large electrical resistance
some top coatings or layers (e.g. chromium or ioaide layers) cause, inducing poor weld
operating windows and consequently poor weld gealifTherefore, in the early years of solder
replacement, factors such as coating hardness,htyedtc. made the edge grinding process
competitive to wire welding.

However, because of the extra sensitive step irlitleeof production, the rate of production
became slower than with the wire welding procegsically less than 50 m/min. Today, hard-
coated containers (e.g. chromium coated) are laeduafter the welding process to make

production more effective and faster, making edgedgng redundant [9 to 12].

2.1.3 Laser welding

The laser welding process is principally differ&aim the resistance welding processes above.
Laser welding of can bodies produces a fusion wettl (see figure 2.3) instead of a solid-state
overlap weld. Laser welding of cylinders is an maiive impending container making process
that found its origin in the late 1980s. The ideane from tailored blank production, used in car
manufacture, within which resistance and laser ingldvere already competitive processes from
the early 1960s. Today laser welding is still a lstue, and is of increasing interest as an

alternative to resistance can welding. This is beeaof its technical advantages; better quality

13



performance with narrower welds and wider process$ material operating windows with the

same or even higher production speeds [13 to 19].

l_aser
We lder

Figure 2.3: Schematic representation of the laser &ding principle on the left-hand side with on the
right-hand side an associated photomicrograph of faser weld appearance [11 and 15].

The laser welding technique uses focused light feomgh-energy laser beam. The high-energy
laser in combination with the absorptiveness ofstieel makes the edges of the steel blanks melt.
When the melted edges of the cylinder are brougot ¢close contact the metal can solidify and
produce a strong fully connecting seam (see figugg. Laser welding produces a very narrow
weld area of 0.25 to 0.3 mm with only 5 to 20 %eteation into the can base material. The weld
area because of the high cooling rates is strotiger the base material. In this way only a very
narrow strip of the steel base is affected by thathwhich minimises unwanted mechanical
property changes. The produced heat-affected zbi&Z)( is narrower than with resistance
welding, also giving enhanced mechanical propefti@sand 14]. The heat affected zone is the
base material microstructure immediately adjacemttite fused material, not molten but
transformed by the temperature effects in this.area

In the literature [13, 17 and 18] it is found ths#veral container and welding machine
manufacturers have been operating can-lines wgkri&velding machines for some time, to
assess the outcome of this process. In the testsaier beam was not switched on and off
between the cans, but deflected into a copper $ieét to reduce time-feeding problems to
maintain production speed and to keep a stablef@ubed heat input on the can bodies. After
welding, the cans were guided through rollers tooatm (i.e. planish) the seam before
downstream container completion.

According to some tests, differently produced tt@lsteels with various tin coating masses
and other, also harder coatings and lacquers camel#ed with a high quality. Uchihara and

Fukui [18] say that the reason for this is foundbicgquers that are burned off before fusion occurs.
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However, the process should have an applied gastoelsl to prevent oxidation of the material.
It was also said by Schmitz et al [19] that in taselding the only significant parameter is the
sheet thickness, not the nature of the metallitimgdhat thereby offers attractive potentials for
the joining of steel cans with outstanding metgtliiotections. However, Saito et al [13] stated
that when coatings are too thick or have a higlogtiive capacity, they could dissolve into the
weld and create poor weld qualities (i.e. mecharfuiehaviour).

The advantage of laser welding is the minimisatidrthermal damage to the coating and
substrate and good formability and deformation progs after welding, ensuring an excellent
cosmetic appearance and making the welds direciitalde for downstream lacquering. In
addition, laser welding is the best welding prodesms a formability viewpoint because of the
small heat input. As a result superior weld fatignel forming operations compared to resistance
overlap welds are achieved. The hardening degréeeahaterial is governed by the cooling rate
and carbon content and hence the use of low-castaahs are a good way to increase the speed in
laser welding whilst keeping the hardening degmrestant [14 and 15].

Additionally, in all the research reported limitais on the process speed were found. Speeds of
20 m/min were easily achieved and even 30 to 35im/ane reported whilst obtaining a
satisfactory or good quality weld. When increadimg speeds above 35 m/min it was found that
weld profiles start to ripple along the weld seamd alank edges started to loose material. It was
concluded that the weld pool could not keep up Withweld speed. Sharp et al [17] said that in
gaining faster weld speeds and better quality #eeaf pulsing techniques should be employed.
In addition, in their long duration trials, pulsingchniques had eliminated undesirable
metallurgical effects [13 and 18].

Beside the weld pool and speed problems, theradthar crucial factor that is highlighted in
the experiments, material guidance and geometryalge the laser beam is a very narrow spot, it
should be maintained around 0.1 mm from the ceng&gleaving little space for movement or
geometry errors. For instance clearance at thekl#dges may only be a few percent because
lack of penetration can give rise to incompleteding. However, as the leading and trailing ends
of a can have a notch, there is no problem as &mnthe notch is not too long and does not
propagate. In this case the notch is sealed afienrdownstream container completion. The only
defects of consequence, and which are more liketctur, are the centreline cracks or defects as
a result of steel plate inclusions [13 and 17].

As far is currently known, research on high-speesi welding containers is still developing,

predominantly to reach higher production speeds.
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2.2 Two-piece can manufacture

For manufacturing seamless or two-piece cans #reréwo deep-drawing operations available:
e Drawn and Redrawn (DRD)

e Drawn and Wall-Ironed (DWI)
The DRD and DWI processes differ significantly desphe fact that deep drawing is the main

forming operation involved in both processes. Tdranation of a can via one of the processes is a
relation between material thickness and the limgitidrawing ratio (LDR) (i.e. the can
height/diameter ratio). This ratio is also strongiffuenced by lubrication, lacquering and other
material factors (e.g. texture). In for instance BWI process peak loads with ironing decrease
when tin coating levels are increased. [20 to 23]

In the DRD process cans are made by a series s$ gerations, the number determined by
material type and LDR whilst the machined wall-Kniess is nearly equal to the original material
thickness. In the DRD process, different pressdh winaller diameters are used to come to a

final height/diameter ratio of the can (see figR4).
v;: Reverse Redraw Redrew 90° Redraw 60°

Punch

g
v F ! v i Blankholder
| 7]
\

Drawing_die

Figure 2.4: Schematic presentation of the drawn andedrawn process with on the left-hand side the
first drawn step and on the right-hand side three d@ferent versions of a redrawn step. In all process
steps, the wall-thickness is steady [20 and 23].

In the process the sheets are pre-lacquered tstsagsifabrication (i.e. act as lubricant) whilst
maintaining process (e.g. cohesion) and afterwamigluct (e.g. corrosion) resistance. The
process is called clean, because washing aft@rtoess is not needed [20 and 21].

For many years shallow deep-drawn pre-lacquered @t multiple deep-drawing post-
lacquered aerosols were familiar in two-piece canufacture. The two-piece can operations
were used in small heights cans because it elimintte more difficult to make soldered and

welded side seams and because it reduced heatnes tivith sterilisation operations, giving



better product qualities. On the other hand fretjyemcountered disadvantageous effects where
seen. These involve damage due to lacquer abrdwiothe tools leading to damage of the
corrosive protection layer if not immediately clednand unavoidable sulphide staining at the
drawn can walls.

By contrast, the DWI process does not require dgoguered material. Several dies iron the
material after a cup deep-drawing operation andsipty also a re-drawing operation (see figure
2.5). The can is drawn from tinplate, because wbda@able tin lubricating characteristics. The
height of the can is achieved by drawing and irgninot by multiple deep-drawing steps.
Because this process involves high deformationnstrand forces, several other lubricants can be
used. In contrast to the DRD process, containezd t@ be washed and lacquered after forming
[20, 21 and 23].

Drawn Cup

can

Bl
T T

Ironing punch Doming

1 2

Ironing

Redrawing

Figure 2.5: Schematic presentation of the DWI procgs with on the left the principal of height
stretching and wall thickness reducing, and on theight the actual production in a DWI machine [21
and 23].

Without the weld seam, there is less attentioniredquvhen the can is further processed and it
is easier to come to a number of products. Oneorefs this is that there is a difference in the
deformation behaviour of the weld seam, i.e. hesited and deformed material. Secondly,
corrosion on the seam, which may represent a waalk is not present anymore and furthermore
unattractive appearances in the can design arenelied when no seam is present on the can
body. The DWI can making processes also has thandalye of using harder better adhering
lacquers that may be cured at higher temperathreadgh which satisfactory lacquered two-piece
cans also keep the tastes of products better. 8hdt rof the wall thickness reduction, especially
in double reduced materials, is the material castngs in comparison to the three-piece can

whilst still lending rigidity. This led to its us@ the beer and beverage sector because, from a
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practical point of view, the inside pressure hdhibs can rigid, with smaller wall thicknesses [18,
20 and 21].

If the deep-drawing processes were applied to tloelystion of cans, which incorporate
vacuum loads, i.e. outside pressures and redusadkipressures (e.g. food containers), thicker
walls, are required. Thicker walls make the deegwilig processes more difficult because of the
larger height/diameter ratios and associated pnableith pre- and non-lacquered materials [20
and 21].

Over the years material and lacquer propertieshegevith, shape design have developed, and
both two-piece manufacture processes have commehéat their problems. Hence the use of
deep-drawn processes, standardised containersoamglicated commodity container designs are

possible to meet the required properties whilsteathg considerable production rates.

2.3 Market and can manufacture

As described above the history and associated itdhaevelopments have a great influence on
the resistance can welding technology today. Howewee driving force behind these
developments are greatly if not totally controlleg what is happening in the can manufacture
markets.

It has been shown that the soldered side seam eanfatture converted quickly and almost
completely to the welded side seam can. This wdigced by the fact that lead intake had to be
reduced. Although in America resistance can weldiagto the development of the edge grinding
process, Europe’s emphasis was on a wide rangéirgridte container manufacturing took the
lead in producing large quantities of standardisetted cans. Additionally, can welding better
fulfils the needs of can manufacturers and conssymaich as enhanced can size flexibility,
minimal costs, available materials, higher produttspeeds and automation of the commodity
can manufacture. In relation, developments in tmelyction of food, aerosol and general line
containers pushed ahead by changing-over from fiytte® WIMA and later super-WIMA
welding, characterised by high production speedh \aw production costs, making resistance
can welding a great success. These developmenmtedtizom the traditional soldered container
concept and are based on the accumulated knowladdesxperience in the use of tinplate-
packaging applications in the past decades.

Comparatively, the Conoweld process, initially usémt beverage cans was quickly
overshadowed by the DWI process in the aluminiudustry because of better designs (i.e. no

seam) and achieving significant material cost sga/imhilst still lending excellent can properties.
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Secondly, the wire welding process with continupusicreasing production rates lead the
container welding market, pushing the Conoweld gss@side.

Beverage cans that were introduced in Europe weneediately and only produced via deep-
drawing operations, the two-piece can manufactemame commercially accepted, standardised
and over the years more and more competitive \Witthiree-piece can manufacture.

Today, three-piece can manufacture still holdggelahare of the can market sector for aerosol,
food, and general line containers. However, the cesses are also used for aerosol, food
and speciality can applications. In Europe, degpvirg started off in the early twentieth century
in the pet food canning industry in England becaxfgtie low height cans it produces. However,
larger cans were predominantly soldered and bedaassuminium industry, mainly in America,
produced DWI cans, it was an opportunity to essabtivo-piece containers in Europe where a
tinplate three-piece container dominated the markarting in the 1970s two-piece can
manufacturing started to grow in the European caustry in competition with the three-piece

container, but with tinplate rather the=z

aluminium because of Europe’s histol

and the tinplate availability. Today, th

|
|
|
|

markets involving small heights o

|
|
DRD process is still used for parts of tF \

4
1
|
T

special dimension cans. . — —~—~—n)
. . Welded can DRD can DWL con
When comparing the cans relativ 100% 125 % 50 %

costs as schematically shown in figureFigure 2.6 Schematic overview of the different ca
26 it seems distinctive that the markeé:rzgs(;sasnesctg)zn.]s. with the relative costs displayed belc
stays balanced between the two processes. Thenrdasdhis is probably found in capital
investment costs, in which not only can height atemial weight, but also the number of cans
and can size is of importance in choosing the neatufing process. The market and its strategic
factors, place continuing significant demands oa packaging industry, requiring constant
response and resulting in improved process andrialatequirements [10, 11, 22, 24 and 25].

During the technical developments, downscalingdae gauges for tinplate became a driver
imposed by the can manufacturers because of theriadaiveight or costs savings. Eventually
limits of 0.10 to 0.12 mm and 0.13 to 0.15 mm whesached for respectively deep-drawn cans
and welded cans. Today, these production limitsrateused in mass production, because of
failure risks in combination with increasing forrgidemands involved in producing the cans.

In can welding manufacture, future steps are faarskveral fields. First, can manufacturers in

cooperation with steel suppliers are trying to cedor a way to weld without any necessity of
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edge grinding or the use of wire-feeding systemasivhtill achieving sound and deformable can
bodies. Secondly between all the processes thatntly operate, can manufacturers are also
trying to achieve process optimisations (e.g. copyiee configurations). In these ways
adjustments on the can manufacture lines are nmeeumivhilst costs are reduced and production
rates are increased. Because of the optimisatrm®nstant increase in the complexity takes
place and canmaking becomes more and more engigaather than a manufacturing problem
and hence the optimising rigidity is stagnatingrelager innovations, such as laser welding. [10,
11, 24 and 25]

Nevertheless, laser welding is developing for tlenuafacture of three-piece cans, but because
it is not yet able to compete with the presentdéhaed two-piece can production speeds and
manufacturing technologies, it has yet not foungnm@rcial acceptance. Despite this, the
technique has better quality performance with neerovelds; better process operating windows
with equal production speeds, and uses less eribegywith a dispensed copper wire-feeding

system.
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3 Can-line production sequence

Welding or body seaming containers is a procegsstdh major influence in three-piece can
manufacture. Before and after welding, limitatioasd restrictions such as yield strength,
Young’'s modulus and coating layer specificatioduahce what is happening to the can body
material and its properties in the final producithéugh welding is a major influencing process
step, the process of making three-piece cans ¢amsisily of forming operations. The can-line

production sequence is constructed by:
1. Lithography and cutting roll-sheets into canybthnks
Forming individual blanks into can bodies
Closing and joining to form can bodies

(Heat treating or forming weld seam)

Flanging and beading can bodies

2

3

4

5. Lacquering and curing can bodies

6

7. Lock seaming the bottom, filling and topping terlies
8

Sterilising and packing containers

The fourth process step is not performed at alesindepending on quality requirements and
usage of the produced containers. The can-endpradeiced by another production line to be
seamed onto the can body in one of the last prausteps in the can-line sequence. Within the

production line, the following two operations laganfluence the material choices:
1. Rounding or body forming of the can
2. Welding of the can body

The above-mentioned steps directly influence thereercontainer forming operation and
necessary material alterations are only appliedr athecking the materials behaviour at the
rounding and welding stages. Because the produofieans is a continuous production process,
variation in steel grades needs to be kept to anmim to ensure a stable and continuous

production speed, which ensures that adaptatitimeoprocessing machines should be minimised.
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3.1 Lithography and blanking

Before the steel sheets are slit into can bodykislate coiled bare steel sheets (tinplate) from
the steel manufacturers are unrolled and subjdgotedpainting process (i.e. lithography) for the
outside appearance of the can body. When painturolare applied, several layers could be
applied depending on the design. Secondly, upreetprotection layers can be applied to gain
optimum protection properties between the painteamdronment (i.e. corrosion).

The paint is applied in stripes on the sheet naltarid thereby sets the dimensions of the can
blanks for subsequent slitting and welding as shegirematically in figure 3.1. The non-painted
strips are necessary for the welding operation. 7=, g
rolling direction of the material is also labelle::
because this also influences the welding & -
forming processes. The paint is spray-coated o0 -
the tinplate and cured by moving the mater -
trough a furnace. Alternatively, the paint can |-

dried and hardened by a ultra-violet light sourc-
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which is faster and provides better and harc - E—
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protective layers.

i )
After the lithographic process, shearing ai... ' Canbody » L
Lithography' cireumference Clean material

iz AL e LS L0E el

stacking of the large uncoiled sheet into square

] ] Figure 3.1: Schematic of the packaging-
plates with a size of 950 mm x 950 mMmmaterial after the outside design
iasoplied. The dashed lines indicate tt
cutting outline. The clean materia

performed. The sheets are unloaded into andicates unpainted tinplate.

(dependant on the container end dimensions)

automated cutting machine; also called a slittegut the sheets into can body blanks. The slitter
determines the size of the can blanks with accesaof around 0.05 mm. The initial can blanks
have a dimension of for example 75.2 x 165.2 mnstfFthe larger tinplates are guillotine—cut
into long strips of 75.2 mm wide, after which thegs are roll-cut to obtain the initial blanks
with a width of 165.2 mm. The principle of the dugt operations is shown schematically in

figure 3.2.
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Figure 3.2: Principles of the cutting operation: onthe left-hand side a schematic of the cutting
scheme from the large 950 x 950 mm tinplates is shio for c-grain oriented containers, the sizes are
in mm. The picture on the right-hand side shows theschematic of the roll-cut mechanism
introducing sharp tips at the bottom or top of theblanks.

As a result, the dimensions of the blanks deterrtfieeheight and diameter of the containers.
After the blanks are cut, they are fed, all havimg same orientation, into a hopper. The hopper is
a part of the can body maker that extracts single lwody blanks by a suction head and feeds
them forward into a rounding or flexing unit. A sen component operates a deflector to divert

incorrectly and multiple fed can body blanks.

3.2 Roll-forming

For rounding of the can body blanks into can badiels-forming operations need to be carried
out. The reason for using roll-forming operationstéad of bending operations is that roll-
forming has the advantage of reacting better tcenatvariations. At the rounding unit of the
body maker, the can body blanks pass through @fsBéxing rolls and steels to reduce the
internal material stresses and to enable the foomaf the can body cylinder as shown in figure
3.3.

Figure 3.3 Schematic of the
rounding unit within th e body
maker prior to welding. The
picture shows the blanks bein
formed with flexing rolls and
steels. The dashed arrow
indicate the movement of th
rolls and steels

Flexing steel

Curl Steel¢ <>
23



The sharp tips created by the cutting machine itwated at the outside when roll-forming, as
shown in figure 3.4. Consequently, during welditigg sharp tips are positioned at the electrode
wheel sides and therefore smooth contact of th@atie surface is achieved at the weld interface
line. For research purposes this also gives tharddge to see the material extrusion (i.e.

deformation measurement) at the weld seam edges [1]

Figure 3.4 From top left to
bottom right, the roll-forming
process is shown in steps. In th
way it is able to see where tt
sharp tips of the cutting
operation finish up. The arrows
indicate the sharp tips of the cu
edges, which finally show up ¢
the outside of the materia
overlap and are exposed to th
electrodes.

For transport and actual welding of the can bodiesuitable constant over-rounding/material
overlap width, B is required. As a result, material property vaoias, without changing the
settings of the body maker will lead to unwanteértap variations. As shown in figure 3.5 the

rounding operation depend

35
. —_— 1
completely on the materials £ g Can body 73mm®  Matercl:
= 30-\ 5 Metal thickness 0.19-0.235mm
yield point, R,. . 2, Metal hardness 48 - 64 HR30T
. @ 251 a .
Sodeik et al [4] found that £ °% o Confinuously
. . 'z 204 K
the main significant z, _IBu__
[
. . 5 151 |
rounding differences are g
o <4
found between batch ani £ ™ ..
> e -
continuous annealed (BA ° 5] b.*&d_r .
-'.' \\
and CA) steel sheet 0O ; ; : -
) 2200 260 300 3.0 380 420  LBO 520
because these process Yield point Ret  [N/mm?]

give the largest difference in

the vyield point of the

Figure 3.5: Rounding/material overlap width, B; behaviour for
batch and continuously annealed tinplate experimeiatly found by

[4].

material. The large scatter will not overlap theerial tolerances, as shown in figure 3.5. For this

reason batch and continuous annealed material dmmiilbe mixed in one can production line.

Apart from this, the figure also shows that a ta@é a difference in the yield point of different

batch annealed material also creates negativeapgenh the material tolerances and hence should

not be combined in one can production line. Thectpral results substantiated the theoretical
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work by Gardner [26] using the springback test, Bnédssence indicate that the body size, metal

strength and thickness can be integrated intodalationship:

5:4(&9) _3(_Rj+1 3.1
r Et Et

where R is the radius of the mandrel in [mm], r thdius after springback in [mm], S the yield
strength in [MPa], E the Young’'s modulus in [MPapa the thickness in [mm].

Too large a difference in the material overlappasded with excessive over- or under-curl of
the rounding process, will also cause a block ef dflinders, by which proper feeding to the
welding unit is halted. To minimise problems in mding, tinplate with thicknesses and temper
tolerances for one specific container productioe Bhould be welded in one batch.

As mentioned above the steel sheet rolling direciiorelation to the can cylinder formation
direction is also of particular importance as shashematically in figure 3.6.

b-graiii material Elzinga [27] showed that too large a difference

in the overlap width with the rolling direction

parallel (H-grain oriented) and perpendicular (C-

grain oriented) to the forming process is found.

This will also create can cylinder feeding

Material rolling direction

-

'

1Canheight problems or poor weld qualities when

— combining the two rolling directions. Reasons

Oan hotob
il n€ignt

for the large differences were found in the
Figure 3.6 Schematic of the two differen . . .
rolling direction in relation to the can body anisotropy and the internal residual stresses of
welding direction, C-grain on the lefthand  the steel sheets after rolling.
side and H-grain on the righthand side. The
application of C-grain material imposes Adaptation of the body maker to the specified

more waste material materials before the welding operation is the
best solution. The automated feeding from the ¢githphic machine to slitting and the body
maker takes care of the materials direction to mnsansistency within the first can production
processes. Besides material properties, the bodtgmis also a criterion that is important when
roll-forming. Different body makers give differeaverlap values [5]. The roll-forming machine
is integrated in the welding machine and hencefoothing is established just before welding

(see figure 3.7).
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Welding;
electrode

Welding direction

Figure 3.7: The left-hand side shows the roll-formig process just before welding. The right-hand
side picture shows the welding direction of the canylinder in contrast to the rolling direction of the
material, C-grain orientation.

From the rounding unit the can blank is transfematb a z-bar [3], which controls the non-
welded can bodies by means of a spring-loaded go&eage. The can is forwarded along the z-
bar by a set of feed chains and bearings alonguber cylinder walls. The feed chains have a
variable drive to match the speed of the electnatieels to ensure no damage occurs at the
trailing end of the can. After the z-bar just beftine electrode wheels, the calibration component

(i.e. Diablo Rolls) control the can body materigédap width.

3.3 Welding

The non-welded can blank cylinder is fed througl ®lectrode wheels which perform three

main tasks:

1. Take over the transport of the can body cyliadiesm the feeding chains

2. Pass a current through the material overlaphwidt

3. Apply an electrode force to mash the overlapthwvidgether

The welding unit closes the material overlap widtid creates a solid-state continuous bond

along the total can body height consisting of rgipet non-overlapping weld nuggets. The
welding process as mentioned before is a wire wglgirocess and based on the principle of
resistance (pressure) welding. The process usé@seanave alternating current power supply,
which passes between two copper alloy electrodeclsh@he electrodes are dissimilar in size
rotating copper alloy wheels situated above eabkrofThe can bodies move in such a way that
the smaller lower electrode is inside the can bgeéy figure 3.8)
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Figure 3.8: Schematic of the HSRW process. The lefftand picture shows a side view of the welding
process and the right-hand picture a front view. Inboth pictures the spring-loaded upper electrode
wheel and smaller but fixed lower electrode wheelupply the current (AC) to the can body overlap

width.

During the welding process a controlled amount kdspure is applied to ensure optimum
contact on the weld interface to achieve the désireld seam shape. Supplied by the electrodes,
the welding current is passed through the steektshBy which the resistance between the
materials interface generates the essential héat.pfessure, current and speed determine the
amount of resistance being generated. The can pooljuction is continuous with a gap of
approximately 1 mm between the individual can boglinders. The gap is set to avoid collision
of can bodies at the welding unit and subsequgothing of the separate can bodies to each
other.

To account for the change in conditions when eabeles run on and off the can bodies, the
welding current at the start and end of each caty lman be changed with respect to the mid-
section of the can body. This production featur@ss the basis for the integrity of the weld seam

in the flanging stage of the can-line productiogusnce [3, 5 and 28].

3.4 Lacquering and curing

Most of the time within the can manufacture thedpias in the cans are very aggressive or in
any case deterioration with iron sensitive produatsl cut edge oxidation takes place.
Consequently, the importance lies with the produth which the can will be filled. Different
types of lacquer are used for different (specifiyducts. For example, baked haricot beans in
tomato sauce react with the tin inside the can, Mite fruits, such as pears and apples, are
packed into un-lacquered cans because the oxygars@bed keeping the fruit inside free from

oxidising and colouring brown. For this reasonsitimportant to protect the base material, and

27



especially the seam made during welding, with agotove layer by the lacquering (i.e. spraying)
process.

A magnetic conveyor transports the welded can Isoii¢he lacquering stage where a powder
or spray-coating is applied onto the inside of ¢tha and weld seam. The latter process is also
known as side-striping. The coating prevents imtéwa of the product with the inside, especially
the weld seam of the container. The outside ofcdre body may be side-striped to protect the
container from environmental conditions. Curingtloé sprayed lacquers takes place in a large
furnace oven to remove solvents and harden theiémsq

When lacquer is used, up to three layers are appiect as a barrier between the tinplate and
the product in the can, preventing corrosion, agnbf the food and to protect the outer surface.

Lacquering and side-striping have two importaneatpin conjunction with the welding process:

1. Effective protection to avoid serious corrosi@amd contaminants on the inside and

outside of the container
2. Application of the right coating types and weitgvels for accurate welding

Lacquering processes are developed to support tixeseoints. Although the methods are
common knowledge in can manufacture, it is stpont of attention in welding cylinders for can
manufacture, because contamination during weldarg mroduce sparking and welding failures
and eventually corrosion after lacquering of the loadies.

Normal tinplate quality is satisfactory to weld ioglers in an effective manner and lacquer
afterwards. Standard tin passivity films are ampliather than chromium/chromium oxide. The
choice of (tin) coating weight is governed by thequirements of corrosion resistance,
lacquerability and weldability. Over the years ttie coating thickness has been lowered

significantly for two reasons:
1. The change from soldered can manufacture to edeldans, which requires
considerably less tin to join the material

2. The high tin prices, which caused a conversionetry low and different coating types

without employing any different process steps witthie can production lines.

The latter point led to the investigation of cogfinsuch as nickel and chromium or
combinations of these with tin. In the end, a deciof the tin prices and the developing WIMA
welding process caused the can making industrgtcentrate only on tin and associated coating

weights.
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Corrosion or good lacquerability is tested on thalgation of iron pick-up by certain products
inside a can after a certain storage period ain&raéed temperature. These results for different

coating types or weight levels can be displayea star-profile diagram as shown in figure 3.9.

Tinplate soldered side seam ECCS welded side seam Tinplate soldered side seam
company A company A(Conoweld process) company B
1

Tinplate welded side seam
compony B (Soudronic Super-

WINMA process)
4
ZERO DAY
TITITIIT 108 pavs
1.000R 7. ASTRINGENT
2. LEMON FLAVOUR &L BITTER
3 ACIHD 9. OXIDATED
4. SWEET 10. ANOTHER
5 WATERY 11. AFTER TASTE
6. METALLIC

Figure 3.9: Star-profile diagrams show how differetly layered and produced cans react to the
different contents at the start and after 105 daystorage at 35°C [29].

The rings in a star-profile diagram represent tha pick-up in which the outer ring is the one
with the least amount of iron pick-up. The starfpeodiagrams and iron pick-up diagrams (see
figure 3.10) can be used to compare different ngatiand coating levels, but also different
production processes and packaging applicationall Imethods it is easy to give a critical iron

pick-up value and determine whether the corrosalnas or lacquer performance is acceptable.

29



350

L?." . Product: Special carrat pulp
% 3004 * Lacquered EP Sg/m? per side
T 250
°
2 3
S 200
g
5
] 150 . |
x |
5 . |
a
c 100{ =
e
L - '.
50 i
* !1 . ‘.-: e
0
0 05 10 20 28 35

Tin coating weight [g/m?2]

GONGENTRATION  (ppm)

iRON

3.00]

[

—o-- CAN A .
CAN 8

ea—— CAN C

—o— CAND

PR
B

e

P T TR

.
30

so w© izo 150
AT 235C

STORAGE  PERIOD Tdoys)

Figure 3.10: The effect of iron pick-up after a thee months storage at 50°C for a special carrot pulp
with different lacquer levels on the tinplate [4] On the right-hand side the iron concentration or pid-
up in a lemon soft drink as a function of the perid of storage at 23°C is shown [23]. The capitals
correspond to the descriptions given in the star-mofiles of the different produced cans in figure 3.9

3.5 Flanging and beading

After lacquering, side-striping and curing the riagkor flanging is performed. Both necking

and flanging are forming operations of the can esdiop and bottom edge. Necking can even be

considered as part of the same operation as flgnginis indicates that necking has relatively the

Die flanging
B —
| !

Spin flanging

—-]B

c

Figure 3.11 Schematic of the methods used for flanging of tl
can edges. The left-hand side shows a crossetion of the stati
die flanging process. The right-hand side displays cross-
section of the spin flanging process with the sepately rotating
flange tools. The capital B stands for the flange wth created

by the flange methods.

same disadvantages and
advantages as flanging. The
forming operations can be
performed in different ways.

Figure 3.11 shows the two
standard methods, used in
flanging. Die flanging is a

process in which a static die
from the axial position of the

can bodies forces the can body
edge into its new shape. With
spin flanging the flange tools

are separately spinning whilst

forcing the edge into the right shape. Althoughnsfianging requires more sophisticated

machinery it also provides superior results whemmaring it to die flanging since less internal

stresses are created.
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Because flanging is performed after welding, laconge Con s Tmml 752

and curing (i.e. heat-treated and deformed majdhialuse

of materials with higher strength and smaller digiens

=

can lead to problems such as, material failure @arks 98

and surface abrasions).

wun

DR8
SH975——
SH 50
Tensile test results
SH 25

Figure 3.12 shows the relative elongation of ad&h

can body edge for various can diameters. The lin

Strain at the outer flange edge [9)]

relation between the flange width and the relasivains in

(=]

. , i 2 3 L 5
the flange are visible. The figure also shows ttrat Flange width B [mm]

o

elongation values from the tensile tests are notpawable Figure 3.12 Diagram of the
relative elongation of the flangec

with these phenomena. canbody edge, B for various ca
diameters. DR and SH stand fo
double reduced material anc

or necking of the edge is used as a test methagkd3an a respectively [4].

certain number of samples, the cumulative frequerficyacked cans is stated as a criterion. With

In testing the flange or necking behaviour, ovanding

over-flanging or necking the diagrams in figure 3ghow the influences of flanging method,

rolling direction, can diameter and annealing pssoghen processing certain can diameters.

Flanging method Rolling direction
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2 2. 504 E F - 504 : Axis
QU | . i
g’% | / flanging Circumference
2 o 0 ] o 0 oo
'S r d il T T T = ? T
e O 1 2 3 £ 5 6 0 1 2 3 4 5 6
=3 Flange width [mm] Flange width [mm]
R : :
E 5 Can diameter 0 Annealing process
)
@) © 100 ! mm @ l 86 mme I

0.15-0.18 mm 0.14 mm

DRCA 73mmo OR

S0

G“ o “‘ O i & . o
0o 1 2 3 4 5 6 0 1 2 3 4L S 6
Flange width [mm] Flange width [mm]

Figure 3.13: Diagrams presenting the influence ofldnging method, rolling direction, can diameter
and annealing process on the flanging stage enfortdy over-flanging of the welded cans. BA, CA
and DR represent batch annealed, continuous annea&nd double reduced material respectively [4].
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The rims on the outside of a can body, as showfigime Figure 3.14
. . Picture of a
3.14, are embossed before applying the can-endsisan food can
known as can beading. The dimensions and numb&msf showing te
- rims/beads
depend on the dimensions of the container andpjiication -« ~ on the car
. ~ body.

T —
T —
O
(see section 3.7). Suitable beading (i.e. relevaridiie rims) = o= semumm: =
L —
is applied for increased strength of the can bodgnidure the ** e et
T —
stresses which are encountered during pressurancp@lke.
sterilisation), generating radial stresses of thetainer and Smm—=

during storage generating axial container stresses.

3.6 Filling and seaming

The beaded and flanged can bodies are double-sealdge can-ends of which figure 3.15
shows the detailed operational features.

Figure 3.15: Schematic cross-section of the doub$®aming stage of the can-ends on the can body.
The picture shows a double-seaming of the can bodyd can-end.

The double-seaming of the can-ends to the can opgrformed by a so-called seamer. First
an open topped can, ready to be filled with thelpedis made. Before being stacked each can is
tested for the smallest possible leaks. The refmothis is that the products are placed raw into
the can and sterilised at high temperatures
large pressure cookers. After testing tl
open topped cans are stacked and sent to
filling plant. The ends are pressed from fl

sheet steel within a can-end production lir

The type of ends can be a plain end to of

with a can opener or easy open end with Figure 3.16: The left-hand side shows a easy ape
can-end and the right-hand side a few plain can-

ring pull, as shown in figure 3.16. ends all to be seamed on to the can body
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Dependant on the applied lacquers as mentionedebéfie containers are matched with the
correct product. The open topped can is filled tnadfinal end of the can is also double-seamed
onto the can body forming a tight pressure seat dlbsed container is transported to the large
pressure cookers where the product in the closethicwers is sterilised. Finally, the cans are

labelled, dated and re-palletised to send to thgibliitor for sale to the customers.

3.7 Can Stability

3.7.1 Can bodies

Within the can making industry welding of can badiequires research on minimal practicable
metal thicknesses for optimal durable and econdnmiigasons. For instance, the weld seam

allows relative good forming behaviour c2.

can body beads compared to a SO|de|§ A
seam [5 and 23].

The sterilisation process for

O
QD
3

pansion vol

f ~
subjects the can bodies to a high load ¢ &

=}
to hydrostatic outside pressure within th& g G o
(-)=—20 -

hydrostatic retort of the sterilising proces  vacuum Pressure P

(see figure 3.17). To withstand hydrostat [ Pressure increase o
I1: Pressure relief down to can inside pressure=0
inside pressures the can bodies &III: Vacuum increase up to V=0

provided with beads IV: Vacuum relief down to P=0

Beads will withstand increasing pressure igureé 3.17: Pressurevolume diagram as  th
sterilisation process of for instance food cal

with the increase in depth of the rims.applies to the container. In the diagram four stage
are characterised during the temperature cycl
Fwith sterilisation, each stage imposing a presst
stacking the cans in storage) is reduced. And volume change in the container and evide

stress features within the material of th
certain radial and axial load is specifiedcontainers.

However the axial pressure (i.e. fo

through which the optimum bead depth can be cakedldigure 3.18 shows a picture in which
the bead depth is plotted against the can bodythiakness at constant axial and radial loads. It
shows that the strength of the material only infees the axial and not the radial loads (i.e.

Youngs modulus).
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Figure 3.18 Diagram displaying the g;n 93'“]”_13; ;ﬂzmm Yieid point: 2
stability of beaded can bodies. The be: Yourg's modulus ZIMOSN/mME  ——— 339 N/mm
depth, t is plotted as function of thi 104 z2

/
/ Axial load F

- calculated-

metal thickness, s at constant loads an
panelling pressues. The load an
pressure lines are theoretical value
dependant on process and materi
properties. The diagram shows that witl
an axial load of 4kN and a pressure of
bar a bead depth of 0.45 mm is require
when having a material thickness of 0.1
mm.
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Consequently, if the wall thickness is reduced ryreasing the material strength the stability
will only be maintained when the bead profile i€rgased. This can be crucial as the new

material may not be capable of having deep profiads [30 and 31].

3.7.2 Can-ends

In developing a low cost welded food can, the puoksi of
saving costs for the end material must also be idered. 2

Especially during the sterilisation process of egmgrs, the can-

0 50 120 180
Can end diameter [mm]

ends are subjected to high strains. In the stagliprocess the

can-ends may even be subjected to plastic defavmatid start

T61

M

020 022 026 026
Metal thickness [mm]

to buckle. Buckling of can-ends should be preveriedause

poor appearance and low strength after sterilisatere

detrimental. Figure 3.19 shows the parameters, wldce

Buckling pressure Apy [bar]
N

responsible for the influence on buckling of th@-eads. The
figure also shows that the can-end diameter is st N
important parameter when trying to influence then-ead

stability. Metal thickness and hardness also imftee the 05 0 7
Hardness [HR30T]

Figure 3.19 Overview of the

As found in the literature, buckling is only onectiar in the parameters that influence th
occurrence of buckling of the

buckling phenomena but to a lesser extent thardidi@eter.

can-end stability [32]. can-ends. The diameter of th
Flexibility is a second important factor that irghces the 2" 'S the most  influentia
parameter.
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can-end stability and is apparent by the incredgbeovolume under the can-end because of the
inside pressure as shown in the left-hand diagrafigure 3.20. The figure is a description of the
strain when the can-end is subjected to the datitin process or heat treatment after seaming
the top and bottom. The figure presents the presanume curve (hyperbola for the product)
over which the can-ends will not fail. Whereas bethe curve, buckling should be expected with
eventually can-end failure. With a thicker can-ethe reliability increases and with lower
thicknesses the ends could fail if the hardnesth®fmaterial becomes too low. Further details
concerning this relation diagram are given by Soded Sauer [33].

200
Can 99mm@ x 119mm
3-bead end 03
by Metal thickness No failure O without heating
5 (mm] 020 7} 02¢ AVeng > BVproguct _ X heated 120°C - LSmin
- 1504 3
< 5 - Specification
g Hardness 02
] [HR30T] =
2 ) \ 3
c End ® o
g 100 - experimental- / ) o
c >
o /
¢ ' < 011
[} o
. a
5 Failure o
501 |AVena < AVoroduct|  Prodict o
{water »air)
-calculated - 0 >
Processing; Temperature 130°C 16 1.8 20 22 24 25 ' 28
Retort pressure 1.5 bar .
a Head space L% Pressure pre-loading [bar]

0 1 2 3
Pressure difference Ap [(bar]

Figure 3.20: The diagram on the left-hand side shosvthe stability criterion for a container having
certain dimensions and filling consisting of waterand air (i.e. the hyperbola). Above the hyperbola
the can-end will not fail whereas below the curvehuckling should be expected. The right-hand side
diagram shows the specification for the flip-back penomenon. The flip-back after pressure pre-
loading as a standard (i.e. a particular value oftte vacuum necessary to return to the original staje

Finally, flip-back after pressure pre-loading oé ttan-ends is also an assessable factor for the
stability of a can-end. This means that a certaicuum value is hecessary to return the can-end
to the original state, which is set at certain pues pre-loading values caused by the internal
pressure. The right-hand side of figure 3.20 shithesrelation between the pressure pre-loading
and the flip back vacuum [23].
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4 Power supply

Within high-speed resistance welding many diffemntent wave shapes are utilised to supply
power, for different reasons. In addition, delagd aignificant changes in the current amplitudes
over the can body height may for instance redueepthssibility of defects and/or contribute to
the integrity of the weld seam in the flanging staf the container production [3, 5 and 28].

Schaerer and Weil [36] compared the characteristicirect current (DC) and full sine wave
seam welding (i.e. AC). The difference betweenrafitng and direct current power supply is
that DC flows in one direction, whereas AC flowxkand forward in a wire at regular time
intervals. They found that amplitude control of therent is the main factor linked to the power
supply. Amplitude control is used to provide optimaveforms, which improve the weld quality
at welding speeds above 50 m/min. With improveddwagliality Schaerer and Weil combined
higher strength with defects-free welds, using cemuial available tinplate. The results showed

that a full sine wave creates an energy input, {Jlirdetermined by:
t
Q =j 1I2(t)R(1) dt (4.1)
0

in which R is the resistance i], | is the current in [A] and t the time in [s]. WV the aid of
equation 4.1 Schaerer and Weil discussed how twerutypes, AC and DC influence weld
guality. They noted the following aspects when wed.19 mm thick tinplate at 50 m/min with
a direct current (see also the left-hand side podi figure 4.1):

« The surface and centre of the weld seam are selj¢atsimilar temperatures
e Ajoint as a whole is not produced
* The heating effects on the surface are so powgratla rough surface emerges

« Surface oxidation due to high surface heating accur
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Base metal 1:200

Longitudinal section 1:200 Longitmdinal section 1:200

Figure 4.1: On the left-hand side the form of a DQyower supply is shown and the effect it has on the
materials. On the right a super-imposed DC waveformis drawn with the associated effects on the
materials. Below the microphotograph scales indicatthe enlargement. All welds were made with a
welding speed of 50 m/min.

Applying a superimposed DC oscillation (see thehtrigicture of figure 4.1) the heat
penetration into the centre of the weld seam coethtw normal DC welding ensures a suitably

welded joint at the centre. The following aspecesraotable:
» Surface and centre of the welded seam are heathd same extent
» Considerable surface oxidation on the welded sarfacurs
* Arough surface is generated as a result of tlmgtheating effect

In DC welding due to high thermal activation oviee entire material thickness, brittleness is
encouraged. Essentially, an abrupt microstructdezkelopment in the small heat affected zone
(HAZ) enhances the risk of cracking near the welgns when deforming, especially with thinner
materials. It also diminishes the smoothening dperaand adhering properties, required for the

lacquering process.

Employing a full sine wave with thicknesses of Ori& and 0.12 mm at speeds of 60 m/min,
Schaerer and Weil found the necessary interplawdmat cold and hot stages needed for a

satisfactory weld quality (see figure 4.2):
« Atotal coverage of the joint
* The seam being produced remains elastic
* Double reduced and thinner tinplate sheets ret@same features

* Relatively slow heat transfer from centre to peeih because the weld interface line

IS subjected to a larger thermal activation thandutside of the weld seam
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e Gradual microstructural development as the baselmatrostructure extends into the

centre of the weld seam

For this reason applying a pulsing pow:

input (minimum current amplitude) obtains - S
optimum weld quality, therefore AC is th/ ™" ™" 1:100 } W t

best option for high-speed resistance meé.,

seam welding [36]. As mentioned befo[,_ﬁ;

delays (i.e. phase angles/shifts) and significig

i i Longitudinal section . 1:200
changes in the amplitude of the current and
Figure 4.2 In the upper right corner the

shape of the wave are excellent tools tQuaveform applied in an AC supply is showr

handle the heat distribution in the can bodgf?(la%‘;‘; thoef ”:Eéc’ngtogtrﬁghzcggghir%si‘gg’t‘g tT\

weld seams. The main wave shapes are: sialargements. The weld was made with a weldil
wave (or scatter sine wave), square wav?:loeedmc 60 m/min
and triangle wave.

The waveforms as used in practice are represestedraes depicting a gradual change in the
current as it increases and decreases for eadttidireof current flow. A sine wave is the most
common and in-practice simplest of the waveformshasfrequency can easily be changed to
provide a continuous current flow to the work-pieEer a sine wave cycle, the continuously
changing current value proportionally indicatesttikating and cooling of the material.

The sine wave shape within high-speed weldingt&raad with the use of a rotary transformer,
because the turning motion of this transformer pavduce the exact shape of a sine wave.
However, if a solid-state transformer is used (asrmst welding machines), the sine wave is
approximated by sectioning the frequency withintaier limits of the polarity. Elzinga [34]
showed with the approximation of the sine wave amelement of scatter, a slight trend towards
increasing defects, as there is no gradual righéncurrent per se. In this case, the sine wave
displays a jagged stepped rise and fall. Howenerrésolution at which the separate elements are
applied (i.e. how often do the approximating eleteemoss the exact sine wave) is so small that
the approximation is taken to be commercially \@alfdn the other hand, this does not diminish
the likelihood of irregular spikes (i.e. larger we$ as the upper and lower limits of the exact sine
wave). The spikes appear within the current patedhcause an irregular temperature effect for a
certain time period. The reasons for this mightabeinconsistency in the power generator or

temperature fluctuations in some other part oftking machine.
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Square waves as shown on the left-hand side inefigLB are rarely used in high-speed welding
[36]. The square wave takes on the form of an A@eyaxcept for the gradual increases and

decreases in current.

- T >

Figure 4.3: Schematic of a square waveform on theft-hand side with T as one waveform period and
on the right-hand side an illustration of one waveeriod from a triangle waveform is shown.

Although a square wave is seldom used in pracsoge it is a difficult to accomplish
instantaneous change of current, work has beenucted which outlines the apparent difficulty
of using it as a commercially acceptable methodb]13imulations using a triangular wave as
shown on the right-hand side of figure 4.3 wereilsinto those of a perfect sine wave, except for
the lower temperatures, produced due to a sligimigller area underneath the half-cycle [35].

Since older welding machines were not equipped wytstems to solve frequency problems,
phase angle control (see figure 4.4) with increpdimequencies was employed. Phase angle
control proved to be the best approach in solvirege problems. The phase angle is defined as
the difference between the phase of one sine wawgng quantity and the phase of a second
guantity, which also varies sinusoidal at the s&mguency. This phenomenon is also known as

phase difference (t in figure 4.4) and normallyregged in degrees.

Figure 4.4: On the left-hand side a phase angle/$hiis seen with t (i.e. coloured parts) being the
difference in the angle and T the period of the waaform. The right-hand side picture shows the
mechanism behind phase cutting.
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The continuous alternating current restricts theveational resistance welding heat control
method of phase cutting (the illustration on thghtihand side of figure 4.4). Phase cutting is a
form of pulse width modulation (PWM) applied to AGltages for limiting the power supply. As
in all forms of PWM, phase cutting works by usingdid-state switch only allowing current to
flow for a fraction of the time. Phase cutting makese of the AC voltage variations to control
the duty cycle, the switch turns on when the vategaches a certain level and turns off when the
voltage reaches the ground level; this allows emsy economic alteration of the duty cycle.
Unless a shift of at least 80% is used the offqak(i.e. no current period) becomes excessive and
lack of bonding on the weld interface line can appeetween the weld pulses [5 and 36]. Over
time phase angle control readily took the form mfuainterrupted full sine wave with amplitude

control, proving to be a suitable welding techngléay can bodies in industry today.

40



5 Welding electrodes and wires

A disadvantage of resistance welding of tinplatthes presence of low melting temperature tin
on the tinplate surface, which results in alloyimpen using copper electrode wheels and
consequently rapid contamination and deteriorabbrthe welding conditions (electrical and
thermal transition rates) and severely diminishes quality of the welds. This problem can be
overcome by the use of a continuous copper wirelimgethrough a groove in the copper
electrode wheels, providing a continuous cleantelde surface to the can bodies and keeping

the contact resistance within the acceptable gtyaatid variation. The wire-feeding system

guides a copper wire between the electrode wheelsvark pieces (i.e. an intermediate electrode)
[3 and 5].

Figure 5.1: Overview of the copper wire-feeding syem employed with wire welding, which
incorporates the profiling rolls, guiding rolls, flattening rolls and chopping mechanisms at the end.
On the right-hand side an enlargement of the actualelding unit is shown [37].

The copper wire is made of electrolytic copper vatkliameter of typically 1.38 mm or 1.50
mm, which has an electrical conductivity of 5.94Wn. The wire itself starts off with a circular
cross-section and is guided by a series of putleysseries of flattening profiling rolls wherast
formed into a rectangular or elliptical profile.dfiting is followed by double sided feeding, using
top and bottom of the copper wire once at the botend top electrode in order to bring
contamination to a minimum and copper wire usage tmaximum. For this reason the wire
firstly circumscribes the bottom electrode wheédlofwed by a twist for a fresh surface to
circumscribe the upper electrode wheel. An everiggridbuted wire tension is achieved by a

variable drive system. After welding the contam@matopper wire is chopped into small chips
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and collected for recycling via melting or refinifdgigure 5.1 schematically shows an overview
of a wire-feeding system. [37]

The use of a copper wire-feeding system with copglectrode wheels is a result of the
prominent alloying mechanism between tin and cogdhe elevated temperatures within the
welding process [37]. Inertia and friction charaistiics of the electrode to tinplate and the
deformation of the intermediate welding wire can, ddditional role to tinplate properties,
influence the weld integrity, especially at highemperatures and the subsequent physical
material alterations [5]. Additionally, the elead®wheels must align correctly, the welding wire
should have the right cross-section and the posidfahe z-bar must be accurate in order to get
an optimal heat generation and development on #ié interface line.

Figure 5.2 from [38] displays the thermal and eleat conduction with increasing tin
concentration. The graphs show a significant redoabdf both material properties when the tin
percentage is increased. Also, when the surfackeo€opper wire alloys with tin, the electrical
and thermal conductivity alter significantly, whieyeon top of the complex contact resistance

patterns, temporary but large temperature variationcur, which contribute to poor weld

gualities.
2 (/Qmm’y 3 (WmK)
60 300
50 250
40 200
30 150
20 100
10 50

2 4 6 8 Sn% 2 4 6 8 Sn%

Figure 5.2: The left graphic shows the electricalanductivity in [m/ @mm? of copper with rising tin
concentrations. On the right-hand side the graphicshows the thermal conductivity in [W/mK] of
copper with increasing tin concentrations.

In addition to the wire-feeding system there arBfedént solutions available to obtain a

satisfactory weld without contamination and detetion of the electrodes. Other alternatives are
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also significant since usage of copper wire istsstantial disadvantageous. For instance, welding
with a 1 mni diameter copper wire at 50 m/min, 0.5 kg of cogparminute of operating time is
consumed. In addition, an increase in the weldpegd requires

Tungsten-copper

more sophisticated and rapidly forming, tightnesd eeding of contact lnyer

the copper wire without decreasing the weld qualifjfestrze

. . Overlap
Consequently, research is performed on the us@mfreactive sea —
Screw

copper alloys containing tungsten and molybdenum. S

Cooling

Furthermore, titanium-zirconium-molybdenum (TZMg@&irodes amma—

Using TZM electrodes gave good welding results tednon-
deteriorating behaviour of the electrodes could enak

commercial attractive. However, TZM electrodes $tiobe

=
where investigated try to dispose of the wire-fagdiystem [37]. -%

reworked after certain process times since irregida \_J

|—

originated on the electrode surfaces. A linkind-boldy device Figure 5.2 Principle of a

made of electrolytic copper with an electrode ninade of TzM linking roll- body electrode
with an electrode ring o

material could therefore be employed (see figusg. 5. tungsten  or titanium-
zirconium-molybdenum

The main difference between the two methods ishilgaer alloy.

electrical conduction when using a copper wire-fiegadystem,

even though undesirable alloying and mechanicfiihetis on the weld seam come into existence.
On the other hand, with TZM electrodes tin remainghe tinplate and copper is not deposit on
the weld seam whereby TZM electrodes result in tgremechanical stiffness and lead to a
superior corrosion protection. Since TZM electrodes around 50 times more expensive. For
this reason TZM linking roll-body electrodes ard¢ pet commercially adopted.

The first welding machines worked with a round sthpcopper wire. Over the years,
developments resulted in the rectangular or etiglity shaped wires of today. Changing the shape
of the wire influences the production capacity bgams of wider welding ranges (i.e. more
tolerances), which has advantages when for instdoegiscaling the thickness of the tinplate.
Large tryouts were performed on trapezium shappgaowires. Trapezium wires have narrower
contact widths on one side of the wire and hencepemsate for the temperature variations
caused by the differences in the diameter of teetelde wheels. Weld symmetry is improved
resulting in superior weld quality. With differeptthaped wires, especially a trapezium wire, the
welding range in its optimised condition can ber@ased by a factor two compared to
conventional round copper wires. Mutually, incregsiipper and decreasing lower welding limits,

cause the increase in the welding current rangewveier, raising the upper limit is more
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profound [37]. The research of Elzinga et al [3@hed to raise the upper limit by studying the
possibility of substituting the classical rectaragudnd elliptical profile with a trapezium-profiled
wire. The trapezium copper wire would give a moatabced temperature distribution, thereby
reducing the possibility of splash on the insideha can body. The reason for this is a similar
contact area of the upper electrode
Upper electrode wheet»

wheel and the lower electrode wheel to
the tinplate as shown in figure 5.4. The Trapezium-shaped
lower electrode wheel with the smaller copper wire
diameter results in more heat generation

Canbody——»
(i.e. a higher current density), which is
compensated by the wire shape resulting

. _ . Lower electrode wheet—>
in greater flexibility production, as in

some cases the welding current could bEigure 5.4: Schematic of trapeziumshaped coppe

increased by twice as much [ 40 ],wire when welding the tinplate. The picture clearl
. ) shows the difference in the contact areas that shil
without observing hot welds or splash.  compensate for the difference in heat generation ev

The main feature behind reshaping thdhe material overlap thickness.
copper wire is to get a better and more symmettieal distribution in the welded material by
which the control of the process will improve. Etedes having the same diameter in the process
thereby inducing the same contact lengths faildooenplishing a symmetrical welding process
[97]. An advantage of wire shaping is that mostevgeometries can easily be introduced in can
body welding machines by replacing the profilinis.o

The quality and geometry of the welding wire affdnt integrity of a weld seam. Imperfections
in the copper wire, such as grooves or blemishiestafhe electrical resistance and consequently
the copper wire needs to have a bright finish andath surface after profiling. The tolerance of
the profile of the copper wire is 0.02 mm and sbdeg consistent to allow a maximum contact
area on the can body overlap width. Additionallye tension of the copper wire should be
maintained because in combination with the tempegatonditions, the copper wire experiences
an elongation. The elongation of the copper wira ba measured by the tin removal (i.e.
alloying) from the surface of the tinplate onto topper wire. The length of the alloying onto the
copper wire is set to allow the length of the weldeam plus 3%. The gap between the two wires
(which circumscribe the electrode wheels) is alsangportant setting and should lie between 0.5
and 1 mm. When the gap becomes smaller joiningrefchied wire at the gap and fishtailing (see

chapter 13) at the trailing end of the weld seamarzur.
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Besides the other welding parameters, which deterrthie welding range, alteration of the
copper wire has a significant influence on the weJdrocess; most notable within the research
of electrode influence is the effect of the chaimgwire shape. Changing the wire shape leads to
variations in temperature balance, which still regbe examined further, with respect to other
welding parameters (e.g. coating levels thicknepged, and etc.). Although the margin of
symmetry in the welding process with conventiongeiewis not significant, stronger welds may be
offered by changing the copper wire shapes as raltdérecome thinner and are subjected to ever
more severe deformations afterwards. Other maseoiaklloys for the creation of the electrode

wheels seem unrealistic considering the weak comialenability.
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6 Resistance welding phenomena

With resistance welding it is important to undemstathe concept of electricity and its
relationship to the process. When a voltage, fVijp is applied to a resistance, R, iQ][in a
circuit, a current flow, I, in [A] results. The etlonship between these properties is given by the

equation:
=— (6.1)

The effect of current and resistance in a ciraiitéat generation due to collisions between the
moving electrons and the lattice structure of thetah Heat generation is a product of current,
resistance and time, t in [s]. If the resistancavsriable, a descent in the measured amount of
current will result in less heat and oppositelyighbr current will result in more heat being
generated. Similarly, if the measured current st k®nstant and the resistance changes, a higher
resistance will result in higher temperatures. Qasicely, if in a system a particular temperature
is required, then a current should flow throughrétsstance for a period of time.

The basics principles of electricity applied to tHHERW process in a simplified circuit, as

shown schematically in figure 3.8, can be presebied

« The frequency converter supplying voltage to thangformer applied over the

electrodes and work-pieces

« From the transformer, current flows through therenir bar, the upper electrode wheel,
the can body, the lower electrode wheel and thelinglarm back to the transformer,

closing the electrical circuit

« Resistance, which is proportional to the type ofemal and its cross-sectional area at

the welding unit

The electrode wheels, the copper welding arm anggubar have considerable cross-sectional
areas in comparison to the can body overlap wigtn.that reason the welding arm and current
bar have very good electrical and thermal conditgtand a relative low resistance. The tinplate
can body with a smaller cross-sectional area hasvgaratively high resistance. As a result, the
welding current is subjected to the highest reststaat the interface line of the material overlap.
If the current can flow through the material ovpnlgidth for a sufficient amount of the time, heat
is generated. During this the material is heateth¢ostate of plasticity and the applied electrode
force, F, in [N] on the material overlap width,neithe two surfaces to form a weld seam. The

heat due to resistance at the interface of theboaly outer sides and the electrodes is kept to a
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minimum by the use of the copper alloyed wire arfteels; dissipated by an integrated water
cooling system. However, rapid heat developmentabiarge contact resistance is important
because it can result in a lower welding currertessary for welding. Yet, the rapid heat
development at the electrode wheels results infadial splash before sufficient weld strength
can be established.

With resistance or resistance welding excess emardpeat is generated in each element of an
electrical circuit. This is done in proportion teetelectrical resistance, time and the squareeof th
(welding) current:

E~ I°Rt (6.2)
within which E is the energy in [J], | the (weld)ngurrent in [A], R the resistance iff] and t the
time in [s]. For simple examination of heat generaturing resistance mash seam welding, the
resistance, R can be approximated through the adindusolume of the work pieces, defined as:

_ph
A

wherep is the material specific resistivity i®2m], h is the thickness of the work-piece in [m] and

(6.3)

A is the contact area in filn As the contact area consists of the initial taetb and d in [m], a
heat generation term can be defined and used jnrction with the 2-D Rosenthal solution [41].

This solution can during welding at a certain plecthe weld approximate the thermal cycles by:

2
T-T,= ('—j PR (V—Rj exp(_—vxj (6.4)
A) 2k 2\ 2a)

where T-F is the rise from the base temperature in [K],i&the ' order Bessel function, k and
o are the thermal conductivity in [W/mK] and diffuiliy in [m?/s] respectively, v is the welding
speed in [m/s], x and R are the distances in [mgland radially from the heat source. Similarly,

peak cooling rates in [K/s] are approximated by:

2

dT _ 21k v

Ry
P A

In the HSRW process the heating and cooling is rgdigevery rapid. For this reason, the time

(T-1) (6.5)

above a specific temperature for a metallurgicattien is important and can be estimated by

integrating equation 7.5 to:
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I 2
A _
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A=— ———| —
2ir vk Tp

(6.6)
whereAt is the time in [s] above the critical temperafufgAT. T, is the maximum temperature
in [K] for joining, and AT is the difference between the maximum temperatura critical
temperature. The more time above the maximum testyrer the better the weld quality [7].
Higher heating rates evidently establish higherlingorates by means of conduction via the
electrode wheels and tinplate and heat conductan the weld zone. The equations above show
the reaction on welding current, welding speed amerlap variations, of which the welding
current is the most sensitive parameter [7]. Addiily, an energy or heat balance can be
constructed to estimate what happens during thd regating and cooling. The balance is shown
schematically in figure 6.1. In the HSRW process ¢ectric field and current density induce a
thermal field, whereby contact algorithms are ndette calculate the heat penetration and
gradients. However, with a moving intermediate @ppire, special attention is also needed for
surface frictions and stress analysis (i.e. defaoma The asymmetry of the process brought
about by the dissimilar sizes of the electrode wghegeeatly intensifies the complexity of the
problem. This indicates that for continuous develgpfactors the evaluation of the energy

balance requires a complicated 3-D thermal and arechl analysis or numerical solution.

into water coplad connar

ne water conlaq cobhar

electrodes (contact algorithms)
4 Saiidificaiion / meiting:
T & {31r 31x) 2
PP / ﬂci=tl\a‘r—‘=+, ’+ﬂH-‘UL:-
$e ree :
Transient thermal flux: Microstructure development:
Conduction into sheets |4—.— ® ? *—>r m% — gV +i1ﬁ+pH% ez %:szz
JuJ Y A dJ
Stress:
h 4 Elastic-plastic / temperature

Electrical contact resistance due 3-D electric flux /
to imperfect contact at surfaces current density:
(Contact algorithms) Vo

e

Figure 6.1: Schematic of the energy balance in tHdSRW process. Each box indicates which factors
could be accounted for during welding.

48



When taking a closer look at the resistance, twmedyof electrical resistance should be
distinguished:
1. Volume resistance: property of the bulk material
2. Contact resistance: generated by the interfateden two materials

The volume resistance is little affected by exteffiaators, is uniform and varies with for
instance the carbon content and linearly with tliekhess of the material. Contact resistance is
strongly dependant on interface contaminants, eatgressure creating an as intimate contact as
possible and the contact area. To make a soundiwéfd HSRW process, contact resistance is
the main indicative parameter and should dominaesblume resistance. The contact resistance
is coupled to factors, such as speed, current@noe fand can thereby alter the ratio of volume to
contact resistance and hence the

_Contat resistancs possibility to make a sound weld

[94]. Resistance welding is also

‘,
53 f
|
M,
,

influenced by the total resistance

€ Fesistance oi

the work-pieces

path (i.e. sum of the volume and

contact resistances) between the

=3 . / .
=Con'aclre51sfﬂn°e electrode wheels. Figure 6.2

displays the five resistance elements

it

—=
%
(Jjﬁﬁ,

Current

Figure 6.2 Schematic presentation of a static weldir  that are generally taken into account
process, whereby the resistances that come acrosge
classified by R to Rs. R, is the summation of al
resistances in series connection. overlapping work-pieces.

when studying the welding of two

Can makers [42] have conducted a lot of researathémacterise the static contact resistance
between the electrode and work-piece. Sodeik [@thabout how problematic it is to measure
individual resistances in a static setting, yetsbhm of resistances is measurable as a function of
electrode pressure. This measuring technique atBoated that welding of a variety of materials,
such as nickel-coated steels could easily be adesimpg. The work of Ichikawa and Saito [43]
was conducted to find an optimum welding currentusg of mechanical weld testing and
observation of the weld appearance. They foundahatptimum welding range for tinplate could
be categorised using static electrode contacttaesie measurements by determining thatR
R;+R>+Rs. The results show that the level and range ofmopth welding currents decreases with
an increase in Rand R. Secondly, as the contact resistance at the qveridth increased, the
upper welding limit reduced quicker than the lowsslding limit, resulting in a narrower or no

welding current. Conclusively, wire-welding tinmatvith a low contact resistance at the outer
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surface provides appropriate weld conditions. Iditaah, it was found that the contact resistance
reduced the current path during weldidg.cording to Ichikawa and Saito microscopic surface
asperities and insulation layers on the surfach asoxide films governed the contact resistance,

therefore the following characteristics have tabesidered:
» Coating-electrode contact at the outer surfaces
» Coating-coating contact at the weld interface (ire the inner surfaces)

Waddell et al [28] qualitatively suggested thatte@h resistance influences the heat developed
in terms of the heat being proportional to cur@gnsity and resistance, and its effect on the path
of current flow as shown in figure 6.3. They coese&t that the effect of contact resistance on
current path was only prevalent at higher weldipgesis, whereby sufficient heat generation
takes place at the exit of the electrode wheelnpldte contact area. Higher contact resistance
would have the same effect since the current patthe weld interface would then be

concentrated at the exit.

Low contact | ‘Co-n‘roined High contact } Interfacial
resistance : nuggets resistance | splash

it Current
-\ path

Figure 6.3: Weld formation mechanism in high-speedeam welding and how the contact resistance
affects this. The effect of contact resistance omé region of maximum heat development: increased
contact resistance increases the heating rate andfluences current path and therefore the region of
heat development.

It should be emphasised that static resistance testisure only one of many factors involved
in successfully high-speed resistance welding aahds. However, it might serve to guide what
materials and surface conditions are to be utiliSimizu et al [44 and 45] stated the limitation
of quantifying the effect of static contact resista in the HSRW process. Since the process has a
dynamic character Shimizu et al discussed thatdgreamic electric resistance could not be
divided into contact and bulk resistance and intoed the equivalent contact resistance;
determined by subtracting the calculated bulk taste from the measured total resistance during
the welding process. By a consideration of the rfeitors affecting the weld quality, tin coating
weight, tinplate thickness and welding speed toetipgivalent contact resistance they found that

the welding range is adversely affected by:
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« A reduction in tin coating weight and tinplate tess due to an increasing contact

resistance

« An increase in welding speed due to the smallegaugize and intermittent HAZ
pattern as a consequence of the reduced contaethtitwveen the electrode wire and

work-pieces

Tan et al [46] also looked at the dynamic resistapet with a small-scale resistance spot
welding process of Ni. They found that variationtleé welding current waveform and material
surface condition, and correlation of electricalaswwements with observed material surface
changes indicated complex physical phenomena donguduring welding. They stated that the
dynamic resistance R i®], between two sheets follows the equation:

R=R+R+ R (6.7)
where R, R- and R are the constriction resistance, film resistanod &ulk resistance,
respectively. All three are to be measured, carcdleulated separately and are the result of
changes in bulk and contact resistances. Tan ahalved that as welding progresses, the
breakdown of the surface film causes a decreasigeafiynamic resistance. The resistivity of the
bulk material and asperities (i.e. surface dugjilitill increase because the temperature increases,
which results in an increase of the dynamic resc#aFollowed by softening of asperities, the
contact area increases thereby decreasing the dtynesistance. With melting the solid to liquid
phase transformation of the material during weldgat formation will subsequently decrease the
dynamic resistance because there is a (large}ivitsislifference between the phases. Changes in
the dynamic resistance were divided in the follaydtages: asperity heating, surface breakdown,
asperity softening, partial surface melting, weltyget growth and expulsion. Comparatively,
large-scale resistance spot welding e
steels shows that the onsets of melting ¢
maximum weld nugget length vary due 1
the difference in electrode force an
(specific) material resistivity. Nevertheles
figure 6.4 demonstrates the dynam

resistance stages and time instants (

development) for steel in LSRSW

constructed by Dickson et al [47] an

which corresponds to the results found byFigure 6.4 Dynamic resistance during LSRSV
of steel, showing the different dynamic conta
resistance stages with the evolution of time [47]

Tan et al.
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7 Weld quality

The quality and integrity of a weld highly depenais the process criteria. A sound bond
without any weak areas is for instance requireda@nosol containers, although for general
applications less critical demands are allowed.hWi@spect to processing, the weld shape and
quality dictate the production speed, and quadityriportant to maintain high process efficiencies.
As a result, the following three issues, which a#so be seen as the post-weld criteria for the

weld formation during the welding process, are ingat in respect to the weld quality:
e Strong weld seam: strength above a certain thrdshol
« Absence of defects: comma and splash
« Good deformational behaviour for post processing

When welding, the formation of a good quality welohstitutes the following two desirable
features [50, 71 to 80]:

* A continuous and permanent joint supported by simmaterial composition
« Similar material and surface properties in thetjaimd base materials

To accomplish these features, the metallic atomistwére joined should be brought together

as close as possible, but at least within a distahten times their atomic diameter [78].

7.1 Weldability

The term weldability is in essence material relatedthe literature weldability is directly
related to weld quality and commonly defined as easnre used for assessing a qualitatively
good weld. The weldability very much depends onemal requirements, processing conditions,
and weld machine restrictions. With coated steeslability is firstly related to be the lifetime of
the electrodes and how much this influences thedimgl process. Secondly, weldability is
determined by the correct welding schedule necgdsagive an acceptable weld quality. The
weldability does not necessarily need to refleetltlest possible weld quality, because a balance
between quality, economic operation and acceptalbdr specific components in the application
is as important. Since electrode lifetime is natsidered a problem with the HSRW process, the
weldability is best defined in terms of the weldischedule (i.e. weldability ranges or welding
ranges), which can be introduced for all types o&ted and uncoated can body materials.
Metallographic techniques and inline tests are usedbtain the welding ranges, which are
valuable for the assessment of the overall weldihgation. The reason for this is that it directly

reflects alterations in weld quality when varyinggess parameters and material properties.
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The welding ranges are the operating frames forimgakound welds, and weldability is
directly associated with these ranges. The intantiba satisfactory weld quality is set by a
minimum and maximum limit. Generally, the point wét is not possible anymore to produce
sound welds is called a cut-off point or weldingga limit. Beyond these limits, detectable weld

defects are encountered (see chapter 12).

7.2 Welding range

Welding ranges are by definitiona‘plot of two of the major welding parameters inghhit is
possible to guarantee weld quality as defined Hyteary limits’. The parameters used to define
a welding range are chosen to give realistic cdabt® production margins. The welding range
is mostly a mapping of the welding current and otiger main governing welding factor or
parameter (e.g. welding speed, weld nugget leredéttrode force, etc). However, the types of
parameters, which are chosen for the welding raagedependent on material, application and
type of welding machine. The reason for taking wedding current is the close relation with
contact resistance; hence heat generation and tatape phenomena. Consequently, as welding
parameters are varied to see what happens to tliengieange, current gives a reasonable and

understandable explanation of what occurs to the
Hot welds material during welding. According to Sodeik et al
// [4] experience shows that 400A (at 50 /min and a

flow-melted tin coating) is a threshold value

Sound welds

Current ——p

necessary for the welding current range to produce
Cold welds g .

sound weld within the process and tinplate normal
variations.

Despite the choice of parameter, as in most

speca—  literature the welding ranges are best situatethen

Figure 7.1 Typical example of a weldin¢  relation between welding speed and current at a

current range for low-carbon stee . .

established by the welding curren constant electrode force [3]. A typical welding gan

welding speed and fixed electrode forc  is represented in figure 7.1. The figure shows a

The range shifts upwards and becom

narrower with an increasing speec welding current range for low-carbon steel. With an
increasing speed, a higher welding current is requthat induces less heating variation to
produce a sound weld. In order to guarantee the wedlity the limits of a welding range are

defined by:
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e Lower limit determined by a stuck weld conditiore(icold weld)
e Upper limit determined by formation of splash (het weld)

The wider the welding range, the broader the véiglarameter limits and hence the greater
the control over acceptable and sound welds. Comrsely, when welding can bodies, focus
should be on setting a maximum range to give wegldiptimal freedom for compensation of

(normal) variations in the material properties.48,and 49]

7.2.1 Lower limit

Coherent to the lower limit of the welding rangetie assessment of the weld strength. With
the determination of the lower limit an objectivedameaningful value needs to be obtained to
meet the essential (mechanical) properties toifaigl the service requirements (e.g. sufficient
ductility and adequate strength). Since metalldgi@pmgexamination can be complex, and in
particular time consuming, requirements for thedowmit ought to be tested in a simple and
effective test. For that reason, mechanical tegtiegtructive testing) is the best option. Although
some tests are more severe than others, the follpwenerally accepted tests methods are

utilised for lower limit determination:
« Inside out tests (i.e. flange test): the weldedlmadly is turned inside out

« Ball tests: a steel ball is forced along the insidehe welded can body at the weld

seam and base material
» Cone testing: the welded can body is pushed ome-sbaped mandrel

e Tear tests (i.e. peel test): a tab at the end agthlof the weld is notched and pulled
along the can body height

These test methods give a qualitative indicationhef actual strength of the weld seam. The
pulling direction of the tear test can be underPai0a 45° angle with respect to the welding
direction. The difference between the two methadhe criteria for a cold weld, which will be
stricter for the 45°-tear test. Tear tests cousw &le used to detect hot welds. In most tests the
imposed criteria require that a number of weldg. (&n, five from the leading to tailing end of
the can body and five vice versa) do not to fractarthe weld seam, which indicates that the

failure may only occur in the base material or HAZ.

The test methods are also fairly subjective sinasstntests are performed with human
involvement. For this reason there can be a gréfgrehce in obtaining the lower limit with

similar parameters settings and the same test wheBetween the different manufacturers and
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researchers there is lack of agreement over wrésh should be used in accordance with

reproducibility, objectivity and applicability.

7.2.2 Upper limit

The upper limits of the welding ranges are deteeahiby visual inspection of a particular
number of welds. The criteria in this inspectiorposes that on sight of material ejection from
the weld seam (i.e. formation of splash), the uppalding limit is passed. Visual inspections are
conducted under a light microscope, normally atmfagtions of 10 to 40 times the original size.
Determination of the upper limit is done by cuttithg weld and a part of the base material along
the entire can body height and inspecting it frov leading to the trailing end. The inspection
takes place at what is assigned as the inside efcén since formation of splash is first
encountered at this side due to a higher curramitye(i.e. higher temperatures).

A more severe criterion is that surface cracksrandhness, and porosity (e.g. commas) are the
limitation in obtaining the upper welding limit. Fexample, many can manufacturers classify
commas as an upper limiting condition, becauséhefpoor mechanical properties encountered
upon deformation of the weld seam. Consequentéyetamination method for the determination
of the upper limit becomes more sophisticated ame tconsuming, since formation of these

defects can occur at the surface and on the widdace line.

7.3 Weld quality classification

In the published literature, one criterion of thdcmostructure was suggested for the
determination of the lower limit [50]. This criten is defined as a percentage of incomplete

bonding across the weld interface line, as givetalihe 7.1 and later discussed in chapter 12.

Table 7.1: Overview of the weld quality-rating sca¢ defined by 50.

Rating Quality Description
1 Cold No grain growth across weld interface; dlig bonding
2 Slightly cold | More than 25% tin bonding; someigrgrowth
3 Fair Less than 25% tin bonding; 50% grain growth
4 Good Minimum of 75% grain growth across weld iifsiee
5 Slightly hot | 100% grain growth; evidence of masiée transformation
6 Hot Extensive martensitic transformation; mekgdudsion

Williams et al [52] say that from an ideal pointveéw, weld quality should be determined by

detailed metallographic analyses. However, this isomplex and time-consuming operation,
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because weld quality is very dependant on the peatration and development; hence the
microstructural evaluation. Consequently, a widegeaof metallurgical features can be used to
categorise the welds. Williams et al tried to usgatographic features as shown in figure 7.2 to
define the integrity of the high-speed resistanedds: Based on practical analyses they divided

the weld quality into the following six criteria:
A. Overlapping weld nuggets, each consisting oficoiar grains
B. Barely touching weld nuggets, each consistingadimnar grains

C. Large weld nuggets consisting of columnar graseparated by a region of acicular

ferrite or acicular ferrite and coalesced carbigan

D. Medium sized weld nuggets consisting of colungrains, separated by a region of
acicular ferrite or acicular ferrite and coalescacbide region and with an additional

region of equiaxed ferrite

E. Smaller sized weld nuggets separated by acidatate and a region of coalesced
carbide, a region of equiaxed ferrite and a regith a visible (hon-bounded)

interfacial line
F. No defined weld nugget, just a visible (non-kaed) interfacial line

The welds as defined by the classification abovenipalescribe microstructural phenomena,
(see chapter 12) which evidently can be used asia bbr determination of the welding range.

As mentioned before many different factors afféet quality of the weld. The main factors are
shown in figure 7.3, which also indicates some rddie basis for the complexity within the
HSRW process. Figure 7.3 is a translation of therggnbalance, shown schematically in figure
6.1. In order to comprehend the weldability anddvglality form this diagram, the physical

phenomena and evolution behind the welding procesd to be considered.
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Figure 7.2: Schematic classification of the weld ality grades on the righthand side. From top (A)
fully welded to bottom (F), non-bonded. The left had-side shows the corresponding weldir
current range for the low-carbon steel established by the welding current andrelding speed. Th
straight linear lines give the lower ad upper limits of the range. The lines in betweeindicate the
areas of the six classifiable criteria. [52].
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Figure 7.3: Schematic overview of the physical anthermal factors showing how they affect each
other and the integrity of a high-speed resistanceeld.
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8 Process parameters

8.1 Current

The first significant process variable is the wetdicurrent applied to the system, which is
controlled and fixed by a potentiometer. When nambg a constant welding current and
varying other process parameters and material prepethe form and integrity of the weld
changes, possibly introducing poor quality weldd defects. An increase in the welding current
whilst restraining the other parameters will inseahe length of the weld nugget and make the
weld thinner (in the through thickness directioapd wider as a consequence of higher
temperatures and larger temperature gradients. Wfthncreasing welding current the weld
nugget size alters since more heat is appliedgorthterials. Eventually with a too high a welding
current there is a risk of creating a hot weld veitremely large weld nuggets.

Generally, as the welding current is increasedetktent of weld nugget penetration into the
sheet increases, whereby the growth of the weldetumostly extends to a greater part of a
theoretical weld nugget size (see section 8.3)] antertain welding current level reaches the
theoretical length. The theoretical weld nuggetgtanis

not always attainable since the capacity of theetshe .o

— () S
mmemeE]L/E1D
Electrode force:50daN

carry the welding current could be exceeded, whetkb

steel sheet can be burned (i.e. overheated).

The relationship between contact resistance and e

minimum welding current required to produce a wefd 3 37f

good quality is for example shown in figure 8.1;ttho g 55

tinplate grades have a small tin layer thickness$ stmow
35

Minimum welding current, kA

that as the contact resistance increases, the omimir

required welding current decreases [28]. e

Within the literature a division is sometimes mar 33— 75—
Contact resistance tinplate/tinplate, pY

between primary and secondary welding current. &mym
Figure 8.1 Effect of contacl
resistance in pQ] with a
delivers to the work-pieces. Secondary current is Rinimum welding current in [kA]

required for a satisfactory welc
temporary current induced by the primary weldingent, nugget formation of E1.4/E1.0 an
E0.5 tinplate grades whe
applying an electrode force c

end of the primary welding current employment. SOON.

current is the welding current that the welding mae

which passes through the electrical circuit atstaat and
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8.2 Electrode force

The spring-loaded force on the electrode wheelarftes the contact resistance as shown in

figure 8.5. The essential positive effect of thecalode force is to lower the difference in contact

80 e resistance between different tinplate material gsacénd
7o} NOTTDRNRE thereby promote the growth of weld nuggets andaiorthe

. =e=e= EQSUF, S

6ok N formation of any formed liquid material.
%_SJ_ :‘nv Figure 8.5 shows that as the electrode force iseedhe
; ."-.\ contact resistance decreases. For tinplate wittledive low
f T \‘-0 initial contact resistance, the contact resistdands to have a
£ 0p ~

minimum at electrode forces between 500 and 750N.

7%

X Application of different tin coating weights (i.E-numbers)
\s__ S~ . i .
’M: shows that the difference in contact resistanceaes when

=]
T

N P P increasing the electrode force. However, the nadati
0 20 30 40 S0 60 70 80
Electrode force, daN

Figure 8.2 Effect of the
electrode force in faN] in the
range of 250 to 750N on tf The values for the contact resistance obtained tivittate-
contact resistance in Q). F

and S represent flowmelted electrode and tinplate-tinplate configurations atentical.

and stoved, respectivel

difference in contact resistance between the differtin

coating weights remains quite similar.

Higher tinplate-tinplate and tinplate-electrode teah
resistances are associated with flow-melted tiergand tempered sheet steel (i.e. heat-treated).
Figure 8.4 shows the dependence on the availabléingecurrent range with an increasing
electrode force. As expected from the contact t&sc®, lower tin coating weights require the

electrode force to be increased in order to geuad weld within a reasonable welding range.

L2

L0

+ +

38f /

36F

Welding current, kA

i A 4 I ', A i A
34 42 50 34 L2 50 42 50 S8
Electrode force, daN

Figure 8.3: Diagrams of welding ranges for a) E1.4)) E1.0 and c) EO.5 tinplate material grades with
respectively a contact resistance of 19, 23 and 82 on the basis of an increasing electrode force in
[daN].
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Can body 73mm x 110mm
An increase of the electrode force establishesebe .
contact (i.e. less resistance) on the weld interfae and Z | Fectrode force 29 Wemm;ﬁg; !
. . E:
on the tinplate-electrode interface; hence lesst rgﬁ
an
development, lower temperatures and less st§
temperature gradients. However, more electrodesfalso
induces more deformation of the weld seam. Witligadr Weliing e S0
, EPALSEHR - Weing frequency 500 Kz
electrode force, the lower contact resistance eseéte T nede = ortside
possibility of a cold weld; therefore a higher wely 2, 2 4 5

. . Tin coating weight (g/mzj
current should be applied to give a sound weld. 1n,ggure 8.4 Diagram of the welding
welding range can be twice the range when incrgasia current range at different coating
_ weight showing the difference witl
load from 400 and 700N (see figure 8.4). two electrode forces.

8.3 Speed and Frequency

The influence of welding speed used on weld foromatis expressed in the extent of
overlapping weld nuggets to produce a gas tighinséa this respect there is a limit to welding
speed at any given welding current frequendie “achievable welding speed by alternating
current welding is restricted by the available cemt frequency[51]. This indicates that the
frequency can be altered to meet higher speeds.eieywa maximum possible weld nugget
length is still governed by the frequency (i.e.geulvidth) and the speed (i.e. travelling distance).
The maximum theoretical value for the weld nuggegth, d in [m] can be obtained for a given
frequency, f in [8] and speed, v in [m/s] by [52]:

_ Vv
maxnugget 2 f

d (8.1)

Generally, as the welding current is increaseddweigget growth extends to a greater part of
the theoretical maximum nugget length (figure 8B)e limiting speed at each frequency arises
from the inability to apply sufficient heat to thesld interface without overheating the material.
As a result, at lower speeds a minimum number dfl waggets per length of material is easily
set for pressure-tight seams. However, to keepmiemum weld nuggets criteria at higher

speeds the following issues are essential:
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Figure 8.5: The four diagrams show the influence othe welding current on the weld nugget size for
different welding speeds. The dashed horizontal les are the maximum theoretical value for the weld
nugget length. The dashed curves in the two bottordiagrams come from tinplate that has been
welded after a heating stage. The solid curves wereelded from room temperature (i.e. cold start)
[52].

< Higher degree of the oval shape of the weld nugget

* Higher heat penetration into the surrounding makeri

* Decrease in gap width between the weld nuggets

* Lowering the promoted wedge shape of the weld nisgge

Alteration of the welding speed and frequency isstiyotranslated to temperatures and
temperature gradients between weld centre andcguaiiad their influence on the formation of the
weld nugget (i.e. microstructure). If the weldingesd is low, the high thermal and electrical
conductivity of the copper electrodes and the iaseel contact time of the electrode wheels and
the overlap width allow more time for heat genematiollowed by heat loss. As shown in figure
8.5 the maximum weld nugget length is easily ag@irin addition, lower welding speeds also
offer a more effective temperature balance with tgjority of heat produced at the weld

interface line.

Conversely, high speeds induce less time for heatmtion and cooling of the weld area;
providing inferior temperature balances and thesibi#y exists that the tinplate or electrode
wire could burn by overheating. Finally, the welgliourrent does not flow in a simple path

between the electrodes as it does with lower speeds
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Figure 8.5 also shows that a heating

stage before welding requires a higher, , .

current (i.e. more heat input) to obtain

the same weld nugget length, as this

F5mimin

creates a lower temperature gradient.

To reduce the weld nugget separation
distance, an increase of the welding "
current could provide longer weld

nuggets. From the work of Williams etism/min

al [52] figure 8.6 shows the effect of an

increase in welding speed whei

displavin lonaitudinal weld cross- Figure 8.6 Influence of the welding speed on tt
playing 9 formation of weld nuggets. Etching with 4% picra

sections. They found increasingly largerand a magnification of 18x [52].

and more separated weld nuggets at a

fixed frequency and speeds of 30 m/min, and slgiihner and overlapping weld nuggets at the
speeds of 15 m/min and concluded that lower speeelsnore suitable for gas-tight seams.
Shimizu et al [44] also found as shown in figur& $he effect on the nugget development;
increasing the welding speed influences the queatid quality of bonding on the weld interface

line.

Figure 8.7 Longitudinal
crosssection of the wel
seam, showing the effect
two different welding speeds
(&) 70m/min and (b) 35 m/mit
on the nugget formation
microstructure and hence the
weld quality. The distance
scale onthe bottom is 0.40mn
[44].

m/min)

(a) High speed specimen (7

DS
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200 O Re |80 Finally, Shimizu et al also displayed the

§150- Cmgn?rﬁ | welding speed and welding current range in

E ® Sri1.0, 1.3g/m* 2 relation to the contact resistance (see figure

% 100 ? 7 4°0§ 8.8). They found that both parameters

é - % i decreased with an increasing welding speed.

© ® To date, for high welding speeds there is a
Go 20 20 50 % 00 ° frequency alteration, which compensates for

Welding speed (m/min)
eleme spesdimm the poor temperature balances thereby
Figure 8.8 Diagram with the effect of the

welding speed in [m/min] on the cordct allowing speeds of up to 115 m/min with a
resistance, Rc in 2] and welding current
range, WCR in [A]. The thickness of th
tinplate was 0.18mm and the tin coatin
weights were 1.0 and 1.3 g/fron one side ¢
each sheet [44].

sound weld seam.

8.4 Contact surfaces

Maintaining an accurate overlap width along the leaight is one of the main process variables.
An accurate overlap width is affected by the sitethe overlap, thickness of the tinplate,
thickness of the tin coating and contaminationhef welding area from initial and weld-created
surface layers. Contamination of the weld areaiglas, varnishes, inks, etc. can result in gross
sparking and weld defects [3]. It is therefore imignt that the dimensions of the can blank and
the matching overlap width are within the corréciits.

Over the years the capacity to reduce overlap widttanged, thereby reducing the amount of
material. Today, the overlap width for three-pieoatainers is 0.5 to 0.7 mm, given that the weld
needs to be gas tight and withstand (cooking) pressduring the sterilising process. If the
overlap width is reduced, higher temperatures aseiwed during welding, followed by thinner
welds and excess of weld edge extrusion. Betweemtkrlap width and tinplate thickness there
exists a trade-off in terms of welding speed, feagry and electrode force to provide a sound
weld. Typical mash seam welding is done with re@bverlaps in the order, 1 to 2 times the base
material thickness, and relative joint thicknesshe order of 110 to 130% of the base metal

thickness. This range of overlaps and final jolitkness corresponds to strains on the weld
interface line from about 120 to 175%.

Shimizu et al [44] also discussed the contact lerggtween the tinplate and the electrode
wheels, which correlates with the welding curraarige (WCR) as shown in the left-hand side

diagram of figure 8.9. It shows that the weldingreat range increases when with greater contact
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length. They also found an effect of the contaogle with different coated tinplate sides, as
shown on the right-hand side of figure 8.9. Thiagdam shows the welding ranges and the
contact length. The contact length demonstratesrabplic character with increasing tin coating
weights. At higher welding speeds the applied ¢iffedforce (contact length between electrodes
and welded sheets) is relatively low. As a redudt dynamics of the process significantly reduce

the welding range. Therefore, at higher weldingesisethe weld nuggets do not overlap due to

reduced contact times between the electrode wingeba the weld interface area.
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Figure 8.9: On the left-hand side the effect of cdact length in [mm] on the welding current range,
WCR in [A] with respect to a welding speed of 70m/im and three plate thicknesses is shown [44].
The right-hand side shows a relation between the otact length in [mm] and the welding current
range, WCR in [A] with different applied tin coating ratios; visualised above the diagram [45].
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9 Tinplate and material properties

Since the welding process is susceptible to skbanges in the operating conditions. It is also
sensitive to the majority of the tinplate propest{e.g. plate dimensions, tin coating weight, steel
chemistry). Some examples of the broad and rembrkedationship between the process

parameters and the material are shown in figure 9.1

THCREASING WELDING SPEED el Thickness Tin coating Temper
—> e —»

Figure 9.1: Representation the left-hand-side of # effect of gauge and tin coating weight variation
on the welding parameters welding current and speef]. The right-hand side shows the effect of
tinplate thickness, tin coating and sheet temper wh the welding current and hence the welding
ranges [5].

TNCREASING
WELDING
CURRENT

Current ——j»

Consequently, by means of the contact resistanse tinplate properties affect the weldability.
For this reason the basic tinplate specificatiores &f great importance to minimise welding
failures of the can body and to optimise the wejdinge.

Conventional tinplate has very low and consistentact resistance therefore most resistance is
generated in the tinplate. For example spot welgnagnotes uniform and reproducible heating to
the desired welding temperature, within which stefaoughness, degrees of passivity, or oil
levels have no essential effect on contact or tetsistance under pressur&jriplate has almost
ideal surface for resistance welding because théstso readily deformable under only moderate
load, that oxides, oil and surface contaminants easily displaced by physical movement of the
deforming tin layer, and by subsequent meltingheftin when it is heated to just 232°[Q].
However, tinplate parameters such as coating lehétkness, tempering and hardness (i.e.

carbon content and distribution) are critical witlspect to the HSRW process.
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9.1 Production process

Before proceeding with the tinplate propertiess itnportant to describe the tinplate production.
The production route for tinplate by electrolytilcrting in a coating plant is shown schematically
in figure 9.2. Starting with hot-rolled sheet stertering the pickle line, surface scale and oxides
formed after hot rolling, and during transportatad coil storage are removed. Typically, 0.6%

of the weight of the steel coil is removed durihg pickling process.
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Figure 9.2: Schematic overview of the final stepsnithe production line for making tinplate-
packaging steel.

After pickling, the sheet is sent through a coldl,naihich employs a continuous cold reduction.
The mill reduces the gauge of the sheet to geffaismtly thin steel sheet, which forms the basis
for electrolytic tinplating. The steel coils areeahed to remove all traces of oil and grease, and
annealed (batch or continuous) to remove the warkldning and stresses introduced by the cold
rolling. The steel sheet is reduced

+D.C. generator -
further in the double reducing (DR) mill,

—

to get the correct sheet dimensions and ~ Steelsheet — é ,
> m

to provide a smooth steel surface.

During annealing, some scale may have ,/\,

formed on the surface, therefore in th&epositionof |
tin on the steel

tinning-line, the strip is pickled and substrate

washed with an alkali solution to

remove oil and grease traces. ThiS iS Electrolyte 4>

followed by passage through a series of . o .

_ _ _ Figure 9.3 Schematic of the principle of electrolyti
electrolytic cells, of which one is shown tinning of packaging-steel
schematically in figure 9.3. Two bars of pure whiteare closely situated on either side of the

steel sheet. By connecting the tin bars to thetipesierminal of a DC generator, they become

66



anodic whilst the steel connected to the negagwmainal becomes cathodic. A current will flow
through the system by which tin is extracted frdma solution and deposited on the steel sheet.
To remove excess electrolyte solution, the shegtaished. At this stage, the surface of the strip
has a dull, matte white finish. A smooth surfacadhkieved by flow melting the tin. This is done
by passing an electric current through the shemnddiately after flow melting, water sprays to
prevent oxidation cool the tinplate. Spraying theet with a weak chromic acid and steam drying
it prevents discolouration. For subsequent prongsdhe sheet is sprayed with an emulsion.
After this, a measuring system ensures the thickridsthe tinplate within the customers’
tolerance. Before passing a pinhole-detector, Heetsalso passes a series of rollers to relieve
internal stresses. The sheet is cut by shear mtorequired dimensions, depending on the

application [53 to 55].

9.2 Iron-tin binary system

Considering the electrolytic applied tin, many #taimter-metallic compounds can be formed
under equilibrium conditions of temperature, pressetc. Up to 910 °C in the phase diagram
(see figure 9.4) compounds, like FeSn, Re6aSn, FgSn, and FeSn; exist [56 to 59].
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Figure 9.4: Iron-tin phase diagram. On the bottom ad top, the tin composition in weight and atomic
percentages respectively are shown. The temperatun the vertical axis is in degrees Celsius. The
temperatures and percentages in the phase diagranmdicate the values at which certain phase

transformations take place [58].
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Between 607 and 910 °C §Sap and FeSrs form at 56 and 59 wt% tin respectively. These
phases are created at elevated temperatures anefothe unstable and absent at room
temperatures. The compounds, FeSn and fe8rich contain 68 and 81 wt% tin respectively,
are the only two inter-metallic compounds that steble under ambient conditions and found at
room temperature. The phase diagram does not $f@fetmation of F¢Sn, at 42 wt% tin at 770
to 880 °C. However, BE8n is an oxygen stabilising compound and richestoim content [56 to
58].

The iron-tin phase diagram shows that iron and dignificantly affect each other’s
transformations and physical factors. The effectimfon polymorphic transformations of iron
shows only 1 wt% tin raises the transformation terafure fromo <> y by about 40 °C whilst
lowering they < & transformation temperature by 140 °C, this loapses at 2.5 wt% tin and
1150 °C. On the tin rich side, the melting poises to 650 °C, 800 °C and 910 °C by additions
of only 0.3 wt%, 1.7 wt% and 2.3 wt% iron respeelyv At the higher temperatures, iron and tin
show a range of immiscibility or metastable phasethe liquid stage from 50 to 85 wt% tin.
Finally, it should be mentioned that the meltingnpof tin is 232 °C, whilst its boiling point is
2602 °C, which indicates that tin has a large nmotesnge compared to other metallic compounds,
~2370 °C [57 to 59].

9.3 Sheet gauge

The thickness of the tinplate has a consideralilaeince on the contact resistance and hence
the welding range. By obtaining thicker tinplatégher current levels are necessary to give
sufficient weld qualities. This indicates that largariations in tinplate thickness can cause
inconsistent and even poor weld qualities. The ingldanges become smaller with thicker sheets,
whereby at too thick a sheet, the upper and lowelding limits surpass each other, and no
welding range is left for a sound weld. A higherldigeg speed even intensifies the effect of
larger sheet thicknesses. As a result, the weldyetudevelopment decreases with increasing
sheet thicknesses as shown in the right-hand sdeasins of figure 9.5.

The cut-off point of the welding range allows tmelsses above that point to have a particular
tolerance without varying other welding parameté@wsnsequently, welding machines can be set
to have a certain material thickness tolerance, Wetding parameters need to be altered when
going beyond the cut-off point. The variationshe tinplate thicknesses are optimally controlled

when varying the welding speed.
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Figure 9.5: The left hand-side picture shows the tation between the tinplate thickness in [mm] and
the weld nugget size in [mrf] with different tin coating weights. The right-hand side shows a similar
relation only with various welding speeds in [m/mit.

Gregory et al [5] also indicate that control of timplate thickness is a prime material factor in
the HSRW process. They found a rapid change irknkigs tolerance when going to higher
welding speeds whilst a minimum of 10% tolerancgum should be maintained. They also
mention that at maximum welding speeds, 5% tolerastill required for satisfactory welding,
which can be attained by high precision upstreamegssing.

If the weld quality needs to be maintained, higkegels of weld current can also be applied for
thicker tinplate. Williams et al [52] also foundaththe welding range decreases between the
lower and upper limits as shown in figure 9.6. B&sdly, when welding thicker tinplate and
obtaining a good quality weld, standard practiceuldobe a slower welding speed with an
increased welding current.

Shimizu et al [44] looked at the thickness of lomated tinplate at welding speeds of 70 m/min
and found the contact resistance being adversdééctatl by thicker sheets and the welding
current range becoming effectively larger, as showfigure 9.7.

Decreasing tinplate thickness and higher carboeldepromote the effect of splashing because
increase in bulk resistance causes more heatitigeioulk of the material. With these features
weld nugget penetration becomes larger and the @mnpe gradient between interface and

surface decreases and so higher temperaturessirfaee will occur.
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Figure 9.6: Welding current limits in [kA] in relation to the tinplate thickness in [mm] at two
different welding speeds in [m/min] at constant cavon content [52]. Both diagrams show a smaller
welding current range with an increasing tinplate hickness.
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Figure 9.7: The left-hand picture shows the effeabf the total resistance, RT, bulk resistance, Rb ah
contact resistance Rc iniQ] when increasing the tinplate thickness. The rightiand side picture also
shows the effect of the thickness increase on theelding current range in [A]. Both picture were
made with a welding speed of 70 m/min and a tin cting weight of 1.0 and 1.3 g/rhat one side of
each tinplate container and with thicknesses of 051 0.18 and 0.22mm.
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9.4 Sheet coating layer

Over time several weldable tinplate grades witHoas as possible tin coating weights were
developed. To date, tin coatings with 2.8 gafitin on each steel sheet side (i.e. E 2.8/2:8lgy
are used. Even though tinplate is commonly usesl fahowing materials are also set in three-

piece containers since production and economieaiores make them more viable:

e Chromium/chromium oxide (ECCS) /Tin Free Steel: doavbon steel that is coated

equally on both sides with a complex metallic cogtdy electro deposition
« Blackplate and full hard: low-carbon and uncoateels

« Polymer coated steel: blackplate covered with a/mel produced by either film

coating or direct extrusion

The type and thickness of the coating influencedietact resistance and hence the absolute
temperature and temperature gradients. Sodeik §jsored a static electrical contact resistance
at different electrode forces, of which the resahs shown in table 9.1. One-side coated tinplate
increases the contact resistance by a factor 50reivhéhe non-coated side becomes the
predominant source of heat generation and wherbbytatal resistance variation leads to
inconsistent heating. Low-coated tinplate gave imgldroubles whilst blackplate, with a several
day old surface and TFS also showed high statitacbnesistances. However, blackplate freshly
cleaned before welding displayed much lower andentansistent total resistance phenomena,
yet the surface deteriorates after several houexpbsure to room atmosphere, creating an iron

Table 9.1: Measurements of the total resistance im<] and its variation for a series of identical

samples providing an indication of the ease of welly of various materials and tinplate coating
weights in [g/nf].

, , Steel part of
Plate Coating Resistance (1€2) eetparo Remarks
resistance (%)
Tinplate E 5.6/5.6 0.028 £ 0.002 70 -
TINPLAT E 0.5/0.5to
0.025 £ 0.004 50 to 80 -
E E 5.6/5.6
Tinplate E2.8/0 04+0.2 5 Large scatter
, EO0.5/0.5
Tinplate 0.7+0.2 3 -
Fully alloyed
Blackplate - 18 £ 0.1 Large scatter
TFS Chromium 22+5 0.1 Large scatqer
Trc LN HPN D | N r r I
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oxide layer. The Nippon Steel corporation reportdle development and the properties of light
nickel coated steel (i.e. Canwel) and light tintedasteel (LTS) [43 and 60], of which were both
electrically treated with chromic acid, and fourndhiave a good weldability for high-speed can

J manufacture. They made a comparison between

109 TFSCT

\ static and dynamic contact resistance, which is

Blackplate . . . .

ol m\_ i shown in figure 9.8. The static contact resistances
N corresponded with the results from Sodeik.

However, for most materials in contrast with the

Resistance (u2)

static contact the dynamic character induces better

=)
~
T

7— weldabilities. According to Asano et al [60] the

m

Bulk resistance

\\ 7/

reason for the good dynamic resistances is found

Dynamic
10 | Static contact of steel sheet - | resistance

| during in the steel sheet resistivity, electric currenthpa

| | | welding
0 20 40 60 8 . .
Electrode force (kgf surface contact state, and their mutual relation

Figure 9.8 Difference between the stati  pefore and during welding. They determined that
contact resstance at different electrod

forces in [kgf] and dynamic contac metals with high contact resistance coatings would
resistance both in pQ] presented by [43].

o

likely involve expulsion of a liquid phase due to
abnormal localised generation of heat. Asano ebatluded that tin, due to its low melting point
was the most effective coating to improve weldapiind attain satisfactory corrosion resistance
compared to blackplate. Elzinga and Bisel alsofieerithis effect of the weldability with the
application of different metallic coatings on pagkey-steel [61].

The tin coating thickness is generally specifiedtoy application, contents and lifetime of the
container. Various literature sources indicate thald nugget formation is most effective and
provides optimal welding ranges with an E 2.8/t@late grade. Norman et al [3] even said that
in contrast with the welding parameters there ispnablem in achieving a good weld quality
when welding tin coating weight levels of up to H8r’. Lowering tin weight levels, the
minimum required welding current progressively @asies since the contact resistance becomes
higher. At medium tin coating levels the signifitmontact resistance forms conventional weld
nuggets as a result of liquid formation [28]. Wilhs et al [52] found that with higher coating
weights; up to 11.2 g/msmaller weld nuggets were formed. Yet, to attawertain weld nugget
size, the material needed to be welded at sloweeds The reason for this was said to be the
greater shunting effect (i.e. moving) of the wetdourrent around the weld nugget, in accordance
with the temperature distribution. The thicker dmatings also require higher welding currents to

create sound welds, as shown in figure 9.9 [355@d 62]. Figure 9.9 indicates that the amount
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of tin coating on the steel surface specifies tleddimg current range, which becomes smaller

with a decrease of the tin coating weight.

3| Welding speed 50 m/min 8

Flow-melted Electrode force (N} Can body 73mm x 110mm
Tin coating inside = outside 700
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g 2 600 g 6
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T Minimum P Weling frequency 500 Hz
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Figure 9.9: Two diagrams showing the welding currenrange in [kA] as function of the tin coating
weight in [g/m?] at one side of the tinplate for different electrde forces and a welding speed of 50

m/min [4].

Besides speed and current other welding paramatersaid to provide less variation in order
to achieve a good quality weld. Fluctuations intihecoating weights are a major issue when the
welding speed is increased; because of rapidly édrpoor weld qualities. Shimizu et al [44]
investigated the weldability with different coativgeights on each tinplate side at different
welding speeds (see figure 9.10). They also fomsdnentioned in section 9.3 a smaller welding
range with higher welding speeds. The effect ofweéd nugget development with different tin
coating weights is shown in the figure 9.10 andtlm right-hand side picture in figure 9.11.
Gregory et al [5] mentions that to prevent any pgois with tin coating weight variations, the

weight levels should be as low as possible.

Figure 9.10: Longitudinal crosssection:
showing the effect of (a) 0.3 g/fmand (b) 2.¢
g/m? tin coating weight on the weld nugge
formation; microstructu re and hence wel
quality at a welding speed of 70 m/min. Th
distances scale on the bottom is 0.40 mm [44]

(a) Low tin coating weight

0.3g/nf )
ST ;
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Figure 9.11: The left-hand side shows two diagramdisplaying the welding ranges for different tin
coating ratios when applying a welding speed of 38nd 70 m/min. The value of €is 1.4 g/mi. The
right-hand side diagram shows the effect of the tirtoating ratio on the nugget development with a
welding speed of 35 m/min. The distance scale ofelphotomicrographs is 0.5 mm [44].

The works of Waddell et al [28], and Ichikawa aralt& [43] both found a reduction of the
electrical contact resistances with an increaspuoé (white) tin on the surface, and that higher

contact resistance from less

Table 9.2: Typical contact resistance values inuf2] obtained,
using a digital micro-ohm meter (APT-Model DMO 400)for tin

resulted in poor welds. They coating weights in [g/M] on both tinplate surfaces [28].

pure tin on the surface

considered that presence of Contact resistance g2)
the pure tin improved the Tin coating weight (g/nT) Range Average
contact conditions since pure 2.8 7-14 11
tin is softer than the steel 1.4 16-25 19
substrate and copper 1.0 10-27 17
electrodes. Alloying (i.e. the 0.5 10-81 37

ratio of iron-tin and pure tin)

is influenced by heat treatments, such as flowinglsteam drying and tempering. For a coating
weight with a larger iron-tin alloy to pure tin i@ta higher contact resistance, as shown in table
9.2 [28], was found, whilst conventional analytite€hniques did not indicate the presence of

pure tin over the entire surface, the results dgbsst pure white tin in the overall coating. Table
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9.2 also shows the better consistency in the comémistance values at the higher tin weight

levels. With respect to each tin weight in tabf ¢he following was observed:
* E 2.8: wide welding range (up to 15% of the weldtogrent)
* E 1.4: acceptable welding range (10-15% of the ingldurrent)
* E 1.0: acceptable welding range only at lower wajdiurrents in contrast with E 1.4
« E 0.5: significantly narrow welding ranges, espiigiéthe coating resistance is high

Low tin weights that were flow-melted, produced doaeld qualities over relative wide
welding ranges, more than 250A. The welding rareges increased 330 to 500A (10%-15% of
the welding current) with higher electrode forckeew tin weights without temper have a low
contact resistance and can only be welded with bigbtrode forces resulting in welding ranges
of 100 to 300A (2% to 8% of the welding currenthr@ersely, with temper low-tin coated steels
induce high contact resistance and hence cannsatisfactorily welded, even after reducing the
welding speed. Nevertheless, low-tin coating gradils a DR steel substrate could be welded
when applying a sufficiently high electrode forcBhe work of Ichikawa and Saito [43]
concluded that electrical contact resistance ceuth reduce when applying 0.2 §/tim extra on
each side of the tinplate. Elzinga [62] concludeat fpure tin between 0.43 and 0.86 gbn an
un-flowed tinplate grade are readily weldable amat the lowest amount of 0.43 d/mure tin
(i.e. the lowest amount of free tin) is even morddable. Elzinga than relates this free pure tin
layer behaviour to the determination of the weldiaigges.

Ichikawa and Saito [43] also considered thafeiding current restricted by

Electrical contact resistance Current path

pure tin on the material surface enlarged the ~ ™ o

area of the current path as shown in figure 7 mmrresre——

9.12. Since pure tin is softer than the steel

T

e - \
substrate and copper electrodes a larger .
Figure 9.12 Region of current path anc

current path area can be realised. restriction to current by contact resistance

\|TF e

Williams et al [51] mentions inter-granular cradki@i.e. micro-cracking) in the heat-affected
zone when a high-tin coating is applied and weldiedve the upper limit of the welding range.
This was clarified by the fact that from tin ricleas tin would penetrate along the ferrite grain
boundaries and might even be considered at lowkingecurrents.

Simon et al [50] attempted to determine the infheerof surface characteristics with wire
welding by statistical analysis and discovered thatsingle parameter tested, including tin
coating weight level, profile surface roughness] annealing conditions directly related to the

weld quality. Tin layer thickness by itself did rggnificantly affect weld quality, but provided
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information on the influence of surface charactmsgson the final weld quality with respect to the
electrical contact resistance. Surface charadegisvere found to be the most significant

determinants when predicting weld quality by thenber of rough peaks per unit area and peak
height.

9.5 Steel chemistry

Tinplate is low-carbon steel that consists of irop,until 0.3 wt% carbon and small quantities
of alloying elements. The largest category of 8teel class, like with tinplate, is a flat-rolled
product, usually in a cold-rolled and annealed doyrd The high-formability steels consist of an
even lower carbon content (below 0.1 wt%) and haarg few alloying elements (i.e. Mn up to
0.4 wt%).

The amount of carbon in the steel base materiahl@sfound influence on the HSRW process.
When increasing the content of carbon the bulkstaste of the steel will increase. Because of
hardening reasons the quality of the weld beconoesep when increasing the carbon content.
Consequently, the welding current necessary toym@dufficient weld nuggets needs to increase
with higher carbon contents. As shown with thekha&ss of the material an increase in carbon

content narrows the welding range, certainly whwes welding speed is increased (see figure
9.13).

431 6 Maximum current 25 m/min 30 m/min
. o Minimum current
% 4.0 o
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Figure 9.13: Relation between the welding currentn [KA] and the carbon content in [wt%] at
constant thickness with two different welding speeslin [m/min].

For fixed welding conditions the amount of carbormduces weld nuggets separated by

acicular ferrite to regions of coalesced carbidesha carbon level increases from 0.06 wt% to
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0.10 wt% carbon. Although more carbon is commonriyegienced to give better welds, tinplate
with low-carbon levels allows an increasing safergin (i.e. tolerance) with the HSRW process
conditions.

Directly related to the carbon content is the hiegut and thereby the finally obtained
microstructure and hardness. Small increases irutih@unt of carbon lead to hardness increases
of 200 to 250 Hv over the initial hardness of tlzsdo material. Carbon contents of 0.09 wt% to
0.10 wt% provide an increased tendency for surfapkash explained by the following

phenomena [52]:

« Higher welding currents with more carbon becausebtlik resistance results in higher

heating effects
« Higher heating reduces the temperature gradientdset interface and sheet
* Higher amounts of carbon offer more surface roughitiee. asperities)

These features also account for a narrower weldinge at higher carbon levels. In addition,
high carbon levels result in a rougher surfaceicatthg that higher surface temperatures were
attained, which cause surface softening. Soft nztesll tend to pile up ahead of the electrode
wheels in the direction of welding, causing a wauyface on the weld seam. A too large excess
of the wavy surface will cause burning becauseddeced section is unable to carry the welding
current, or failure at pressure testing becausbkeohigh brittleness.

The resistivity of the steel is increased with leigbharbon amounts, whereby a higher current is
necessary to maintain a good weld quality becausigteer resistivity results in a lower current
density. Williams et al [52] found that the weldhits decreased with increasing carbon content,
in particular at higher speeds. Essentially, a @owreld quality was observed as an increase in
carbon level from 0.06% to 0.10%, which caused waldlity to range from barely touching
nuggets, to small nuggets separated by zones aflacierrite and regions of coalesced carbides.
The corresponding hardness values observed indregife increased carbon content and lower
temperatures with the extent of hardness depemalinthe heat input to the weld area and the
resultant quicker cooling rates. A lower heat inpdulting in much slower cooling rates, after
curing gave a bainitic structure, which was soffédie combined effect of carbon content and
tinplate thickness was such that although an iseraa carbon would increase hardness, an
increase in tinplate thickness would reduce coofatg, thus reducing the extent of hardening. It
was also found that lower alloyed steel does ngniicantly create larger welding ranges as
standard and higher alloyed steels. The lower cagyal manganese quantities only provided a

softer weld, which can be beneficial when deforntimgweld after welding [63].
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9.6 Steel texture

The production of cans, the high speed weldinggssdn terms of grain orientation or texture
yields pronounceable results when varying the radteolling direction in relation to the can
cylinder welding direction (see figure
9.14). The welding process produces
more favourable results if the rolling
direction is perpendicular (c-grain) to
the welding direction since there is

grain growth across the weld interface

line. If the rolling direction is parallel

" h-grain) to th Iding direction,
C-grain can welded Hgram can welded (h-grain) to the welding direction

perpendicular to the  parallel to the rolling then there are problems (to high
rolling direction direction internal stresses) with splitting during

Figure 9.14: The c-grain and h-grain cans wh respec  the flanging process to seam on the
to welding direction. can-ends [27], which leads to cracking

of the weld seam. However, improved h-grain cangccoeduced the number of coil widths both
made by steel suppliers and stocked by custometsttan application of stripped lithography
would be easier as shown in figure 9.14.

To decrease the risk of splitting flanges, espbcigith smaller and more critical can diameters,
which in itself already develop more stresses, rtiieng direction of the tinplate should run
circumferential around the cylinder (c-grain orggidn). Notching either sides of the weld seam

can even further relieve the internal stresses [3].

9.7 Heat treatment

Between annealing and electroplating, temperingsisd to improve the sheet shape and to
impart surface finish in order to enhance the fmachanical properties (i.e. the internal stresses)
of the tinplate. However, heat treatment also magrgortant influence on the optimum welding
range because it influences the contact resisthgcthe consistency of the steel chemistry.
Variation in the element distribution induces diéfiece in the heating of the material and in the
mechanical properties. Minimising the element distion, having an as homogenous as possible
material, is sometimes hard to accomplish, becafsmitial steel and can-line production

processes.
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Continuous annealed material has better-contrdileating and cooling conditions over the
sheet dimension than batch annealed material, wigshlts in more consistent heating of the

weld.

The narrowing of the welding range is more pron@gnwith thickness changes than with
carbon levels and thickness and carbon level rm®piposite effect in hardening. More carbon
increases slightly the hardening but increasingktiéss reduces the cooling rates and thus the
hardening more significantly.

Since low tin-coated sheet steel significantly muthe welding range, Waddell et al [28]

concluded with respect to surface treatment by &edithe effect on welding range that:

* Flow melting only had a significant effect with Iaw coating levels yet the electrode

force had to be raised to get a sufficient weldigge

* Heat-treatment increases the contact resistancerethetes the welding range with

declining tin coating weights

79



10 Weld formation

The primary joining classification (e.g. weldingpldering) is generally based on the
characteristics of the joining process. Howevee, phocess determines the bond category (e.g.

metallic, ionic) and together they make up the lganechanism of the process [65 to 67].

10.1 Atomic level

The use of tin coated low-carbon steel makes & fufithis material consisting entirely of
metallic bonds, wherein strong electrostatic fortoelsl the individual iron and tin atoms together.
Metallic atoms cannot fill their outer electron Bsietherefore the valence electrons are not
tightly bound to the nuclei and are free to moveairmetallic structure or compound (i.e.

delocalisation or electron sharing).
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and tin, which can be formed, are not Figure 10.1 On the left, the figure shows a schematic
the metallic bond principle and on the rght the
corresponding metallic properties:electric field, thermal
inter-metallics may be directional andfield and slipping of planes by applying a forceare

showr [7(].
less dense as for instance non-metal

purely metallic. The structures of the

elements (e.g. oxygen or hydrogen) are entrappéerelsy an ionic or covalent character is
formed. As a result more brittle, less dense, lwgnger bonds, and different thermal and

electrical conductivities arise compared with ptimeand iron [65 to 70].

10.2 Process classification

The joining of the metallic sheets is accomplisbgcheating in combination with forging. To
achieve a cold pressure weld the surface strainlghze in the order of 400 to 500 % [7]. The
strain achieved on the weld interface line expesenin the HSRW process is much less than the
strain required for cold pressure welding. Thisgasgs that forging plays a minor role in the
formation of the welds [64]. As a result heat i® tmajor aspect, and thermal bonding (i.e.
welding/soldering) is the primary process clasatiien [71 to 75]. Although the heat can be

generated by different heat sources in differentsa@e. place, work-piece size and shape) with
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welding and soldering, welding in contrast with daying employs a higher (maximum)

temperature to join materials [71 to 78].

At lower heat inputs (i.e. below the welding rangapst of the literature discusses soldering
phenomena in the seams. Soldering is based onngeat inter-metallic bond or alloy via a

molten solder (low melting point metal), such asdn the initial tinplate, which connects the

CaE - T LI interfaces. In soldering some diffusion
Cohesion : . . .
\ Substrate into the substrates and solder, which is
m] ter-metalli i A
T T R more pronounced with higher process

Solder
Adhesion —»[—— o —— Alnermetalic  tEMperatures, might occur.

Substrate Nevertheless, the bond is

w .
characterised by a layer system as

Figure 10.2 Schematic of the layer system whe ghown schematically in figure 10.2
soldering is the primary joining classification within &

joining process. The figure shows the important bod  [73 to 77]. The inter-metallic layers
features next to the image.

imply that the base materials will
alloy at the interface line to form a connectiogelaover the entire height of the can body.

Dissolving small amounts of base material in tHdesocan enhance the bonding of the sheets.

Nevertheless, Gould [7 and 79] indicated that, whesperly forming, resistance mash seam
welding is a solid-state joining process showingerimence of melting and exceptions to this are
typically observed when excessive welding curremd/or low welding speeds are used, where
theories suggest grain growth across the weldfaderine [50 and 78 to]. Solid-state welding is
defined as a process that produces coalescenceowitlithout the application of pressure at a
temperature essentially below the melting tempeeatof the base metal whereby time,
temperature, and pressure individually or in coratiom produce coalescence. Since the base
metal does not melt, solid-state welding can dfferadvantage of metals retaining their original
properties without HAZ problems. With solid-statelding, the process time can be extremely
short, in the microsecond range or exceptionallygloin the order of several hours. As the
process temperature increases time is usually eeduc

With solid-state welding a high intimate contacessential as the atoms on the surfaces should
attract each other to form inter-atomic solid borttierefore it needs excellent interface
conditions to join the materials [83 to 86]. Howew&urface barriers hinder the intimate contact,
namely asperities (differences in surfaces elemgtioxides, and surface contaminants, which can
be reduced significantly using stress and heat798&nd 83 to 86]. Brick [87] found that surface

texture was the main issue influencing the requieaaperature.
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In solid-state welding, a threshold deformatic

o
o

exists below which no weld is made, as shown
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figure 10.3. McEwan and Milner [88] discusse
that heating reduces the yield strength and rekic

elastic stresses between surfaces (threst
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mechanism. . :
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Currently, four models exist to explain therigure 10.3 Threshold deformation

. . . . (dotted line) for solid state weldin
physical phenomena during solid-state Weldmg(EXperimental) bond strength, plotted asg

These models take into account inter-phasgroportion of the strength of solid metal
) . ) ] o _ compared with the theoretical maximun
interaction, dissolution, electrostatic interactiorytainable strength (full line) [87].
and brittleness [89]:
1. Recrystallisation model based on decreasing/stadlisation temperatures because of

high deformations

2. Diffusion model based on hetero diffusion takplgce in the contact zones and hence

mutual diffusion into both work-pieces

3. Energy threshold model based on susceptibifityomding and determined by the limit
state of the polycrystalline materials. In this rabthe energy of the atoms in the

bonding volume must be above a certain level talbon

4. Auto vacuum model based on the creation of vacmicro volumes. Entrapped air
interacts upon heating with the surfaces of thekvpdeces, which finally dissociates
into the material, leaving a micro vacuum. Thidgaowed by sublimation and bond

formation of the clean surfaces

A significant difference between diffusion bondiagd high-speed resistance welding is time.
Diffusion bonding can require 30 minutes or mor@iassure at a temperature, which is one third
of the materials melting point to ensure the resgiimtimacy, the promotion of inter-atomic
bonds and the elimination of surface oxides [90].

The reason for the HSRW process to belong to sttt welding has two grounds. First,
temperature, pressure and possible friction chariatits. These are achieved by either surface
preparation or by applying a significant force ke tmaterial. Secondly, the current from the
electrode wheels achieves application of heat, vidcalso a necessity for solid-state welding.
The resistance welding processes are categorissgdiywelding, seam welding, foil-butt seam

welding, projection welding and upset welding.
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Spot welding is very commonly used and dominanhiwithe automotive industry. With spot
welding the work-pieces are clamped between twgepglectrodes, which pass a high direct
current through an area of overlapped material alhern local (i.e. spot) weld is formed to bond

the material to a uniform structure. The spot welthade with respect to the contact point of the

=
g

copper electrodes (i.e. static), as shown in figure

10.4, and the high electrical conductivity and the

resistance being the largest at the work-pieces E
L

.____
L

overlap width. A larger contact area of electroal

work-piece requires a higher current, longer

contact time and finally poorer weld qualities.

o, ——=-
L

|

Over time, the electrodes are subject to

deformation and pick-up of the welded material.

=

e

This contamination and deformation of therigure 10.4: A spot weld procesdy which
a weld (pool) is created at the interface !
the work-pieces.

Seam welding is commonly described by the

electrodes requires redressing or replacement.

creation of overlapping spot welds and is similarspot welding in that two copper electrode
wheels pass a high current through a width of eygrd material. Due to the high electrical
conductivity of copper, the resistance is highdstha overlap width. An alternating current
frequency in combination with a weld speed deteewmithe number of overlapping spot welds.
Seam welding in the context of the particular dgsion above results in a final sheet thickness,
similar to the thickness of the non-deformed sheets

Roll-spot welding corresponds to spot and seam imgldRoll-spot welding is essentially seam
welding, yet with separated current pulses to farseries of separated weld nuggets on the weld
interface line [90].

Mash seam welding (see figure 10.5) is a combinatb
resistance seam welding and metal forging. The wsld

produced by material overlap whereby the overlap
approximately one to one and a half times the ailgmaterial ;

thickness. Heat is generated between the sheets bigh

continuous current and an electrode force consélyumashes

and joins the sheets. The final weld is only 12%66 bigger Figure 10.5 Schematic of :

than the original sheet thickness [58]. Semi-masglans mash seam welding proce:

N . ) ) whereby the electrodes drive th
welding is a mixture of seam and mash seam welds®gl in \york-pieces and sequential we

the assembly of for instance automotive parts (adored Nu99ets are formed.
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blanks) [].

With foil-butt seam welding the edges of the shegtsjoined head to head. A thin strip of foil

is introduced between the electrodes and work-pizéncrease the electrical contact resistance

and to contain molten material in the weld nugg@édtis process is readily used for welding

galvanised steels to prevent zinc contaminationdmterioration of the electrodes.
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Figure 10.6 Schematic of projection welding
before and after welding is shown. It illustrate
the creation of the weld (pool) at the particula
projection.

Projection welding is a variation of resistance
welding where the current flow is concentrated
at a geometric extension of the part that is
welded, as shown on the right illustration in
figure 10.6. The projection concentrates the
current flow and localises the applied force,
reducing the amount of current, required on
allowing thicker sections to be welded.
Nonetheless, the need for a projection may not
be cost or process effective compared to spot
welding.

Upset welding is similar to spot welding in

the use of a current and an applied force. Effebtj\joining the ends of two pieces of material

with the same cross section instead of using arimabteverlap produces a butt weld. The term

upset implies the extrusion of material, which edsethe original geometry of the work-pieces

and can be trimmed after joining. A continuousemascontinuous version of this process can be

used for the fabrication of pipes, tubing and whignak.

Despite the solid-state character, low-carbon stegk often bonded by fusion welding

processes due to the time necessary for joininglitisahally, the HSRW process is sometimes

considered fusion welding due to the nature of sdefects (melting phenomena) experienced in

hot welds. Fusion welding can be defined as a potieat uses liquid formation of the base metal

to make the joint. The main difference betweenftiseon and solid-state welding is the geometry

whereby a solid-state weld will be similar afterldieg and a fusion weld will have remarkable

differences from the original geometry fit-up. langparison to other welding processes, solid-

state welding does not use filler or additive matsr{72, 80 to 86 and 89].

10.3 Weld nugget

Weld formation is commonly described as the devaleqmt of weld nuggets orThe formation

of a new material phase by the correspondence oh dmlf cycle of an alternating current
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waveform and moving work-pie¢el28]. However, the actual weld nugget formatianviery
much dependent on the temperature that is genendtbith the material. The temperature over
the weld interface line continuously differs beawa$ the continuous alternating current of the
sinusoidal waveform and hence the formation ofikkl nuggets.

The total weld seam is considered as a seriesjafent spot welds (weld nuggets). Individual

weld nuggets can clearly be seen when lookingeaivisld seam of a can body (see figure 10.7).

e Current

Weld nugget

Figure 10.7: Schematic of the creation of the weldugget at each half cycle of the applied welding
current, whereby the number of weld nuggets is equdo the number of half cycles.

Often welding process design as found in the fiteeais in accordance with how the welding
process is commonly described, spot weld - disphaced - spot weld - displacement, etc.
Nevertheless, the welding process is a continusasegs in which the material is constantly
moving with a certain speed and the welding curfelldws its own distinct path.

A good quality weld seam consists of overlappingdweuggets caused by a minimum
temperature, which should be controlled to enshe¢ each element has a certain minimum
temperature to create a good solid phase joint, tHettemperature may not exceed the melting
point, which would result in the creation of weldfects. Corresponding to the heating of the
material is the temperature gradient over the hefkhe weld seam from interface to surface in
relation to nugget development. The exact weld rtighape is determined by the temperature
profile (i.e. welding and process parameters); gdlye showing elongated cone-like
microstructural formations.

The number of weld nuggets in a weld seam of aareténgth is said to be governed by the
frequency waveform. Since the main voltage is 50HX) weld nuggets per second can be
generated, when a weld nugget is said to be forfoeckach half cycle. If for example the
frequency is 100 Hz, then there are 12000 halfesygler minute and 12000 weld nuggets per
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minute is the maximum that will be observed at fhégjuency. In the past, a step-up frequency
converter was used to generate frequencies of H)A%0 Hz, etc. Instead of 100 weld nuggets
per second, 1000 weld nuggets could be generated fegquency of 500Hz. However, the

frequencies on the newer welding machines are appated by a solid-state transformer and
have values of 252 Hz, 488 Hz or 710 Hz.

Since the weld should be formed at the weld interfine temperatures and temperature
gradients are the main factors, which makes foonatif weld nuggets clear. A low temperature
gradient indicates a weld nugget growth towardssiiméace. With lower temperature gradients
the weld nugget tends to curl to the smaller eteldrwheel (i.e. the higher temperatures due to
the higher current density). Larger temperatureligras induce a weld nugget to stay more at the
interface line between the sheets. The maximum d¢eatyre is best approximated by the
microstructure of the weld nuggets, whereby the wamh@f hardening or dendritic appearance
indicates where most of the heat was generated.b@be welding parameters that control the
formation of the weld nuggets are distinguishedtlwy categories: process parameters (e.g.
welding current, electrode wheel pressure, weldipged, etc) and material properties (e.g.
geometry, coating, carbon content, etc). Both categ determine the actual length, penetration
depth and shape of the weld nuggets. Variationsinvthe parameters results in a range of weld
nugget shapes or heat balance alterations andatiffeyet acceptable weld qualities.

Concerning the weld nugget development during taasie spot welding, a lot of literature can
be found that uses analytical and experimentaliigcies to progressively estimate the effects of
the welding parameters on the weld nugget formaéind to construct a weld nugget growth
model. For instance [92to 94] discuss a weld gromichanism characterised by four stages:
incubation, rapid growth, steadily decreasing gltoand expulsion, which is consistent with the
discussed dynamic resistance phenomena in chaptdh& mechanisms for weld nugget
formation in the HSRW process are in the literatumgted to the correlation welding parameter-

weld nugget size as shown in figure 10.4 and dssdign the previous chapters.

10.4 Mechanisms

In early investigations, resistance mash seam ngldias regarded as a fusion welding process.
Funk and Bergeman [95] suggested that melting aolddification of the weld were
characteristics of a strong weld mechanism. Theyp ahdicated that resistance mash seam
welding is a combination of resistance heating medhanical forging, whereby the variables are

roughly classified in [95]:

« Heat effective parameters: welding current, spdedtation of the wheels
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« Forge effective parameters: overlapping of the tshaed the electrode force

The forge effective parameters also affect theihgaif the joint since the contact resistance
and current density are also a variable of thesepavameters. Later, Ferrasse and Piccavet [126]

divided the resistance mash weld configurations intee distinctive categories:

1. Low energy level: not fusion, but diffusion weld takes place providing poor

mechanical weld qualities

2. Intermediate energy level: larger molten zonegh wsufficient weld nugget
development for creating a sound weld. Welds fagfgrentially along the periphery of

the weld centre
3. High energy level: molten weld nugget that ecegd form the weld interface
Uchihara et al [96] showed that resistance masim see@lds made of low strength steels (LSS)
possess sufficient strength without melting, yeweiding high strength steels (HSS) melting was

found necessary for obtaining a strong enough weld.

Within conventional resistance welding the quatitiea

effect of welding consist of resistance phenomend ¢
evidently the path of the current flow. Weldingat speeds,
below 10 m/min using a standard overlap width amabédly ||
sized electrode wheels results in a symmetricatl weigget
development; the weld nuggets initially formed dme tg
geometrical centre between the electrodes (i.ed inékrface :
line). The temperature distribution is also symiatrand
the final weld size is a result of a fine balanetéw®en heat .- ..
generation and development at the weld interface énd Zgae
heat loss via the electrode wheels, steel sheets
environment [97].
In the HSRW process, the welding current flows aia‘-
more distinct path (i.e. current flow path), andcdraes
particularly significant; generating a Maximum He
Development (MHD) site. The MHD should be generated -

the weld interface line between the differently esiz[§

i i . Figure 10.8: Overview of the
MHD position can displace with respect to the el@® heat pattern development witt

wheels as a consequence of variation in the conta}aggrr:nacigzs'[g%] welding curren

electrode wheels in order to correctly join theetheThe
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resistance and hence current flow path. As a ragtiktinction is made between low and medium
to high contact resistance for respectively a wideent path and welding range, and narrow
current path and narrow to no welding range. Ahigh a contact resistance can cause severely
deviating current flow paths between the electrpgesmoting the excess of comma and splash
formation. When the point of initial formation dig weld nugget tends to move forward to the
exit of the electrode wheels, with for example leiglvelding speeds; heating times become
shorter and the contact resistance is not abledoce before the electrode wheels are passed. In
this way, current flow before the centre of thece#lsde geometry is less than at the exit side of
the electrode wheels.

The heat distribution around the weld nugget charigem being symmetrical around the weld
interface line towards the outside surface to amarshaped pattern towards the inside can
surface of the weld seam, shown in figure 10.8. Thenma-shaped heat pattern curves
downwards to the smaller electrode wheel, wheriglaeh current density or heat development is
present. At the overlap edges the cooling effentscd the greatest magnitude because of the
water-cooled electrode wheels. The position of maxh heat development relative to the
contact area between the electrode wheels is tis fmm weld formation and takes place in three

distinct zones, as shown in figure 10.9:

e Zone 1: satisfactory weld nuggets are formed, ez af sufficient heat abstraction and
containment of the formed liquid at the geometrioatre of the weld interface line.

The electrode force is properly applied to conthmliquid

* Zone 2: commas may occur, because heat is onlgatet by the top electrode, which
increases the heat concentration (i.e. liquid feiong towards the bottom. The absence
of the electrode force in the lower area resultsniaterial ejection (i.e. comma

formation)

* Zone 3: interfacial splash takes place, becausaeaab extraction by both electrode
wheels can take place. The applied electrode fdoes not have an effective action on

the interface resulting in ejection along the wpi&ee surfaces.
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Figure 10.9: Schematic of the different maximum heiing zones as defined by [28] with the different
applied heat generations: high and low contact resiance. The effect of contact resistance on the
region of maximum heat development: increased conth resistance increases the heating rate and
influences current path and therefore the region oheat development.

Higher speeds result in more material ejected ftbenseam edges at the weld surface. It is
considered that liquid material states originanfrthe weld nugget and so splash generally
occurs when the weld nugget grows beyond the boierddaf a solid material, whereby the
contact angle of the sheets edges becomes aniaktastor.

Consequently, the third zone characteristics arémised or avoided by effectively containing
the liquid at its point of formation with for instee, a jockey system. The jockey system allows a
longer effective electrode force essentially ex&timg the MHD position beyond the exit. In this
way, the weld nugget curl down effect is also redband a more symmetrical and smoother
weld interface is created.

The movement of the MHD site to the exit of thectiede wheels also introduces the current
flow lines to bend to the exit, creating a smadlega for joining of the work-pieces. In this way, a
higher welding current to sufficiently heat the eral could be needed, and narrower welding

ranges are the result.
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11 Microstructure

11.1 Low-carbon steel welds

In (ultra) low-carbon steel microstructural transf@ations, temperature-time and strain are the
main indicative parameters; heating and coolinggabeing controlled by the process and

material parameters. These conditions (i.e. tim~

Composition (at% C)

temperature-strain features) determine the fii  1500)—

average grain sizes and types afi
transformation and are directly related to f ,,,
instance, the strength of the material, whe
smaller average grain sizes result in strong
materials [66 and 98 to 100].

Low-carbon steels can exist in three stat

1200

1000

Temperature (°C)

equilibrium heat-treated crystalline phase
namely austenite (above 850 °C), ferrite (belc
850 °C) and cementite (below 680 °C)
indicated in figure 11.1 [66, 72 and 99 to 103].

When solidifying (ultra) low-carbon steel:

first d-ferrite is formed. Formation @-ferrite is

i \ w ‘\

. . 400
directly followed by an austenite cas 0 ! 2 S 4
(Fe) Composition (wt% C)

microstructure (i.e. primary structure) formation. _ _
Figure 11.1: The ironcarbon phase diagran

This microstructure consists of dendritic crystal§66]. The Al-temperature line is at 727C and
the A3-temperature line is the line crossed upc
cooling at the austenite to austenitéerrite

phase transition (i.e. between the Al- and A3tegion.

and exists until phase transformation at the

temperature) takes place. When transformation frostenite tau-ferrite takes place, dependant
on cooling rate and steel compositions, the thr@stnmmportant secondary microstructures,

which can be formed, are [73]:

1. Grain boundary ferrite (i.e. pro-eutectic fe)itfirst formed structure upon austenite to
a-ferrite phase transformation. Appears as a netwairipolygonal crystals on the
former austenite grain boundaries. This microstmgcis unwanted because of large

grains inducing an unfavourable toughness and ¢rigitk initiation state

2. Side-plate ferrite (high-bainite or Widmannsatterrite): formed by laminates from

the grain boundary ferrite into the primary audtegrains. The laminates are separated
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by small angle grain boundaries on which mostlytereite or austenite carbides are
formed. This needle-shaped microstructure is unalelsl because of the unfavourable

toughness (i.e. effective large grains) and thegiree of martensite (e.g. brittleness)

Needle-shaped ferrite: formed in the middle lé fprimary austenite grains. The
laminates provide large-angle grain boundaries iaddce high dislocation densities

(10/m?) and therefore considered favourable for the toegh of the material

In (ultra) low-carbon steels the HAZ can be chaaséd by four zones, classified by the Fe-C

equilibrium phase diagram (figure 11.1) and thegpees of the distance of the peak temperature

to the melting zone. The HAZ transformations arpesielent on chemical compaosition, cooling

rates and peak temperatures, T

Coarse grain zone (~11WXT,<T.): austenite transformation and grain growth takes
place. Tp and the cooling rate determine the gi@®. Small cooling rates induce grain
boundary ferrite and ferrite-pearlite structureggher cooling rates induce less grain

boundary ferrite and more laminated microstructgres bainite and martensite)

Fine grain zone (Ac3<k~1100C): the low T, provides only little grain growth, yet
transformation to austenite is still achieved. Whealing relative fine secondary grain

structures are formed

Partially transformed zone (AclsJAc3): relative low transformation temperatures
mostly transform the carbon rich areas into austetdpon cooling the carbon rich

areas form depending on the cooling rate pealémite or martensite

Tempered zone (RAcl): no transformation takes place, but it isuassd that stresses
are relieved and ageing phenomena take place.eltethperature range of 7a0to

750°C carbide formations are pronounced

Transformation to a new phase requires nucleatmhgowth of that new phase. Nucleation

and growth of grains are important phenomena in-davibon polycrystalline steels since they

govern the kinetics of all non-martensitic phasmsformations and recrystallisation processes
that can take place under the process induced ttomsli [66 and 98 to 100]. To date, the kinetics

of phase transformations, despite various modeésstll poorly understood and models for the

description of these phase transformations arelybsased on the classical nucleation theory
(CNT) [104] and the law of parabolic grain growtla Bener [105], which both describe the

behaviour of individual grains in a bulk material.

Recrystallisation may occur during or after defatioraand/or subsequent annealing, which is

classified as, static and dynamic recrystallisatiespectively. Recrystallisation in low-carbon
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steels is significantly dependent on strain arairstrate. When applying an increasing strain (rate)
the recrystallisation process will accelerate dyriand/or after deformation. Effectively,
dependant on the amount of strain (rate) easiefaatdr dynamic and/or static recrystallisation is
achieved [106 to 108]. Recrystallisation is usuallgompanied by a reduction in the strength and
hardness of a material and a simultaneous inciedke ductility [106 and 108].

A precise definition of recrystallisation is difiitt as the process is strongly related to several
other processes, such as recovery and grain gréwdititionally, the different mechanisms by
which recrystallisation occurs are complex and engncases controversial [106 to 112]. When
comparing recrystallisation to phase transformatiansimilar principle is seen because of an
(thermally) activated solid-state reaction; nuctwatollowed by growth of grains. Although the
principle is similar, there are some difference&stF the driving force (i.e. removal of
dislocations and their associated energies) is sergll and secondly, nucleation occurs in an
extremely heterogeneous manner and thus only a smaber of grains per unit volume are
created [109].

The weld microstructures can severely deviate fthose provided by equilibrium conditions
because with resistance mash seam welding rapic¢d@mtthuous changing temperatures during
heating and cooling are introduced. With this featlow-carbon steels deviate from the
equilibrium microstructures and create polygonatritie, coarse ferrite islands, pearlite,
martensite and rest-austenite. However, these stiaaiural components have a negative
influence on the materials toughness. Continuoasirng transformation (CHT) and continuous

cooling transformation (CCT) diagrams can be usegfedicting the microstructures.

In CHT diagrams the temperature, at which transédion to austenite takes place for a given
heating rate can be derived as, for example, shiowigure 11.2 [113 and 114]. The CHT

L 0 T VR T T T T 71 Figure 11.2 Continuous heating
e— Experimental v=i130¢/s v=10°C/s diagram for low-carbon steel
o—-Calculatad N} LN - The steel phase that is formed

~ austenite. The heating rate
e increase from right to left. The
= dashed lines are calculate
| FHEn — values and the solid lines at
ol experimentally detemined. The
~ diagram shows a significant Al-
’\E:\ and A3-temperature increast

Ac, —— with an increase of the heatin

-
E

740 rate [1].
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diagram shows that the Al-and A3-temperature ort stad finish temperatures of the

microstructural transformations are significantlglayed relative to the equilibrium phase
diagram. Consequently, CHT diagrams are usefukédlipting the effect of austenisation above
the Al-, A3-temperature from which the hardeningnostructures (e.g. martensite) are provided
after quenching [113 and 114].

When quenching ultra high cooling rates are intoedlicausing an undercooling that surpasses
the two-phase temperature range between the A1A8rtémperature. Although the mechanism
is not clear, it is known that carbon diffusionnist able to find equilibrium, causing martensite
structures, which consist of over-saturated nesliged carbon islands enclosing areas with
retained austenite [66 and 98].

As supported by the CHT diagram it is importantstate what cooling curve and steel
composition the CCT diagram is derived from. CCagdams, like the one shown in figure 11.3,
predict the existing phases with a certain cootatg and a particular steel composition at a final
temperature [113].

2 Figure 11.3 Continuous cooling

800 e - transformation diagram for a
§ e _—T ) steel containing 0.30% C
00 - p— 5\ 0.64% Mn, 1.0% Cr, and
600 \A\( w \ K" 0.24% Mo. The temperature
g \/{9\_,, =S\ ) \ \ against the time and the curve
£ 500 - : cooling lines indicate whicl
g i :(\ X B \ \ \ \“\ \ steel phases at a certain coolil
£ — N = XA \ \\ \ \ rate in the material are formed
£ o
© 300 Ms \ \lv\&\ The cooling rates increase whe

\ “ V\\ \ \ going from right to left. The
- ANV WV T vakies and the ‘solia lnes a
\ \ \\ \\\ \ \ lelpst)e]rimentally determinec

0 0 1 )

0? 104 10% 108

Time, s

In figure 11.3, the capitals indicate the regioerife, pearlite and bainite as the martensite
forming start temperature. The construction of ¢hdsagrams is experimentally difficult and
therefore calculations based on the John-Mehl-Avrarpression are used [113]. The most
influential features when considering low-carbosestare shifts of the ferrite and bainite phase
noses to the left and the rising starting tempeeatof the phase formations when decreasing the
carbon content.

93



Most models are not constructed for such low-canbercentages and therefore the outcomes
are rather speculative having large scatter. Theuledgions only give an indication of when a
phase is formed, provided by the cooling rates. ISmléerations in the composition or
austenisation temperature change the cooling sitgsficantly. Secondly, the CCT diagrams
cannot be used to predict the response to theristakies, which are different from the ones used
to construct the CCT diagrams [113 and 115]. Frbesé¢ diagrams it is clear that changing the
cooling rate has major influences on the distridnutof the microstructural elements. Additionally,
CCT diagrams are highly sensitive (i.e. the shiftof the transformation products) to chemical
composition alterations, and the microstructurahnges are directly related to mechanical

property changes (e.g. hardness, brittleness).

11.2 High-speed resistance welds

In the literature virtually nothing is written oredting rates for high-speed resistance welding,
and only cooling rates are discussed. The two chenigtic parameters for the cooling rates are
[73]:

1. The austenitising parameter: time for coolingween 1208C and 8008C, which
primarily determines the austenite grain size

2. The transformation parameter: time for coolingween 808 and 500C, which
determines the nature and distribution of the fansation products.

Nevertheless, Williams et al [52] performed somerpstructural examination after high-speed

resistance welding and came up with the followigengral) observations:

e The low-carbon steel consist of tempered marter(sipper and lower bainite) and

some free ferrite (non-tempered martensite)

« The weld pulse centres show martensite type tramsfiions together with low-carbon

martensite in isolated areas

e Lamellar carbide precipitates further from the cenof the weld indicate slower

cooling rates

e Adjacent to the weld area coalescence of carbiddsaaicular ferrite is formed, which

indicates that the steel experienced a temperatstrbelow the A3-temperature

* The naturally columnar metallic structures in theldvand heat-affected zone are

difficult to resolve with light microscopy
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The extent of hardening (martensite/bainite mictagtires) within the microstructure depends
largely on the heat input to the welded area. Tighdr the heat input, the higher the maximum
hardness as a result of higher cooling rates. ferdifit temperature balance by adjustment of the
welding parameters leads to slower or faster cgotates and consequently softer or harder
microstructures.

The presence of acicular ferrite in the weld mitmagure is the result of relatively fast cooling
rates and provides a distinct increase in the toegh of the metal. Acicular ferrite is a fine
pattern consisting of spikes that grows throughbet decomposing austenite grains. The fine
microstructure is packed with dislocations pinngdsbcondary phases and grain boundaries that
discourage fracture of crevices. The microstructsirebtained by the initiation of intra-granular
nucleation of hypo-eutectoid ferrite in the audterio promote competitive growth among the
ferrite grains in order to generate the acicularostructure [52].

Some further general observations made by Willietred concerned the presence of, columnar
weld microstructures, which consisted of temperedtemsite (upper and lower bainite) and some
free ferrites, possibly non-tempered martensiteeyThlso found isolated occurrences of low-
carbon martensite at the centre of the weld, iriigafast cooling rates with the surrounding
slower cooled material in the form of lamellar ddebprecipitates.

The weld microstructure depends on the temperatrofiles at each material element within
the weld seam. The microstructure might divergemfrdempered base material to
dendrite/solidification structures.

Research that has been done for several tinplateagang steel grades with varying welding
currents focused on the grain formation and grawthhe metal-metal interface and in the part of
the base material where the microstructure andiopegsties have changed due to the thermal
cycles of welding, the HAZ. These results showeat tarrite grains appear to have grown over
the interface line between the materials after imgldconsequently a stimulation to identify the
stage of the welding process at which this occdusing heating or cooling, below or in the
welding current range, etc. arose. In addition, ithftuence of non-equilibrium heating and
cooling was also left out in these investigatiazis [

Recrystallisation zones, which are soft regiongeweund at the perimeter of the weld centre
where DR tinplate material is recrystallised. Néatthe recrystallisation zones a hardened
microstructure was found, which highly dependedrencarbon content. At 0.06 %C a very hard
weld was found, as a consequence of bainite foomatiilst at 0.04 %C the weld is as hard as

the base material. Recent investigations were arduto gain a better understanding of the
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time-temperature profile (i.e. thermal history) d@wahd type(s) realised during welding, although

this is still an approximation. [1, 2, 8 and 116]
Shimizu et al [44] shows some longitudinal pictuoédeated steel at various temperatures in

the right-hand side picture of figure 11.4. Thelated the grain size of the microstructures to

each other and came up with an aspect ratio tordigte a temperature at which the grains were

formed
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Figure 11.4: The left-hand side shows the relatiobetween the temperature and aspect ratio of the
grains. The right-hand side pictures show longitudial cross-sections of heated steel at various

temperatures [44].
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12 Weld defects

In addition to the welding process and materiabpsaters that produce good weld integrity,
there are also a number of well-known defect pheamaas a consequence of the HSRW process.
Nothing is found on the actual microstructural nadbms or physical reasons for this

phenomenon [1, 2 and 34].

12.1 Cavities

In metallographic examinations frequently notedtifezs B

are variously shaped cavities, which cause probidangg 2
beading of the containers. The cavities appear eao%
contained completely within the weld. However, aigrces
have not shown the cavities to have any detrimeitett on
weld integrity [3]. They are described as small}@Q00 pum
spherical cavities contained within the weld, fodmby
shrinkage of a liquid material state within the dvelugget E?g“ges rmlrizﬁiagzacg?/li?y Cgt "E‘h;a\t/c;"
see figure 12.1. centre.

Formation of shrinkage cavities is found to beteslato energy input, speed of welding and

thus parameter variation or the heating patterhljg8neans of:
« Low energy and relative high speeds, which creataloval / elongated cavities
« High energy and high speeds, which deliver larghiescal, not elongated cavities

At low energy levels, the weld nugget freezes thienftion of cavities, whereas with high
energies a larger time-period allows cavities teettgp. The weld nugget also merges from the
electrode force, which at a certain speed, becanagfective and produces a liquid material state
on the surface whereby formation of cavities ivitable.

Williams et al [51] showed that during the formatiof the welding current range, very few
welds are free of cavities or regularly porositgr Ehe majority of the cases, cavities occur as a
single fine to medium sized spheres and frequeatlyhe centre of the each weld nugget.
However, there are instances where clusters of éoumore cavities per weld nugget occur.
Welds made at slower speeds, 15 to 20 m/min oaealbyaresulted in oval-shaped and elongated
cavities at the trailing end of the weld nuggets.

Smaller oval-shaped cavities are formed at low @nésvels and high speeds because in these
areas material would solidify more rapidly. Largpherical cavities appear at high energies and

speeds because cooling of the material takes phasmea considerable time, allowing cavities to
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develop. The reason with high speeds is the cotitaet of the electrode and material, which is
reduced (i.e. higher speeds reverse the succabg @lectrode force) to produce a good quality
weld seam. If the energy becomes too high, theeasing electrode force to counter the

formation of cavities results in formation of consyand splash.

12.2 Comma formation

Commas are defects that are mainly seen as aal istitige of splash formation. Consequences
and the severity of the comma formation in the vegddm depend on factors such as beading and
lacquering, and have a detrimental effect on thiel weam when exposed to the can content (i.e.
pitting corrosion). The name, comma is deduced ftioencharacteristic shape and appearance of
these surface cracks and porosities. Waddell 8lfound that an increasing welding current,
increasing speed and reducing electrode forcetsesuthe formation of commas. Particularly at
welding speeds above 36 m/min and at frequencie®)0for 500 Hz, the presence of commas
becomes notable.

If a wide operation window is needed, comma avaidais of great importance. Particularly
since it is noted that the formation of commasrisiees with increasing welding current and
decreasing electrode force. Detailed examinatidm®mmas make the phenomena geometrically

classifiable into four groups (see figure 12.2):
1. Type ‘0’: open cavity with no associated materia
2. Type ‘r": raises large shiny commas with or with obvious cavitations
3. Type ‘a’: arrowhead shaped surface defects
4. Type ‘s’ small superficial surface spots

The predominant comma type is the ‘0’ type followmd‘a’ and ‘s’ type commas, the rarest
comma type is ‘r'. The ‘0’ type cavity has a heattprn which is not symmetrical near the
outside surface of the weld seam, but curves dowdsv@ the inside surface, toward the smaller
electrode wheel. The ‘r' type commas are associaitdlenticular nuggets that turn downwards
to run into the surface of the sheet at the insidhe weld seam, eventually resulting in splash
formation. Type ‘a’ is associated with a liquid exdal state at the surface of the weld seam,
whilst the type ‘s’ commas are associated with wridgets extending to the tinplate surface and

small areas which may have formed immediately belmwveld seam surface.
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Open comma cavities indicated that all four comi
types are associated with the formation of a liquichise
and that commas according to [28] are a resulkoéssive

expulsion of liquid material from the weld nuggets.

a spherical/elliptical shape parallel to the owerface in

the middle of the weld (see figure 12.3). Thigrss
spherical/elliptical shape corresponds to the peete
melting initially occurred [28]. A fine and columna
solidification pattern adjacent to the comma isniduvhen

examining the extruded material. It is also fouhattthe s ‘

thin layer of iron oxide. In the weld, adjacentdommas @&
figure 12.3 shows that the open cavity extend$i¢oedge e
of the weld. Weld pulses free from commas also &tby

material extrusion (i.e. deformation) at the wekhrs

Jaques and Szczur [117] mention that a high weld
current alone could not produce commas. An extcal |cjsg

heat input caused by friction energy or extra eleslt

rJﬁtlgure 12.2 Classification of the
commas: picture (a) is a type “o
extending ¥ to ¥ way through the weld overlap andomma, (b) is a type “r" comma
o . . . . (c) is a type “a” comma and (d) i
indicated that this defect can result in pittingrosion, 5 type “s” comma. The picture:
are a planar view of the wel
seam. The commas al
highlighted by the  white
illustrations. The distance scale o
the bottom right of the pictures is
0.2 mm.

resistance seemed to be necessary. They found com

hardly visible under normal magnifications.
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gar b g LA

Figure 12.3: On the left-hand side successive planaections through commas from the sheet surface
(a) to the centre of the weld (c). On the right-had side a planar view of an open cavity comma
showing evidence of liquid formation is shown [28and an overview of commas formed in each weld
nugget.

B o » -2
Waddell et al [28] tried to qualitatively descrithee effect ;‘ " sl ’g
i : N\ - . Outer iorger,  §
of comma and splash formation in terms of maximweath %", wiectroce 7
development, contact time of the electrode whent the N A3 o _
tinplate surface (see figure 12.4). _ LI %j,;’ .
, , , . , RIE)
The idea that maximum heat is generated in the Zose !"_ i
results in containment of the liquid material stiaéfore the /r- \
) {m' smaol ler
onset of any defect formation, because the heattlmsand slactrads

force of the electrode wheels. This would also wenthe Figure 12.4 schematic of the
idea on the qualitative effect c
contact resistance on th

to the weld edges. If the maximum heat were geeerat formation of weld nuggets
commas and splashes.

weld nugget formation on the weld interface lineopposed

the second zone the material would only be in atntdth

the larger electrode wheel creating possibilitis domma formation. The heat loss to only the
larger electrode wheel means that higher tempesitare confined to the inside of the can body,
with the risk of a liquid material state. Withotietelectrode force (i.e. deformation) the material
would then be ejected leaving a comma shaped defedhe third zone no contact of the
electrode wheels or an exerted electrode forcetalem place. Waddell et al suggested that this

would cause ejection of liquid material along thedvnterface line resulting in splash formation.
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Elzinga [118 and 120] concluded that a higher ebelet force and a thicker tin layer at the side
of the smaller electrode wheel lead to less comanendtion and that lower welding speeds
increase the number of commas and a reductiondnnthterial overlap width decreases the
number of commas. These phenomena are relatedetcheht distribution which becomes
coherent with slower welding speeds. With smallatearial overlaps and higher electrode forces
the welded steel better distributes over the welfilltup commas. Elzinga indicates that commas
are not cavities, which are created in the weld, @aces that are not filled up with material

during welding.

12.3 Splash formation

Splash, as shown in figure 12.5 is a defe

that is defined as a liquid material state bei #&
forced from the weld seam. As mentioneg
before, splash formation defines that the upyf."

limit for a weld of good quality. Splasr T
formation is said to be a result of the we'-‘a?!‘“"

2 atd G‘Au;'l‘\- n_"'
"F"'""_" —— -n«,-t.’—-«-u-t-d-l D

nugget growing over the natural boundaries ‘ 73
the solid material overlap. However, spla:; “
encloses many factors that contribute to I
formation and the extent of splash iSFigure 12.5: Photographshowing the splashe
controlled by the weld process parameters an@rrows) at each weld nugget.

the surface of the welded material as for instaidéams et al stated: A poor fit-up or mating

of the surfaces being welded, too low or too highdimg pressure, and an excessive welding
current, can cause interfacial splash. Unsatisfagttinplate surface quality can result in both
surface and interfacial splash, the controlling tfas being surface cleanliness, surface
roughness and the degree of passivation of oxidéetin surfacé.[51]

In this respect, surface films should be kept tmimimum, but compatible with the production
requirements. The tendency of splash formationastiy associated with a relatively high initial
contact resistance and therefore, particularly Woth tin level coated steels, higher forces are
necessary for welding. A larger electrode forcetgbuates to a reduction in splash and comma
formation that finally, with low tin coating levelsould lead to a welding range with only
‘conventional’ splash. Applying a large enough vireddcurrent will result in fusion, but could
also lead to (surface) splash formation [52]. Iditdn, welding speed also influences the weld
nugget formation [52]. It has been reported thadlav welding speeds, long heating and large
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contact length leave the generated liquid matstate on the weld interface line at the point of
formation by action of the electrode force. At héglspeeds, the applied effective electrode force
(contact length between electrodes and welded iaBtés relatively small and as a result, the

ranges of good quality welding conditions signifittg reduce [28].

The smaller electrode wheel gives rise to higherrerit densities; accordingly, splash
formation is more readily seen on the inside ofd¢hr body. Some can body welding machines
have a controlled vertical movement for the smadliectrode wheel to assist in aleviating the
formation of splash.

Splash particles are left behind adjacent to thie weam and are mainly seen when the contact
time is reduced and the welding speed is increaSptash formation is prone to occur in thin

sheet steel with higher carbon contents due thititeer material resistivity. [118 to 120]

12.4 Cold welds, fishtailing and overheating

Incomplete bonding and tin bonds result from coledvformation and are formed due to

insufficient heat generated at the weld interfawe, las shown in figure 12.6 [5].

between the two work-pieces, a tin bond. The righitand side picture shows an incomplete bond
between the two work-pieces [5].

According to Norman [3], varying the welding parders could result in a parameter area of
tin-solder bonding, where essentially only tin aogiis melted between the interfaces. Yet, such
a joint can be acceptable for some end-applicatantainers. The presence of tin-solder bonds
creates an unsatisfactory cold-weld condition. Nirat al said that this is effectively a soldered
joint. Tin bonds are apparently weak regions oninkerface with a solder joint condition, which
typically occur at lower welding currents [28]. Tleéfect would be more pronounced with
increasing welding speeds, because less contagetrésults in less heat generation between the

electrode wheels and the sheet material.
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Fishtailing is a defect that can cause problemar afielding, i.e. during flanging and double
seaming in the production of three-piece containEishtailing is a phenomenon which takes
place at the end of the weld seam as shown indid@.7 and is a result of material which is
longitudinally extruded in relation to the weldidgection beyond the end of the can body.

The reason for fishtailing is found in

the process. As the wire gap becomes

A
T
too wide, the electrode wheels further i
1 Weld seam
press the sheet material to a state wélding -L,mngi
i
plasticity, which in combination with |
1
the electrode force extrudes the sheet '
material at the end of the can body. In - = Fishiail

order to overcome the problem of ﬁShFigure 12.7: Microphotograph of a fishtail at the end o
P the can body after welding. The fishtail being theesult of

tailing the gap between the two wiresmaterial longitudinally extruded in relation to the

(which circumscribe the electrode welding direction beyond the can body end.

wheels) should lie between 0.5 and %, ..

mm. When the gap becomes small@%};‘{ Sl
joining of stretched wire at the gap ar: "
fishtailing could occur.

Rare defects that are encountered 7
only embrittled work-pieces are spl""-:" :j{;ﬂ
flanges, blowholes (see figure 12.8°% >
and complete burn through of the We;,
[3]. These defects are encountered w3
embrittled work-pieces and are thus

consequence of over-heating the works
Figure 12.8 example of a blowhole found in a

pieces. overheated weld made above the upper welding limit.
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13 Modelling high-speed resistance welds

Numerical modelling techniques are employed to gsirentific insight into the welding
process, both macroscopically and microscopicéhliit, due to the inherent lack of user-control
with pre-written commercial software, little und@rsding could be gained. In this way, only a
weak basis for process control is attained. Funtleg, limitations exist in all models, which are
sometimes difficult to understand.

Attaining high-speed welding data experimentallydievelop welding current ranges using
different parameters, is very time consuming, ashes detailed metallographic analyses that
require high-precision cutting equipment. A computegodel would therefore be justified in
gaining more understanding of the process and comgpgarameters without difficult or
time/cost expensive tryout experiments, becausa agst practice, canmakers will set weld
combinations that work instead of trying differeettings at greater risk.

Decisions on what parameters are chosen for a nmagel to be made. For simplicity and time
related issues it can be counter-productive to tkae process factors into consideration. For
example, the age and type of welder can be a gweffiactor. All conditions and factors
mentioned before leave a wide range of parameteimnsider when establishing production
conditions.

Previous attempts have been made at modelling megelgiiocesses using finite element (FE),
methods [121 and 122] and theoretical analysisugihg commercial and in-house codes.
Particularly with high-speed welding differentlypated approaches are outlined with additional
consideration of modelling assumptions made foew#pplications involving heat transfer, such
as defects in castings.

A mathematical model to simulate the cooling of ¥held with high-speed resistance mash
seam welding was developed by Boyd [123] to gamheustanding of the mechanisms of heat loss

in a weld seam of a container. Assumptions madeistmodel were:

« Temperature was considered to be constant thrdwggthickness of the plate since heat

was conducted away from the weld zone into thetrelde wheels and can body

* No conduction along the can height was considesedise that depended on the heat

conduction rate of the material and the isolatibowerlapping weld nuggets

¢ No increasing thickness of the weld to maintain phevious assumptions. However,
the specific heat was increased at the overlaphwitliereby establishing a 1-D

conduction mechanism
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The results for the heat loss correlated with thpeemental findings, as convection and
radiation losses were much smaller than conducti@pgecially loss of heat to the electrode
wheels. The model was further developed by Boyd]1dth geometrical aspects considered by
comparison to the collapse of a plasticity sectiord a graphics model. The assumption of
constant plasticity within the model enabled coesition of a full homogeneous material.
Within the model of Boyd longitudinal flow and shhéarces were neglected to aid simplification.
However, the graphics model did include a ridggabgvaphy as seen on the surface of a weld
seam. A reducing contact area of the upper eleetraaeels would improve the quality of the

weld.

The modelling of DC resistance welding to producatinmuous container weld seams was
performed by Brifcani [125]. He considered eledtiermal aspects in the absence of deformation
on a simplified 2-D cross-section mesh using a censial FE code, ANSYS. Although Brifcani
distinguished the limitations of the model, consitide data was generated to determine current
flow in the steel sheet and the transient tempezatiistribution in the sheet and electrodes.
Brifcani noted that the increasing resistance efdteel caused weld instability as the temperature
increased (i.e. temperature dependent resistidty] that excessive heating was caused by
current flow ahead of the welding front. The eféeof thermal conduction are also negligible
because the speed of the material exceeds the speditermal diffusion in steel. It was
determined that problems associated with DC weldiege not prevalent in AC welding due to
the cyclic character of the current, which yieltsikar temperature conditions at the formation of
each weld nugget.

Using the commercial code SYSWELD Ferrasse andakRatd126] modelled the mash seam
welding process for 0.7 mm thick low-carbon stdetet. A fixed transverse 2-D model with
observed geometries of the electrode wheels andtéat sheet was constructed. The conductive
heat flow through the transverse and longitudin@&ieaions was considered to remain
significantly lower than the studied welding speefise model allowed examinations of the
distribution of thermal patterns within the weldneoand was validated using infrared surface
temperature scanning techniques. Photomicrograplastaal samples were used to determine
specific isotherms. The nature of the 2-D model yussified with lower currents; the plastic
deformation (mash) took place before any signs elting were detected with most of the heat
generation concentrated at the weld interface lmsgtead of a continuous growing weld zone, the
(Joule) heating effect was limited to a static oegi

Modelling of the mash seam welding process is fgreater part conducted within industry

[127 to 129]. Here electro-thermal models in thenotercial code ABAQUS was written. This
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takes into account the copper wire and currentchvtis assumed to flow through the outer
surfaces of the copper wires. The short run timethef model assumes that no heat flow
establishes either from the electrode wheels otitipdate sheets. Another assumption within the
model is the use of a deformed mesh (lattice) tahvthe current is applied. Limitations of the
model are the 2-D character of the mesh, wherebly ¢d accurate understanding of contact
resistance inhibits development to a 3-D model. Wekling process was further modelled using
ABAQUS by Wen [130]. Two 2-D meshes were constrdictne transverse and one longitudinal
cross-section, within which coupled thermal-mecbahnicomputations were performed. The
(Joule) heating effect from different current frequies was investigated on the longitudinal
section. Within this work it is important that defmation and heat generated at the electrode
wheel-tinplate interface and overlap width are takeo account. However, the model is limited
by no use of contact resistance. Besides this th@ehonly has a 2-D mesh. Results from the
model showed that higher temperatures were unifogeherated at the electrode wheel-tinplate
contact and overlap (i.e. where the heating effecapplied). However, it did not take into
account the loss of heat to the atmosphere andecagectrode wheels and the effect of larger
current densities at the sharp edges of the meghirWnodelling of projection welding, using
ABAQUS, this aspect was also shown by Sun [131]s Thodel assumed a defined line of
symmetry and limitations regarded no work-hardergffgct; also no prevalent stress or strain in
the projection, prior to welding were taken intc@ent.

Cross-sectional and longitudinal 2-D FE models waggeloped by Murakawa et al [132].
They used a thermal-elastic-plastic theory to eranthe effects of the waveform, value of the
welding current and welding speed on the formatibthe weld nugget. Their model is split into
three stages. First, the deformation from the edeet wheels is calculated to compute the electric
fields whereby the current densities are given.r@aier, the heating effect is estimated and the
thermal field is calculated. This three stage cyisleepeated using small time steps until a
satisfactorily weld is made. However, the moddbisjoining three sheets with a total thickness
of 1.9 mm at speeds between 1.4 to 1.6 m/s usewretle wheels with similar diameters. The
results are small deformations compared to tharaiigheet thickness and the model appears to
be giving difficulties in correctly defining contaelements during heating and deformation
between the electrode wheels-tinplate and tinptaterlap width. Nevertheless, a continuous
applied current resulted in non-uniform nugget gfodue to periodic instability, closely linked
to the contact area between the electrode anchdet saterial. As a result Murakawa et al stated
that discontinuous settings lead to better weldgetsy due to a sufficient available time for

electrode cooling.
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The measurement of dynamic electrical resistance¢hefelectrode to sheet interface was
modelled by Thieblemont et al [133]. In this modieé interaction of thermal and electrical
phenomena are simulated in an axi-symmetric FE imddie goal was to provide temperature
information for the automotive industry, where ireblem of spot welded zinc coated sheets lies
within over-heating at the electrode to sheet fater resulting in insufficiently large weld
nuggets and faster electrode deterioration. The etakes into account heat loss to the
atmosphere and water-cooling of the electrodesused surface contact elements to determine
where the heating takes place. The model predtatpérature distributions for uncoated and zinc
coated steel sheets and shows that the resistahttesfaying weld interface and electrode-sheet
interface play the most significant role during #sly stages of welding. In contrast with a 3-D
model for high speed resistance welding, spot wegl@ a process, which can be modelled with a
defined line of symmetry. However, the conceptaftact resistance still holds when modelling
the high-speed welding process.

Gould [7] proposed a model to analyse the effectoaging and heating in forming a mash
seam weld since both play a different role in aqoishing a solid-state bond. He stated that
forging proceeds along the weld interface line, igbg the actual strains can be derived from the
joint configuration. The results from the forginglicate that the effective bonding must occur by
the addition of thermal energy in the mash seandiwg] and the role of thermal energy appears
to predominate. Gould indicates that the thermadrgyn has two other functions, namely:
dissolution of retained surface oxides and contamntisy and recovery of the residual deformed
weld interface line structure. Heat generation esmseam welding is through resistance heating
over the weld area.

The modelling of a moving heat source is investéddily Hansen et al [134] for submerged arc
welding and Brown et al [35] for high-speed resismwelding of containers. Hansen et al did
their work in ABAQUS, using elements in the fingéement mesh accounting for the moving
heat source and thereby placing a higher weighimgetermining stress fields, focussed on the
effects of thermal expansion from filler metal aawction. A detailed description of heat
generation and thermal distribution was considéesd important than a generalised description
when coupled with stress fields and deformatiort®e Mmoving heat source for the high-speed
welding model is different in the sense that matdtows through a static mesh and is subjected
to boundary conditions at a theoretical electrodieel-sheet material contact area [35]. Brown
and Suthar also state that the possibility of &3uD stress analysis for high-speed resistance
welding is very difficult because the mechanicalgarties of the material from room temperature

to melting point, as a function of prevalent straites are required. The assumptions, which have
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to be made to account for conditions, attributedniting and deformation could impede the
effectiveness of the model as they validated thwidel to the RTZ only. A typical example of
the inclusion of a liquid phase due to melting with weld is modelled by Pavlyk and Dilthey
[135]. They implemented thermo-fluid models to istigate the influence of convection on
temperature distribution and weld pool geometrglictric arc weld pools with the commercial
code FIDAP, which is specifically designed for cartgiional fluid dynamics. The model
considers thermo-capillary forces, volume expansiod heat exchange mechanisms including
loss of heat due to evaporation, radiation and ection. They included FIDAP due to fluid flow
affecting the overall heat and mass transfer inweéd pool, which affect weld shape and
temperature distribution. The model [135] is manieGas Tungsten Arc (GTA) welding; thereby
the validation of the model could be achieved expentally with a static weld pool. The
dynamic character of high-speed welding gives dfieation difficulties, with infrared
measurements serving as validation, only givindesertemperatures at the contact of the upper
electrode wheel and the outside of the welded cay.bThe suitability of infrared measurements
as a method can also be questioned because spitasitibn on the inside of the can and commas

inside the weld could disturb this.
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14 Discussion

To date, worldwide welded steel containers repriefenmost predominant form of packaging
for food, aerosol and general line products, wheound 90% of the world’s food containers
are three-piece cans. In obtaining this situatibe,production of three-piece cans has developed
very quickly from the sceptical unease in its earbnception (hand work) of soldered seam
containers to the very fast (80 to 115m/min) anghlyi automated welding process nowadays.
Three-piece can manufacture still holds a littlerokalf of the can market sectors for aerosol,
food, and general line containers. However, thepdfrawn processes are also used for aerosol;
food and speciality can applications and rapidlgkt@lmost half of the marked and are still
taking over from the welded can market. Laser wigJds also impending in the manufacture of
three-piece cans, but because it is not yet abt®apete with the present three- and two-piece
container production speeds and manufacturing tdopies, it has not yet found commercial
acceptance. The literature on laser welding alsavshsome inconsistency as a consequence of
this. However, the development and relation to rofrecesses is clear from the wide variety of
literature sources.

An adequate starting point to describe in dethi, fundamental) aspects, understanding and
control of the complex and dynamic nature of highexl resistance seam welding shows that the
seam welding process is firstly required for a g hot-rolled and coiled low-carbon steel
grades and tinplate classifications to meet custerdemands of for instance tomato soup or
deodorant producers. The welding of containersig one process feature in the production line
of the three-piece can manufacture. Although tloelpetion process consists mainly of forming
operations welding is a major influential procetepsBefore and after welding, limitations and
restrictions on the tinplate, and welding machie&dnine what happens to the material of the
can body and its properties in the final produdt.other process steps are pointed out in various
literature sources and are soundly based and unddrsexcept for the welding process, which
seems to be less studied from the scientific petse

Most high-speed resistance welding literature kettve 1990s is based on phase angle/shift
control, variation and on their development andojstation. Today, the current is no longer
interrupted via phase angle control, but by amgétwontrol whereby the preceding literature
could turn out to be obsolete. However, the essefidke process with respect to the material
appearances and microstructures because of diffiereised tinplate grades and heating
phenomena remains, and the earlier literature ibaéis to a better understanding of the welding

process. To date, the classic theory of coalescenttee absence of melting is considered valid
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and is invariably discussed in terms of its vagaghrameters, i.e. within the welding range. The
process and material related factors mentionedabate given in the majority of the literature to

be most important in order to utilise the appragrigeld quality with the HSRW process.

Process Material
Power supply Coating type
Electrodes and wire contact Thickness of the woelce
Weld current Coating layer thickness
Electrode force Grain orientation
Weld speed and frequency Steel chemistry; carboteob
Material overlap width Heat treatments

The parameters above are repeatedly investigatkdegorted in the various literature sources
to operate the welding process to its maximum weldipeed and optimum welding range. Since
the complexity and wide variety in the HSRW procissspposed by these process and material
parameters, the dynamic character of the proces®smia sometimes difficult to classify the
process to a specific weld mechanism. Howeveha#lSRW process hame indicates, resistance,
predominantly contact resistance is the main adit@tive feature that the parameters have in
common and which in the literature is studied auaal over to show the effect of heat generation
and temperature balances on the final joint andassociated (mechanical) properties, i.e. to
classify the weld in the welding range. Additiogalseveral studies discussed the difference in
static and dynamic contact resistance and fourtdhigdistinction should be made to get an idea
of what is actually happening during welding. Thaimreason for this is that there is a large
difference between static and dynamic contact t@ses.

Some sources show that the welding range can beedeih terms of microstructures by the
examination of longitudinal sections of a HSRW wdllle point where it is not possible anymore
to produce sound welds is associated with the oecoe of detectable defects. Melting, under
certain conditions (e.g. high welding current) @cur, accounting for defects where molten
metal is ejected from the inside of the weld seamich affects the appearance and corrosion
resistance of the weld. However, the examinatiothotwfor the determination of the upper limit
becomes too sophisticated and time consuming whemppearance commas are considered as
the limiting stage. Defects from the cold weld attan are also difficult and time consuming to
guantify on the microscopic level, but easy mectaniest methods makes them readily

detectable.
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Very little is known or published on the actual mmacism of weld formation (i.e. nugget
formation and bonding phenomena) within high-speesistance welding. The idea on weld
formation at a particular maximum heat developnzemte seams to hold for phenomena seen in
the HSRW process. The dynamic nature of the propessits only a few milliseconds for
heating and deformation to produce a proper wektnséHowever, the process is governed by
dynamic and original (static) contact resistandeer&fore a full explanation of weld formation
should also include volume and melting point oftcag bulk resistivity and how these influence
the dynamic resistance. The existing explanatioasbased on large parameter studies or data-
mining in combination with statistical analyses ad rather ambiguous and indistinguishable.
Even though a lot of time and resources are indasteinderstanding the process and associated
materials, especially related to protective laywith several thicknesses; however, the process
has been studied without thoroughly examining tiealviour of the materials during processing.

On the atomic level, weld nugget development (s@onoscopic level) and classification of
solid-state and fusion bonding phenomena a vaoklyerature can be found to describe parts or
specific conditional settings of the bonding medsmaugs). Actually, within the resistive heating
phenomena many can be found on the theoreticad basieating and cooling, but predominantly
with static resistance welding phenomena. Howelverféw sources discussing dynamic contact
resistance all exclude joining by solid-state waidi

Although the science seems to remain quite comptexa lot is found on microstructural
phenomena in high-speed resistance welds, probablya consequence of the fact that
metallographic examination can be complex and @aeily time consuming. In the published
literature, one criterion of the microstructure waated on the determination of the lower limit,
which is dependant on the structure on the weldrfiate line. This criterion is defined as a
percentage of incomplete bonding, tin bonds anthgrsituated across the weld interface line,
some literature sources also mention grain growtheaweld interface.

Furthermore, as mentioned before, there are & lanaations and unrecognisable phenomena
occurring in this process. The relationships of ynahthese phenomena to each other or to the
welding process are not clearly understood. Neetris, some ideas on the actual bonding
formation exits based on welding parameter and ge®cparameter variations, which can
probably be attributed to the fact that literattivat is published concerning improved weldability.
The phenomenological approach in this is missing.

Modelling can help to provide a more profound ustirding of the HSRW process and
thereby improve the process capability. Modellihg HSRW process is very difficult, given all

of the different parameters that should be includieghrevious attempts only 2-D models written
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in commercial packages appear to exist. They peowddgreat deal of useful information,
otherwise unattainable form experimental studiesotfof useful information would be gained
from a 3-D model; however, this should be writteorni the ground up with an in-house code.
The benefit of an in-house developed codes comptreal commercial code is the inherent
knowledge of the assumptions and limitations tha tiser has. Additionally, during the
development, the user has access to the sourceatiodeng suitable changes to be made to
materials and process properties or constants ghot the analysis. Significantly, all types of
codes are numerical approximations therefore armcteaaswer is probably not possible and
validation of the experimental findings is therefemportant for both commercial and in-house
codes. In contrast with in-house codes, commennédes are advantageous in the user-friendly

matter making the model development less time-anirsy
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15 Conclusions

In this literature review an appraisal of all facef high-speed resistance mash seam welding

tinplate packaging steels for three-piece can naaufe lead to the following key conclusions:

The high-speed resistance mash seam welding prdesstoped rapidly into a very fast,
and highly automated welding process, which desptiter much suitable processes is still

able to maintain more than half of the steel cor@iapackaging market.

Three-piece container production consists mainlyfasming operations whereby many
limitations and restrictions on the tinplate infhee the welding procedure. Nevertheless,
welding is a major influential process step, withfetime effect to what happens to the can

body material and its properties in the final prctdu

The welding process is characterised by the (ctntasistance, which shows the effect of
heat generation and temperature balances on thé jéimt and associated metallurgical
features. The contact resistance is subject tavelding parameters and tinplate properties to
operate the process to its maximum speed and optiwelding range, whereby the dynamic

character of the welding process makes it diffibnitlassify the process to a specific class.

The welding process is defined in terms of the wwmmufacture specifications, yet very
little is known or published on the actual mechandf weld formation (i.e. nugget formation
and bonding phenomena). The existing explanationbased on some rather ambiguous and
indistinguishable assumptions. A lot of time andorgces have been invested in large
parameter studies or data-mining in combinatiorhgiiatistical analyses to find material-
process connections. However no study looked atb#teaviour of the materials during

processing.

Given all the different parameters that shouldrmtuded, only 2-D models of the HSRW
process written in commercial codes appear to .ekisen though modelling the process is
very difficult, it provides a great deal of usefaformation, otherwise unattainable form
experimental studies. Both commercial and in-haaskes are numerical approximations and

require validation by experimental studies.

On assessment of all the conclusions above theWlh main conclusion is deduced:
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Despite the simple principles of the welding pracése actual process is rather complex,
involving aspects of many different scientific pbemena, which give rise to many limitations,
and inexplicable phenomena. The relationships afynwd these phenomena to each other or to

the welding process are not yet clearly understood.
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16 Recommendations for future work

This literature gives a contribution to the incoetpl research on the materials tin layer and
microstructural development during the welding issc To further deepen the understanding of
the mash seam welding process and to provide a B@soptimisation in resistance mash seam
welding of container applications, future reseasishuld focus on the particular influences of the
metallurgical and physical alterations on the wiltbrface upon process performance in the

complete welding range and the specific mechanfemthe formation of the joint.

If possible, the microstructural development shobkl analysed by assessing the thermal
balances based on dynamical resistance (histdng)likely that the tin layer also has significant
influence on the thermal history due to its regitiand the associated changes during heating
and deformation. Influence of the metallic coatiaiger on the weld formation requires studies on
physical and metallurgical consequences to prodiferent dynamic contact resistance (i.e.
changes in the thermal history) and weld rangegselbjeprecise cross sectioning of the welds is a
first requirement. Time-temperature-force assesgnaea thermal and microstructural prediction

could be done best by modelling and validating thiexperiments.
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