Double-Sided Arc Welding of AA5182

Sheet in the Lap-Joint Configuration

by
Nandan S. Joshi

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Master of Applied Science
in

Mechanical Engineering

Waterloo, Ontario, Canada, 2010

©Nandan S. Joshi 2010



AUTHOR'S DECLARATION

I hereby declare that | am the sole author of ttesis. This is a true copy of the thesis, inclgdin
any required final revisions, as accepted by myrénars.

| understand that my thesis may be made electribneaailable to the public.



Abstract

Automakers are increasingly using aluminum fordtrital applications in order to reduce vehicle
weight and improve fuel efficiency. However, almonin bodied cars have largely been confined to
lower-volume, niche markets due in part to the nembi challenges associated with welding of
aluminum in comparison with steel. Therefore, achexists for new joining processes which can
produce high-quality welds in thin aluminum sheethah production rates and low cost. The
recently invented double-sided arc welding (DSAW)gess is one such joining process. It has been
shown to be capable of producing high quality ittt configuration welds in thin aluminum sheet
and thick steel plate. In DSAW, an arc is initthtcross two torches that are mounted on either sid
of the workpiece, allowing it to be welded from Ibatides. The objective of this research was to
determine the feasibility and merits of using thBAW process to produce seam and spot welds in
thin aluminum sheet in the lap-joint configuration.

The double-sided arc welding (DSAW) apparatus ugethe present study was powered by a
single square wave alternating current variableunitgl power supply to produce an arc across two
liquid cooled, plasma arc welding torches. Thislipment was used to produce a series of
conduction-mode DSAW seam and spot welds in 1 mektand 1.5 mm thick AA5182-O and
AAG6111 sheet in the lap-joint configuration. Mébgraphic analysis was used to characterize the
microstructure of the welds, while microhardness &ensile tests were used to characterize the
mechanical properties.

Since hydrogen is easily absorbed by molten alumijrall weld specimens must be cleaned prior
to welding in order to produce high quality, pored welds. Although previous studies had shown
that the specimens could be sufficiently cleaneddbgreasing and wire brushing them prior to

welding, this cleaning procedure was not found écatdequate for the specimens used in this study



and a more aggressive cleaning technique was egfjuk number of different specimen pre-cleaning
techniques were examined, and a combination ofedsgrg, deoxidizing, and manual wire brushing
was found to produce the least amount of porositygad-on-plate welds produced in 1.5 mm thick
AA5182-0O sheet. Further reductions in porosityevaccomplished by redesigning the shielding gas
cup of the top Thermal Arc torch to promote mommitear gas flow and generate a more evenly
distributed shielding gas plume. Using the rede=iigshielding gas cup, a shielding gas flow rate of
10 Ipm was found to provide good coverage of thielyweol and produce virtually pore-free welds.

The feasibility of using the DSAW process to praglspot welds in 1 mm thick AA5182-O sheet
in the lap-joint configuration was examined by proiig a series of spot welds over a range of
welding powers and weld times. Weld nuggets weoeyced using a welding current as low as 50 A
with a cycle time of one second. However, alllt# tvelds exhibited a pinhole at the centre of the
nugget which penetrated through the entire thickrdshe specimen, regardless of welding current
and cycle time used. Solidification shrinkage gdgoand crater cracking were also observed near
the centerline of the welds. Hydrogen gas porasity oxide tails were also observed in the welds.
These defects were found to decrease the strendthjuality of the spot welds made between 1 mm
thick AA5182-0 sheets in the lap-joint configuratio

A series of welds were made to determine if the BSgrocess could be used to produce seam
welds in 1 mm thick AA5182-0O sheet in the lap-jotanfiguration. Visually acceptable, crack-free
welds were produced using welding powers rangiognf2.0 kW to 5.1 kW, at welding speeds
between 10 mm/s and 70 mm/s. Welds produced wiltignrange of welding conditions were found
to possess excellent cathodic cleaning on boths sifiehe workpiece, a smooth weld bead, and a
columnar-to-equiaxed grain transition. Howeveaansverse cross-sections of the specimens revealed
varying amounts of oxide entrainment in the weldahehich was seen most frequently as unbroken

interface oxide sheets or tails at the fusion baned. Often times, small clusters of porosity ever
v



found to nucleate along the oxide tails. This ssfgd that there was insufficient fluid flow in the
weld to disrupt the pre-existing oxide sheets atittierface between the sheets. Careful specimen
pre-cleaning using a combination of degreasingxidéoing, and manual stainless steel wire brushing
was found to reduce, but not eliminate the oxidés.taMicrohardness testing revealed that the
microhardness was relatively consistent acrossmtld metal, heat-affected zone (HAZ), and base
metal. In a series of tensile-shear tests, dhefwelded specimens were observed to fail in thkel w
metal, within 1 mm of the fusion boundary.

Another series of seam welds were produced betvieemm thick AA6111 and 1 mm thick
AA5182 sheets in the lap-joint configuration to kxp the nature and intensity of fluid flow in the
molten weld pool responsible for breaking oxidéstaiThe difference in magnesium content between
the two alloys produces a different microstructamed response to chemical etching, thereby
revealing any effects of fluid motion in the weldgbh. Relatively weak buoyancy driven fluid flow
was observed when the AA6111 sheet was placed proftathe AA5182 sheet, and some minor
stirring was seen between the two sheets. Wheslitietly less dense AA5182 sheet was placed
above the AA6111 sheet, very little fluid flow wakserved and the two alloys remained unmixed.
Overall, the weld pool formed during DSAW was foundoe very quiescent. This suggests that the
normally strong Marangoni and Lorentz force indufied seen in other arc welding processes does
not occur in the double-sided arc weld pool. Té&ves only a very weak buoyancy driven fluid flow
which is incapable of disrupting the pre-existingide at the interface between the sheets
immediately adjacent to the fusion zone boundary.

Overall the DSAW process was found to be capablproflucing visually acceptable lap-joint
configuration seam welds in AA5182-O sheet overidewange of welding speeds and welding
powers, provided that the pre-existing oxide anygl atiner surface contaminants were chemically

removed prior to welding.
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Chapter 1: Introduction

As regulatory pressure and consumer demand for foetesfficient vehicles increases, automakers
will require new technologies and materials thdt aliow them to improve mileage without sacrifigin
safety, comfort, or performance. One method fquriowing fuel economy and performance is to reduce
the weight of the vehicle. In an average steeldmbdar, the body-in-white (BIW) accounts for 27% o
the vehicle’'s total mass [1]. For example, by gsauminum instead of steel, Jaguar Cars Ltd., a
manufacturer of luxury cars, has reduced the weaghthe BIW for the XJ Series by 40% while
improving stiffness by 60% compared to the oldeekbodied model [2], [3]. Fuel economy is also
expected to increase with one study predictingeh daonomy improvement of 12.5-20% with a 19-31%
weight reduction [4]. Another study has calculated energy savings of 13.6 MJ/100 km for every

100 kg weight reduction for a gasoline powered[8hr

Generally, aluminum alloys have a high strengthgiveratio, excellent corrosion resistance, and good
formability. In particular, the AA5182 aluminum l@, which has a nominal composition of
4.5 wt-% Mg for solid solution strengthening, isokm for its excellent formability and strength asd
used in automotive body panels and reinforcememilmees [6]. However, welding aluminum presents a
number of challenges relative to steel such asermadious, high melting point oxide layer, low
absorptivity to laser beams, high thermal conditgtivhigh coefficient of thermal expansion, andighh
solubility of hydrogen in the liquid state relatit@the solid state that can result in hydrogerogity. In
addition, the Mg alloying element in AA5182 hasoavIboiling point and low vapour pressure. As a

result, Mg is preferentially vaporized during higgmperature welding processes such as keyhole-mode



laser welding, reducing the strength of the weld producing keyhole instability and spikey weld thea

geometry.

1.1 Lap-Joint Configuration Welding in Automobiles

Lap-joint configuration welds are one of the mosimmonly used types of weld joints in the
automotive industry and are often joined using ioomus seam welds or resistance spot welds. For
example, the aluminum-bodied Audi A2 contains 3bfrfaser seam welds and 20 m of mash seam welds
that are used to join the sheet metal componentiseidap-joint configuration [1]. Currently, theost
commonly used welding processes for producing seelds are gas metal arc welding (GMAW), laser
beam welding (LBW), and resistance welding. Howgewew joining technologies will be required to
facilitate the increased use of aluminum alloystlie mass-production of light-weight automotive

structures.

1.2 Viable Welding Processes for Lap-Joint Welds

CO, and Nd:YAG laser beam welding (LBW) systems agettto most commonly used laser welding
systems. C@lasers have been successfully used for welding steeet, but are not normally used for
welding aluminum [7]. The characteristic waveldngif a CQ laser is 10.6 m compared to a
characteristic wavelength of 1.0 for Nd:YAG lasers [8]. The higher wavelengthtioé CQ laser and
the low absorptivity of aluminum at this wavelengttevent the laser beam energy from being readily
absorbed by the highly reflective surface of therahum workpiece. This means that a larger hqaitin
is required to melt the base metal. As a resullyipus studies have shown that J@sers have a very
small range of suitable welding conditions [9], JL@On the other hand, Nd:YAG lasers have a higher

absorptivity and can produce welds in aluminum sleer a wide range of operating parameters.



Nd:YAG lasers are also desirable due to their highiding speed, energy density, and power output
[8] - [10]. A number of studies have been conddaie the feasibility of welding aluminum sheet gsin
Nd:YAG laser welding system. Deutsehal.[11] reported that single beam welds on 1.6 mm 285
sheet exhibited large amounts of undercutting amdkrfilling on the top surface of the bead, whie t
bottom surface of the bead had a very rough, spigearance with significant drop-through and
undercutting. The dual-beam LBW technique, whictaswstudied by Deutscltet al. [11],
Punkariet al.[12], and Shibatat al.[13], was found to be capable of producing souette/with a good
surface appearance and minimal or even zero pyprasiveld speeds of up to 166 mm/s with a welding
power of 2-2.5 kW. However, the magnesium alloyahgment is easily vaporized during laser welding
due to its high vapour pressure and low boilingnpoi There is a linear relationship between yield
strength and magnesium content and studies hawenshosignificant decrease in the strength and
hardness of laser welds due to a decrease in magnesntent [10], [14], [15]. The vaporization of
alloying elements such as magnesium can also peoduacluded gas porosity as the vaporized metal
becomes trapped in the solidifying weld metal. a3ty has also been shown to be caused by thepsella

of an unstable keyhole which results in the entreqnof metal vapours and shielding gas [8], [106]]

Friction stir welding (FSW) is a relatively new bbktate joining process in which a rotating
cylindrical tool is plunged into the workpiece tergerate frictional heat which softens the materighe
softened material is transferred from the leadidgeeof the tool to the trailing edge by massive
solid-state plastic deformation and the two workpgeare forged together [17]. Since there is nitimge
involved in FSW, defects such as solidificationckrag, liquation cracking, hydrogen gas porosity,
magnesium vaporization, and weld bead instabiligy ancommon. In addition, the specimens do not

require any precleaning and the threads on thecpm assist in breaking up the oxide layer [18].
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Although FSW appears to have several advantageparech to traditional fusion welding processes,
there are some defects that are unique to FSW [18], Firstly, the surface oxide layer cannot be
completely broken up due to the low temperature iarfdequently entrained in the weld nugget. The
entrained oxide has been shown in a previous stoidgduce joint strength in lap-joint configuration
welds [19]. Secondly, the rotating tool bit causgaterial on the advancing side to fold upwardsi@lo
the weld nugget, and fold inwards toward the nugdeng the retreating side as shown in Figure 1.1.
These defects are known as hooking defects andaldefects, respectively. Failure has been faand
occur along these defects in previous research [R@ktly, thinning of the workpiece is a defectieth
occurs as a result of excessive tool plunge depitessive rotation speed, and a slow travel speet],
has been found to decrease the strength of the [Rih, [22]. Recent studies by Yadaea al. [18],
Cantinet al. [19], Cederquistt al. [22], and Soudarjaet al. [23] found that the FSW process was
capable of producing good quality welds in the jgipt configuration between thin aluminum sheets.
However, the maximum welding speed achieved inethgsdies was 6.35 mm/s which is normally

insufficient for the high production rates requitgdthe automotive industry.

Effective Thickness

Retreating Advancing

—
‘\ Sound Weld Width

Figure 1.1: Schematic of defects in FSW (taken fi¢adavaet al [18]).

Resistance spot welding (RSW) is one of the mostneonly used joining techniques for joining sheet

metal products and is widely used in the automatigeistry [24]. RSW is a welding technigue, shown
4



schematically in Figure 1.2yhich usesthe simultaneous application fufcalized resistive heatinand
mechanical pressur® join two sheets togett by creating a weld “nugget” at the point of cont

between the electrodes and the workg [17].

lAppIied force

Weld nugget Electrode

+

SERNE

o \' N

> -~
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l | Electrode

/ -

TAppIied force

Figure 1.2 Schematic representation of the RSW prc

The amount of heat generated by the process iggeddy the formula shown in Equation 1.1, wt

Q is the heat generated, | is the electrical ctt, R is the workpiece resistance, and t is the iwglime

(1.1)

In addition to total heat input, the force appliBdthe electrodes isnother factothar influences weld
nugget formation. For examples the amount of applied forincreasesthe contact resistance betwe
the two sheets decreases [1Hquation 1.1 shows that a decrease in resis will lead to a reduction i

heat input.



RSW of aluminumhas a number of challenges compared to RSW of glaibon steel. The main
problem encountered during RSW of aluminum is tygdrate of electrode wearhich results in shol
electrode life and inconsistent weld qua[25], [26]. The primary cause of rapiectrode wear ithe
large amount of curremequired during RSW of alumint which canrange from 15 kA to & kA for
2 mm thick AA5182 sheetjepending orthe desired nugget diameter [27Very large currents al

required to generate the required heat becauseralonalloys have very low resistivity

There are two mechanisms which caelectrode degradatioduring RSW of aluminul. Firstly,
aluminum is readily soluble in copper and as a tesiiminum from the workpiece is easily depos
onto the electrode surface [28]This isundesirable since, as shown in Figure A.%hange in the ti
geometry will affect the heat distribution in theld nugge and reduce process consistel[25], [29].
Secondly, the tenacious oxide layer acts as arrielgcinsulato which necessitates larger amount ¢
current to weld the workpiece. The force appligdtie electrode can cause the brittle oxide lage
fracture in a non-uniform fashiprereatingsmall pockets of exposed aluminum which has a hi
conductivity than the oxide Whenthe current is applied it is forced to travel thghuthe constricte

areas, causing excessive heating and localizedhgelbd alloying of the copper and alumir [30].

Current
Lines \u/
/ i \/
v Material from Cavitation
Al pickup electrode
a) b) 0

Figure 1.3 Pitting process in RSW aluminum showinga) Al pickup and alloying on electrodb)

pitting due to material loss from electro(c) pit growth and cavity formatigrnaken from Lunet al.[28].
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In a study performed by Fukumagtd al.[25] on RSW of 1.5 mm thick AA5182, the electrdiie was
found to range from 400 to 900 welds. In additielectrode degradation was found to increase the
contact tip area, decrease the corresponding ¢udersity, and produce undersized weld nuggets with
lower joint strength. Some researchers have sutie use of coatings or lubricants on the eleetigal
to improve electrode life. In a study by Raskidal. [31], several different lubricants were used tatco
1.5 mm thick AA5182 sheet in an attempt to altez tontact resistance at the electrode-workpiece
surface and prevent alloying between the coppetrelde and aluminum workpiece. One lubricant was
found to double the electrode life from 393 weldéng an as-received surface to 730 welds using the
lubricated surface. However, the effect of thericdmts on weld nugget porosity was not studied. |
another study on electrode life, Luzhal. [28] used a Scotchbrité flap wheel to periodically clean the
electrode surface to remove any aluminum contamimat Excessive electrode cleaning was found to
alter the tip geometry and distort the electrodéase profile. However, cleaning the electroderg
welds was found to significantly improve tip lifac&reduce the variation in weld strength. Theroptn
cleaning interval was believed to be between 304hdvelds. However, a large aluminum-bodied car
such as the Audi A8 contains 500 resistance splitswand such frequent electrode cleaning may not be

feasible in automotive production environments [27]

A number of arc welding processes such as gastemgsc welding (GTAW), gas metal arc welding
(GMAW), and variable polarity plasma arc weldingRRAW) have been used to weld aluminum sheet
[32] - [37]. The variable polarity plasma arc wialgl (VPPAW) process has the highest energy density
compared to other arc welding processes and islaingmd less expensive than LBW systems [24].
VPPAW is capable of producing high-speed, full geate®on welds with a small HAZ. One of the main
advantages of VPPAW versus LBW or FSW when weldihgninum alloys is the ability of the arc to

remove the aluminum oxide layer through a phenomémmwn as cathodic etching in which electrons
7



tunnel through and disrupt the oxide layer [12§][ Previous studies have shown VPPAW to produce
good quality welds in 1.6 mm AA5182 at speeds upGanm/s when using a stainless steel backing bar
to reduce drop-through. However, the welded wagpiexhibited significant angular distortion due to

an asymmetrical weld bead [11], [12].

Double-sided arc welding (DSAW) is a relatively newc welding process which uses two torches
mounted on opposite sides of the workpiece. Batthies are connected to a common power supply and
the welding arc flows from one torch, through therkpiece, and into the other torch to create a

symmetrical weld bead on both sides of the worlggs shown in Figure 1.4.

Power
Supply
Electrode-_ - +
~ [ I
Torch
One [L ﬂ
f U Arc
Work ) {

.--"'-F.

-
Arc i F "-._ TUI‘Ch
Two

Figure 1.4: DSAW Schematic (taken from Zhatal. [38]).

This process was invented by Y. Zhang and S.B. gharl999 and since then, the inventors have
studied the application of this process to the kégdmode DSA welding of 6-12 mm thick carbon steel,
aluminum, and stainless steel plates in the butt-joonfiguration for applications such as shiplhul
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fabrication [38] - [43]. Their studies revealedtlhe higher energy density of the arc resultegr@ater
penetration and a smaller HAZ compared with VPPAWhe symmetry of the process also reduced the
amount of angular thermal distortion. The investaiso found that the grain structure of the weld
contained a large percentage of equiaxed grainshwdan reduce the risk of solidification crackingla

improve mechanical properties such as strengtht@mghness [44].

More recently, the conduction-mode DSAW process ieen successfully applied to the welding of
1 — 1.5 mm thick AA5182-O sheet in the butt-joimn@iguration by Kwon and Weckman [45], and
Moulton and Weckman [46]. Kwon and Weckman werée &b produce good quality welds with
excellent cathodic cleaning on both sides of thekpiece at speeds of up to 60 mm/s at a weldinggpow
of up to 3.4 kW. The grain structure was founéxbibit a large percentage of equiaxed grains. ldaou
and Weckman [46] were able to produce good qual#jds between sheets of dissimilar thickness at
speeds up to 70 mm/s at a welding power of 4.6 kMéchanical properties of welds made between
sheets of dissimilar thickness were found to be pamable to the base metal and had excellent
formability. However, welds produced at speedsatge than 25 mm/s were found to contain
solidification micro-porosity. The amount of mieporosity was found to increase with welding speed.
This phenomenon was explained by the observatiah welds produced at high speeds had a high
length/width ratio which resulted in a longer mushkgion. This decreased the flow of molten megal t
the dendrite roots and voids were left due to gatation shrinkage. The micro-porosity was foulad
cause a significant decrease in weld ductility grchability. However, welds produced at speeds les
than 25 mm/s were found to have excellent ductdityd formability. Based on previous studies, the
DSAW process is capable of producing good qualitt-wint configuration welds of thin aluminum
sheet at high speed [45], [46]. In addition, firiscess has been shown in previous research tagable

of producing full penetration welds with fewer detiethan LBW and at faster welding speeds compared
9



to FSW. However, the DSAW process has not yet lapphed to lap-joint configuration welding of thin
aluminum sheet. Therefore, the main goal of tles@mt study was to examine the feasibility of usireg

DSAW process for spot and seam welding of alumisheet in the lap-joint configuration.

1.3 Research Objectives

The objectives of the present study were as follows

1. Explore the feasibility of using conduction-mode A¥8 for seam welding aluminum sheet in

the lap-joint configuration

2. lIdentify and characterize the range of suitabledimgl conditions for producing lap-joint

configuration seam welds between 1 mm thick shafefg\5182 alloy

3. Investigate the causes of defects such as gasifyor®SA welds and identify solutions to

minimize porosity

4. Determine whether the DSAW process can be usetbtiupe spot welds between 1 mm thick

sheets of AA5182 alloy

5. Characterize the mechanical properties of DSAW sealds
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Chapter 2: Literature Review

2.1 Double-Sided Arc Welding Process

The double-sided arc welding process is a relativedw type of welding process that uses two
welding torches to weld the workpiece from bothesid This process was invented by Y.M. Zhang and
S.B. Zhang [39] to increase weld joint penetratipnmeans of a highly concentrated arc that travels
across the two torches. The important processnpeas during DSAW of aluminum sheet are the
polarity fraction, operating mode, shielding galeston, shielding gas flow rate, and electrodengeioy.

The importance of these parameters is explainékifiollowing sections.

2.1.1 Plasma Arc Welding of Aluminum

Plasma arc welding is a gas-shielded arc weldinggss in which a narrow copper orifice is used to
constrict the normally bell-shaped arc and prodachigh velocity, collimated plasma jet [24]. A
schematic of the PAW torch is shown in Figure 2The plasma jet is created when the orifice gas is
heated to a high temperature by the electric aagjuyzing an electrically conductive, ionized gag][1
The high energy density associated with the plagnaan allow the PAW torch to operate in keyhole
mode and penetrate through thick materials at bjggeds. The PAW process uses a nonconsumable
electrode and is similar to the GTAW process. Hmwesince the plasma and the arc travel through a
constricted nozzle, the PAW arc is stiffer and basigher energy density [17]. The distance that th
electrode is recessed in the orifice is known asstitback distance. This distance must be largaegin
to prevent the electrode from shorting with thdicgicup. The torch-to-workpiece distance is knaagn
the standoff. Since the arc takes a largely cyigadl shape, the standoff distance does not hasteoag

effect on the energy distribution of the arc [17].
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Figure 2.1: PAW torch schematic (taken from Kwow])4

Before the welding sequence is initiated, the ptasmd shielding gases are set to the required flow
rates. Argon is typically used for the orifice gasce its low ionization potential produces aalelé pilot
arc [17]. Next, a high frequency voltage is indlitetween the tungsten electrode and the inneropart
the copper orifice to start a pilot arc. Once thain arc is activated, the arc is transferred fitbm

electrode to the workpiece and a molten weld pp&bimed.

The PAW process can be operated in keyhole-modermuction-mode. A schematic comparing the
two welding modes is shown in Figure 2.2. In keyholode welding, the plasma jet creates a vapour
cavity which penetrates through the thickness efutlorkpiece to produce a tall, narrow weld pool][24

Keyhole-mode welding is generally performed at higirents and is used to weld thick plate at high
12



speeds. Welds produced using the keyhole processiarower, exhibit less thermal distortion, and
contain a smaller heat affected zone compared t @dlds [24]. In conduction-mode welding, a bowl-
shaped weld pool is formed by the arc and is gdgesimilar to the weld pool formed when using the

GTAW process [24]. Conduction-mode welding is parfed at low currents and produces a smooth

weld bead.
Arc or Laser Beam Arc or Laser Beam
Wed Welding Speed
—
Weld Bead Molten Metal
Weld Bead \ Molten Metal
Vapour Cavity
a) b)

Figure 2.2: Comparison od) conduction-mode anl) keyhole-mode welding (taken from Punkari [12]).

Electrode geometry also plays an important rolenduplasma arc welding. Electrodes can either be
used with a conical profile or a blunt profile. GITA welding, the arc becomes more constrictechas t
electrode profile changes from a conical shape btuat tip [44]. In addition, blunt electrodes teto
have a longer electrode life since the blunt tip Aayreater cross-sectional area compared to thieato
tip. This increases heat transfer away from theatid prevents the formation of a molten ball dyrin
welding [46]. Deutsch [11] and Punkari [12] invgated electrode degradation during VPPAW of
AA5182 and AA5754 sheet and found high rates ofaldgtion when using conical tips. However, blunt
electrodes require higher setbacks, resulting imgher torch voltage, lower process efficiency, and
decreased heat transfer to the workpiece [46]. tdowand Weckman [46] found that a conical eleatrod
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truncated to a 3.2 mm diameter provided the besipcomise between process efficiency and electrode

life during DSAW of 1.5 mm thick AA5182 sheet.

2.1.2 PAW Power Supply

PAW torches are normally powered by constant ctipewer supplies. A constant current, variable
polarity, square-wave alternating current powempdups used most often when cathodic cleaning ef th
oxide is required. This form of PAW is called \&bie Polarity Plasma Arc Welding (VPPAW) and is
used for welding alloys which have tenacious, higiting point oxides such as aluminum alloys [17].
A variable polarity power supply has the abilityaiter the magnitude of each half cycle and thewarho
of time spent in each half cycle, as shown in FegRi3. The fraction of time spent in DCEN and the
DCEN polarity fraction are denoted byand , respectively, and can be calculated using Equatid

and Equation 2.2.

-200—
—~ ] %
< -100
- I
E ] EN
x O ¥
o _
)
© +100— —>l< > I
_ tep teN Er
+200— v

5 10 15 20 25 30 35
TIME (ms)

Figure 2.3: Adjustable parameters of the weldingesut waveform (taken form Kwon [45]).
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(2.1)

2.2)

These parameters were initially studied by Okeidal. [48] in a study of polarity in tungsten inert gas
(TIG) welding of aluminum, and by Fuerschbach [d@ting a study of cathodic cleaning in VPPAW of
aluminum. A study by Kwon and Weckman [45] on DSAM/ thin aluminum sheet found that a
balanced, symmetrical waveform produced the bestbamtion of cathodic cleaning and penetration.

Therefore, the values forand were kept at 0.5 during this study.

2.1.3 Fluid Flow in the Weld Pool

The three main forces responsible for driving fltl@v in the molten weld pool are: Lorentz forces,
Marangoni forces, and buoyancy forces [44], [SOhese forces generate flow in the cross-sectighef
weld. Although the following paragraphs presetitidividual effects of each force, all three farcan

interact with each other to produce complex fluafin the weld pool.

The Lorentz force, F, can be expressed by thevinhig equation,

(2.3)

where is the current density vector in the directiorttad current, and is the magnetic flux vector. In
DCEN arc welding processes where the workpiecerngected to the positive power supply terminal, the
Lorentz force creates a stirring effect with molfend circulating down along the centerline of tiveld

pool and back up along the fusion zone as showkigare 2.4a. Penetration increases as the Lorentz

force pushes the molten metal downwards and tremsfeat to the bottom of the weld pool. Since the
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Lorentz force is proportional to the current dgnditigher welding currents will produce strongerrémtz

forces.

Marangoni convection occurs due to differencesuriage tension on the surface of the weld pool
because surface tension depends on temperatueefoiide exerted by the difference in surface tamsio

F, is given by

(2.9)
where is the surface tension of the molten metal, This temperature, and is the temperature
gradient at the weld pool surface [50]. For mdisiya, the cooler fluid at the edge of the weld Ipoas a
higher surface tension than the hotter fluid in¢katre of the weld pool which is directly undee @rc.
This causes the fluid at the centre of the weld pwbe pulled outwards toward the edge of the vpeld|
as shown in Figure 2.4b. The outward flow of weidtal caused by Marangoni convection produces

wide, shallow welds.

Buoyancy driven fluid flow is generally the weakésiving force in a weld pool and occurs due to a

change in density with respect to temperature. biteyancy force, & is defined as
1" 49 (2.9)

where is the density of the fluid, B is the coefficiasftthermal expansion of the liquid molten metal,
is the gravitational attraction, T is the temperatof interest, andlis the reference temperature [50]. It
is apparent from Equation 2.5 that the differenteéeimperature is the main cause of buoyancy driven
fluid flow [50]. Since density decreases with targiure, the fluid closest to the arc will haveower
density than the fluid at the edge of the weld pobhis causes the denser fluid to flow to the dotbf

the workpiece under the force of gravity, while lighter fluid rises to the top as shown in Fig@réc.
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a) b) c)
Figure 2.4: Fluidlow in a weld pool caused : a) Lorentz forcesb) Marangoni convectiorc) buoyancy
(from Kou [44]).

In a study by Kou and Sun [5&h fluid flow in stationary GTA welds in AA6061he surface tensic
gradient force was found to hike primary driver of fluid flow in the weld podiollowed by Lorent:
forces, and lastly biguoyancy forcesMarangoni convectiomwas found to be capable of generating f
flow in the weld pool with a velocitbetween 10 — 100 cm/s, while Lorentz farggenerated velocities
up to 10 cm/s, andbuoyancy forces only generated velocities of upltem/s. Dong et al. [52]
investigated fluid flow in DSA welds of 6 mm thickA2024 plate in the flat poson using a dual-
GTAW torch setup and found that the role of buoyafarces was insignificant in comparison to
Lorentz force. Increasing the welding current ¥easd to increase the strength of the Lorentz falee
to the greater current densityndaalso increase the strength of the buoyancy fdume to the highe
temperature. In a real weld pool, the three driving forces fluid flow can compete against each ot
resulting in more complex fluid flowKeyhole-mode welding can also generdtadfflow in the weld
pool. During keyholenode welding, the moving keyhole causes molten wathl to flow around an

resolidify behind the keyhole.

Howard et al. [53], investigated the fluid motion ilap-fillet configuration, higkpower diode laser
(HPDL) welds between AA5182 and AA6111 sheA mixing pattern was seen when AA6111 sheet

placed on top of AA5182 sheet when producinc-fillet joints. However, wherthe position of th
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sheets was reversed there was no mixing betweeawthealloys. During conduction-mode laser welding
of aluminum alloys, Lorentz forces are not genatalee to the lack of an electric current, and Mgoau

forces may be very small due to the formation ofasie oxides. Therefore, only weak buoyancy driven
fluid flow would exist in the weld pool, and the madriving force was found to be the difference in
density between the two alloys, with the AA6111etheaving a slightly higher density than the AA5182

sheet.

2.1.4 Dual VPPAW DSAW

In a variation of the DSAW process, two PAW torches connected to one power supply operating in
constant current square wave AC mode as showrguré&2.5. In keyhole-mode DSAW, a portion of the
welding current is able to travel through the plagnfused keyhole while the remainder travels tgtou
the workpiece [42]. The total voltage drop betwetettrodes associated with keyhole-mode DSAW is
shown in Equation 2.6, wherez¥is the cathode voltage,cVis the voltage of arc column 1x\is the
voltage across the keyholec)is the voltage across arc column 2, ang 6 the voltage across the
anode. In conduction-mode welding, the currensgsshrough the workpiece and the associated eoltag
drop is given in Equation 2.7, and shown schemiiticaFigure 2.5, where ¥, is the voltage across the
work anode, and W is the voltage across the work cathode. The veltrgp across the workpiece will

be close to zero when welding thin, conductive shaeh as aluminum sheet.
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2.1.5 DSAW in Thick Plate

Y.M. Zhang and S.B. Zhang [38] - [43], investigatbé applications of autogeneous, keyhole-mode,
butt-joint configuration DSA welds in 6-12 mm thiclarbon steel, aluminum, and stainless steel plates
The purpose of these studies was to determineehslility of DSAW for shipbuilding applications.
Compared to VPPAW, DSAW was found to produce weldsh greater penetration, a finer
microstructure with a high percentage of equiaxeadng, less angular thermal distortion, less poypsi

and no undercutting.

In a study by Zhangt al.[42] which compared DSAW and VPPAW of thick audtierstainless steel
plate, the keyhole-mode DSAW process was founcetodpable of producing full penetration butt-joint
welds in 9.5 mm thick plate at a welding power df33kW and a welding speed of 80 mm/s. In contras
the keyhole-mode VPPAW process could only produdepkEnetration welds in 6.4 mm thick plate with
a welding power of 2.1 kW and a welding speed oh#f/s. In other words, the DSAW process was
able to fully penetrate a thicker plate using a®d@o of the heat input required by the VPPAW process
Similarly, the DSAW process was found to requirdyd0% of the heat input required by VPPAW to
weld a 9.5 mm thick plate. A comparison of the nwstructure revealed that the DSA weld contained a

greater percentage of equiaxed grains with onipallsegion of columnar grains at the fusion bougda

In another study by Y.M. Zhang and S.B. Zhang [38)¢e pulsed keyhole-mode DSAW technique
was used to produce very narrow welds at high speedl0 mm thick type 304 stainless steel. Thé hig
pressures associated with a high welding current lbdaw metal away from the workpiece when
producing keyhole-mode welds at a constant currdiat.avoid this phenomenon, the authors suggested

using a pulsed current waveform in which a penietgakeyhole was periodically established and then
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closed to maintain a stable weld pool while prodganarrow, full-penetration welds with minimal heat
input. A schematic of this waveform is shown imgle 2.6. The authors found the pulsed DSAW
process was capable of producing full-penetratiott-joint configuration welds in 12.7 mm thick type
304 stainless steel plate and 10 mm thick DH36 ararbanganese steel. The welds were found to

possess a high depth-width ratio and a symmeig@ainetry.
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Figure 2.6: Waveform of pulsed DSAW current (takemm Zhanget al. [38]).

A large amount of underfilling was observed in #eds because they were produced autogeneously.
However, the authors believed that this defect d&dut eliminated by adapting the process into a

non-autogeneous process.
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Y.M. Zhang and S.B. Zhang [40], also studied thgliaption of DSAW to the welding of thick 5xxx
and 6xxx series aluminum alloys. The authors fouhdt the welds exhibited a beneficial
columnar-to-equiaxed grain transition (CET) in adstof the solidification behaviour of welds proddc
in 6.4 mm thick AA5050. Full penetration welds wdpund to contain a greater amount of equiaxed
grains compared to partial-penetration welds. Was explained by the larger amount of melted nietal
the fully penetrated welds which increased the ingoin the weld and decreased the thermal gradient.
However, the authors believed that the decreassuhti gradient could not fully account for the karg
percentage of equiaxed grains. Instead, the egdiaxicrostructure was attributed to strong Lorentz
forces which produced a stirring effect in the D8&ld pool. The specimens used in this study wete n
cleaned prior to welding and the resulting weldsilgited significant amounts of hydrogen gas poyosit
The authors found that the amount of porosity dmddize of the pores decreased with increasing join
penetration. In addition, the larger pores werenébto form in the columnar grains while the smaller

pores formed in the equiaxed grains.

In another study by Y.M. Zhang and S.B. Zhang [413eries of autogeneous, butt-joint configuration
welds were produced in 6.4 mm and 9.5 mm thick A&BT651 using a dual-GTAW DSAW process.
This alloy is notorious for its high sensitivity solidification and liquation cracking and is noiipa
welded using filler metals to reduce the freeziagge and subsequent cracking sensitivity. Ingtudy,
the authors claimed to have produced full-pen@masingle-pass, crack-free welds in 6.4 mm thieitep
using a total welding power of 6.8 kW and a weldépged of up to 7.5 mm/s. In comparison, a stahdar
AC GTAW process was found to require a welding powafet.35 kW and a welding speed of 2 mm/s and
was incapable of producing crack-free, full perte@irawelds. The authors found that the symmetrical

bead geometry and lower heat input in DSAW decikése thermal stresses and solidification shrinkage
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in the weld. In addition, the authors believed i Lorentz forces produced by the alternatingesur

produced a stirring effect in the weld pool whiatproved fluid flow and heat transfer.

2.1.6 DSAW in Thin Sheets

Kwon and Weckman [45], [47] first studied the apation of conduction-mode DSAW for welding of
thin aluminum sheet. In this study, a series dbgeneous, full-penetration welds were produced in
1.2 mm and 1.15 mm thick AA5182-O sheets in thd-jomirit configuration using a variable polarity
power supply with a balanced waveform. The DSAWcpss was found to be capable of producing
acceptable welds at a welding power of up to 3.4dMl welding speeds of 40 to 60 mm/s. The weld
beads had a symmetrical, hour-glass profile and/std@xcellent cathodic cleaning, minimal porosity,
evidence of undercutting, and minimal underfill amilop-through. An analysis of the weld
microstructure revealed that up to 40% of the waktal was comprised of equiaxed grains which is
similar to results observed by Zhaeg al. [40]. Higher welding speeds were found to incretse
guantity of equiaxed grains. The weld width wagnid to increase linearly as the total welding power
was increased from 1.8 kW to 2.7 kW, given a coristeelding speed. However, when the welding
power was increased to 3.4 kW there was very litiange in the weld width since the clamps staxied
act as heat sinks. Tensile tests revealed theedeldeets to have a 5% lower yield strength cordpare

the base metal with a joint efficiency of 91%.

Moulton and Weckman[46], [54] further studied thpplcation of DSAW to conduction-mode
welding of thin AA5182-O sheet by welding dissimithickness aluminum sheet for TWB applications.
During this study, 1.0 mm thick sheet was joinedLt® mm thick sheet in the butt-joint configuration
Visually acceptable, full-penetration welds weredarced at a maximum welding power of 4.6 kW using
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a travel speed of 70 mm/s. Again, the weld beadplalyed a symmetrical, hourglass profile with
excellent cathodic cleaning, minimal porosity, nadence of undercutting, and minimal underfill and
drop-through. However, welds produced at speedstgr than 25 mm/s were to found to exhibit
solidification shrinkage micro-porosity which wamuhd to severely degrade the ductility and forniigbil

of the weld specimen. The formation of micro-pitsosvas found to be caused by a large length/width
ratio which increased the size of the mushy zomkepavented the ability of the molten weld metdiilto
voids left by solidification shrinkage. Welds pragd at speeds of 25 mm/s or less did not show any

signs of solidification shrinkage micro-porositydgmossessed excellent mechanical properties.

2.2 Factors Affecting Weldability of Aluminum Alloy S

Welding of aluminum presents a number of challengeapared to steel. The tenacious oxide layer
which protects the aluminum from corrosion alsovpris heat from flowing into the base metal, making
it difficult to melt. The high solubility of hydigen in molten aluminum can cause the formatioragd
hydrogen gas bubbles which reduce the mechaniopkepties of the weld. The high thermal condugfivit
of aluminum, which is approximately six times gexathan that of steel, necessitates the use okthigh
heat inputs to melt the material. Lastly, the higermal expansion coefficient of aluminum, whish i

approximately double that of steel, can cause wislbrtion and solidification cracking [24].

2.2.1 Aluminum Oxide and Cathodic Cleaning

Bare aluminum oxidizes rapidly when exposed to exygnd instantly forms a thin protective oxide
layer. This oxide presents several challengesi¢ontelding of aluminum due to its high melting doin

and low electrical conductivity. Over time, theidx can also absorb significant quantities of moest
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from room air in the form of aluminum hydroxide whicontribute to hydrogen gas porosity. Compared
to other aluminum alloys, the 5xxx series is mamas#tive to the formation of oxides and great causst

be taken to remove the oxide prior to welding [1Thin oxide layers can be easily removed by cdthod
cleaning in arc welding processes. Thicker laybmyever, must be removed through chemical or

mechanical means prior to welding [24].

A phenomenon known as cathodic cleaning occurs wdieatt-current electrode positive (DCEP)
welding is used to join aluminum [17], [24]. Dugicathodic cleaning, the surface oxide layer isoved
from the workpiece by the arc and this improveswiedd bead appearance. According to the literature
the accepted theory suggests that electron disehimogn the workpiece is responsible for cathodic
cleaning [24], [55]. During DCEP, a layer of posgtions accumulates on the surface of the worleiec
and creates an electric field. Electrons withia sirface oxide layer are attracted to the elefitiid and
tunnel through the oxide towards emissions sitds. the moving electrons are ejected away from the

workpiece, the oxide at the emission sites is lmake[24], [55].

Fuerschbach [49] investigated the importance otgse parameters on the effectiveness of cathodic
cleaning during VPPAW of AA1100 sheet. Optimalatiang occurred when beta was within the range of
0.2-0.5 and when theta was less than 0.5, whevas the fraction of time spent in DCEN, andas the
DCEN polarity fraction. Therefore, the durationtioie spent in DCEP polarity was the primary fadtor
determining the extent of cathodic cleaning. Hosvegsome degree of DCEN polarity was required for
optimum cleaning to prevent arc instability. Theaplitude of the DCEP current was not a significant
factor. In their study of DSA welding of AA5182estt, Kwon and Weckman[45], [47] determined that a

DCEP polarity balance of at least 30% was requioeabtain adequate cathodic cleaning during DSAW.
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When and were set to less than 0.4, only the top surfadbeivorkpiece was observed to have good
cathodic cleaning. For values ofand greater than 0.6, only the bottom surface of thekpiece was
observed to have good cathodic cleaning. Whemd were set between 0.4 and 0.6 good cathodic
cleaning was observed on both surfaces. Therefloeepptimal value for and was found to be 0.5
when using the DSAW process. Moulton and Weckm#8], [[54] investigated the effects of torch
standoff on oxide removal and found that increasireggstandoff produced a wider cathodically cleaned
region. The larger cathodically etched region wiisbated to the increase in arc width caused kg th

increase in standoff.

2.2.2 Porosity

The two main types of porosity found in aluminuntoplwelds are hydrogen gas porosity and
solidification shrinkage porosity. Hydrogen gagqgsity is caused by the evolution of gasses during
solidification of a molten weld pool and occurs whie concentration of hydrogen gas in the molten
metal is higher than its solubility in the solidgsle [56]. The main cause of hydrogen gas porasitye
large difference in hydrogen solubility between thelten and solid states as shown in Figure 2.7, [44
[56]. In addition, hydrogen is the only gas thasha measurable solubility in liquid aluminum afioy
[56], [57]. Moisture reacts easily with molten mimum to produce hydrogen gas as shown in
Equation 2.8 [56]. This reaction can release hyenothat can easily dissolve into molten aluminum

according to Equation 2.9 [56].

- Qo 121, - (2.8)

- (2.9)
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Figure 2.7: Hydrogen solubility in aluminum takearh ASM Handbook Vol. 15 [56].

As the molten weld pool solidifies, hydrogen iseeted into the liquid and eventually nucleates into
spherical-shaped gas bubbles shown in Figure &&an enough time, the gas bubbles may float out of
the molten weld pool. However, at high weldingextse the weld may solidify too quickly to allow the
gas bubbles to float out. In addition, a thin exidyer may form on top of the weld pool and preka
ejection of gas. Common sources of hydrogen irechits, greases, paints, solvents, and moistuhesd
substances are easily absorbed and retained Ipptbas aluminum oxide [44], [58]. When storedhe t
presence of changing temperatures and high humitiiége alloys will grow a thick, moisture rich dei

layer known as a “water stain” [58].
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Shrinkage porosity is formed when the shrinkagetduslidification cannot be filled in by liquid én
generally takes an irregular shape as shown inr&i@u8b. Volumetric solidification shrinkage of
between 3.5-8.5% is commonly seen in aluminum all¢§]. Solidification shrinkage is more
problematic in aluminum alloys compared to steetsithe aluminum atoms are rearranged into a dense,
close-packed face-centered cubic (FCC) structurenugolidification whereas the iron atoms are

rearranged into a more open body-centered cubi€|BBucture [59].

w300um,

e 4 I— 5 I . % | - Iga"mum . % I‘\h
J 1 s Dnﬂlil':ld ]
b)

B, : 1 : . ik An polished

Figure 2.8: Porosity formation in an AA5182 castitmpwinga) hydrogen gas porositi) solidification
shrinkage porosity (taken from ASM Handbook Vol [E&]).

Porosity is undesirable in welds since it reducexchmnical properties such as tensile strength,
ductility, and formability. Kwon and Weckman [4%47] used a LaserStrobe imaging system to capture
the formation of gas pores during DSAW of degreaéesimm thick AA5182 sheet. The results showed
the hydrated aluminum oxide to be the main soufgeoosity in the aluminum welds and that cathodic
cleaning was incapable of removing the thick, hiettaoxide layer. Gas porosity was reduced by

producing full penetration welds in sheet which evetainless steel wire brushed prior to welding.
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Moulton and Weckman [46], [54] also found that sless steel wire brushing significantly reduced
porosity content and improved weld bead consistemayd appearance. However, welds produced at
welding speeds greater than 25 mm/s exhibited mifisignt amount of solidification shrinkage micro-
porosity. Additionally, as the welding speed wasreéased, the quantity of solidification micro-psitg
was also found to increase. The authors obsefvatdan increase in welding speed resulted in an
increase in the length-to-width ratio. With a hilgingth-to-width ratio there was a larger distance
between the liquidus and non-equilibrium soliduswell as a low thermal gradient in the mushy zane
the tail of the weld. These conditions preventesl\oids caused by solidification shrinkage frormbe
filled by the liquid in the weld pool, resulting the nucleation and growth of solidification micoopsity
at the dendrite roots. Welds produced at spee@% ofim/s or less were free of solidification shrigéa

micro-porosity.

2.2.3 Shielding Gas Flow in Welding Nozzles

Molten aluminum reacts very easily with oxygen arader in room air. Therefore, adequate shielding
gas coverage must be provided in order to prodigte duality, defect-free welds. The primary pumpos
of the shielding gas is to displace the surrounditmyosphere from the molten weld pool. The abdity
the shielding gas to cover the weld pool is inflicesh by parameters such as: gas flow rate, nozzle
diameter, and torch-to-workpiece distance [60]. e Tlow rate and nozzle diameter are especially
important since the flow rate has to be matchethéonozzle diameter to avoid turbulent gas flow][17
Turbulence in the shielding gas can lead to ine@asixing with room air, causing inadequate protect

of the weld pool and poor joint quality.
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The flow through a shielding gas nozzle can be featlas an annular impinging jet which contains
three main regions, each with their own flow chegdstics as shown in Figure 2.9. In the free ¢gfion,
the gas flow resembles that of an unobstructedjéteeln the impingement region, there is a hittic
pressure which reaches its maximum value at thrgnaten point. In the wall jet region, the gaswilo

thickens and moves radially outwards.

Nozzle

Potential Core Jet

Wall Jet Impingement

Region (3) Region (2) Free Jet Region (1)

'-" "r Stagnation Point

Impact Surface

Figure 2.9 Schematic diagram of an impinging jetkén from Donaldson and Snedeker [61]).

The non-dimensional Reynolds number, Re, showrgumakon 2.9, is used frequently to describe the
flow characteristics of a fluid through a pipe aider geometries, whereis the density of the fluid, V is
the mean fluid velocity, d is the characteristiegth, and is the dynamic viscosity of the fluid [62].

7
S 2.9
56 5 (2.9)

In a constant cross-section pipe, laminar flow widtur at a Reynolds number of less than 2100 and

fully developed turbulent flow will occur at valuegreater than 4000 [62]. Random, turbulent
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fluctuations may be seen between these values. etgEwshielding gas flow in a PAW nozzle is more
complex due to the short internal development lereytd non-uniform cross section of the nozzle.

Therefore, fully developed turbulent flow may ocetia Reynolds number of less than 4000 [62].

Johnsoret al. [60] studied the gas flow in a GMAW shielding gaxzzle at different flow parameters
such as gas flow rate, torch travel speed, andhtaravorkpiece distance. In a series of tests cotedu
using a constant torch-to-workpiece distance amstiaionary torch, laminar gas flow was observed at
Re = 1260, as seen in Figure 2.10a. In this ¢hedow at the emerging jet and the flow away fribra
impingement region were observed to have a smatdivle profile. An increase in the gas flow rate
increased the Reynolds number to 1680 and thedget &vas observed to show signs of instability as
shown in Figure 2.10b. At an even higher gas ftate, the Reynolds number increased to 2100 and
large vortices were observed along the jet edgeimpthgement region as shown in Figure 2.10c. In

other words, turbulent, unsteady flow was obseatedRe = 2100.

Turbulent shielding gas flow can have adverse &ffen the quality of the weld pool. The eddy
currents seen in the turbulent flow have the paemnd mix room air, which is rich in moisture and
oxygen, into the shielding gas and contaminatewhbtl pool. In addition, excessive turbulence can
reduce the area of the workpiece which is covesethbé shielding gas. This can be seen by comparing
Figure 2.10a, which shows excellent coverage of wioekpiece and a consistent gas plume, with

Figure 2.10c, which shows a smaller gas plume acghisistent coverage.

31



c)
Figure 2.10: Shielding gas flow through a GMAW Heawith: a) Re=1260}) Re=1680rc) Re=2100;
(taken from Johnsoet al.[60]).

The effect of travel speed on shielding gas wid#s w&lso investigated by comparing the width of the
shielding gas cloud at different travel speedsth@lgh the travel speed was found to have vere litt
effect on the size of the shielding gas field, wedl jet separated closer to the nozzle centeilinthe

radial mean flow direction at higher travel speeds.

2.3 Summary

Previous studies by Y.M. Zhang and S.B. Zhang taltion [38] - [43], have successfully used the
keyhole-mode DSAW process to produce butt-jointfigomation welds in thick plates. More recently,
Kwon and Weckman [45], and Moulton and Weckman [#®}e successfully used the conduction-mode
DSAW process to produce butt-joint configuratioridgein thin aluminum sheet. Acceptable welds were
made between sheets of equal thickness at speegstof60 mm/s at a welding power of 3.4 kW. Welds
with good mechanical properties were made betwéeets of dissimilar thickness at speeds of up to
25 mm/s at a welding power of 2.2 kW. However, fimesibility of using the DSAW process to produce
lap-joint configuration seam or spot welds hasyeitbeen explored. Lap-joint configuration welds a

commonly used in the automotive industry and tine @fi this study was to determine whether DSAW is
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a viable alternative to RSW or LBW. The followichapter explains the experimental procedures and
apparatus used to investigate the feasibility gFjtant configuration seam welds in 1.0 mm thick

AA5182 sheet.
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Chapter 3: Experimental Apparatus and Procedures

3.1 Double Sided Arc Welding System

The double-sided arc welding (DSAW) apparatus asgisgle power supply to produce an arc across
two liquid cooled plasma torches. The various comgmbs of the apparatus of the system are shown in
the schematic in Figure 3.1 and in the photos gufé 3.2. Each plasma torch was connected to the
power supply through a plasma console. These plasmsoles provide control over the pilot arc aasl g
flow rate for each PAW torch. The weld specimemsaerclamped into place on the welding table, which
also provided a fixed mounting point for the plastoeches. A microcontroller based data acquisition
system was used to measure welding current andgeoland also to provide control over the welding
speed. This system is unique compared to otherVS#stems since two VPPAW torches and two
plasma consoles are used to facilitate arc inttiatiia the integral pilot arc in each torch at &gation

along a lap joint.

3.1.1 The Arc Welding Table

A custom-designed DSA welding table was used s $hudy that consisted of a moving carriage that
held and moved the specimens between the two e a stationary frame that allowed access to the
workpiece from both sides. The stationary parhefframe was fastened to the floor and providexieal f
mounting point for components of the DSAW systeRigure 3.3 shows a schematic of the cold-rolled
steel clamping fixture used to secure the weldpecanens to the carriage. The specimen was clamped

place by tightening the bolts on the upper clamgiag moving it towards the lower clamping bar.
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Figure 3.1:Schematic diagram of the main components 0DSAW system.

The moving carriage was mounted to the stationanyé and traversed tlength of the table on a <
of linear bearings and rails. The carriage wasbk of speeds between 0 to 90 mrarfgl was connecte
to a DC motor using a lead screw with a 10:1 gealuction. The DC motor was controlled b
servo-motor controller whh received a £1V input signal from a National Instruments PC| 6B2ata
card, which itself received inputs from a Labviemgram. Limit switches mounted at opposite end

the table allowed a total travel distance of 0.
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(b)

Figure 3.2: Photographs of the DSAW system showhiega) the Miller Aerowave power supply, both
Thermal Arc plasma consoles, and coolant recirotla) welding table, two PAW torches, and voltage

and current sensors.

The welding carriage and welding table were eleally grounded to a copper grounding rod using a
flexible braided Cu strap in accordance with CSAn8ard W117.2-M87 [63] to prevent electrical shocks
to the operator while welding. In addition, PV@tgls were placed in between the linear bearingshend
carriage to electrically insulate the bearings prelent current from flowing through the table anid

the bearings.
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Figure 3.3:Schematic diagram of ttDSAW clamping fixture and PAW torches.

3.1.2 The Arc Welding Torches

A Thermal Arc WC100B Model 300 PAW Torch and a B&Beélsion Machining PAW Torc were
used in this study The Thermal Arc torch vs mounted above the weld specinverile the B&B torch
was mounted below as shownkigure3.4. Each torch was mounted to the weldtable using a rack

and pinion mechanism that allowadjustment of the torch-to-workpiece distance.
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Figure 3.4: Clamping bar securing a specimen betileetwo PAW torches.

3.1.3 The Plasma Consoles

The Thermal Dynamics Thermal Arc WC100B plasma otess used in this study served three
purposes. Firstly, the plasma console initiated @ntrolled the pilot arc between the electroda e
orifice cup which was used to start the main areach plasma torch. Secondly, the plasma console
connected each torch to the power supply and comairculator. Lastly, the plasma consoles wesedu
to control the plasma gas and shielding gas flae. raThe plasma console offered two settings fer th
pilot arc: normal and continuous mode. In normaldm the pilot arc was shutdown once the main arc
was started. In continuous mode, the pilot arc figunning continuously alongside the main afdl
experiments in this study were conducted in comtirsumode, since previous literature had shown that
this provided improved arc consistency when weldivith an alternating current [54]. Coolant was

circulated through both PAW torches and the plasmasoles by a Thermal Dynamics Corporation
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HE100A Coolant Recirculator. The coolant solutiamtained 75% deonized water and 25% ethylene

glycol.

3.1.4 The Power Supply

All experiments in this study were performed usanidiller Aerowave hybrid AC/DC constant current
power supply which outputted a variable polarityage wave alternating current. A sample waveform is
shown in Figure 3.5. The Thermal Arc torch wasramted to the negative terminal of the power supply
while the B&B torch was connected to the positientinal. All experiments in this study were
conducted using a symmetrical waveform, sincedtlen demonstrated by Kwon and Weckman [45] to
provide a good balance between cathodic cleanidganetration during DSA welding.

80 =

40 =

Current (A)
o
]

.r%“r\“fr“(”ﬂv

1 1 ' 1
0 40 80 120 160 200
Time (ms)

Figure 3.5: Example of a variable polarity squasv&valternating current with a balanced waveform.
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3.1.5 Data Acquisition System

The welding current and voltage for each weld poeduin this study was measured and recorded by a
set of Labview programs using a Pentium lll-basedddws-PC microcomputer. The welding current
between the top torch and the power supply was unedsusing a LEM LT505-S Hall-effect current
transducer. This transducer was capable of mea@seurmrents over a range of 100 mA to 500A with
frequencies up to 150 kHz and was factory calilbratewithin £ 0.1A. A schematic of this circuit is
shown in Figure 3.6. Another LEM LT505-S curremainsducer was used to measure any stray welding
current that may have flowed from the welding taoleground. The torch voltage was measured using
voltage leads connected to the body of the bottwehtand to the coolant supply line of the top horé
third lead was connected to the clamping bars tasue the torch-to-workpiece voltage. The voltage
across the leads was measured using two LEM LVi1a0-éffect voltage transducers capable of
measuring voltages over a range of 200mV to 50¥thBransducers were factory calibrated to within
+0.01 V. A schematic of this circuit is shown iiglre 3.7. One transducer was installed to meabere
voltage across the top torch and the workpiece]enthie second voltage transducer was installed to

measure the voltage across the two torches.

Shunt Signal "
LEM rasistor conditioner PC-Microcomputer
500A:100mA 1000 module DAQ Labview
PC card Software
Welding __, | 10 kHz 1000 _
Current 3l Y% filter points’ — 1

Figure 3.6: Schematic of the circuit used to measwelding current (taken from Deutsch [11])
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Figure 3.7:Schematic of the circuit used to measure weldirdtage (taken from Deuts(11]).

The outputs from the current and voltage transduegsre measured using a National Instrum
SCXI 1120 signal aaditioning module. As shown iFigure 3.6 and Figure 3.These signals werent
through a low pass filter with a 10 kHz cutoff fueopcy to prevent damage to the data acquisitiores)
from high frequency signals such as those genelstele pilot arc starteandthe power supply inverte
Finally, the data was processed byabview program to calculate tRMS current, voltage, power, a

resistance.

The Labview panel interfacghown inFigure 3.8allows the operator to manually adjust the posi
of the welding carriage with respect to the twodisj torches. A s-point voltage signewith an output
range of -10 V to +10 V waproduced in the National Instruments 6024E carcedbam the desire
welding speed. The “On/Off” button was used totdtee DC motor and the “Forward” and “Backwa
buttons were used to specify the direction of moxeimThe output signal was relayeo a National
Instruments SCXI 1138 output module which in tuemsmitted the voltage signal to the DC s-motor
controller. The linear relationship between spaed voltage is shown in Equation, and was verified

for accuracy prior to welding.
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Figure 3.8: Front panel of Labview program usethtive the welding carriage.
BB
9::: <92=6"<§ ">627?@ A.66 "T$$C CID(F, CID,G (3.1)

The Labview panel interfaces shown in Figure 3.8 Rigure 3.10 were used to move the welding
specimen through the arc and to acquire voltagecamnent measurements from the transducers. The
panel shown in Figure 3.9 was used to specify wigldipeed and to specify the number of data samples
to be acquired. The scan rate was set to 1000alsedbon previous research which determined that thi
value provided accurate characterization of theetirand voltage waveforms without oversampling the
data [11]. A delay feature was used to delay thet ®f data acquisition until the weld pool reathe

steady state conditions. The panel shown in Figut@ was used to enter the preset welding variables
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Figure 3.9: Front panel for datacuisition and carriage movem.
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Figure 3.10Panel of Labview program used to specify pre-set welding parameters.
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After the data acquisition was completed, the Leswvprogram would calculate the RMS voltage and

current from the measured voltage and current ukieadollowing equations:

MY, e
HIK L(PCT (3.2)
MY, g
HIK L(PCT (3.3)
ML7 gd
TS LMT (3.4)
ML7 "¢
7 hk L(PCT (3.5)
vk R" a7 onk (8 (3.6)
Tuk  R'7 wk "7 pk (% (3.7)
Sik  Tuk €k (3.8)
Suk ok Tk (3.9)
where
len is the magnitude of the electrode negative current
ler is the magnitude of the electrode positive current
len rRMS is the RMS value of the EN current
lep rMs is the RMS value of the EP current
Ven is the magnitude of the voltage during EN polarity
Ver is the magnitude of the voltage during EP polarity

VEN RMS is the RMS value of the EN voltage
VEep RMS is the RMS value of the EP voltage

Paums is the RMS power
Rrms is the RMS resistance
n is the number of data samples

is the fraction of time spent in EN mode
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These variables are shown schematicall\Figure 3.11. This data, along with the preset weld

variables, were exported to a Microsoft Excel

A A
< lee < Vee
% 0 »Time (ms) :-f) 0 > Time (ms)
8 IEN g VEN

a) b)
Figure 3.11: Schematitiagrams owelding variables showing) welding current versus timb)
welding voltage versus time.

3.2 Materials

Welds were produced ih mm and 1.5 mm thick sheets non-heat treatdd AA5182z-O alloy
(cold rolled, annealed and recrystalli). This alloy contains 4.5%t Mg for solid-solution
strengthening while retaining good formability cheteristics.The 5xxx series of aluminum alloys
known for its good welding charactercs and its ability to be welded autogeneously withimal risk
of solidification cracking [58].The nominal composition of this alloy is shownlie table belov During
this study, 1 mm thick sheet$ heat treatable AA6111 all were also usetb study the fluid flow in th:
molten weld poal The 6xxx series of aluminum alloyknownto provide moderate strength in relat
to other heatreatable alloys with good formability. Howevehet6xxx seies is also known to k

susceptible to solidification cracking, liqguatiormcking, and HAZ degradati [24].

45



Table 3.1: Nominal composition (wt%) of AA5182-OcaAA6111 [6], [64]

Alloy Mg Mn Fe Si Cu Cr Zn Ti Zr Al

5182-O | 4.50 0.35 0.35 0.2 0.1% 0.15 0.25 01 <0.01Bal

6111 0.8 0.3 0.4 0.9 0.7 0.1 0.15 0.10 Bal
max max max

Table 3.2: Nominal thermal and mechanical propeieAA5182-0 [6]

Surface .
G Hs . y UTS | Elongation

Ts(K) | TalK) ‘(Mg/ms) (IlkgK) | (KJ/kg) ‘ T(‘f\lr}fr']‘)’” ‘ (MPa) ‘ MPa) | (%)
850 | 911 ‘ 2.65 | 904‘ 396 | 0.605‘ 138| 275| 25

3.3 Weld Specimens

Welds made using a combination of 5182 and 61ldyslivere welded on specimens measuring
35 mm 125 mm. All other welds were produced using wagddcimens measuring 35 mm110 mm.
All specimens were sheared to size perpendiculdindgaolling direction as previous research indidat
that this provided the best cathodic cleaning [113]. Prior to welding, specimens were degreasssag
acetone and methanol, immersed in a 5% NaOH saolitgated to 70° C for 2 minutes, rinsed in cold
water, immersed in an as received HNSIlution for 1 minute, rinsed with hot water, diieand then

manually stainless steel wire brushed.

3.4 Experimental Procedures

The following list explains the procedure that vi@&wed prior to welding.

Table 3.3 lists the preset welding constant weldangh parameters used for all experiments.
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10.

11.

12.

A sharpened electrode was placed in the top tarch that the electrode tip protruded from the

orifice tip

The condition of the blunt tip electrode for thetbm torch was examined. If necessary the

electrode was ground flat

The alignment of the top and bottom torches wagigdrby raising the bottom torch up to its
maximum height and lowering the top torch so thatgrotruding electrode from the top torch

was centered in the orifice of the bottom torch

Once the two torches were aligned, the protrudiegtede in the top torch was pushed back

into the torch body at a specific setback distesia®vn in Figure 3.12
The fume hood, power supply, plasma consoles, aolhot recirculator were turned on
The plasma gas was purged for 5 min, and the shiptghs was purged for 2 min

The two torches were set 6 mm apart from each @théra free standing arc at 50 A was left

running for 5 min to melt the electrode tip intball-shape

Weld specimens were placed onto the weld carridgee specimens were clamped into place
by tightening a series of 5/16" diameter, 18 thsdiadh socket head cap screws using a

pneumatic ratchet
Prior to each weld, the plasma gas and the shipigiis were purged for 1 min
The torch-to-workpiece distance was set using sgaloeks

The desired welding parameters were entered apdaler supply and the flow rates for the

plasma gas and shielding gas were adjusted orlabma consoles to the required values

The welding arc was started and allowed to runfaseastanding arc for one minute
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13. The Labview based control and data acquisitioresystas started

14. After the specimen passed through the welding agdcaaweld was produced the main welding

arc and the pilot arc were shut off and the torehee allowed to cool down
15. The welding specimen was removed from the clamps

16. The welding table was moved back to the startirgitjom

Table 3.3: Constant present welding parameters fasgutoducing DSA welds.

Torch Parameter Top Torch Bottom Torch
Standoff Distance 2mm 2mm
Setback Distance 4 mm 4.15 mm
Orifice Diameter 3.1 mm 3.1 mm
Plasma Gas UHP Argon UHP Argon
Plasma Gas Flow Rate 0.45 l/min 0.45 I/min
Shielding Gas Argon Argon
Shielding Gas Flow Rate 10 I/min 10 I/min
Electrode Composition W-0.8%Zr W-1.0%Zr
Electrode Diameter 4.76 mm 3.97 mm
Electrode Angle 20° 0°
Electrode Truncation 1 mm 0 mm
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Figure 3.12Schematic showing the electrode setback requim the:a) top Thermal Arc PAWorch;b)
bottom B&B PAW torch.

Experimental Series A:was carried out to determine twelding conditions which would minimiz
porosity. A series of welds were produced to aetiee thebest specimenleaning procedu. Another
series of welds were produced using differtorch-to-workpiecalistances and shielding cup design
determine the effects of turbulent shielding gasvflon porosity formation. All experiments wer
performed on 1.5 mm thick AZ482 using a welding current of 80A aa welding speed of 30 mm.
The effectiveness of the variosfeaning procedus and the effect of turbulent shielding gas flow
porosity formation weraletermined bymeasuring the area fraction of porosity in six e-sectional

images from each weld specimen.
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Experimental Series B:was carried out to determine whether the DSAW msosould produce
visually acceptable, defect free spot welds betweenl mm thick AA5182 sheets. A series of welds
were produced over a range of welding currents éwdll times to determine a range of acceptable
values. All experiments were performed using a 2 stamdoff. Another series of welds were produced
to investigate the effects of gradually decreashmywelding current on hydrogen porosity in thetspo

welds.

Experimental Series C:was carried out to investigate the optimal weldpagameters that would
produce visually acceptable and defect-free sealtswe the lap-joint configuration between two disee
of 1 mm thick AA5182. Welds were made using weldpoyvers of 2 kW, 3 kW, 4 kW, and 5.1 kW at
welding speeds of 5 to 75 mm/s, in increments ofr/s. If blowholes were produced at a given power
due to excessive heat input, further welds were matle at even slower speeds. If insufficient
penetration was seen at a given power due to iogrff heat input, further welds at even higherdived

speeds were not conducted.

Experimental Series D:was carried out to visualize the fluid flow in tB&SA weld pool. Lap-joint
configuration seam welds were produced between 1thick sheets of AA6111 alloy and 1 mm thick
sheets of AA5182 alloy. Welds were produced usantptal welding power of 2kW at speeds of
10 mm/s and 15 mm/s. Samples were etched in KKekzgent to visualize any fluid flow that may have

taken place as delineated by the distinct diffeeerino etched microstructures.
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3.5 Post Weld Analysis of Double-Sided Arc Welds

3.5.1 Metallographic Examination

Transverse cross-sections of the welds were prégareising a chop-saw to cut three sections from
each welding specimen at least 50 mm from the érndeoweld. The cut samples were mounted in a
Struers Epofix cold mounting resin. Specimens vedi@ved to cure at room temperature for at le@st 1
hours. Once cured, the samples were ground flaa d&elt grinder and then ground using a Struers
Pedemax-2 automatic grinder/polisher with 320, @), 1200C, and 1200F grit silicon carbide paper
using water as a lubricant. After grinding, tlzenples were polished on a Microstar 2000 Forcipol 2
grinder/polisher using a LECO Lecloth polishingthloa LECO 1m diamond spray, and a LECO
microid diamond extender as a lubricant. Specimelnieh required a finer finish were polished on a
LECO Black CAMEO pad using LECO colloidal silicaPolished samples were etched with Keller's

reagent, shown in Table 3.4, for 20 seconds.

Table 3.4: Composition of Keller’s reagent [65]

Chemical | HNQ | HCL | HF | HO

Quantity | 25mL | tomL | 15mL | 95 mL

Imaging of the finished samples was performed usiteggIMAGE-PRO 4.5 image analysis system
together with an OLYMPUS optical microscope and ®GIRUS C-35AD-4 digital camera. Macro level

images were taken using a Nikon Coolpix 8800, 8apeg! digital camera.
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3.5.2 Mechanical Property Evaluation

Porosity was measured using IMA-PRO 4.5 to count the number of pixels occupied H®y gas
pores. The total weld area wako measured using the IMAGERO software. An average of :

cross-sections was taken to iropethe statistical relevance of the measurements.

Vickers microhardness testing was carried out in accordance A8HM E92 Standard Test Meth:
for Vickers Hardness of Metallic Materi. [66]. Tests were performed usingShimadzu Corporatio
HMV hardness tester using a 200 g-force load and a constant spacings6D micron. Indentations

were measured using the IMAGERO 4.5 image analysis system and OLYMPUS opti¢alascope

Transversednsile testing was performed in accordance with MSH8M-04 Standard Test Methc
for Tensions Testing of Metallic Materials (Meti [67]. A base metal sample and tgmecimens welded
at a constant welding power ok®V and a welding speed of mm/sand 20 mm/s werproduced using
the dimensions shown in Figurel3. Tests wereonducted using an Instron tensile machine usi

crosshead speed of 15 mm/min.

A
A 4

20 mm

Figure 3.13Tensile test specimen as per ASTM E-04 [67].
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Tension-sheatests were performed on DSA spot welds in accomrelanth the “Standard Methods f
Testing Resistance Welds” specified in AWS (-66 [68]. Two sets of tensicghear specimens we
produced using the miensions shown iFigure 3.14. One set of tensishear specimens were ma
using nuggets produced usindl® kW welding power and a 3 secomeeld time, and another set
specimens were made with nuggets that werduced with a 2.8 kWivelding power and i1 second

weld time.

Direction of
|<—19 mm —>| rolling (preferred)
SN

.

19 mm

76 ' Spot weld centered
mm | as shown

Figure 3.14: Tensioshear test specimen as per AWS (-66 standard [68].
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Chapter 4: Experimental Results and Discussion

The purpose of this chapter is to discuss and aedhe results of the four main experiments thatwe
outlined in the previous chapter. The observatioms Experimental Series A are shown in Sectidn 4.
and the effectiveness of various specimen pre-tiggmrocedures on the area fraction of hydrogen gas
porosity in the welds is discussed. The resultsnfiExperimental Series B, which was designed to
examine the feasibility of using the DSAW process producing spot welds, are described in
Section 4.2. The feasibility of using the DSAW gees for producing lap-joint configuration seamadsel
was examined in Experimental Series C and theteeartg shown in Section 4.3. Lastly, the obseowati
from Experimental Series D, in which the differémices that might drive fluid flow inside the wegbdol
and disrupt the oxide films at the sheet interfiackp-joint configuration DSA welds, are presentet

discussed in Section 4.4.

4.1 Porosity Reduction

Hydrogen gas porosity is formed easily during alwm welding due to the presence of rolling
lubricants, the tenacious hydrated aluminum ox&jed on the surface of the sheet, and from inadequa
shielding of the molten aluminum from humid room. aPorosity is undesirable in welds, since it has
been shown to reduce the mechanical propertieBeofveld metal, such as ductility, and act as akcrac
initiation point [44], [50], [69]. As a result, viaus welding standards specify the maximum amadint
porosity that can be tolerated in a weld. For gdanthe AWS D8.14M/D8.14:2000 [70] specification
for arc welded automotive components allows a marinmof 15% of porosity by area, while the

Canadian Standards Association (CSA) W59.2 [7Xjdsed for welded aluminum construction allows a
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maximum of only 0.12% area fraction of porosity &reet metal applications with a thickness of less

than 3 mm.

In previous studies on DSAW of aluminum sheet byokwand Weckman [45], and Moulton and
Weckman [46], welding specimens were degreased) @iatone and methanol, and the oxide layer was
removed using an electrically operated stainlessl gtower wire brush prior to welding. In thewdies,
this cleaning procedure was found to significambguce the amount of gas porosity and improve the
consistency of the weld bead. Moulton and Wecki@#) found that welds produced using a 3 kW
welding power and a shielding gas flow rate of pénlcontained an average porosity area fraction
ranging between 0.05% and 0.09%, depending on mglsibeed. However, when bead-on-plate welds
were produced during the present study using simvlelding parameters, the average porosity area
fraction was found to be 0.91%. Since these cleptéchniques and welding parameters had been used
successfully in the past, it was thought that tbe mlual-VPPAW DSAW system was producing more
porosity than the welds produced by the GTAW/VPPBR®AW system used by Kwon and Weckman

[45], and Moulton and Weckman [46].

4.1.1 Comparison between Dual-VPPAW DSAW System and VPPAW-GTAW DSAW

System

A series of bead-on-plate welds were produced & mm thick AA5182 sheet using the
GTAW/VPPAW DSAW system and the dual-VPPAW DSAW systin order to determine whether the
new dual-VPPAW DSAW system was responsible foritteeease in porosity. The torch-to-workpiece
distance was set at 2 mm and the shielding gasriiswvas set at 19 Ipm. Welds were produced wsing

total welding power of 3.1 kW and a welding speé®® mm/s. All specimens were degreased using
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acetone and methanol and the oxide was mechanieatipved using a stainless steel wire brush. Two
stainless steel wire brushing methods were studiethis experiment. A review of literature had

suggested that a power wire brush may cause thmiralln oxide and other surface contaminants to
become embedded in the specimen, and increasdtpdb®. To compare the effects of power brushing
against manual wire brushing, one set of welds praduced with specimens that were manually wire
brushed prior to welding, and another set was predwsing specimens that were power brushed prior t

welding.

Figure 4.1 compares the area fraction of porosityhe welds produced using the different welding
systems. Welds produced using the GTAW/VPPAW systeere found to contain 0.68 0.50%
porosity by area for manually wire brushed specsnemd 1.39 0.85% porosity by area for power
brushed specimens. Welds produced using the dBBRAW system contained an average of
0.48 0.24% porosity by area for manually wire brushedcspens, while specimens that were power
wire brushed contained 0.70 0.45% porosity by area. The difference in poro&itween welds
produced by the GTAW/VPPAW process and the dualAARRBprocess was compared using a t-test with
a level of significance of 0.05, assuming thatstendard deviation of the two populations was uakqu
Six replicates were used and the null hypothesisrased that the average area fraction of porositiién
welds produced by the dual-VPPAW and GTAW/VPPAW D$Aystems was equal for welds produced
in specimens that were manually wire brushed paavelding. This hypothesis test was repeatedhier
welds that were power wire brushed prior to weldifigne hypothesis test revealed that the dual-VPPAW

system produced welds with a similar level of payoas the GTAW/VPPAW system.
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Another hypothesis test was conducted to comparertan porosity fraction in welds produced in
specimens that were manually wire brushed agaimdtismwhich were power wire brushed prior to
welding. Again, a t-test was used with a levelighificance of 0.05 and assuming that the standard
deviation of the two populations was unequal t¢ ties null hypothesis that the average area fraaiio
porosity for manually wire brushed specimens andigvowire brushed specimens was equal. The
hypothesis test did not produce strong evidencesject the null hypothesis, and specimens that were
manually wire brushed were found to have a sinidael of porosity as specimens that were power wire

brushed.

1.2 —

0.8 —

0.4 —

Porosity Fraction by Area (%)

Manual Power
Wire Brushing Wire Brushing

B GTAW/VPPAW [ | Dual VPPAW

Figure 4.1: Porosity fraction by area (%) in du&RAW DSA welds versus GTAW/VPPAW DSA

welds when using manual and power stainless steelbrmshing of the oxide prior to welding.

57



4.1.2 Cleaning Techniques

Previous research by Kwon and Weckman [45], and l[fdouand Weckman [46], had already
demonstrated the importance of degreasing andesaisteel wire brushing prior to welding aluminum
sheet if hydrogen porosity in the welds was to liimized. Light degreasing and wire brushing may b
adequate if the specimens have been kept cleastaretl in a dry environment. However, the surfaces
of the specimens used in this study were satunatddrolling lubricants and were covered in a thick
hydrated aluminum oxide layer. Therefore, a moggressive cleaning technique was required to

adequately clean the specimens.

Deoxidizers are often recommended for removing iheaxidized and contaminated aluminum
surfaces [58], [72]. For example, The Aluminum @édation [58], recommended the following
procedure:

1. Immerse the aluminum specimens in a 5% sodium kydiegNaOH) solution at a temperature
of 70° C for up to 60 seconds to remove the hydrabgide and any other surface

contaminants.
2. Rinse with cold water.

3. Desmut the surface by immersing the specimens meergrated nitric acid (HN£ at room

temperature for up to 30 seconds.
4. Rinse in hot water and dry.

A similar procedure was also recommended by Billi€kh [73], a welding technologist at the Novelis
Global Technologies Centre, Kingston ON, who sutggea 2 minute immersion in a sodium hydroxide

solution, and a one minute immersion in a nitricl aolution.
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A factorial design experiment was used to evaltia¢eeffectiveness of the three different cleaning
techniques by producing a series of bead-on-pl&Aa @elds in 1.5 mm thick AA5182-0 sheet at a total
welding power of 3.1 kW and a welding speed of 3t/sa The three factors considered in this
experiment were: Factor A, degreasing using acedodemethanol; Factor B, deoxidizing in a 5% NaOH
solution for 2 minutes at 70° C and desmutting finaa-received HN@solution for one minute; and
Factor C, stainless steel wire brushing the spetipn®r to welding using either an electrically cgted
power wire brush or a manually operated wire brushhe average area fraction of porosity was

calculated using measurements obtained from snsWerse cross sections.

The factors and the resulting average area fractibrporosity are summarized in Table 4.1.
Specimens welded in the as-received conditioneas B Figure 4.2a, contained the highest aversege a
fraction of porosity of 3.82 1.42%. Welds produced in specimens that were degceand manually
wire brushed, as seen in Figure 4.2b, containeavarl average area fraction of porosity of 0.4824%.
Lastly, welds produced in specimens that were eéarsing a combination of degreasing, deoxidizing,
and manual stainless steel wire brushing, as sedfigure 4.2c, contained the lowest average area
fraction of porosity of only 0.12 0.13%. All of the pores observed in the transvensess-sections
appeared to float towards the top of the weld,faileéd to break through the top surface, perhagstdu

the presence of an oxide film.
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Table 4.1: Summary of factorial experiment usedefaluating various cleaning procedures.

Factorial Experiment Conditions Observed Porosity Aea
Fraction

Factor A: Factor B: Factor C: Average Area Standard
Degreasing with | Immersion in NaOH| Stainless Steel | Fraction of Porosity | Deviation

acetone and methanpland HNQ solutions |  Wire Brushing (%) (%)

no no no 3.82 1.43

no no manual 1.03 0.67

no no power 1.18 0.43

no yes no 0.73 0.58

no yes manual 0.29 0.19

no yes power 0.69 0.42

yes no no 1.39 0.76

yes no manual 0.49 0.24

yes no power 0.68 0.38

yes yes no 0.44 0.18

yes yes manual 0.12 0.13

yes yes power 0.15 0.18

An analysis of variance (ANOVA) was performed inritab [74] to determine the importance of the
various factors and the interactions between theéincomplete summary of the ANOVA is given in
Appendix A. An analysis of the main effects reeeathat all three cleaning procedures significantly
reduced the amount of weld porosity, as shown gufg 4.3. The plot also shows that manual wire
brushing had a more significant effect on redugaogosity than power wire brushing. Second level
interaction effects were also found to significanttduce the area fraction of porosity, as shown in
Figure 4.4. The plots show that combining two cieg procedures yields better results than usifdg on
one procedure by itself. This was expected sittk the rolling lubricants and the oxide layer nezbe
removed prior to welding. Lastly, the analysisoalevealed that third level interaction effects evalso
significant. This suggests that the rolling lubnts were only sufficiently removed when the specim
has been degreased and deoxidized, and that tle ¢ayer is only sufficiently removed when the
specimen has been deoxidized and wire brushed.
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Figure 4.2: Transverse cross-sections of weldsymed using a welding power of 3.1 kW and a welding
speed of 30 mm/s showing specimens cleaned usjrag receivedy) degreased and manually wire

brushedr) degreased, deoxidized, and manually wire brushed.
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Figure 4.3: Main effects of degreasing, deoxidiziaugd wire brushing on area fraction of porosity.
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Figure 4.4: Interaction effects of degreasing, d#iaig, and wire brushing on area fraction of ity
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4.1.3 Comparison between VPPAW of Top Torch and VPP AW of Bottom Torch

Since the dual VPPAW DSAW system used in the ptesterdly was not found to produce a greater
amount of porosity than the original GTAW/VPPAW D@®A system used by Kwon [45] and
Moulton [46], it was believed that the B&B VPPAWrth may be responsible for the increase in
hydrogen gas porosity observed using the dual VR&Ah system, since this was the only major
component which changed over the previous DSAWesyst To determine if this was true, a series of
one-sided VPPA welds were produced in 1.5 mm thidk182 using a total welding power of 1.2 kW, a
welding speed of 10 mm/s, a shielding gas flow @td9 lpm, and a torch-to-workpiece distance of
2 mm. All specimens were cleaned prior to weldisghg a combination of degreasing, deoxidizing, and
manual stainless steel wire brushing. One setatddswvas produced using the top Thermal Arc tonch i
the flat position while another set of welds wasduced using the bottom B&B torch in the overhead
position. Since hydrogen gas porosity tends tatflgpwards against the force of gravity, it waseetpd
that the welds produced in the overhead positionlgvbave a slightly higher average porosity siree t
gas pores would not be able to float out from tieédwpool surface. For each welding condition, ahea

fraction of porosity was measured in six transversss sections.

Welds produced using the Thermal Arc torch werentbtio contain an area fraction porosity of
0.48 0.23%. Welds produced using the B&B Machining toveere found to contain an area fraction
porosity of 0.43 0.32%. A hypothesis test using 6 replicates wasl 18 test the null hypothesis that the
average area fraction of porosity in single-sidé&tPA welds produced by the Thermal Arc torch and the
B&B torch was equal. Using a t-test with a sigrdfice level of 0.05, and assuming that the standard

deviation of the two populations was unequal, tivesis not enough evidence to reject the null hysashe
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Therefore, the area fraction of porosity in VPPAdseproduced using the Thermal Arc torch was found

to be equal to the porosity in VPPA welds produgsidg the B&B torch.

4.1.4 Effects of Torch-to-Workpiece Distance

A series of welds were produced over a range ahttw-workpiece distances of 2 mm, 3 mm, and
4 mm, to determine the effects of torch-to-workgigéstance on the formation of hydrogen gas porosit
At each torch-to-workpiece distance, three weldsew®oduced at a shielding gas flow rate of 10 lpm,
15 Ipm, and 19 Ipm. The results from this seriesalds are illustrated in Figure 4.5. Weld potpsias
minimized when a high gas flow rate was used witlorag torch-to-workpiece distance. Conversely,
weld porosity increased when the shielding gas ftate was reduced in welds produced with a long
torch-to-workpiece distance. Weld porosity increasehen a high gas flow was used with a short
torch-to-workpiece distance. However, welds preduasing a low shielding gas flow rate and a short

torch-to-workpiece distance also had minimal payosi

A series of hypothesis tests were performed usingpicates for each welding condition to compare
the average area fraction of porosity in weldst-t&st was used to test the null hypothesis thatatiea
fraction of porosity would be equal in welds proedcat different torch-to-workpiece distances for a
given flow rate. Welds produced using a torch-trkpiece distance of 2 mm were found to have more
porosity than specimens produced using a 3 mmd4oman torch-to-workpiece distance at a flow rate of
19 Ipm and 15 Ipm. On the other hand, when weldsevproduced at a flow rate of 10 Ilpm, the average
area fraction of porosity was found to be consistdrall three torch-to-workpiece distances. ONera
welds produced using high gas flow rates and lowhtdo-workpiece distances were found to contain
more porosity than welds produced with high ga/ftates and a high torch-to-workpiece distance.
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Figure 4.5: Porosity fraction by area (%) for wefsteduced using a 2.1 kW welding power, 30 mm/s
welding speed, and 10, 15, and 19 Ipm shieldinglgasrates.

Johnsoret al[60], observed increasingly turbulent structurebigher shielding gas flow rates in their
flow visualization study of welding nozzle shieldimas jet flow during GMA welding. At a lower
shielding gas flow rate, there was less turbulethoe to the lower gas velocity and a more consistent
shielding gas plume. In addition, the width of jelewas observed to increase continuously withadise
from the nozzle exit and the kinetic energy and motum of the shielding gas were found to decrease
with distance. In other words, porosity may beuas by decreasing the shielding gas flow rate to
produce a more laminar flow, and therefore, a ncoresistent coverage of the weld pool or by incregsi

the torch-to-workpiece distance to produce a laagea of coverage by the shielding gas plume.

65



During the present study, the area fraction of pibyonvas very low when a high shielding gas flow
rate was used with a long torch-to-workpiece distaras shown in Figure 4.5. This may have been
caused by a wider gas plume and a less energaticnikar the surface of the weld pool which would be
less likely to entrain room air into the shieldiggs plume. Conversely, the area fraction of porosi
increased when a high shielding gas flow rate waesl with a short torch-to-workpiece distance. This
may be due in part to a narrower shielding gas plamd a more energetic, turbulent gas flow near the
surface of the weld pool which could have enhangering with room air and porosity-causing
contaminants into the shielding gas plume. Ovenating a long torch-to-workpiece with a high
shielding gas flow rate was found to produce theatnsgynificant reduction in gas porosity in the dea
on-plate welds. A short torch-to-workpiece diseamgth a low shielding gas flow rate was also fotmd
reduce porosity, but this was found to be lessceffe compared to using a long torch-to-workpiece

distance and a high shielding gas flow rate.

4.1.5 Effects of Shielding Gas Flow

Turbulence in the shielding gas plume is undesirabice the enhanced turbulent mixing in the flow
can stir room air into the shielding gas and coirtaie the surface of the molten weld pool with hdimi
room air [17]. From the Reynolds number equatistussed in Section 2.2.3, higher velocities will
increase the Reynolds number. Conversely, the Réymumber will decrease as the cross-sectional are
of the nozzle increases for a constant flow rataminar flow and good shielding will exist at low
Reynolds numbers; however, above a characterigyn®ds number for each flow geometry, there will
be a transition from laminar to turbulent flow witicreasing mixing with room air and reduction le t
guality of gas shielding of the weld pool surfacglthough increasing the torch-to-workpiece dis&nc
was shown in the previous experiment to reducegiyrat certain shielding gas flow rates, incregsin
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the torch-to-workpiece distance also increasestdheh voltage and decreases the process efficiency.
Therefore, it would better to minimize the torchwiorkpiece distance and promote more laminar gas

flow in the shielding gas nozzle.

One of the most commonly used methods for promdéngnar gas flow in GTA welding is a device
known as a gas lens [17], [75]. A gas lens isyarked series of fine stainless steel wire meshsdiguch
are stacked together, as shown in Figure 4.6. gélsdens forces the shielding gas to flow throughlk
gaps in the mesh and laminarizes the shieldinglgas This and the flow restriction help to digtte
the shielding gas more evenly around the shielding increases the length of the laminar flow ragio

and reduces turbulence in the shielding gas plume.

Copper and
brass body

Layered mesh

Retaining spring/vO

Figure 4.6: Exploded diagram showing a typical GTAH$ lens (taken from Miller Electric [75]).

A commercially available gas lens could not be fbfor either of the two VPPAW torches used in
this study. Therefore, the existing shielding gag for the top Thermal Arc torch was modified to
include three layers of 304 stainless steel mesb.1df4 mm wire diameter spaced 0.140 mm apart, as
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shown in Figure 4.7. In addition, the cross secticarea of the shielding gas tip was increasenh fro

174 mnf to 380 mm to reduce the gas velocity and the correspondeymnBlds number.
~a) Front Vi

- New gas cup with
greater cross-sectional

Modified Cup o Original Cup

Figure 4.7: Photograph comparing modified shielding (L) original shielding cup (R) for the top
Thermal Arc VPPAW torch showingi) front view;b) inner view.

The shielding cup for the bottom B&B torch was nidi by cutting the upper 12 mm of the
shielding cup and replacing it with a constant-sreectional area extension, as shown in Figure 4.8,
thereby increasing the cross sectional area frobm@8f to 615 mm. A gas lens could not be added into

this shielding cup since there were not any corer@ninounting points for the stainless steel meEhe
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Reynolds numbers for the original shielding cupd #re new shielding cup designs are summarized in
Table 4.2. These are approximate values and afil in reality since the flow is not expected tofligy
developed due to the relatively short entrancettengnd because the shielding nozzles do not have
smooth, constant diameter internal profiles [66P]] Based on these calculations, the Reynoldsoeum
was expected to decrease by 18% and 21% for therBhérc torch and the B&B torch, respectively.
However, since the shielding cup does not have resstaat cross-sectional area, the actual Reynolds
number may have been different from the calculatdde. In addition, while the Reynolds number is
frequently used to estimate the transition condgitvom laminar to turbulent flow, the influenceusing

a gas lens on laminarizing the flow is not capturethe Reynolds number.

Front View
Original Cup Modified Cup
] e

Figure 4.8: Photograph comparing original shielding (L) modified shielding cup (R) for the bottom
B&B Machining VPPAW torch.
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Table 4.2: Reynolds numbers for the original artksggned shielding cups.

Flow Rate:
19 lpm 15 Ipm 10 Ipm
Re (original design) 1106 873 582
Top Torch :
Re (new design) 907 716 477
Re (original design) 860 679 452
Bottom Torch _
Re (new design) 678 535 357

A series of welds were produced using a total welgiower of 2.1 kW, a welding speed of 30 mm/s,
and a torch-to-workpiece distance of 2 mm, to deitee whether the new shielding cup design would
have any effect on the formation of hydrogen gasogity. All specimens were cleaned using the
technique described in Section 4.1.2. Three detgetls were produced for this section of the study
The first set was produced using the original sligj cup design on both torches. The second set of
welds was produced using the modified shielding oapthe top Thermal Arc torch and the original
shielding cup on the bottom B&B torch. The finat sf welds was produced using the original shigdi
cup on the top Thermal Arc torch and the modifibiélsling cup on the bottom B&B torch. Each set of

welds was produced using a shielding gas flowa&t®d Ipm, 15 Ipm, and 10 lpm.

The area fraction of porosity from each of thesddwsés shown in Figure 4.9. Overall, the area
fraction of porosity was highest when the modifteattom shielding cup was used, whereas the area
fraction of porosity was lowest when the modifieg shielding cup was used. When a high shieldasy g
flow rate was used, the welds tended to contairerporosity in comparison to welds produced using a

low shielding gas flow rate.
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Figure 4.9: Area fraction of porosity (%) in welpioduced using a 2 mm torch-to-workpiece distance

versus shielding cup design and three differergtidimg gas flow rates.

A hypothesis test was performed to determine ifetveas any statistically significant differencethve
mean area fraction of porosity in welds producadgughe different shielding cups using 6 replicetas
each welding condition. A t-test was used witreel of significance of 0.05, and assuming that the
standard deviation of the two populations were uagdo test the null hypothesis that the averaga a
fraction of porosity in the welds produced using thriginal shielding cup and using the modified
shielding cups was equal for each given shieldiag fipw rate. The null hypothesis was rejectedrwhe
comparing the mean area fraction of porosity indseproduced by the system with the modified

shielding cup for the top Thermal Arc torch and trgginal system. In other words, the modified
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shielding cup for the top Thermal Arc torch wasrfduo significantly reduce the mean area fractibn o
porosity compared to the original system at eadeldihg gas flow rate. On the other hand, the null
hypothesis was accepted when comparing the mearfration of porosity produced by the system with
the modified shielding cup for the bottom B&B torahd the original system. In other words, when the
shielding cup for the B&B torch was modified, thevas no significant change in the mean area fractio

of porosity at any shielding gas flow rate.

Based on this evidence, it is believed that thet@xdof a gas lens and the increased cross-settion
area of the shielding cup tip for the Thermal Amch increased the length of the laminar flow ragind
improved gas distribution. However, when the ghij cup for the B&B torch was modified, the
shielding gas was less evenly distributed. Upaseal examination, the tapered section of the B&B
torch’s original shielding cup was observed to dyelistribute the shielding gas around the torchybo
When this tapered section was removed, the shglgas was no longer evenly distributed around the

weld pool and some regions of the weld pool mayeHaeen exposed to contaminants in the room air.

Another series of hypothesis tests was also peddrto determine whether the mean area porosity
fraction was significantly different at differertislding gas flow rates. A t-test was used witl\ael of
significance of 0.05 and assuming that the standavihtion of the two populations were unequateti
the null hypothesis that the average area fraafgoorosity in the welds produced at different &ty
gas flow rates was equal. The null hypothesis aeepted when comparing the mean area fraction of
porosity in welds produced by the system usingrtoalified shielding cup with the top Thermal Arc
torch, at a flow rate of 15 Ipm vs. 19 Ipm, 15 lgm 10 Ipm, and 10 Ipm vs. 19 Ipm. In other wolttis,

mean area fraction of porosity was the same regssdif flow rate when the modified shielding cuswa
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used with the top Thermal Arc torch. The shieldiggs flow rate was set at 10 Ipm for future

experiments since it was more economical to usedeelding gas.

4.2 Spot Welding with DSAW

Double-sided arc welding is a relatively new praceghich has only been applied towards the
production of butt-joint configuration welds in ¢hi plate of various alloys [38] - [43], and thinegt
[45], [46]. To date, the DSAW process has not bagplied towards the production of lap-joint
configuration welds. The feasibility of producitap-joint configuration spot welds in thin aluminum

sheet in the lap joint configuration using the DSAWWcess is examined in the following subsections.

4.2.1 Process Parameters and Suitable Welding Condi  tions

The main parameters involved in RSW are the eldetforce, electrode shape, welding current, and
welding time [50]. However, in the DSAW procesB)ce neither torch comes into contact with the
workpiece, the electrode force and shape are fetanet parameters, and the only important variahtes
the welding power and the weld time. In order ébedmine the range of welding conditions that would
produce sufficiently large nuggets, a series oft spelds were produced in overlapping 1 mm thick
AA5182 sheets using welding currents of 30 A, 5(Ad 70 A, and a weld time ranging from 1 second
to 7 seconds. According to the AWS Welding handh&SW nuggets produced between 1 mm thick
sheet must have a diameter of at least 4.06 mm [TIAfjerefore, any DSA welds produced in this
experiment which met this criterion and which fuflgnetrated through the thickness of the two sheets

were considered to be “good” welds.
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An example of a “good” weld that was produced usrg,0 kW welding power and a 2 second weld
time is shown in Figure 4.10. As seen in FigurH)d.and Figure 4.10b, the nugget measures 7 mm in
diameter, and both sides of the DSA weld nuggetHhasen cathodically etched and exhibit a smooth
bead profile. Evidence of the grain structure lbarseen on the bottom weld bead surface in Figli@h4
which shows a region of columnar grains startirgrfrthe fusion boundary and equiaxed grains in the
centre of the welds. The transverse cross-settioea of the weld, shown in Figure 4.10c, shows a
crater crack at the centre of the nugget whichuisosinded by solidification cracks and a through-
thickness hole in the centre of the weld causeddiiification shrinkage. In addition, hydrogensga
porosity and oxide tails at the fusion boundarieth vaydrogen pores attached are evident in the spot

weld.

Figure 4.11 shows the measured DSAW weld nuggetetier versus weld time. In all cases, the weld
nugget diameter increased with both welding powsl &elding time. At the lowest welding power of
1.2 kW, a weld time of three seconds was requingardduce a nugget of an acceptable size between th
two sheets. At a welding power of 1.9 kW, a wéfdet of one second was sufficient to produce a 6 mm
diameter nugget in the workpiece. When the weldetiwas increased to seven seconds, a 16 mm
diameter nugget was produced. Lastly, at a welgiogrer of 2.8 kW, a one second weld time was
capable of producing a 10 mm diameter nugget, andeld time of three seconds was capable of
producing a 14 mm diameter nugget. Additional welkre not made at this welding power since the

nugget would have been too large for the DSAW taliiech had clamps spaced 20 mm apart.
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Oxide tail

g -, Oxide tail

c)
Figure 4.10: Photographs of a “good” weld produgsithg a 2.0 kW welding power and a weld time of

2 seconds showing) top view;b) bottom view;c) cross-sectional view.

The process map shown in Figure 4.12 shows theteffevelding power and welding time on nugget
guality. The welding time required to make accblgavelds decreased with increasing welding power.
Low weld times and powers produced undersized wetdselds with a lack of fusion whereas welds
with acceptable diameters for the sheet thicknem® wroduced using higher welding times or welding

powers.
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Figure 4.11: DSA spot weld nugget diameters (mm3ug weld time (s) for various welding powers
(KW).

In a previous study of RSW in 1.5 thick AA5182 dhescceptable welds were produced with a
welding current of 29 kA over a period of 42 cy¢les 0.67 seconds [25]. In comparison, the DSAW
process was capable of producing spot welds inlameing 1.0 mm thick AA5182 sheets using a
welding current of at least 50A over a period ofd@les, or one second. Overall, it appears tmat t
DSAW process is capable of producing full penetragpot welds of acceptable diameter in an amadunt o
time which is comparable to the amount of time megiiby conventional RSW equipment, but at a small

fraction of the welding current.
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Figure 4.12: DSA spot weld process map.

4.2.2 Effects of Current Ramp Down

Crater cracks are commonly encountered during aidimg and a few techniques exist to prevent
their formation. Adding extra filler metal to tleed of the weld bead to provide the necessary ftufl
in any shrinkage cavities and building up a conbead profile which can better tolerate the trarswer
stresses caused by weld shrinkage is a commonlg tsehnique for non-autogeneous welding
processes [24]. For autogeneous processes, omedrietr eliminating crater cracks in arc weldsas t
gradually reduce, or ramp down, the welding curmhile the workpiece remains stationary. This
reduces the cooling rate and the resulting straie acting on the solidified weld metal [24]. lasv

believed that ramping down the current could a¢sallto a decrease in gas porosity since the wald po
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would remain in the molten state for a longer pkobdtime and allow more time for any dissolvedsgss
to bubble out of the weld pool. In order to detierenthe effectiveness of using the temporal pulse
shaping technique, a series of spot welds was peatlusing a base welding current of 50 A, a hatebti
of 2 seconds, and a ramp down time of O, 2, 4,1dhdeconds. Five welds were made at each welding

condition.

As the ramp down time increased from 0 to 10 segotit weld nugget diameter also increased from
8 mm to 12 mm. Upon inspection of the DSA spotdsalsing a stereomicroscope, it was found that all
of the spot welds made using the ramp down timertained a pinhole at the centre of the nugget,
regardless of the ramp down time. Spot welds predwith a ramp down time of 0 seconds, shown in
Figure 4.13a, were found to exhibit the same typpiohole and crater cracking defect as spot welds
produced with a ramp down time of 10 seconds, shiowigure 4.13b. Therefore, gradually ramping

down the current did not appear to have any effedhe formation of crater cracks.

All DSA spot welds exhibited hydrogen gas porosityshown for example in Figure 4.10. The area
fraction of porosity was also observed to be largelaffected by an increase in ramp down time. &ens
in Figure 4.14, the specimens produced with a zermnd ramp down time contained the lowest area
fraction of porosity. Although the general trengbaars to suggest that increasing the ramp dowa tim
generally increased the area fraction of porostyomparison of the means using a t-test with five
replicates, a level of significance of 0.05, ansuasing that the standard deviation of the two patborhs
were unequal, revealed that the area fraction obgity remained constant as the ramp down time
increased from 2 to 10 seconds. A summary of #milts from the hypothesis tests is given in

Appendix B.

78



Crater
crack

.\,b) >
Figure 4.13 Comparison of pinhole defects producedelds with a welding power of 1.9 kW and a
ramp down time ofa) zero seconddy) ten seconds.

In a series of images captured using a Laser Sirhging system, shown in Figure 4.15, the outer
edges of the weld pool appeared to be covered liyobile oxide layer that would have prevented any
hydrogen gas from escaping the weld pool. Thiseimsed oxide was evident on the outer regionseof th
weld pool shown in Figure 4.13. Since the molt@nde-free weld pool reflects incident light, tharkl,
reflective surface corresponds to the exposed wetd. On the other hand, the oxide film does not
reflect light other than a diffuse reflection oéthh laser strobe light. The region surrounding theosepl

weld pool corresponds to the region of the weldlpaich is covered by the oxide layer. Although
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increasing the ramp down time increased the amolutime that the weld pool remained in the mo!
state, the oxide layer covered a large area ofviild pool surface preventing any hydrogen gas lag
that formed in the outer sections of the Dweld nugget from escaping the weld po
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Figure 4.14 Area fraction of porosityersus ramp down time.

PAW torch PAW torch

Fusion Fusion
boundary bOUndary
Exposed Exposed

weld pool

Figure 4.15Photographs of DSA spot welds taken using a L8#®be imaging system produced usir

2 kW welding power, 2 second weld time, and a rampn time of:a) 2 secondsh) 3 seconc
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Although the incomplete cathodic etching of thedexfilm on the top surface of the spot weld may
explain why the amount of gas porosity did not dase, it does not explain how the increase in ramp
down time caused an increase in porosity. As shimwRigure 4.9, bead-on-plate welds produced in
specimens that were degreased, deoxidized, andestsisteel wire brushed prior to welding were tbun
to contain little to no porosity. Therefore, th@rhation of porosity in the DSA spot welds must be

inherent to this particular application of the DSAMdcess.

4.2.3 Tensile-Shear Testing

Weld nuggets produced using a welding power of KM@ and 2.8 kW, and with a weld time of
3 seconds and 1 second, respectively, were usegatoine the strength and failure modes of the DSA
spot welds. DSA spot welds produced using a 1.9v&Ming power had a nugget diameter of 6 mm,
while nuggets produced using a 2.8 kW welding powead a nugget diameter of 10 mm.
Load-displacement curves for these specimens gen i Figure 4.16. All of the welds failed in tan
pullout failure modes, which is the preferred modidailure [76]. Figure 4.17 and Figure 4.18 iliage
the failure modes of welds produced using a 1.9ad 2.8 kW welding current, respectively. Thedarg
nuggets produced using a 2.8 kW welding powerdadliea higher load than the smaller nuggets pratiuce
using a 1.9 kW welding power. On average, weladslpced with a 1.9 kW welding power sustained a
maximum force of 1.96 £ 0.105 kN before fracturimgpile nuggets produced using a welding power of
2.8 kW sustained an average maximum load of 2.8&26 kN. All of the welds produced during this
study exhibited a ductile fracture surface, andenginthe fractures were observed to initiate afpih&ole
which exists at the centre of each nugget. The AVBS/ “Recommended Practices for Automotive
Weld Quality — Resistance Spot Welding” standaipusites that the average pulled button diameter fo
welds produced in 1 mm thick sheet must be no tlkas 4.3 mm [77]. The average pulled button
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diameter for nuggets produced with a welding powefet.9 kW was found to be 6.36 + 0.83 mm, and

7.03 = 0.75 mm for nuggets produced using a weldmger of 2.8 kW. Therefore, these nuggets would

be classified as acceptable spot welds based @smimsurement.

300 =

Load (kg)

Displacement (mm) Displacement (mm)

Figure 4.16: Load versus displacement curves fok B3t weld nuggets produced usiad1.9 kW

welding power and 3 second weld tin@2.8 kW welding power and 1 second weld time.
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Top sheet Bottom sheet

Figure 4.17: Button pullout mode fracture in a D§got weld nugget produced with a 1.9 kW welding
power and 3 second weld time.

Top sheet Bottom sheet

Figure 4.18: Button pullout mode fracture in a D§got weld nugget produced with a 2.8 kW welding
power and 1 second weld time.
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4.2.4 Weld Nugget Solidification

Since the previous experiments showed that crasokmg and the through-thickness hole at the
centre of the DSA spot welds could not be prevebtedltering the process parameters, it was balieve
that the defect was inherent to the solidificati@maviour of the spot welds. In order to bettataratand
this solidification behaviour, a Laser Strobe videmging system was used to record the formatiah an
solidification of a DSA spot weld. A series of speelds were produced using a welding current oA50
with a hold time of 2 seconds, and a ramp down tiamging from 1 to 4 seconds to identify any trends

associated with the solidification behaviour of tned.

The sequence of images in Figure 4.19 shows thdifszdtion sequence of a spot weld. Figure 4.19a
shows the initiation of the arc, which is the airedicated by the bright region of light. Once aldé arc
is established, a weld pool starts to form, as shimwFigure 4.19b. Evidence of cathodic etchinghaf
surrounding oxide may also be seen. The weld pasla dark, glassy appearance because the clean
molten metal surface readily reflects the incidigtit away from the camera. The nugget continges t
grow in size as more energy is inputted into thekpi@ce until it reaches its maximum diameter, as
shown in Figure 4.19c. After a period of 2 seconlle arc current is gradually ramped down and the
brightness of the arc is reduced, as seen in Figja®d. Figure 4.19e shows the state of the wedd at
the instant that the arc is shut off. After thddweycle is completed, the arc is turned off anel duter
regions of the weld pool start to solidify. Figudel9f shows the solidified weld pool with its
characteristic concave appearance. The dark regitire centre of the weld nugget is the concagmmne

around the pinhole which was not illuminated by ldser due to its shape.
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PAW torch

Shrinking

Figure 4.19: Solidification sequence of a DSA speld taken using a Laser Strobe imaging system
showing:a) arc initiation;b) weld pool formation and growtls) maximum weld pool sizal) decrease in
welding current and weld pool siz&);weld pool after arc shutoff) solidified weld pool.

Schematic diagrams are shown in Figure 4.20 thaiv shtransverse cross sectional view and a top
view of the solidification sequence of a DSA spa&ldv As shown in Figure 4.20a, the total volume of

the molten metal in the weld pool is greater thaat of the original solid due to the thermal expam®sf
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the solid, the increase in specific volume as tile gransforms to liquid, and the thermal expansod
the superheated liquid. While the weld pool idl stompletely in the molten state, the Gaussian-
distributed arc pressure creates a dimple at thizecef the weld pool, and the displaced moltenafnist
pushed outwards to the edge of the weld pool asrsho Figure 4.20a. Once the arc is extinguishieel,
weld nugget begins to solidify starting from theside. This initial solidification stage leavesdance

of the initial raised contour, and causes a trarndfenaterial from the inside of the nugget to tutside,

as shown in Figure 4.20b. As the molten weld metals and solidifies, there is a drop in the dixeci
volume of the metal as the atoms rearrange theesefiom a relatively open, amorphous liquid
structure, into a more tightly packed crystal dinoe. As the weld pool shrinks in size, cavities a
formed in the newly solidified metal which must fiked in with fresh molten metal to prevent the
formation of shrinkage porosity. In moving weltise advancing weld pool provides a continuous suppl
of fresh molten metal to the solidifying weld podflowever, this is not possible in stationary spetds.

As the weld nugget solidifies, it begins to takesoooncave shape which is susceptible to cratekicrg
because the reduced cross section cannot toldrateensile thermal stresses produced by weld metal
contraction on cooling [24]. As the weld nuggettiier solidifies, a disproportionate amount of iaju
has solidified in the expanded outer ring, therlaving an insufficient amount of liquid to fill ithe
centre, as shown in Figure 4.20c. As a resulinbgte and a crater crack form at the centre ofiingget

once the remaining liquid is exhausted, as showviigare 4.20d, and Figure 4.10d.
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b)

d)
Figure 4.20: Schematic diagramtbg solidification sequence of DSA spot wi showing:a) molten
weld pool;b) initial solidification with raised contour near thesion zone bounda; ¢) nearly complete
solidification and a shrinking supply of molten @iedt the centre of the nuggd) completely solidifiec

weld pool with a pinhole ancrater cracing.
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Overall, while the non-contact DSA spot weldinggess can be used to produce spot welds at a small
fraction of the welding current required to produesistance spot welds in the same material, thdswe
exhibit a number of defects which reduce theirrgitle and quality. The presence of oxide tailshat t
fusion zone boundary and hydrogen gas porositgismdental to the mechanical properties of the DSA
spot welds. In addition, the formation of cratesoks and solidification shrinkage at the centreaxh
weld is inevitable since the volume of metal tHairks upon solidification cannot be filled in byfrash

supply of molten metal.

4.3 Lap-Joint Configuration Seam Welds

Since there is no current literature on conductimde DSAW seam welding of aluminum sheet in
the lap-joint configuration, a series of experingemas performed on overlapping 1 mm thick AA5182
sheet to determine the optimal range of weldingditams. The mechanical properties of the weldsewe
analyzed using micro-hardness and tensile testse rhicrostructure of the weld was examined using

metallographic analysis.

4.3.1 Range of Suitable Welding Conditions

Photographs of the top weld bead and bottom wedtl roduced using a total welding power of
3 kW and at welding speeds between 15 mm/s andm rare shown in Figure 4.21 and Figure 4.22,
respectively. At low welding speeds, excessive lmgaut produced centreline cracking in the weldde
as shown in Figure 4.21a and Figure 4.22a. Higledding speeds resulted in smooth weld beads with

excellent cathodic cleaning, and the weld width wlaserved to decrease with increasing welding speed
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e) f)
Figure 4.21:Photographs showing top weld bead appearance -joint configuration DSA welc.
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e) f)
Figure 4.22Photographs showing bottom weld bead appeararlapjoint configuratior DSA welds.
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The weld bead exhibited a beneficial columnar-eqdagrain transition, as shown in Figure 4.23,
which is known to reduce the risk of solidificatioracking and improve mechanical properties [430] [
This grain structure was also observed by Kwon\Wesitkman [45] and Moulton and Weckman [46] in

their studies of DSAW of aluminum sheet.

Figure 4.23: Photograph of a bottom weld bead yred at a total welding power of 4 kW and a welding

speed of 40 mm/s.

Figure 4.24 shows a series of transverse cros®seadf welds produced at a welding power of 2 kW
and welding speeds of 10, 15, and 20 mm/s. Thel \webl in each case exhibits a symmetrical,
hourglass profile. Comparing Figure 4.24a andighdr welding speeds produced a more pronounced
hourglass profile and a narrower weld bead. Asviledding speed was increased further, there was
insufficient heat to melt through the entire thieka of the sheet and a partial penetration weld was
produced as shown in Figure 4.24c. This weld whdalassified as an unacceptable weld because ther
was no fusion between the two sheets. All of tleds show minimal angular thermal distortion as a
result of the symmetry of the DSA welding process.addition, there was minimal sag or drop-through

since the surface tension forces in the molten welol were strong enough to counteract the force of
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gravity. In many cases, there was evidence ofdgein gas porosity in the welds and an entrainedieoxi

film extending from the interface between the tweets at the edge of the weld pool.

b)

c)
Figure 4.24: Transverse cross sections of welddymed at a total welding power of 2 kW and welding

speeds ofa) 10 mm/sp) 15 mm/s;c) 20 mm/s.

A series of welds were produced using welding pewar2 kW, 3 kW, 4 kW, and 5.1 kW, and a
range of welding speeds from 5 mm/s to 75 mm/sneérements of 5 mm/s, to generate a process map.

Additional welds were not produced at welding pavgreater than 5.1 kW since the welding voltage
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was observed to exceed th#4 V capability of the power supply which would satthe power supply to

shut down. The range of welding conditions whicbduced visually acceptable, full penetration welds

is shown in Figure 4.25. Blowholes and centertirecking were seen in welds produced with excessive

heat input. Insufficient heat inputs produced sfigial welds without any fusion between the shedts

general, the welding speed that could be used t@®migually acceptable welds increased with welding

power. Also, as the speed was increased for d fivedding power, the width of the weld bead decedas

due to the decreasing heat input per unit distafite maximum welding speed which produced visually

acceptable, full penetration welds was found to76enm/s at a total welding power of 5.1 kw. All

welds were found to exhibit excellent cathodic olag on both sides of the weld bead.
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Figure 4.25: Range of visually acceptable weldiagditions for producing lap-joint configuration sea

welds.
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4.3.2 Oxide Tail Defects

Oxide tails were previously encountered by Howetr@l. [53] when producing lap-fillet welds made
in AA5182 using a diode laser. In their study,sth@xide tails were attributed to undisturbed cehier
oxides on the surface of the aluminum sheet thateweft in place because the fluid flow in the
conduction-mode diode laser weld pool was too gqeiesto disrupt the films during welding. These
entrained oxides were found to reduce the weldatraeiad the resulting joint strength. Oxide taits also
frequently encountered in castings, and are knaspifdm defects [59]. The bifilm defect is prodactin
aluminum and other metal castings when an oxide fidlds back onto itself due to surface turbulence,
contraction of a liquid surface, or the separatiod rejoining of a metal stream. The resultingogc-
ceramic interface is unbonded and can appear asalh srack as shown in the Figure 4.26a. In the
presence of a hydrogen rich environment, the bifiltts as an excellent nucleation site for hydraggesn
porosity as shown in Figure 4.26b. The schematigrdm can be compared against Figure 4.27, which
shows a typical example of an oxide tail which egtéto the weld metal and provide a nucleatiompoi
for hydrogen gas pores in the region near the fustme boundary in a DSA seam weld produced using a

2 kW welding power and a 10 mm/s welding speed.

Figure 4.26: Schematic diagram of common bifilmedts showinga) a newly formed bifilmp) gas
porosity trapped in a bifilm (taken from Casting$ed by J. Campbell [59]).
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Figure 4.27: Photograph of oxide tails at the fadioundary in a DSA seam weld produced using a 2 kW

welding power and 10 mm/s welding speed.

In the case of lap-joint configuration aluminum dial, an oxide-oxide interface is formed when the
two sheets to be welded are clamped together.eSiecoxide has a melting temperature of 2072°(; [78
it is very difficult to eliminate the oxide tailsnoe they have formed. Howadd al. [53] found that
removing the thick oxide layer prior to welding vegd the length of the oxide tails in diode laggr- |

fillet welds of AA5182 sheet.

To determine whether the thickness of the pre-exjstxide layer played a role in the formation of
oxide tails during DSAW of aluminum sheet, a sewédap-joint configuration welds were produced
using five different cleaning techniques, which smenmarized in Table 4.3. Welds were producedgusin
a total welding power of 2 kW and a welding spee@@®mm/s, since these welding conditions had been

shown to produce good quality welds with minimatqsaty in a previous experiment.
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Table 4.3: Summary of cleaning techniques usecterchine effect of specimen cleaning on oxide tail

length.

Test # 1 2 3 4 5
Cleaning | - as - degreased with| - stainless | - degreased with| - degreased with
Procedureg received| acetone steel wire acetone acetone

- degreased with| brushed - degreased with| - degreased with
methanol methanol methanol
- stainless steel | - immersed in NaOH

wire brushed for2 min. @ 70° C

- immersed in HNG@
for 1 min.

- stainless steel wire
brushed

The effectiveness of the different cleaning techagjwas determined by measuring the total length of
the oxide tails in six cross-sections from eachcepen. The results of the experiment are shown in
Figure 4.28. The specimens that were welded idégeeased and as-received condition had a vedly thi
oxide layer which was not completely melted. A®sult, these two specimens had very long oxidg tai
and very little fusion between the two sheets. ingtas steel wire brushing resulted in a signiftcan
decrease in the oxide tail length. Degreasingwine brushing the specimens prior to welding furthe
reduced the oxide tail length. Finally, using thk cleaning procedure consistently produced sbgitle
tails. Based on these results, it is believed #lainating the thick oxide layer prior to welding
necessary in order to produce welds with fewer @xals. In addition, degreasing the specimerasis
important since hydrogen gas porosity often nuekain the oxide tails and can also expand any
entrained oxides. As shown in Figure 4.29, theraye area fraction of porosity was also found to

decrease with increasing specimen cleanliness.
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Figure 4.28: Relationship between specimen preirigaand oxide tail length.

The AWS D8.14M/D8.14:2000 Specification for Autoimvet and Light Truck Components Weld
Quality — Arc Welding states that “the total lengfhmperfections in any cross section should xoted
0.2 times the metal thickness” [70]. For 1 mnchisheet, the oxide tails in the welds should bennoe
than 0.2 mm in length for the welds to meet thdijugequirements specified by the AWS. Many of th
seam welds contained oxide tails that exceedechth2n length, regardless of welding power or weddin

speed.
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Figure 4.29: Area fraction of porosity in DSA seamelds produced using difference specimen

4.3.3 MathCAD Simulation Results

Kwon and Weckman [45], [79] demonstrated that aaldital thermal model of the DSAW process
could be used to predict the size and shape ofumiioth mode bead-on-plate DSA welds in thin AA5182
sheet. This model was solved using MathCAD l14vwsi to determine whether the analytical thermal
model could be used to predict the size and shipenaluction-mode lap-joint configuration DSA seam
welds. All calculations were based on a sheekiti@ss of 2 mm and with infinite length in the x and
directions. A summary of the constant thermoplalsicaterial properties is given in Table 4.4 An ar
width ranging from 0.00145 m to 0.00165 m and anedficiency ranging from 0.325 to 0.38 was used,

depending on welding power and welding speed.
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Table 4.4: Summary of constant thermophysical ratproperties for the AA5182-0 alloy.

T (K) | Tone (K)

[ Toor (K) | Ke(WIMK) | GIKgK | (Mg/n)

850 | 906

| 295 123 | 904 | 265

Figure 4.30 compares the weld width for the top battom weld beads predicted by the analytical

thermal model with the measured values. As theliweglspeed was increased, the arc efficiency wss al

increased in the analytical thermal model to actdanthe reduction in heat loss to the weldingléab

Kwon and Weckman [80] also noticed a similar trémdheir study of analytical thermal modelling of

conduction-mode DSAW.

Increasing the welding gp@eas also found to reduce the weld width, and

partial penetration welds were produced at suffityehigh speeds.
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Figure 4.30: Measured and predicted weld widthdprjoint configuration DSA seam welds produced in
1 mm thick AA5182-0 sheets using a 2 kW welding pow
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Overall, there was excellent correlation betweee predicted and measured values.

The arc

efficiencies and arc distribution coefficients usedeach welding condition are given in Appendix C

4.3.4 Mechanical Properties

Since the AA5182-O aluminum alloy had been annealsdi recrystallized prior to welding, it was

expected that the hardness would be consistenssatine base metal and weld metal. Indeed, previous

studies by Kwon and Weckman [45] and Moulton ancckean [46] found that the hardness across the

weld metal was approximately equal to the hardaessss the base metal and heat-affected zone (HAZ).

Figure 4.31 shows a microhardness profile of a wiedd was produced using a total welding power of

2 kW and a welding speed of 15 mm/s. As expedteimicrohardness across the base metal was very

similar to the microhardness across the weld. dititeon, there did not appear to be any softenimthe

HAZ.
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Figure 4.31: Vickers microhardness profile of lapsf configuration DSAW weld produced using a 2 kW

welding power and 15 mm/s welding speed.
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Tensile-shear tests were performed using weldsysext using a total welding power of 2 kW and a
welding speed of 10 mm/s and 15 mm/s. Stress/stiaives obtained from the welds produced using a
10 mm/s and 15 mm/s welding speeds are shown uréig.32a and Figure 4.32b, respectively. The
shear strength of O temper AA5182 has been measur&82 MPa, while the % elongation has been
measured at 25% [6]. In comparison, the averagarshtrength for seam welds was found to be
41 + 7.5 MPa and 32 + 1.9 MPa while the % elongatvas found to be 8.0 + 0.03% and 8.1 + 0.14%, at

a welding speed of 10 mmand 15 mm/s, respectively.

50 = 40 =
30 -
< T 4
o o
>3 >3
P o 20—
(%] (%]
o o
o n
10 =
— T T T 1 1
10 0 2 4 6 8 10
% Elongation % Elongation
a) b)

Figure 4.32: Stress (MPa) versus % elongationfplocseam welded AA5182 sheets produced using a 2
kw welding power and) 10 mm/s welding speeb) 15 mm/s welding speed.

All of the welds were observed to fail in the welgbtal, approximately 1 mm from the fusion zone
boundary as shown in Figure 4.33. This regionesponds to the location where oxide tails were

observed to form in transverse cross-sectionsceSime oxide-oxide interface is unbonded, the otads
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would act as incipient cracks and would act as»areleent fracture initiation points. In additiothe

brittle oxide layer would reduce the ductility tetweld metal and the corresponding % elongation.

Figure 4.33: Fractured tensile specimen produced wi2 kW welding power and a welding speed of

10 mm/s.

4.4 Fluid Flow in the DSA Weld Pools

The flow of molten metal in a conventional singte eeld pool is the result of the complex interplay
between Marangoni forces, Lorentz forces, and booydorces acting on the molten metal in the weld
pool [44], [50]. The strength of these differeotdes and the resulting fluid flow can affect tmegerties
of the weld such as the shape of the weld pooldisigibution of alloying elements, and the distitibn
of gas porosity and other defects [50]. The fliliidv in the weld pool can also disrupt the oxideemx
layer, or bifilm, at the joint interface of DSAWam@ welds provided it is sufficiently strong. Sirtbe
joint interface is not in contact with the arc, thiéilm cannot be removed by cathodic cleaning, and
therefore, fluid flow in the molten weld pool isetfonly way to limit or even prevent the formatioh o

oxide tails.
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In order to better understand the fluid motiondp-joint configuration DSA weld pools, a series of
welds were produced between 1 mm thick AA5182 anthithick AA6111 at a welding power of 2 kW
and at welding speeds of 10 mm/s and 15 mm/s. eTbesditions were used since they had previously
been found to produce good quality, full penetrativelds in the lap-joint configuration between
overlapping 1 mm thick AA5182 sheets. Each alloyuld produce a different response to chemical
etching due to the difference in magnesium cont@wing the effects of fluid motion to be visuadd.
Within this series, one set of welds was produceglacing the AA5182 sheet above the AA6111 sheet,
and another set of welds was produced with the AA6dheet above the AA5182 sheet. This was done
to determine whether the small difference in densittween the two alloys could be used to incréase

buoyancy driven fluid flow in the weld pool and ue@ the formation of oxide tails.

Figure 4.34 shows photographs of a set of the weklls produced with the AA6111 sheet placed
above the AA5182 sheet. Figure 4.35 shows phopbgraf a set of welds produced with the AA5182
sheet placed above the AA6111 sheet. All weldsbited excellent cathodic cleaning on both sides of
the workpiece. Although all welds were producetbgeneously, the weld bead produced in the AA6111
alloy was free of cracking. The weld shown in Fad.34c and Figure 4.34d was a partial penetration

weld. All other welds were full penetration welds.
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c) d)
Figure 4.34: Photographs of welds produced betweam thick AA6111 and AA5182 using 2 kW

welding power and welding speeds &);b) 10 mm/s welding speed),d) 15 mm/s welding speed.

Figure 4.36 shows two transverse cross sectioma fle weld shown in Figure 4.34a, where the
slightly higher density AA6111 alloy sheet was bie top and the less dense AA5182 sheet was below.
The darker regions represent the microstructuri@fAA6111 alloy while the lighter regions represen
the microstructure of the AA5182 alloy. From Figut.36a, it is apparent that the denser AA611lyallo
has been pulled downwards by gravity and the lessel AA5182 alloy has been displaced to the top of
the weld pool. The overall appearance of the vwaldl suggests that a bulk movement of fluid has

occurred as opposed to a stirring action betweertwio alloys. The region closest to the fusionezon
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shows virtually no mixing and consists mostly of 3¥82 alloy. Short oxide tails are also apparent in

this region.

c) d)
Figure 4.35: Photographs of seam welds produceuddaet 1 mm thick AA5182 and AA6111 using 2 kW

welding power and welding speeds &);b) 10 mm/s welding speed),d) 15 mm/s welding speed.

The cross section shown in Figure 4.36b also shsiwidar movement, but a mild swirling pattern can
also be seen in the left corner of the weld p@dthough the force of gravity has pulled a largeksst of
AA6111 alloy towards the bottom of the weld pooluash of the AA6111 alloy is interspersed with
AA5182 alloy. This suggests that there are otberes in the weld pool strong enough to countetiaect
force of gravity and keep the denser alloy at thedf the weld pool and push the less dense AA5182

alloy towards the bottom. However, since the wmdl does not display a homogeneous microstructure,
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the forces in the weld pool and the resulting flilidv and mixingis considered to be quite weak. In fe
the fluid flow appears to be overpowered by the buoyancy forckydfogen gas pores which he
nucleated along an oxide tail and caused it td flipavards in the area closest to the fusion zaapping

a layer of AA6111 alloy at the top of the weld be.

b)
Figure 4.36: Two cross sectionoka «eam weld produced between 1 mm thick AA6111 and 18%

shee¢s with a 10 mm/s welding spe.

Figure 4.37 shows twtransverse cross sects from the weld shown ifrigure 4.35, where the
slightly less dense AA5182 alloy was pla@bove the more dense AA6111 shelkither of thecross
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sections shown in Figure 4.8lfsplayed any mixing between the two alloys. The denser AX64lloy
has remained at the boitn of the weld pool while the less dense AA5188yahas remained at the top
the weld pool.This suggests that the weld pool is very quiesetht very little fluid flow. However, the

oxide tails are quite shorlthough there is very little mixir.

b)
Figure 4.37 Two cross sections of a seam weld produced bet@eem thick AA5182 and AA611

sheets with 2 kW welding power and a welding speeda) 10 mm/s}p) 15 mm/s.
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There appears to be a minor amount of mixing atiiterface between the two alloys in the cross-
section of the weld pool shown in Figure 4.37b. widger, this movement appears to be caused by the
movement of the oxide tail which may have beenairilsy the buoyant nature of the hydrogen gas pores
that have nucleated along the oxide tail. Thelswimotion of this oxide tail has displaced sonfi¢he
AA5182 alloy into the bottom of the weld, and cadria small amount of AA6111 alloy into the top half

of the weld.

As discussed in Section 2.1.3, Marangoni forcesehtz forces, and buoyancy forces are the three
main forces that can drive fluid flow in a weld phodvarangoni forces and Lorentz forces are typycal
dominant over Lorentz forces, and buoyancy forecescansidered to be the weakest of the three dyivin
forces in an arc weld pool. Since the two alloysrevnot stirred together to produce a homogeneous
microstructure, there does not appear to be ary elddence of strong Marangoni convection or Ltren
force driven fluid flow. The absence of Marangaeonvection may be explained by the presence of a
solid, immobile aluminum oxide layer on the weldfage. Even though rigorous cleaning of the
pre-existing oxide had been performed and cathddaning had been used, an aluminum oxide layer can
form when exposed to even trace amounts of oxygenezen a monotomic layer of oxide on the weld
pool surface would dampen Marangoni flow in alunminwelds. Lorentz forces also do not contribute to
fluid flow in the DSA weld pool because the welditgrent travels straight through the workpiecesin
the welding specimen is not part of the weldingwil;, and the resultant Lorentz force always acthe
radial direction. If the workpiece was part of thelding circuit, the welding current would no larg
travel straight through the welding specimen ane thsultant Lorentz force could act in several
directions to create a stirring motion in the wptbl. Although a weak buoyancy force was induged i
the weld pool when the denser AA6111 sheet waseglabove the less dense AA5182 sheet, this force

was not strong enough to produce a homogeneousositiop in the weld pool. Similar behaviour was
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also observed by Howaret al. [53] during a study of conduction-mode high-powerde laser welds
produced in AA5182 in the lap-fillet configuratiorOverall, the minor amount of fluid motion obsedve

in the weld pools appears to have had little effecoxide formation. However, the presence offgass

on the oxide tails did appear to influence theirvement and growth. Since the gas pores have a

tendency to float upwards, they can easily pull fumther enlarge the neutrally buoyant oxide tails.

Overall, the DSA weld pools observed in this studye found to be very quiescent. Buoyancy forces
brought about by small differences in density doaifferences in composition were found to be the
primary driver of fluid flow in DSA weld pools fored between dissimilar alloy sheets. This shows tha
the buoyancy force in the weld pool can be affedigdsmall differences in density due to a slight

variation in composition, but is incapable of briegkup the thin oxide layers between the two sheets
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Chapter 5: Summary and Conclusions

The main purpose of this study was to examine #asibility of producing lap-joint configuration
seam and spot welds in thin AA5182 sheet usingditble-sided arc welding (DSAW) process. In
addition, identifying methods for reducing hydroggas porosity and characterizing the fluid flow in

DSA weld pools were also studied.

5.1 Effects of Specimen Pre-cleaning on Hydrogen Ga s Porosity

The surface of the 1 mm thick AA5182-O aluminumetheésed during this study was saturated with
rolling lubricants and possessed a very thick, aiatt aluminum oxide layer that could not be congtyet
removed by degreasing and stainless steel wirdhimuls Therefore, more aggressive cleaning techasiqu
were studied to determine their effect on gas ptyrdsrmation. Deoxidizing the specimens in a 5%
sodium hydroxide solution and desmutting them mitdc acid solution was found to significantly rexe
the amount of gas porosity in welds. Welds produnespecimens that were power wire brushed padior t
welding were found to contain slightly more porgsihan welds produced in specimens that were
manually wire brushed prior to welding. The md&aive technique for reducing weld porosity used
combination of degreasing, deoxidizing, and desmuitfollowed by manual wire brushing just prior to
welding. Ensuring specimen cleanliness was foonblet a critical step towards producing good quality
welds with minimal porosity.

The effects of shielding gas flow and turbulencéhm gas plume on hydrogen gas porosity were also
studied. When high shielding gas flow rates wesed,welds produced using a short torch-to-worlkpiec
distance were found to contain more gas porosdy thelds produced with a longer torch-to-workpiece

distance. With a longer torch-to-workpiece diswrbe shielding gas plume was wider and would have
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possessed lower kinetic energy near the weld pbathwvould reduce the risk of mixing room air into
the gas plume. Although increasing the torch-tokpice distance was found to reduce porositylsit a
has the undesirable effect of reducing the proefigsency and increasing the torch voltage.

Another method which can improve the distributidrsloielding gas is to promote more laminar flow
in the shielding cup. The original shielding cap the top Thermal Arc torch was modified by repigc
part of the conical section with a straight sectiomeduce gas velocity, and by inserting a gasden
promote more laminar flow. Welds produced usirgriodified shielding gas cup were found to contain
only trace amounts of gas porosity, provided thaytwere fully cleaned prior to welding. Overatklds
produced using the modified shielding cup with #eermal Arc torch, a shielding gas flow rate of

10 Ipm, and a torch-to-workpiece distance of 2 menaxfound to contain the least amount of porosity.

5.2 Feasibility of Spot Welding using the DSAW Proc  ess

The feasibility of using the DSAW process to progluspot welds in thin aluminum sheet was
investigated to determine whether DSAW could bedwss an alternative to RSW. Visually acceptable
welds of sufficient diameter were produced usingetding current as low as 50 A and a weld timerd o
second. These defects were found to reduce thegskr and quality of the DSA spot welds. All of the
welds produced during this study exhibited cratacking, solidification shrinkage cracking, andsime
cases, solidification shrinkage porosity. By obsey the formation and solidification of the weldgd
using a laser strobe imaging system, it was detexthihat these defects were a characteristic of the
solidification behaviour of the welds. In the ahse of a fresh supply of molten metal, any cavities
caused by solidification shrinkage remained urdille Hydrogen gas porosity and aluminum oxide

entrainment were also present in the welds.
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5.3 Feasibility of Seam Welding using the DSAW Proc  ess

The feasibility of using the DSAW process for threguction of lap-joint configuration seam welding
was investigated by determining the range of wejgiowers and speeds which would produce visually
acceptable welds between 1 mm thick AA5182 sheAtxeptable welds were produced using welding
powers ranging from 2 kW to 5 kW, and welding spgeeahging from 10 mrs to 70 mms, which
corresponds to a heat input ranging from 78nd to 203 Jnm. Insufficient heat inputs resulted in welds
with insufficient fusion between the sheets, whircessive heat inputs created blowholes in the
workpiece. All welds were found to exhibit excelleeathodic cleaning on both sides of the workpiece
and a beneficial columnar-equiaxed grain transitisfarying amounts of oxide entrainment were seen i
the transverse cross-sections of the welds.

No correlation appeared to exist between the wglgerameters and the oxide tail length. The oxide
tails were reduced in length, but not eliminated daning the specimens using a combination of
degreasing, deoxidizing, and manual stainless stgel brushing. Microhardness testing revealed tha
there was no significant change in hardness adhesbase metal, heat affected zone, and fusion. zone
The shear strength and % elongation of the O-terlnpse metal was observed to be at least three times
greater than the shear strength and % elongatidheofvelded specimens. All of the specimens were
observed to fail in the weld metal, approximatelynin from the fusion zone boundary. In transverse

cross-sections, this region corresponds to thewaneae oxide tails were observed to exist.

5.4 Fluid Flow and Oxide Entrainment in DSA Weld Po ols

A series of welds were produced between AA5182/#6111 sheet to determine whether any fluid
flow exists in the DSA weld pool. The differencedomposition would produce a different response to

chemical etching and allow any fluid motion in tleld pool to be easily visualized. When the slight
112



denser AA6111 sheet was placed on top of the AASI8et, the resulting weld showed some minor
swirling in the weld pool as a result of the diffieace in density between the two alloys. Howewues, t
microstructure of the weld was comprised of didtipockets of AA5182 and AA6111, rather than a
homogeneous microstructure which suggests thdtutieflow was weak. Another series of welds were
produced by placing the less dense AA5182 she¢ébpof the AA6111 sheet. The welds produced in
this condition were found to be stagnant and tlaa® no interaction between the two alloys. Ovethd
DSA weld pool produced between dissimilar aluminalioys was observed to be very quiescent, and
only weak buoyancy driven fluid flow was found tdas when the difference in density was able toalri

fluid flow.
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Appendix A — ANOVA Results from Cleaning Experiment s

General Linear Model: % Porosity versus Degreadirgpxidizing, ...

Factor Type Levels Values
Degreasing fixed 2 no, yes
De-oxidizing fixed 2 no, yes
Wire Brushing fixed 3 no, manual, auto

Analysis of Variance for % Porosity, using Adjusted SS for Tests
Source DF SeqSS AdjSS AdjMS F P
Degreasing 1 10.0499 10.0499 1 0.0499 29.62 0.000
De-oxidizing 1 18.9939 18.9939 1 8.9939 55.98 0.000
Wire Brushing 2 17.0457 17.0457 8.5229 25.12 0.000
Degreasing*De-oxidizing 1 3.0423 3.0423 3.0423 8.97 0.004
Degreasing*Wire Brushing 2 3.4674 3.4674 1.7337 5.11 0.009
De-oxidizing*Wire Brushing 2 8.8777 8.8777 4.4388 13.08 0.000
Degreasing*De-oxidizing* 2 4.0702 4.0702 2.0351 6.00 0.004
Wire Brushing

Error 60 20.3569 20.3569 0.3393

Total 71 85.9041

S=0.582479 R-Sq=76.30% R-Sq(adj) = 71.96%

Term Coef SE Coef T P
Constant 0.91763 0.0 6865 13.37 0.000
Degreasing

no 0.37361 0.0 6865 5.44 0.000
De-oxidizing

no 0.51362 0.0 6865 7.48 0.000
Wire Brushin

no 0.67922 0.0 9708 7.00 0.000
manual -0.43506 0.0 9708 -4.48 0.000
Degreasing*De-oxidizing

no no 0.20556 0.0 6865 2.99 0.004
Degreasing*Wire Brushin

no no 0.30680 0.0 9708 3.16 0.002
no manual -0.19395 0.0 9708 -2.00 0.050
De-oxidizing*Wire Brushin

no no 0.49639 0.0 9708 5.11 0.000
no manual -0.23602 0.0 9708 -2.43 0.018
Degreasing*De-oxidizing*Wire Brushin

no no no 0.33093 0.0 9708 3.41 0.001
no no manual -0.11391 0.0 9708 -1.17 0.245

Unusual Observations for % Porosity

Obs % Porosity  Fit SE Fit Residual St Res id
13 6.20927 3.82376 0.23780 2.38551 4. 49 R
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19 2.61007 1.38996 0.23780 1.22010 2.
25 2.04908 3.82376 0.23780 -1.77468 -3.

R denotes an observation with a large standardized

Least Squares Means for % Porosity

Degreasing Mean SE Me
no 1.2912 0.097
yes 0.5440 0.097
De-oxidizing

no 1.4312 0.097
yes 0.4040 0.097
Wire Brushin

no 1.5969 0.118
manual 0.4826 0.118
auto 0.6735 0.118
Degreasing*De-oxidizing

no no 2.0104 0.137
no yes 0.5721 0.137
yes no 0.8521 0.137
yes yes 0.2360 0.137
Degreasing*Wire Brushin

no no 2.2773 0.168
no manual 0.6622 0.168
no auto 0.9342 0.168
yes no 0.9164 0.168
yes manual 0.3029 0.168
yes auto 0.4127 0.168
De-oxidizing*Wire Brushin

no no 2.6069 0.168
no manual 0.7602 0.168
no auto 0.9267 0.168
yes no 0.5868 0.168
yes manual 0.2050 0.168
yes auto 0.4202 0.168
Degreasing*De-oxidizing*Wire Brushin

no no no 3.8238 0.237
no no manual 1.0315 0.237
no no auto 1.1760 0.237
no yes no 0.7308 0.237
no yes manual 0.2930 0.237
no yes auto 0.6924 0.237
yes no no 1.3900 0.237
yes no manual 0.4889 0.237
yes no auto 0.6774 0.237
yes yes no 0.4429 0.237
yes yes manual 0.1170 0.237

yes yes auto 0.1480 0.237
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Appendix B — Comparison of the Average Area Fractio

n of Porosity

in DSA Spot Welds Produced using a Ramp Down Time

Observation| 0 sec ramp | 2 sec ramp
down time down time
1 3.478001 4.255902
2 3.459668 4.519344
3 1.282572 4.509655
4 0.937433 1.689864
5 0.231277 4.559667
Mean: 1.87779 3.906886
STDEV 1.501047 1.245146
alpha: 0.05
HO: avgl = avg2
v (DOF): 9.669893 9

Reject HO if: T0*>2.262, or T0*<-2.262

TO*:

| -2.326452

TO* lies outside the range of acceptance
therefore reject HO

CONCLUSION: avgl not equal to avg2

Observation| 4 sec ramp | 10 sec ramp
down time down time

1 3.255679 3.04642

2 5.493976 3.439854

3 4.796369 3.332195

4 5.676361 5.118961

5 5.164395 4.713299

Mean: 4.877356

STDEV: 0.96662 3.930146

alpha: 0.05

HO: avgl = avg2

v (DOF): 9.9784569

Reject HO if: T0*>2.262, or T0*<-2.262

TO*: |

TO* lies inside the range of acceptance,
therefore can't reject HO

CONCLUSION: avgl equal to avg2

116

Observation| 2 sec ramp| 4 sec ramp
down time down time
1 4.255902 3.255679
2 4519344 5.493976
3 4.509655 4.796369
4 1.689864 5.676361
5 4.559667 5.164395%
Mean: 3.906886 4.877356
STDEV: 1.245146 0.96662
alpha: 0.05
HO: avgl = avgR
v (DOF): 9.4209179
TO*: | -1.37666 |

TO* lies inside the range of acceptance,
therefore can't reject HO

CONCLUSION: Awgual to avg2

Observation| 2 secramp| 10 sec ramp
down time down time
1 4.255902 3.04642
2 4.519344 3.439854
3 4.509655 3.33219%
4 1.689864 5.118961
5 4.559667 4.713299
Mean: 3.906886
STDEV: 1.245146 3.930146
alpha: 0.05
HO: avgl = avgP
v (DOF): 8.30652 8

Reject HOT0*>2.306, or T0*<-2.306

TO*: |

TO* lies outside the range of acceptance)
therefore reject HO

CONCLUSION: avgt egual to avg2




Appendix C — Arc Efficiency and Arc Distribution Va lues used in

the Analytical Thermal DSAW Model

Welding Power

Welding Speed

Top Torch Arc Efficiency (%)

Top Torch Arc Efficiency (%),

(kW) (mm/s) Arc distribution (m) Arc distribution (m)
10 0.325, 0.0015 0.325,0.00145
2 15 0.33, 0.0015 0.33,0.00145
20 0.33, 0.0015 0.33,0.00145
20 0.33, 0.0016 0.33,0.00155
25 0.335, 0.0016 0.335,0.00155
3 30 0.345, 0.0016 0.345,0.00155
35 0.35, 0.0016 0.35,0.00155
30 0.32, 0.00165 0.32,0.0016
35 0.33, 0.00165 0.33,0.0016
4 40 0.33, 0.00165 0.33,0.0016
45 0.35, 0.00165 0.35,0.0016
50 0.36, 0.00165 0.36,0.0016
55 0.34, 0.0017 0.34,0.00165
51 60 0.35, 0.0017 0.35,0.00165
65 0.35, 0.0017 0.35,0.00165
70 0.38, 0.0017 0.38,0.00165
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