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Attempts to :mprove arc stablhty and weld bead characterlstncs (eg g

penetratlon) for weldmg ferrous and non ferrous alloys wnth the Gas Metal :
C -

Arc -Weldmg (GMAW) process have often mvolved mod:flcattons to the

shleldmg gas. In. thls present work, three dlfferent shleldmg gas mlxtures -

| _(pure argon, argon - 2% freon 12 (CClez) and argon - 2% freon llw
(CCI3F)) were studled usmg both electrode pOSltWe and electrode negaﬁve,d
'operatron wnth 16mm dnameter 5356 alummum w:re on~§086 alummum L

\I
., P ate

Regardless of the shleldmg gas, a. hlgh droplet frequency spray

v transfer was observed on electrode posmve, while a much Iower transfer '

frequencv (globular or gravnty transfer) was observed on electrode negatnve
" -bicause of the smaller current densnty gradlent (l e., the lower plasma Jetk
veloclty) caused by the lowering of heat mput to the anode durmg electrode

'negatlve operatlon ThlS lower heat mput to the anode caused a decrease in “

penetratlon and- produced a poorer weld profile

Comparmg the three shleldmg gas mnxtures, evaluatlon showed that an
‘ mcreased chlorme content m the shleldmg gas mcreased constnctlon of the.
| arc column, and therefore decreased fus1on wndth on both polarmes It

‘.was also found ‘that arc stabllnty and penetratlon |mproved due to an

A mcreasmg plasma jet veloclty as chIorme content mcreased and arc Iength

lncreased due to a lowermg of the total electrode voltage drop Although
."the current densnty gradnent is decreased due to a long arc length usmg“
,argon - 2% freon 11 gas ‘mixture, the plasma Jet veloclty |s mcreased
'conS|derably ‘to glve a hlgher droplet transfer frequency, and a hlgher-‘

veloclty and accel_eratlon of the drpple_t on both electrod_e polarltles. This ‘,is o

-l’ ! ."‘
: N
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belleved to occur because argOn - 2% freon 11 gas ‘has the. better ,phy%cal

propertles (| e, a lower“dynamlc vnscosnty and higher deﬁ\ty)
( R . ) . . ! . Y
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L G L Introducti

The Gas Metal Arc Weldin'g (GMAW) process is widely - used l‘or ’
weldmg alummum and its alloys because it provndes more el‘l‘iclent l‘illmg |
.. of a groove or _|omt than the gas tungsten arc weldmg (GTAW) process.
As a result, usmg-the vapproprlate s’h_leldmg gas, electrode,';and welding
conditions the GMAW process is utilized particmarly in high prod’uction'
welding operations‘ Normally the vast majority of GMAW applica

-requlres the use of dlrect current (DC) eléctrode posntlve polarity to

.achlth\a stable arc, smooth metal transfer, relatlvely low spatter loss, and N |

good weld bead characteristlcs for the entire range of weldmg currents .
used. Even though D.C. electrode pegative polarity gi.v’es. higher electrode
.melting rate than .D.C. electrode positive, D.C. eleCtrode negative is seldom
_ used because the arc becomes unstable and erratlc, and penetratlon is Iowe

" than that of D C. electrode posutWe

-

Other than type and polarlty of current shleldmg gas composition is '
the most lmportant varlable that mfluences arc stablllty and weld bead ‘
charwcteristics (eg penetratir‘n) Although the primary purpose of the
)

shieldmg gas in GMAW |s to protect the molten 'eld metal from

contammatlon and damage by the sur,roundmg atmosphere, improved, arc

' gtablllty and better weld bead characterlstlcs can’ be also obtalned'

- 'c.oncurrently by- mixing controlle_d quantities of reactive gases with an inert
gas suc_h as’ argon an.d _helium.' The co_mmon reactive._gases "include' ‘o:xygen,
, nitrogen', -and'carbon dioxide It is common practice in GMAW of ferrous
o alloys to add oxygen orwoxygen-bearmg gases such as carbon dnoxlde to an‘
-'mert gas fo create a shneldmg gas. The oxygen atoms affect arc stablllty .

| favourably, resultmg in lmproved metal transl'er characteristlcs even on

fﬂx.‘ 3



electrode negative polarityl. 'H‘osvever, oxygen additions cannot be used

- when- weldmg alummum because refractory oxldes form both at the surface

| and m the mterlor of the’ weld and therefore mhlblt proper metal transfer )

and deposutlon, and thus degrade the mechamcal propertles by creatmg

»

ﬂaws, mcomplete penetratlon and porosnty

Wlth this in mmd other oxldlzmg atoms such as chlorine have been :

" used in. the consumable electrode weldmg of alumlnum Chlorme,

N

_however, is ddficult to handle, and causes’ operator |llne9s because it “is

' hlghly tox1c " To avmd thlS problem, |t has been suggested that non- toxnc -
gases such as freons (contammg carbon, fluorme, bromme, and chlorme)‘

"could be used to replace chlorme ‘gas2-5. It has further beén reported that

| freons contammg hlgher numbers of chlorine atoms provided the most

|mprovements in arc’ characterlstlcsvon» both D.C. electrode polarltles6.

- Two freons were chosen for experimentat_i,on purpos’es-‘in this thesis,'_-,j

-project: freon 12 (CCI2F3) and freon 11 (C([ZI;;F).

The purpose of this p‘rOject was to compare the-effects of 'the various

freon addltlons to argon ‘with that of pure argon shleldmg gas on arc °

weldmg condltlons for both D.C. electrode polarltles usmg an argon - 2% ,

.freon 11 shleldlng gas mlxture and to evaluate the mechamcal propertles of

the resultlng weld metal deposnts. _



The gas metal art welding "(GM‘AW)_‘ process'is a method of 'we‘ld‘in‘g in .
"which an electr.ic.arc.- |s maintained.' betvveen a continuous fiIIer metal .
- (consumable) electrode and the work plece m a protected gas atmosphere

Shleldmg of the arc and molten weld pool is obtained entlrely from an
externally supplled gas or gas mlxture A | "
When GMAW was f‘rst developed shortly after the gas tungstcn arc

weldmg process, |t was orlglnauy lntroduced to". lndustry as a rapid method |
_ for the fusmn weldmg of alummum and alummum alloys usmg an mert gasﬂl
. for arc shleldmg As a result, the term MIG (Metal Inert Gas) was used

_and is st|II the most common reference for the process However, the users:
of thls process turned to gases ‘other than argon or helium. such as’ C()z and
,02 (partlcularly for ferrous metals) and/comed the t&m MAG (Metal Actlve
Gas) Therefore, the desngnatlon "gas metal arc weldmg" (GMAW) was |
eventually adopted for the process In addltlon to changes in the nature of'
Athe shleldmg gases employed type and - polarlty of current and power

‘ source desugn and performance have developed to permlt its appllcatlon to a

broader range of materlals

'Let u‘s#conSider- this process and attempt- to picture what' happ'ens i"n the

vvelding zone. Flrst the general physncs of thg arc is taken up from the

[
; experlmental pomt of vnew Thls ls followed by sections deallng wnth the

, effect of weldmg speed on weld metal ares in varlous atmospheres, and -

the transfer of metal across the arc. .

-
v
W

R
.

‘."J L



It js. commonly assumed that the total arc voltage is made up of three
'Separate and dlstmct parts the cathode potentlal drop, the potentlal drop in .

the arc, column and the anode potentlal drop: R

| v;-:vc+f‘\_",,+v; S L _‘.,,(1,)
A typlcal example |s shown in Flgure 1. There is a sharp drop of potentlal

v close to the electrodes and a gradual and approximately Imear fall in the arc -
: proper It is customary to determme the plasma potentlal gradlent from the;

. slope of the voltage-arc length curve. The anode - and cathode‘ potentlalv,v-]‘

" “drops may -reasonably be obtained by extrapolating this straight line -

(mlddle portlon) to each end. In such measurements, the electrode

| 'gotentlal drops are assumed to be mdependent of arc. length However, in

N hlgh current weldmg arcs -at atmospherlc pressure and relatlvely short

b iengths. this procedure may not be satlsl'actory, smce the electrode drops

depénd on’ the ‘electrode separatlon7’3

o O.l"se":'i'i_9 ._i‘lluSt’rat'ed. the ~slgni_ficance of the messured - v0ltage-arc length |
B characterist'icsfor GMAW-process as shown in Figure 2. The differences

~between the -calculated pl'asma‘ poten‘tial' drops, 'obtained by integr'ation of
' ‘the fleld dlstrlbutlons calculated l'rom measured temperatures, and thev

o measured total arc potentlals for dlfferent electrode separatlons are plotted

; as the sum of the cathode and anode potentlal drops The downward trend' o

':"ol‘ the measured total arc potential curve |s shown to be caused by changes’

in the electrode potentnal drop ‘'with the electrode separatlon in short arcs.
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- Extrapolation to zero ‘-length with constant s'lope' from points at lengths’
. greater than 40 mm glves a constant value for the Iong arc electrode-

. potentlal drops. L RN |

A number of mvestlgatlonslo 13 have studled the voltage-arc length

' icharacterlstlcs for the consumable alummum electrode arc weldmg
i processes at Val'IOIIS weldlng currents Results |n Flgure 3 show that as the.’
““weldmg current is decreased, the total arc potentlal at a glven arc. length
"and the sum of the anode and - cathode potentlal drops obtamed by
extrapolatmg the curve to zero arc length both decrease s:gmt‘icantly ‘As
expected the downward trend of the curve was observed in tshorter arc
'lengths -as in the GTAW process However, voltage gradnents measured in
the regnon_.of the arc m whnch the gradnent remamed constant ‘were found to
.be about 0.63 volts/mm t‘or any g|ven weldmg current The varnatlons in

the measured voltage gradlents could be explamed by the sensntmty of the

voltage-ampere characterlstlcs to sllght anges |n elect;ode materlal

:@ tentlal drop

Muller et al 12 mvestlgated the effect ot‘ electrode dlameter on the,

_geometry and to the mechamsm ot‘ the c

.voltage-arc length characterlstlc. Over the short range tested a shlft
: occurs m the curve, Flgure 4 w:thout a change of slope This may be due.

vto an mcrease in- anode drop wnthout any change in the arc column drop
’ ‘N

The arc column does appear to have the same physncal structure and

- dlmenswns in both cases However, a change in slope is expected. to occur .

if wire sizes are varled greatly because of changmg current densltles
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The potentla] drop in the arc is not uml‘orm, as |llustrated m Flgure 1.

- —
There is a sharp drop of potentlaL close. to the electrodes In the blmmedlate
v1cu_uty of the electrodes the gas can no longer exist at a high- temperature
 because of the cooling effect of the; electrodes The mamtenance of the

o Icurrent requlres a h|gh potentlal drdp so that the cathode and anode

‘potentlal drop reglons are formed

: Q C ' - : - . . . L7 ’ . ' ’
The electrons from" the column flow into the'anoﬂe potential drop
reglon%vhlch is.a very thm layer about l mlcrometre thlck adjacent to tl(e
" anode ‘However, as.they approach the. anode the temperature decreases and

therefore the densnty of posmve lOllS, produced by thermal lomzatlon, also

"'decreases, resultmg m a negatlve space charge whlch |s respons:ble for the |

vbut the voltage gr-adlent l8 very- steep Under the influence of thls steep. ;

voltage gradlent the electrons are accelerated, thereby gaining kmetlc_

10

Vo

E e anode potential drop. The potentlal drop in this reglon is only a few volts '

'energy which is then lost by colllslonshmth the anode This energy,'

_supplled when' the electron ‘stream - enters the anode over a very small area, ;

_ gives the characterlstlc mtense locahzed heat source that makes the arc soj-.z"

sultable for weldmg

Condltlons are. more comphcated at the cathode, for. there is the

~‘posslblhty of several processes operatmg snmultaneously, dependmg on. the |

-----

: type of arc A sxmpllﬁed model, pertammg to a thermlomc arc, would bea.»

. _that posltlve lons travellmg tg:rds the cathode are accelerated in the

collide wnth the cathode surfa“ce where they become neutrahzed and ‘give up |

[
Tm At

. '_,l'cathode potentlal drop reglon, thus acqulring kmetlc energy, “until they I
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’_ their ene'rgy-' of recombination; they '/"may also expend all or"‘part of - their

gl

- kmetlc energy, dependmg on whether they are absorbed by the cathode or .

'_,reflected from |t Part of the energy thus acqmred by the cathode is- then

remainder compensates for conductlon and radlatlon losses :

- used to supply energy equivalent to the work functlon energy, and the -

.The potentlal dlstrlbutlon m the arc |s generally measured by the use

of a probe Conradyl“ carrned out well-controlled ube measurements on_

»alummum electrode arcs, wnth currents varymg between 50 and 250A

L voltage between 32 and 45V, arc lengths between 6 and 24 mm, and 40 mm

elegtrode dlameter The values obtained by Conrady for anode and cathode
Ipotentlal drops are listed in Table 1 - The second . figure corresponds to
larger»_currents. The results showed the well-established .bfactf-» that’ the

cathode andj‘a'node potential drop va_ried, onl_y Aslightly.with the':c'ur'rent.» |

However, the use of the probe techmque for -the determmatlon of space ‘

potentlals m arcs at atmospherlc pressure is not entlrely Justlﬁed and can-

-~

eas:ly Iead to blased results® because the presence of a probe dlsturbs the

: -thermal equlllbrlum in the arc and requlres addltlonal electrical energy from

nthe source15 For thls reason Frettl6 measured the cathode potentlal drop,- :

'ﬁ'f--of alummum electrode arcs at atmospherlc pressure usmg an adaptatlon of

=

_ the method of Bertz and ‘Karrerl? called the sepa'ratlon method The )
' __‘.-.cathode potentlal drop obtame@by thls method at atmospherlc pressure was |

L1112 volts as llsted m Table 1. The cathode potentlal drops obtamed by the'

_probe method were hlgher than the values measured by the separat’lon o

method ‘because: it wo:ﬁld be physlcally |mpossmle to msert a probe at a o

-pomt where the cathode drop véould be measured

A

L .
<n ’ S



' Table 1. Cathode and Anode Potentlal Drops
Atmospherlc Pressure _ :

_INVESTIGATOR - -~ CATHODE
E POTENTIAL DROP
5 7 (Volts) -

Conrady . 14-13
Frett 12
CReN 145

of Aluminum Electordes .

. v ANODE
POTENTIAL DROP
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‘RolI8 mvest:gated the dependence of the totaL voltage (cathode and

anode drop) on the current and the arc Iength usmg weldmg arcs with

' alummum electrodes of 4 mm dlameter The arc Iength varied betweenkﬁ

_and 16 mm. The cathode drop showed a remarkable consnstency All‘ ’

values obtalned -were in the nelghborhood of 14 5V regardless of the

current, arc’ Iength or the composmon of the electrode | However, the

,'cathode drop is a functnon of the ionization' potentlal and the atomic wenght

of the metal in the cathode and further, it depends on the speclal features g

" of the energy level schemes in the atoms, whlch determme how they react"
'w1th the electrons, and how they radlate19 , The anode drop, on the other '

- hand, rlses wnth current and decreases wnth electrode dlameter as mentloned.

‘before by Muller et all2 .
S

- An increase in the speed of weldmg, keepmg current and arc voltage‘

constant, generally results |n decreased penetratlon However, an,'

unexpected effect |s that for a glven current and arc voltage there is an. |

v -optlmum weldlng speed below whlch penetratlon decreases due to the Iarge -

amount “of deposited metal ralsmg the Ievel of the Weld pool Tomlmson-

' 'and Slater20 showed that changes in weldmg speed reduce penetratlon, ’:
o _bead W|dth and remforcement when current and arc voltage are constant

'but have a much greater effect on the wndth of the weld bead than on the

'-helght of .the bead. or on penetratlon usmg bead-on plate tests wnth AL5% o

. '-Mg electrode wire and plate

When the weldmg speed 8. decreased the ﬁller motal deposmon per. |

umt length mcreases, anﬁ a Iarge, shallow weld pool is produced The



'weldlng arql“lmpn?ges on thls pool rather than the base metal a% the arc.

. advances. This limits penetratlon but produces a wnde Weld bead On the

~.other hand, as ‘le weldmg speed |s mcreased, the thermal energyv'"

g transmltted to the base metal from the arc |s decreased Therefore, meltmg .

of the base metal is slowed and occurs nearer td the surface of the base'-_ .

metal, thus, decreasmg penetratlon and bead wndth ‘As the. weldmg speed

is mcreased further, there |s 'a tendency- toward undercuttmg along the

edges of the weld bead This |s because molten metal is. pushed back and

-up mto an unstable configuratlon due to the force of the plasma Jet. ThlS o

: deprlves the edges of the weld bead of enough molten metal to fill the arc |

“cavity and at hlgh weldmg speeds the molten metal solldlfied fast enough to_, <

freeze the unfilled configuratlon, causmg undercuttmg

. L . ) . " i o . .
- o » . as . .
. . . . ' e @ . . ~
. . . . . A
. . v

L

“Since conslstent .arc behavnour is essential to produce even '

, penetratlon, regular bead shape and lack of defects such as undercuttmg‘

’and madequate fusmn, are stablllty has been one of more actlvely -v

mvestl_gated areas m.»weldlng research. Arc behavmur is -strongly"-' ,

vihfluenced by. the electron. emission characteristics of the metal or metals

used as base plates and electrodes, by the type and polarlty of current, by.’

»the power source desngn _and performance, and by the shleldmg gas ‘

composmon Tﬂe shleldmg gas composmon has a marked mﬂuence on the"

.powe\densny, arc voltage, and thermal efficlency of the weldmg arc.

r

~ Since the l950's, the inert gas-shielded arc weldmg processes ‘have

almost completely dlsplaced all others for weldmg alummum Durmg thls



' tlme, much has been wrltten concernmg the nature of the arc, in argon,

e hellum and mlxtures of argon -and helium21 -23, Little /a,s been pubhshed
. *
however, showmg the' effects of ~other shieldlng gas additlons such as

: oxygen, hydrogen, mtrogen, and halogens % argon
. _ 1

The devlelo.pm-en't' of‘ the inert gas- Shielded consumable electr'ode.
weldmg process has greatly increased the use of alummum alloys |n welded
'structures Unfortunately, welds made by thls process ‘can be porous.
‘ _Porosnty has’ been attributed to hydrogen |n the alumm}n-alloy plate and .

‘ __W|re, certaln types of oxide f'lms on the metal, |mpur ties in the shieldmg

7

gas, . and weldmg conditlons SR P , e ‘7;‘ f

CSim_pl-e cleaning_procedures prior to welding ca‘n elimina‘te the plate as

a sou’rce of contaminati()n The high standards of ptlrlty being- mamtamed '

'by the producers of inert™: shieldmg gases - have largely ehmmated this

source of unsoundness in aluminum alloy welds. leemse, manufﬂcturmg, L

‘a

‘ techmques are now such that, in general, coyimerclal alummum products do

. not contam sufficlent hydrogen‘ to make a substantlal con~tr|but|on to

porosity. Fmally, lmprovements in the. power sources and in the GMAW

equlpment have done much to ellmlnate unsoundness arlsmg from arc

: _mstabllity The greatest source of porosnty is hydrogen formed by the N

reactlon of water vapor with molten alummum

) ov‘er‘ the years, many experiments have been"carried out to evaluate the

. effect of shielding”gas composition_ using argon, helium and mixtur,es of

. both.  The results showed: that the use of a h'elium-argon mixture shielding ...

gas reduces porOSity24v35.‘ Several _expla’nationsv for this have been
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proposed. Durlng the weldmg operatlon, metal flow |s better and oxide

: : X
removal proceeds more. satlsfactonly than m elther helnum or argon “alone.

In additlon, the hehum argon atmosphere produces stable, spray type metal

16

transfer. Wlth the smooth arc, there is less c"hance for porosuty and other -

flaws to form S ' , A';g -'

urth.- studies . have revealed that oxygen and chlorme addmons to

shleldmg gas reduce poroslty and enhance performance whereas mtrogen

and hydrogen addltlons mcrease weld porosnty2 However, oxygen'

addmons cannot be used when weldmg alummum because refractory ox:des R

i form, both at the surface and in the mterlor of the weld and thereforel_ _

mh|b|t proper metal transfer and deposntlon, and degrade the mechamcal

5 propertles by creatmg flaws, mcomplete penetratlonsw porOS|ty

AR

The next section will dlscuss ‘the effect on arc stabllity of addltlons of

'chlorme and other halogen gases to argon N

In non consumable electrode weldmg, Matchett and Frankhouser3 o

Zircaloy-2 mcreased penetratnon. Their studies also showed that the freon |

addition‘s”'did not affect. the corrosiom resistance or the mechanical

propertles of the weld metal In plasma wélding processes, traces of freo'n

' gases contammg fluorlne and chlorme also mcreased penetratnon“ m

" Zircaloy-2. As mentloned before, small addntnons of chlorme to the argon

for consumable-electrode weldmg of alummum have been used to reduced

- 'porosity However, the effect of chlorme and other halogen gases on arc

stablhty is not well understood

A

“showed that halogen addltlons to ‘the argon atmosphere used in weldmg‘
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When the oxndlzmg gas @lorme is used as anraddltnon to the argon
shleldmg gas in an aldmmum GMAW process, chlorlde ions react with
metalllc aluminum tO give alummum chlorlde which, volatlhzmg at 183 0C
mechamcally l|fts the alumnnum oxlde from the surface of the metal A

‘--chlorme level of 075% by volume was found to lmprove arc stablhty and
‘penetratlon in - electrode negatlve polarltys However, chlorme is dlfficult
to handle, and causes operator |llness because |t is highly toxlc and causes\.“'
weldlng vequlpment to corrode. Chlorlne also leaves a sllght film of g
- aluminum chloride on the cool'_’ alu,mmun“lj‘adjacent to the weld bead. Thns .
film, unles‘sv removed; could accelerate cor'rosion. "To avoid the use of
~ . chlorine _gas, ‘s‘everalj., investigators suggested non-toxic gases. such -as “
‘freons to replace ‘chlorine gas2'5; Only certain.freons 'containing gaseous
'comblnatlons of carbon, fluorme, chlorme and bromine- can be used‘
' Several other gaseous freons contmmng hydrogen, e.g freon 22 (CHCIF;) ‘
' or freon 23 (CHF3), cannot, be used because hydrogen causes porosnty in
alummum " Theoretlcal gas metal reactlons between chlorlne, bromme,'
fluorme and alummum would produce AlCl3, AlBr, and Ang, respectively.
AlCl3 as previously mentloned volatilizes at 183 ©°C, AIF3, volatilizes at

'{ 1291 ©C, and AlBr3 ‘reaches bonlmg point at 263 0C These compounds

iry,

“# should not create any problems on the weld pool surface because sufficient ,

' heat should be present to promote vaporlzatlon in the welding arc

: Bicknell and‘ Patchett6 investigated‘ the effects of four different freons

* on an automatlc aluminum GMAW proceSS’ freon 12 (CClez),;,g-eon 13

(CCIF3); freon 13-B1 (CBrF3), and freon 14 (CFy). Their study concluded o

. that addltlons of all four freon gases improved arc stability and weld bead

characterlstlcs_o_n both D.C. electrode negatnve and posmve_polarlty.
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| However, among' the ha'logen atoms chlorlne provided,.the most marked

impr()vements' in 'a’rc characteristits, and therefolf"e’-freon 12 was the best

18 -

freon gas tested because it contams the hnghest number of chlorme atoms

\_/

among the four freon. gases tested They also found that the dlfference 3 |

between the effects of fluorme and bromme was mlmmal To compare the

* effect of halogeu atoms on arc stablllty and penetratlon, Slmomk et al 26

- made welds on titanium alloys usmg dafferent ﬂuxes, contammg varlous'

v

- halides. He also showed that the halogens could be arranged in the

following order of increasing penetratlonveffect 2 fluorme,sbromme, and

"~ chlorine.

Simonik analysed the phenomena in the arc discharge and hypothesized ,

that halogens entering the zone of the arc discharge may be in four states:

"as neutral atoms, as molecules, and- as positive or negative ions. Along the

axis of the arc discharge, where high ‘energy electrons predominate, the

most probable state |s a neutral atomlc state ‘with an extremely small

quantlty of posntlvely charged ions. Smce the probablhty of the -formatlon :

of negatlve |ons by the addltlon of an electron to a molecule of halogen is

'ivery much greater than the negative ions formed by the addmon ‘of an

‘electron to an atom due to its mablhty to capture an electron at hrgh'

. temperature, negatlve |ons can appear only at or below the temperature of

v molecule formation of the_ halogen, i.e. in the penpheral reg:ons of the arc ¥,

column. Consequently, reduction' of the number 'lof_ electrons " at the -

periphery lowers. the. conductivity' of the perip'hery ‘of the arc column',

leading to constriction of the di_scharge.

s

i)

on the basis of the above '%otheg&s, vit‘ can be suggested ‘that the

By

 effectiveness of constriction of the arc-column should increase with ‘higher
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: temperature of halogen ‘molecule formation. At a given high temperature, ,

‘ chlorme shows the hlghest percentage of molecular state, and bromine andf

then l‘luorme come_next. The halogens, therefore, should be: arranged in

the l‘oll_owing order ‘of ri‘ncreasmg constrlctlon el‘fect : fluorine, bromme and

chlorine " This suggestlon can be also explamed by electron al‘l‘lmty

characterlzed by the proportions of neutral and negatwely charged partlcles

at a temperature below the temperature of moleculg formatlon. The higher

the electron affinity the greater the’-proporti'on of ne"gatively ch’arged

partlcles Chlonne, 3.76 eV ‘has hlgher electron affinity than bromme,_

354 eV, and fluorine, 3.58 eV. Agam, the dlfference between the .effects

e ol‘ fluorme and bromme on are charaeterlstlcs is mlmmal because their. -

electron _affinities are very snmllar On»the whole, it can be'concluded that

- the @crease of - penetration lS a consequence of mcreased constrlctlon of the.

arc column without changes of current
: e

The advent of the gas-shielded consumable. electrode processes and
general availability of 'high-speed cameras has greatly increased progress in

the-understandingr-o'f metal transfer. The phenomena of metal trans\feru in

arc welding and .especially the governing mechanisms received‘con‘siderable‘-

_ attention_during the late 1950's. and early. 1960's. '_Needhamz'7 studied the_‘ |

burnoff rate and drop transferv .rate-' for aluminum GMA welding, and

‘showed that there is a transi_tion current ,(w’hichfvh"ries »with' 'wire diameter)

T below.which the 'transfer ns in the form of large droplets \::jeaf"to
| detach by gravity, and’ aboir’e which the drops are projected acr the arc

TN



"
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(spray or. pro_|ected transfer) “At the transition- current there 'is a '.

-,dnscontnﬁutty in. both the burnoff rate/current and droplet rate/current
curves. It'was found that the drops have a veloclty and an acceleration
‘when they detach and are further accelerated m thelr passage across the

arc. *~ The axnal dlsplacement of the drop mcreases exponentlally wnth tlme,"

and there is a tlme constant which varies with current. In GMA weldmg of
\

~ steel wnth a steel electrode, there is another transmon at a hlgher current :

abou't 250A, when the pencll pomt tlp suddenly transforms into a relatlvely
vlong cylmder of Ilquld metal from the end of whlch a stream of fine drops
is projected (streammg tr-ansfer)28 At a still’ hlgher current the cylmder

transforms mto a rotatmg splral (rotatmg transfer)

The geometrlc form of the. drop at ‘the electrode t|p depends on,

amongst other factors, the polarlty The work onvalummum and steel

electrodes dlscussed above was all done wnth electrode posmve " When the

~electrode is negatlve metal transfer characterlstlcs are completely dlfferent.

‘ Cooksey” mvestlgated metal transfer of alummum in argon wnth electrodev, -

"negatlve His study showed that the drops are repelled from the plate'

: because ocl>a locallzed unbalanced electron pressure at the cathode spot'

 where elecfrons. are produced o ' @

: : ‘ “' hanism i “I’Iv M!v“. '.

In the initial -"stages of globular transfer the plasma jet forces are not_ :
strong enough to overcome the surface tensnon of the material detachmg the

molten tlp because the current densnty and current densnty gradnent are low.

The molteh ‘end, therefore, grows. in snze T-h,e‘c»urrent; density at_the

electrode is further reduced by the mcreasmg size of the 'globule and the



"forces weaken. Fmally, the globules welght |tself plays a . large part in

overcommg t.he surface tension in the neck and the globule breaks from the

| rod and drops to the plate When the globule breaks from the wire, the arc

lmmedlately transfers to. the -wnre end Momentarlly the current densnty«..h

- gradlent |s quite high, resultmg in a plasma jet |mp|ng|ng on the back of

the globule

- The plasma jet force ati this‘current is not strong enough to influen'ee

the . globular drop |n |ts fllght to any great extent because of the large

material - mass As the current is mcreased a crltlcal pomt is reached where :

tl_lé arc surrounds the t|p of the electrode and the plasma jet force (skin
#nctlon) is Just large enough fo detach the droplet at its |mt|al small‘ size.
" If the force is Just too” low to effect detachment the droplet will grow in
| size to globular dlmenswns because, as before, the force decreases with

"mcrease in size of the globule. Thus a marked trans:tlon from g‘l”obular to
: : 24

spray transfer will occur over a very small range of current

| “ At even highe’r’currents still the weld pool contour takes on the shape

kno‘wni, as ﬁngering ‘(i.e., much deeper penetration at the center than at the

edges). This is caused'by the formation of an ionization core in the arc .

column and the temperature profile of the arc column is |maged by the
.

molten reglon of the plate. The high temperature core |n “the c_olumn with .

its associated high electrical conductivity causes a marked increase in the

magnetie pinch forces and thus an increase in the plasma jet' force.. This
Y

force can become so hlgh that materlal is actually blown out of the weld

‘pool, but jl.lSt before thls stage is reached, if the argon gas flow is not

properly well covermg the discharge, the jet will suck_ air into itself A{i



this into the weld pool, thus: causing oxidizdtion in the pool and. the._..-;'.»."-(. ]
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At very high currents the weldmg arc becomes erratlc beeause the. feed %
L ¢

wire starts vnbratmg and the arg goes, mto a form of rotatlon.. Tlus occurs
, te

. B S
,because the higg current flowmg in the feed wire causes the wire ‘to become a‘q., ..;"A

plastic due to the I2R drop along the wire. The reaction tprce from the ¢

: plasma jet at the end ot‘ the wnre creates enough forces on the wekhng wnre
-end to- osclllate and, as the wire melts back the droplets enterlng the Jet, *
. 'wlll be ejected at various angles accordmg to the direction of the Jet at the R

o ¥ "-".* .

‘time to create puckermg or rotatlng spray tra,nsfer.
Smce the drop transfer rate provndes a useful means of characterlsmg
the. nature of metal transfer for any partlcular process and lS relatlvely easy
to measure, experlmentalﬁ results are readily avallable. With the GMAWv

process,"as the WIre feed rate is reduced, the current drops accordmgly

" The transfer frequency also falls, but s mewhat more rapldly than the

'current, so that there is an increase in th mearn droplet size. 'Alummum- -
differs from steel |,n that there is a transmon‘ cur_'ent below whlch transfer

s in relatlvely large drops at a slow rate, and above which drops are small
and have an initial veloclty and acceleratlon{ For example, in the case of a.
il6 mm dlameter alumlnum wnre, the large drops range from 6 mm m'
diameter to 3 5 mm, and above the ‘transition they are 2 mm dlameter and
smaller3° The transntlon current is just over 100A for 1.6 mm dlameter.

. ’alumlnum wire. However, if the dlameter of the electrode is changed the .

) transnion current wnll -also be changed



An understandmg ofztl)@gansmon from globular to spray transfer, and

e _of the decrease m partlcle slze wnth current, requlres -a more detalled
o V_ analvms. Wh\en metal transfer takes place-vertlcal_ly.downwards, the forcey

. ' o 4 , ®
due to the combination of gravity and the plasma jet acts to detach .the drop

from the electrode I the force is‘sufficient to overcome the'restraining

v

force of surface tensmn of the electrode material the drop would then be -

detached as given by
12 F (1+ (Ra?- Re? ) /Rat) + mg =Ry @

wherve' __‘F is the plasma drag forou exerted on the drop N
Rg |s the radlus of the drop (m) v
, '. : Re |s the radl?ﬁf 'the electrode wire (m)
mis the mass of the droplet: (kg)
.‘; o g is the ac_celerat_lon due to gravity. (m/secz)_. .
~and 7y is the surface tension of the-felect-rOde material (N/m).

. : : ;

.. The first term of the left hand side equatlon is the force exerted by the

°'§.‘

plasma jet whlle the second term is the force due to. gravnty Smce the

' force‘ F ‘which is exerted on the drop mcreases .with the velocity of the ’

plasma jet‘which‘\also increases with current, the force due 'to"th"e- plasma'jet

'\v-,decreases wnth a decrease in current whlle the restraining force remams

constant Therefore, below the transmon current the relative contrlbutnon
of the force of gravnty is very Iarge compared with_ that of the plasma Jet

Consequently, the drop size is |ncreased However, above the transntion

‘ 3

current the reverse is true.' The . experlmental results of Needham and'

-Smith3° (Flgure 5) show the varlatlon in drop snze with current with both

_ electrode posntlve and electrode negative Both curves- show not only the
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‘- _marked transition in drop size at the transmon current but also decreasmg .

25

drop dlameter with increasing current. The transmon m droplet size wnth

electrode negatlve is not so marked as wnth electrode posmve

fm,

Wl"he drop transfer rate is the b%rnol‘l‘ rate (kg/amp sec) dmded by the

'.drop %plume which. can be expressed as: ‘ ‘% SN
D = 00294 baI (( L+ (Mo 12/21t2 Ry))3/2/pm RY 3)
where ba is the burnoff rate (kg/amp- sec)
o .I is the current (amp)

Ho is the permability. of free space (henry/m)

Pmis the density of the electrode materlal (kglm3)

| and R is 1/2 (Rq + Re) (m). é . e ‘

‘Figure 6 sho'v_vs the results obtained by using Equation 3 and the measured
tvalues:‘0 "The cal'c‘ula'ted curve is steeper over the same current range than

; ‘the measured results but they are reasonably close together The dlfference :

»

'_between these two curves is attrlbuted to ‘the uncertainty of the assngned
values to the densnty, burnofl‘ rate, and surface tensnon in Equatlon 3.

- Because these parameters are markedly dependent on the Atemperatw,»

- ass,ig'ningvac‘tual value‘s is ver_,y'divff_icult.

A number of workers have shown that in GMA welding the drops,

by ‘the hlgh-veloclty plasma jet

having detached from the electrode, a;e further‘accelerated across the arc -

orce F exerted on the drop placed in

' .thls hlgh-veloclty plasma Jet 18 obtamed fmm the drag coefficlent Cd

Cd ;Z'F/nvzp'g Rdz- o o @)
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: where v |s the axlal veloclty of the plasma jet, and Pg is the density of the
flowmg medlum Cd is in turn a functlon of the Reynolds number Re of the
flow. Over the range of Reynolds numbers that occur- in the present work
B (i.e., 10 to 100)27 this relation can be expressed approxlmately as:
. * *

where Re = Rq v/v, and v is the kinematic vnscosny of the l'lowmg
.medium The axial velocnty of the plasma jet used in both the drag

coefficlent and Reynolds number can be calculated by usmg the Squire

‘Model:
v=3ps R/6dninr, ¥ (6)

- where n |s the dynamic wscosnty of the flowmg medlum, and ro is the
‘dlstance from the electrode tip. .

~

The acceleratlon of .drops due to the plasma stream in the arc column
and the force on the drop may therefore be obtamed by first calculatmg the

Reynolds »number and the correspondmg drag coefficient:

/k .

8=3802pgCa/Rapm) NN

b F=azvipggReCa

a7

e
v

Py

For exam'ple', the acceleration of drops across the arc for GMA welding of .

steels, 12 ‘mm dlameter electrode and 12 mm arc Iength at 20(YA is

calculated to be 466 m/sec2

&
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. 'chlorme is dlfflcult to handle, and causes operator |llness because lt is %

.» ' | . . | ‘), ., 3 B .
Shortly ‘aft"er the gas tungsten-arc process =pi‘o’vided a great success in

| welding "aluminum alloys, attention was given to developing a modification -

.of the process that would provnde f’ Iler metal for more efficient fillmg of a-

groove or _|omt One of the early changes was to snmply replace the

: tungsten electrode wnth a consumgable metal wire to serve as the electrode

and provnde the filler materlal Smce then, the GMAW process has been.“‘
wndely used for weldmg alumtnunl "and its alloys Tha«hlgh demand for its
‘use-in alummum fabrlcatlon stlmulated rapld strldes toward lmprovmg the
quahty of the weld meta: deposnted by the process Wlthm a short perlodv
,of tlme, factors responsnble for the porosnty in the weld metal wereka

establlshed and the ‘means for thelr elmunatlon qulckly ‘adopted. These

mcluded lmprovement in eqmpment des1gn, cleanliness of the surface of

-

- the core wire, purlty of the shneldmg _gases, adequacy of gas flow and
{

[proper weldmg techmques /WIth these |mprovements, the process readily ‘

demonstrated its ability to deposn good quallty weld metal However, .
uncertamty still remams in regard to the effects of . shleldmg gas

,composmon on arc stablhty “While nuimerous researchers have’ studled the.

. ’nature of the arc in argon, helmm and _mixtures of both, mvestlgatlons

’related to the effect of active addltlons to the shleldlng gas on arc -

behavnour are llmlted
| &
Althougll |t has been shown that chlorme |mproves arc stablhty,
- . f’ -

e 2
N

9 - v

J? 'bw]

hlghly toxic and causes weld equlpment to corrode To avmd the problem Ef =
:_of addlng chlorme dlrectly° ‘to the argon shleldmg gas, non- toxnc freon '

r . : - o . .
i B - R



gases containing fluorine, bromine and chlorine have been proposed' to

replace chlorine gas It has been reported that additions of freon gasés to

the argon shleldlng gas increase arc stablhty and penetratlon on both D C.

_electrode polarltles It has further been reported that among the halogen R

atoms chlorme_prowdes the most ‘marked improvements in arc

29

characterlstrcs., Consequently it. was 'decided to. investigate freon . -

- containing -higher numbersof chlorine atoms,

To date, no work has ‘been publlshed on the use of freon 11 (C(,|3F)

quth argon as a shleldmg gas for weldmg alummum alloys on both D.C.

“-electrode negatlve and posntlve polarlty wnth the GMAW process The -

~

major goal of the followmg experlmental studles wis to compare the effects

of the varlous freon addltlons wnth ‘that ‘?“? pure argon shleldlng gas/ on arcl

stablhty and vcharacterlstl_c_s using bot,h D.C.. electrode polarmes.' Another .

goa'l; in'this project _Wa_sv to determine optimum welding'con_ditions for both

D.C. electrode 'polaritie's. nstng an argon-Z-%’ freon 11 shielding gas.m'ixture

and evaluate _the mechanical properties of the resulting weld metal deposits. -

-



The plates used for' this work were 5086 aluminum alloy with strain -

hardening only (H116). All. n1aterial came t‘rorn bars~init'ially 183 by 7'6 by
1.3 cm (72X3X1/2 in), whlch was cut mto individual plates (30X7. 6X13

cm), These plates were then degr_eased with ethanol and mechan_lcal‘ly",f

© stainless wire. brushed before each test. The ch'emical composition“‘and -

&

mechanical propertles of this - -alloy are presented in Tables 2 and 3,

-

- ‘respectlvely:’0 )
3 z Q ) I‘. Sl - I I. G n[. I l-Ala! I Il C' IQII‘

All bead runs were lald automatlcally usmg a ﬁxed automatlc GMAW. - |

_ torch. Test beads about 200 mm long were deposned from a smgle reel of

16 mm- dla 5356 alummum alloy usmg both electrode posntlve and

electrode negatlve operatlon - The distance between contact tube. and wire
LD

.tlp was always 25 mm, and the total shxeldmg gas flow rate was 15 L/mm

at 137.8 kPa.

Y

To ’determine.an optimum shielding gas composition -and welding'

condltlons, the followmg weldmg parameters were varied: arc voltage,

current, wnre feed rate, and: weldmg speed Voltage and current readmgs'_‘ L

were taken from conventmnaL meters durmg speclmen weldmg ~ Since
current is a dlrect functlon of wire feed rate, lt was controlled by adjusting

S 'the wire feed rate.
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Table 2. Chemical Composmon of 5086-H116 Alummum Alloy
(Wwt%) - (modified from reference 31) -

Mg 35 -45 Cu 0.1

Mmoo 02-07 . Zn 0.8
Cr 005-025 © i Cooas
si 0.4 | Others 0.15
Fe 0.5 Al Rem.
. |

| T'-able 3. Mechamcal Propertles of 5086 Hll6 Alumlnum Alloy
: + (modified from reference  31)

Ultlmate Tensile Strength R '275.6 '_
~ (MPa) RIS
Yield Strength . 192.9 .
© (MPa) A |
~ Elongation o o 10~
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To compare the effects of the various freon additions, the total
“shielding gas flow rate had_ to be _"rn‘onitored carefully. When pure argon
and argon-freon- 12 'shieldlng gas mixtures were used, controlling the

approprlate gas flow rate of eaeh component was (easi_ly carried out by

l

"usmg a four tube flowmeter and ntlxer However, to mix freon 11 with
t

'argon a recycle hot fluid bath had to be used to heat freon ll because the

-boulmg pomt ot‘ freon 11 is 23.82 °C The heatmg ensures that the outlet

'l?-.v

' 'pressure is more than 137.8 kPa to avond a reverse flow. , "' e

-

322 I_.I. IPE .. | ."l

As a.means of ‘comparison, mmal tests were carried out with three .

dlfferent shleldmg gas mixtures; pure argon, argon 2% freon 12 and argon- '

2% freon Il..,ff ‘Freon addltlon at 2% by volume - Was chosen because

previous - work6 had showed that freon 12 at 2% by volume was the
'optlmum shleldmg gas mlxture, estabhshmg a balance between arc stability

~

and surface appearance. Smce the total shielding gas ﬂow rate Was 15
'vL/min,rz% freon“addition was 300 cc/minv ~ The other procedural
- conditions were: - arc voltage, 25V weldmg current 200A and d.c.
.'electrode posmve, weldmg speed, 425 mm/mm Cross sectnons of weld

. beads . were pollshed and etched (10% NaOH) for comparlson
mm —m v Welding Conditions for Both Elecirade Pulsiitiss

Havmg compared the . shleldmg gas mlxtures, three varlables, arc

voltage, current, and weldmg speed, were varied as shown in Table 4 to

determme optimum weldmg condltlons for’ both electrode posmve ‘and-

"electrode negatlve usmg an argon 2% freon 11 shleldmg gas mixture.

<
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Electrode Polarmes

. gt
PR

‘Table 4.° Tests for Fmdmg Optlmum Welding Conditions for Both ~

BEAD ON PLATE

NO.

e
12
14
15

7
18

C Koan

¥ o, "

POLARITY

?,x

ELECTRODE VOLTAGE CURI NT

(Valts) .3 (Amp)

_26,

26

.26

26

S 26

26

28
28 '

28

200

AT
. 4“‘-‘\r

325° 7
325

¢
P

325

200

200
200
200

200 -

@

SPEED

(mni/min)

1000
1000
1000

400
400

- 800 .

- 1000 .

'

400
600

Lo
Co

-
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Cross sectlons ot' weld beads were pohshed and etched (10% NaOH) for

comparlson
) ' . . )

To assess‘the-mechanical properties of ‘weld metals tvvo types of

smgle-V grooves, as nllustrated in Flgure 7, were tested and compared
N

usmg the followmg weldmg condntlons electrode polarlty, posmve,

shielding - gas, argon-2% freen 1I; ' arc voltage, 26V current, 200A;
~ ‘welding Speed varying, from 230 mm/mm to 400 mm/min.

Using' the type 2 groove, “the effects of weldmg current and speed on

o _penetratlon and bead shape were studled and metallography (X-sectlon) was

usedj to compare ‘weld proﬁles After ﬁndmg the optlmum welding

..conditions, a 1% freon Il addltron to the argon and pure - argon shreldmg

' gas mixtures were tested and compared with argon - 2% freon 11

Al tensile 'specin'l”ens describ‘ed' in Figure 8 (other than t'hat from the

base plate) were taken from butt welded plates (see. Flgure 9) The

speclmen dlmensmns are descrlbed in- Flgure 8 The welding condmo_ns
used to make the b‘;’.“, welded plates were: e dge preparation, type 2 arc’

- voltage, 26V; 'electrode:'polarity, positive; weldmg speed, 240 mm/min;

current 300A except for pure argon shielding gas, 250A

. 34



6.5 mm

o
/

6.5 mm -

Iype 1

35

S.O'mn_i.

Type 2

Figure 7. Two types of Sin(_le’-Y Groove Preparation
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- - M ILB , le
Weld Mett E. F—Tﬂ{

_ Thickness = F ' oS

A (Gauge Length) = 50.8 mm
E = 18.0 mm dia.

SPECIMEN - B . D F G
5086 Baseplate 7.8 . 25.0  40.0. 12.9 143.7
Pure Argon | S A
- Transverse with - 19.7 25.0 40.0 6.2 . 143.7

. Reinforcement Removed

Argon + 2% Freon 11 , ' o S 9 |
~All Weld Metal Machined 12.6 25.0 - 40.0 -11.9 fﬁ“fsz.s

Argon + 2% Freon 11 ' , : . / .
Transverse with 12.1 25.0 - 40.0 11.8 152.5

Reinforcement Removed o xe e /
Argon + 2% Freon 11 o . ‘ »
Transverse with’ 16.5  25.0 40.0  12.8* 152.5

Reml‘orcement . ‘ : 16.9* -»

Argon + 2% Freon 11
Transverse with » : L
Reinforcement 50.8° 101.6 127.0 - 12.7*  145.0
Large Specimen SRR e ’

*.  Base Metal

**. Weld Metal .
All dimensions are in mm.

- Figure 8. Dimensions for Tensile Specimen.
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Type I: All Weld Metal Tensile Specimen
Type 1I: Transverse Tensilé Specimen

Figure 9. Location of Tehsile Specimen

-
CSd
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+ high speed video 'camera at ‘2000' frames per second. The electrode tip,
crater, and transferrmg metal were silthouetted by a xenon backmg hght (1
kW), ‘with the camera set at rlght angles to the transverse and usmg a long
focus lens (200 mm focal length) to glve a-near full size picture of the arc

on the film. The weldmg condltlons for the bead runs are described in

Table S. The measured variables were visible arc length dlsplacement of

. the drop agamst tlme, and frequency.. _

To determine the influence of different shielding gases om arc length

for a given‘ arc \"volta‘ge, an arc was established using three different

shie’l‘ding gas mixtures as-shown in Table 5. The true arc length could not
be measured -directly because" there appear_ed to be a fraction of the arc
“below the plate in a crater travellin‘g wlth‘ the visible portion “of the'arc .

~ The vmble arc length (the distance between the top- of the electrode and the

-surface of: the base " metal) lmmedlately followmg the detachment of the

drop, was measured on a T.V. momtor for each run. The. actual diameter -

of the electrode wire was compared to the diameter on the screen to obtamfj- .

2

real arc length values

These vnsnble arc length measurenfents were then plon_e.d,aéginst

| voltage l‘or both polarmes as shown in anures 27 and 28 (pages 60 and

61), Although |mages he arc varied within 0.5 mm in length due to"

e SN )
A r‘-‘*' 3 . - |

The droﬁlet transfer pro_cess for both oolarities was analyzed using a -

s

L8
rs
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Table 3 Welding Condltlons Used for Determmmg Metal Transfer -

Charactenstlcs y

~

- ELECTRODE WELDING SPEED SHIELDING - CURRENT
POLARITY GAS

(mm/mm) (Amp)

VOLTAGE

N

(Volts)

-1
Positive 240 Pure 'Argon 250
300

a Argon = 300':‘”’-‘
oo + 2% Freon 12 .

st U

v Argbn .. 3060 |
- 4+ 2% Freon 11

A Negativé . 7 800 Argon 200
. + 2% Freon 12 v

Argon 200
"+ 2% Freon 11

s
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continual wire movement and indefiniteness of the arc extremities, this

effect on the‘overall relationship is minOr.v However, two 'corre'ctions must

be applied to the recorded voltage 'i‘he voltagé drop was measured by

a0 "

~using a voltmeter from the work piece to the pomt where both termmals o

were connected to the. voltmeter. The second correctlon.was made for the

- voltage drop in the electrode stickout. . The voltage drop“‘in‘ the electrode
;ickout vvasy calcul_ated using the following_valu_es‘: 'current, 300 amperes;
electrical resistivity ﬁt'i&ls 0c, 2.68 X 10-7 ohmm, electrode stiv.ckout,<.2‘5‘
mm; electrode,‘diamete?,'_f 1.6 mm." These two fcorrec'_tions were then
subtracted from the recorded .voltage to obtain the-actual voltage.

?ﬁc’e i was essential to accurately establish the displacement time

functi&k the measurement of drop dlsplacement was achleved by measurmg ‘

the frame- y-fgame displacement of the droplet |n free ﬂlght and by usmg
.the. bottom of the gas shielding cup as the reference pomt Each
measurement was taken from this reference point to the top of the droplet.

~ Actual dlsplacement values were&tamed by usmg the same method as

before The' drop veloclty and acceleratlon were then d ved-;_from_the.‘

basnc dlstance Vs tlme relatlonshlp

The frequency of the droplet transfer was determmed from the time

mterval between two. consecutlve drop detachments from the electrode wnre

~ Knowing the frequency and wire feed rate,v the .dlameter of actual size of

the equivalent sphere was calculated. |



) g ~
The average measurements of the sallent dlmenswns of the beads made

in thls work are represented graphlcally in Flgures 21 and 22 (pages 54 and

.55). Al measurements ‘were made on a cross “section of weld beads with a

" Vernier caliper:



P ‘l",IE' , fation

As a-means of comparison, initial tests were carried' out using identical-

- welding conditions for three, different shielding gas mixtures: pure argon,

argon - 2% freon 12 and argon - 2% :freon 11. ‘The. resulting weld prot‘iles_‘

are shown in Figures '10A through 10C. Under the ‘standard welding

__conditions‘ used"pure-ar'gon (Figure 10A') produced a rounded bead with ‘the

L @ .
least penetration. - Metal t"ransfer was falrly smooth w:th almost no spatt;

However, since 5356 flller w1re contammg high vapour pressure elements

‘ such as magnesnum was used ‘the smooth metal transfer was mterrupted

occasmnally at |rregular intervals because of the exploswe disruption of the'

| “molten droplet in mid-flight.

"Using the same welding conditio_ns; argon - 2% freon 12 and argon -

2% freon»ll shielding gas mixtures produced much better penetration than

[

that of pure argon However, the amount of spatter was mcreased' :

| consnderably as was the amount of fume produced. Although the argon -

2% freon 12 gas mixture caused wnder and sl‘i‘ghtly deeper penetratlon than

~argon - 2% frion 11 gas mlxture, the weld profile was |rregular due to arc
length fluctuatlons.' The resultmg bead surface was also . covered with a' ’

ktenaclous black depos1t, probably Mng because Mg.Fz has a high meltmg .

point of 1261 °C and a bonlmg point of 2239 9C. Argon - 2% freon 11‘_

- caused the arc to become very stable, resultmg in a remarkable surface and

a hlghly regular weld profile There was no evidence of‘the_black deposnt
_ C - . to

| ',on the surface

42



Figure 10A. 'Electrode Positive: Pure Argon (3.7X)

4

- Figui‘e ldB_. Electrode Positive; : Argon - 2% F‘rveion_‘ 12 (3.7X)



-
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The resultmg bead wasy |

o oael
+

- 7

_Having compared the shielding gas, nglxtures using electrode positive
polarity, pure argon and argon - 2% freon 11 ‘gas‘ mixtures using electrode

negative polarity at 28 volts, 200 amperes and 600 mm/mm were compared

. unstable welding condmon. Arc Iength -t‘luctuatedﬁerratlcally' to produce

random misplaced drop ™ ‘_ d t'helre‘fore surface regularity Was very poor.

’

and penetratlon was mcreased compared to. that of pure argon mwever,-

crown: helght The lack of penetratlon is caused by msul‘l’icnent heat being

'generated in the baseplate Since alummum is a poor thermlomc emltter,'

polarity is used and therefore the_hlgh electrode melt.lng rate in

conjunction with a low fusion width produces excessive crown “height.
b

Havmg establlshed that argon - 2% freon 11 gas mlxture produced the

- best results among the three different shleldmg gas mlxtures, |ts optlmum

pen_etratlon and bead geometry are affected by several varlables:

1) _Welding am_pe‘rage'
2) arc vo_ltage |
3) travel speed B .
4) electrode extension B

5) electrode inclination : ' '

‘non- umform W|th no penetratlon mto the

as shown in Figures 11 and 12, respectively Pnre argon produced a very"

‘penetration - was still mlmmal and bead prof‘le was poor with excesswe,

most of the' heat is generated in the electrode when electrode negative .. .

a5

baseplate By addmg 2% of freon ll the arc was stablllzed conslderably =

.-

_weldmg cdndltmns for both electrode polarltles were assessed Weld '



Ay
- s

;:‘49. E U
Pid

"// .

Figure 12. Electrode Négat_ive‘:

Flgure ll Elect‘rode‘Ngjgative:

T 46

Pure Argon, 28 volts, 200 aanperes and
600 mm/mm . 4X)

Argon - 2% Freon 11, 28 volts, 200

amperes and 600 mm/min (3.7X) .



6) electrode sivze'

7). weld joint position.

~ Of course, shielding gas selec"o&alm influences weld penetration and
bead geometry, as discussed previously..wln s ’experiment, the effects of

the first three variables, welding amperagé&’ﬁhﬁ; voltage and ‘travel speed,

a7

were studied using both electrode posmve and negatn& polarlty Other ‘

variables were held constant throughout the experlment

When all other variables are held constant, the welding current was
[

,found to increase non- lmearly with an 1ncrease in the electrode feed rate.:

Also, an increase in weldmg current resulted in:

1) an increase in the depth and width of the weld penetration
2) an increase in the deposition rate

“and 3) an increase in the siqz% of the weld bead.

These effects are well illustrated in Figures 13 through 15 for electrode .

- positive polarity.

Figures 15 through 17 reveal that mcreasmg the speed of weldmg |

&
while keepmg the current and arc voltage constﬁﬁ; results |n .decreased
x%}h}-

penetration and bead wadth However, for a giveti’ current and arc ‘voltage

there is an optlmum weldmg speed below which penetratlon decreases but

: bead wudth still increases. This is because the filler metal deposntion per -

unit length mcreases, and therefg the welding arc impinges on 'a} weld

pool rather than on the base metal as the arc advances The optimum

weldmg speed for electrode posltlvé’ﬁ polarlty was found to be 400 mm/min

at 26 volts and 325 amperes. The weldmg speed of 400 mm/mm produced

2



Figure 13.. Electrode Positive: | Argon - 2% Freon 11','26 volts, 200
v o : ) amperes and 1000 mm/min (3.7X) .
. . . (v T

Figure 14. :E'le'ct'rode Positivé:-: Argon - 2% Freon k1.~l,' 26 volts, 300
: ~ amperes and 1000 mm/min (4.7X)



Figure 15. Electrode Positive:

AN

) Electrode Positive:

A "

Argon - 2% Freon 11, 26 volts, 325

~ ‘amperes and 1000 mm/min (4.4X)

Argon - 2% Freon 11, 26 volts, 325
amperes and 600 mm/min (3.4X)

a9
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Figure 17 Electrode Positive:

. .o
R P

Argon - 2% Freon 11, 26 volts, 325

amperes and 400 mm/min (3.5X) -

.50
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a good weld profile regularity although the penetration was not ~deeper than
at 600 mm/mm At a welding speed of 1000 mm/mm, undercuttmg starts to
appear along the edges of .thé weld bead as shown in anure 15. Figures 12

' and 18 to 20 also shoﬁ the same effects of weldmg speed for . electrode v

: negatlve polarity.

N
]

The effect of arc voltage on weld profile is-dependent upon a v'arietyb

of factdrs, mcludmgg,the metal thlckness, .the type of _|omt, the posi‘mn of

/weldmg, the electrode snze, the shielding m composition, and the type of

weld A voltate increase _generally tends to flatten the weld bead and

mcreases the fusion wndth due to an increase in arc Iength Reduction in

—

voltage results in a- narrower weld bead wnth a high crown and deeper
.penetratlon However, when a poor thermlomc emitter such as alummum is
used, the r‘e;sults_ are not the sg\m‘le. In alummum, voltage |ncrease tends
to ‘increase the- fusion width ha\ electrode’ posltlve polarity"&(Figure 21),

while in electrode negative polarity, the fusion ‘widthv becomes relatlvelv_

constant regardless of arc voltage'»(Figure’ZZ). Unlike the GTAW process,

more heat is generated at the cathode surface by producing the electrons

fronf a ‘poor thermionic emitter. As a result, in electrode positive pola‘rity,
a high heat mput on the baseplate tends to make a large weld pool on the

surface and it becomes easier for the baseplate to produce the electrons

: Therefore, an increasing in arc voltage mcreases the arc length and fusnon

- width. {

e

In electrode negatnve polarlty, however, there is Just enough heat mput

. to break the same amountr of oxldes on the surface regardless of arc

voltage, and the anode area becomes relatlvely constant. The fuslon width, .

therefore, also becomes constant The resultln‘g weld profiles (electrode

Y L
,‘.)_\ ’pj’. . L

51



52

Figure 18. Electrode Negative: Argon - 2% Freon ll; 28 volts, 200
- : amperes and 400 mm/min - (3.5X)

Figure 19, Electrode Negative: Argon - #% Freon 11, 28 volts, 200
, - .amperes and 800 mm/min (3.8X)

..‘



Figuré 20. .Ele“ctfo&v Negﬁtive: - Argon - Z% Freon Il, 28 vblfs, 200
L ; - amperes and 1000 mm/min (4.2X)

&
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negative: Figures 18 and 23, and electrode positive: Figures 24 to 26) also

show that penetration does not decrease as arc 'voltage increases Generally

when the arc voltage mcreases, the velmlty of the plasma Jet decrease@due

56

to a decrease in the current density grad1ent and consequently »penetratlon S

| decreases However, if the arc length increases sngnlflcantly due to an

: mcrease in arc voltage, the terminal veloclty of the droplet af hlgher arc

'voltage is sufl'lclently higher than that- at lower arc voltage, thus' ]
-

overcommg the dlsadvantage of having the lower plasma jet veloclty and_

giving a deeper penetratlon
. ! )v

As shown in Figures. 21, freon gas addltnons to the argon produced a |

narrower weld bead than pure argon and furthermore, 2% freon 11 addition
produced a narrower weld bead than 2% freon 12 addltlon, as shown in
Flgures 21 and 22. Thls means that argon - 2% freon 11 gas mixture
constrlcts an arc much better than pure argon or argon - 2% freon 12. As

noted by Slmomk26, the halogens constrlcted the arc column to give

| , mcreased penetra-tlon and decreased fusion width. He alsoobserved that

chlorme constrlcted the arc column more than ﬂuorme and suggested that

thls was because chlorme has a hlgher percentage of molecular state at a.

glven “high temperature than fluorme

. ' . »

As described in Sectlon 243 a molecule tends to captu ‘ an electron
better than an atom at a hlgh temperature because as soon as an atom
wcomes a negative ion formed by the addmon of an electron at the high arc

temperature, it loses the electron due to its unstable h|gh potentlal energy

SW*A mol?cule, however, splits ltself to become a negatlve ion and an ~

atom by capturmg the electron and its energy is converted to. kmetlc energy

SO that the negatlve ion’ and atom become more stable Therefore, a hlgher



’ Figure 23. .E'Iectrode‘ Negative:

)
Eh ¢

Arg"dh - 2% Freon 11, 26 volts, 200

amperes and 400 ;nm]min (3.9X)

piim

M

Figure 24. Electrode Positive:- Argon - 2‘% Freon 11, .26' volts, 300 -

[P

amperes and 240 mm/min (3.4X)

aa
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" Figure 25. ' Electrode Positive: " Argon - 2% Freon 11, 28 volts, 300

Figure 26. Electrode Positive:

]

amperes and 240 mm/min (3.4X)

"Argon : 2% Freon 11, ‘30 volts, 300
amperes and 240 mm/min  (3.4X) "

\
)

N
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percentage of molecules in the arc column (especially the periphery  of the |
)

arc column) ,reduces the number of electrons and lowers the‘ eltictrical'

conductivity of the region. ThlS leads to con;trlctlon of the arc cqolumn,

2

Experiment confirms this/theory. Since freon 11 (CCI3F) contams a higher

number of chlorine

mixture should constrlct the arc column more than argon - 3% freon 12 gas

oms than freon 12 (CCIze), argon_- 29: freorr‘il gas

&mnxture As predlcted argon - 2% freon ll gas. mlxture was observed to | '

produce the narrowest weld bead.

Metal transfer ‘was. studled while weldmg aluminum by the GMAW

process using a hlgh speed VIdeo camera at 2000 fps In the present work, -

'v1s1ble arc length displacement of the drop agamst time, and frequency of -

the droplet were evaluated Pure argon, argon - 2% freon 12 and argon -‘ '

2% freon ll gas mlxtures were used as a shleldmg gas for both DC_

, electrode polarltles,

N B Y 1’
> - » T . . 4
) . . ¥y oL
. } ) .

el

. I T
As prev:ously mentloned arc length measurements were électrode to-

y plate distances rather ‘than true arc length because crater§ were formed in-

the plate under tested conditions. The voltage-arc Iength curve shows the

g ]

sum of the anode and cathode potentlal drop obtamed by extrapolatlng the- ‘
'curve to zero arc length and the plasma potentlal gradlent from the slope of

_ the curve. The results ‘of the tests are shown in Figures 27 and- 28 for;', :

electrode positive and negatnve polarlt_y, respectively.

2
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Figure 28 lnfluence of Arc Length on VoHoge
‘ in Elec’rrode Negcmve :
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ln electrode positive polarity, the voltage gradient'for pure, argon'
shielding gas was found to be 0.63 volts/mm, which is same as Muller' s12 ‘
'value, while the sum of the “anode and' cathode drop was 29.1 volts,

However, the total ‘electrode voltage ‘drop must be corrected by two-

subtractions, the total voltage drop due to the wire connections between the

work piece to the both terminals and the electrode stickout. These two
‘ : « _

voltage corrections were found to be approximately 3 .volts (2 'vo'lts for ‘vthe'

E wire'connections and 1 volt for the electrode stickout) The: actual total

electrode voltage drop was then 26.1 volts. Other mvestlgators such as' .

Muller el at.12 and Rolll8 found the total electrode voltage drop to be 21.0‘_-'

-

volts at 295 amperes and 1.6 mm diameter electrode and 25.5 volts at 300

ampereS‘ and 4.0 mm diameter. However, since the anode potentlal drop

_decreases with electrode dlameter and rises W|th current the experlmental'

value of 26.1 volts ls quite acceptable

2% freon 12 (0 98 volts/mm) and argon - 2% t'reon 11 (0. 86 volts/mm)

- gases were found to be very close to ‘each’ other but steeper than that of'
pure argon (0 63 volts/mm) As the voltage gradlent gets 'Steeper, }the'

temperature in the arc column mcreases because the energy dlss1pated is VI’ |

watts per umt length where Vis the voltage gradient along the column and

I is the current Consequently, penetratlon mcreases but the cathode

' potentlal drop decreases with an increase in arc temperature because the'

hlgher arc tempera,ture means more meltmg in the baseplate and easier

'productlon of electrons from the cathode. _ As shown in Flgure 27, the- total

: electrode voltage drops in argon - 2% freon 12 and argon - 2% freon 1

‘were 25.7. volts and 233 volts, respectwely,lower than that of pure argon

4 (29 1 volts)

S
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, In electrode negative polarity, Figure 28 still shows that both gas

mtxtures h‘ye the same voltage gradlent of 0.66 volts/mm and argon - 2%

freon 11 has a lower total electrode voltage drop (21.5 volts) than argon -

- 2% l‘reon 12 (21 7 volts) Smce the voltage gradient is Iower compared to

(EY

".is‘?f?:

ig
oy

that in electrode posmve polarlty, penetratlon is decreased sngml‘icantly
Although the cathode potentlal drop m electrode negative polarlty |s
expected to be hlgher than that in electrode posntlve polarlty because of the
unstable cathode spot area: on the electrode, the total electrode voltage drop

s“’-lOWer c,ompared to that m electrode posmve polanty This is because

there is’ enough of a decrease m ‘the anode drop due to the Iower current’

used in electrode negatlve polarlty and the mcrease in the efl‘ectlve

electrode dlameter of the anode *

. For .both"éi%ctrodevpolarities,' the"three gas mixtures can be arranged in

the followmg order of mcreasmg arc length for a glven arc voltage pure
of g

' argon; argon &2% ’frfeon 12 and argon -»2% freon 11 Thls can be

, provlded that the effect of 2% freon gas addltlon to the argon. on the overall--

explamed as fo“ilows the total electrode voltage drop was the IOWest |n the

63

argon - 2% fréon 1 gas mlxture (Flgures 27 and 28) On the basns ol‘ 2

these data the plasma potentlal drop for ‘a glven arc - voltage should be '

hlghest i the argon - 2% freon 11 gas mnxture and therefore thls mlxture
g

should also haye the Iongest arc length. Furthernvre, since’ argon - 2%' '

freon ll gas has the hlghest arc temperature due to. ltS constrlcted arc

')

column, the e’lectrlcal conductlvnty should be mcreased Thns higher

R

electrical conductlvlty should cause the arc length to get even longer,",

electrlcal conductnvnty is neghglble. SRR m o .'*'f
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The drop transfer rate and droplet snze provnde a- useful means of

characterlsmg the nature of metal transfer for ‘the GMAW process The

frequency of the droplet transfer was meaglred f‘rom aT.V. momtor usmg

the time mterval between two consecutlve drop detachments from the

electrode wnre, and, knowing the frequency and wire feed rat& the dlameter

vof actual size of equlvalent sphere for both electrode polarltles Was

: polarmes a voltage increase tends to "decrease the frequency Therefore, |t‘4

calculated Table 6 shows the summary of the results For | both electrode '

mcreases the drop d|ameter within the same shielding gas due to a, decrease

in the current densnty gradlent Metal transfer lS achleved by a. force

)

(pressure drag” and skm friction) created by the plasma/Jet veloclty, whlch' '

| electrode. As the\ plasma jet veloclty mcreases, f hlgher droplet frequency '

s achleved Usmg pure argon shleldlng gas and electrode posntlve polarlty

y
depends on the current densnty gradlent, on.a molten metal at the- end of the :

64
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[

=

" at 31 volts and 300 amperes, the frequency and dlameter of the droplet:

”shown by Needham and Sm|th3° that the frequency and dlameter of the

?_were the same except for arc voltage (22 volts vs. 31 volts) Knowmg that“ff
- a Iowermg of the arc voltage causes the frequency to decrease andl the drop"-

~d|ameter to mcrease, the results are very close to Needham and Smith's

droplet were 350 droplets/second ‘and l 14 mm. usmg parameters whlch

' results , : 710,} I

Table 6 also shows how changmg the shlgldmg gas affects the

frequency and drop dlameter Companng t-he three dlfferent shleldmg gas

‘- were found to be 286 droplets/second and 1.35 ‘mm, respectlvely | It was‘ -

}



- Table 6.

. - 3
ELECTRODE CURRENT SHIELDING VOLTAGE FREQUENCY DROP

Summary of Droplet Transfer Rate and I

Electrode Polarities

DIAMETER POLARITY _, GAS .
(Amp) (Volts) v (.sec'l) ' (mm)- -
Positive 300 Argon 31 - 286 1.35
| : - 33 277 1.36
Argon + 28 - 308 1.33
2% Freon 12 - 30 299  1.33
, » . 32 290 - 1.34
Argon + 28 318 1.30
2% Freon 11 29 313 1.31
- S 30 309 1.32
Negative 200 Argon + 27 42,0 2.76
. | 2% Freon 12 28 . 36.0 2.90
“Argon + 27 55.8-  2.50
s 2% Freon 11 28 '50.6 ‘2 58
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mixtures for a given voltage and current, argon - 2% freon 11 gas mixture

. \ Y el
produced the highest frequency and smallest drop diameter. Argon - 2%

freon 12 provided a higher frequency and smaller drop diameter than pure

argon. On the basis of the above results, it can be concluded that the

freon gas additions to the argon shielding gas increase the plasma jet

velocity even though the current density gradient for a given voltage:

decreases due to longer arc length. In partlcular, the addltjon of freon 11

‘prowded the hlghest plasma Jet veloclty The elements whlch affect the .

plasma Jet velocity, and veloclty and acceleratlon of the droplet across the»

arc, and the calculation of these values wnll be discussed in the ‘next
Q
section. .

A, Table 6 shovrs_that electrode oositive'polarity gives. uch better,metal
transfer than electrode ne. ftive polarity. Although the t:z: was carried out
at a lower current '(2_00"
polarity,uit is doubtful f
- such large difference in fr

and voltage, electrode negatlv polanty should provnde a shorter arc length

because the cathode drop on the eléctrode tends to be higher than that on -

the baseplate ‘due to'the'unstabli'n'g of the cathode spot. However, the -

anode spot area, whet'e electrons are captured, on the baseplate in electrode
- negatlve polarity is small‘because ofA the lack of an msufﬁclent heat mput to
break down the large amount of oxides Sincefth.is small anode spot' area is
much smaller than the cathode spot area on the baseplate in electrode

posmve polarlty, the current dens1ty gradlent would become much smaller,
produclng a low‘ plasma jet veloc|ty.‘ Consequently, the t‘requency of the

droplet transfer decreases due to decreaSing 'drag force on a molten metal at

peres vs. 300 amperes) on electrode negatlve ‘
the dlfference of 100 amperes would make a

ency and drop dlameter For a given current
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the efid- of the electrode. It also could ‘be that, in electrode negative

polarnty, the arc may be established underneath the molten metal at the end '

- .of the ‘electrode, lnstead of surroundmg the electrode tip as in electrode.

positive polarity. In this case, there would not be sufficient force (skin

friction and pressure drag) to detach molten droplets from the electrode tlp
R L '
and to propel them across the arc gap to the weld pool. However, this

explanation could not be conﬁrmed in th|s prOJect because the high speed ‘

video camera (black and white) at 2060 fps and a xenon backmg l|ght were

not adequate to provnde a clear plcture of the arc location wnth respect to

" the molten metal

133 Velocit { Accel . [,‘l Dropl
As previously mentioned, the depth of the weld pool is not only

influeticed by welding' current and speed but also by the impact of the

droplets of the metal that are detached from the electrode. 'When metal’

transfer-takes place in a vertically dovvnward dlrec'tion, the force duc to
' grawty and the plasma jet whlch acts to detach the drop froni the electrode
must overcome the r{ raining . force of surface tenslon of the eIectrode
materlal. Smce ‘the experlmentsr‘were carried out above ‘the transmon

current (just over 100 amperes), the force due to gravnty is negllgnble

Therefore, the force exerted on the droptzn the plasma Jet has a major effect

on metal transfer.

' The measured velocity and 'acceleration of the drop for the three

~ different shleldmg gas mixtures using both electrode polarltles are shown

. im Tables 7 and 8. For purposes of companson, these drop velocltles and

‘acceleratlons were calculated by measurmg the drop dlsplacement after a

t
1



Table 7. Summary of Drop Velocity and Acceleration using
‘Electrode Positive Polarity and 300 Amperes

¥

SHIELDING =~ VELOCITY!  ACCELERATIONZ
S Gas T o
(m/sec) (m/sec?)

Pure Argon | 2.41 , i | 377

Argon + " :
2% Freon 12~ 2.45 . 405

Argon + . o
2% Freon 11 3.09 ‘ 900 -

1) 1.0 msec after drop detachment -~ .
2) using V2= U2+ 2aS where U=2.0 m/sec

- Table 8. Summary;of Drop Velocity and Acceleraiion using

- Electrode Negative Polarity and 200 Amperes

'SHIELDING,  VELOCITY!  ACCELERATIONZ

GAS : )
(m/sec) ~ (m/sec?y
Argon + ) L ‘ ‘
2% Freon 12 0.755 ‘ 85.5
~ Argon 4+ ' -
2% Freon 11 - 0.834 . 96.5

v /7 ; C :
1) 4.0 mseéc after drop detachment '
2) using V2= U2+ 2a$ where U=0.228 m/sec
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fixed time int’erval (i.e., electrode positive: 1.0 msec after. drop

detachment,‘electrode negativ_e:v 4.0 msec after drop detachment) because

the drop velocity increased with t4ime.after detachment due to acceleration.
. ‘.Although these values (exc€pt~ for electrode negatwe polamy) were
calculated at dlfferent arc voltages, they still can be used for companson
because the overall effect of arc voltage on the veloqty and acceleratlon is
negllglble compared to the effect of weldlng current. As |llustrated in
Table 7. and 8, the shielding gas mlxtures can be arranged in the followmg
“order of - mcreasmg velocity and acceleratnon effect pure argon, argon - 2%

. :freon 12 and argon - 2% freon 11. The acceleration was calculated usmg

Vi=U2+ 2a_s | - T(9)

where V is the final speed, U is the initial speed, Vaais t_hv
S is the distance travelled. Since the experiment was fps,
measurlng the initial Velocity imrnediately» after detachment p‘o‘ssible
in electro.de posiliVe polarity Instead an initial veloclty of 2.0 m/sec,
which was found by Needham et al.27 usmg similar weldlng conditions,

was used. - Using thls initial veloclty, Equatnon 9. glves the acceleration in

69

pure argon of 38.4 grawtles which compares well W|th the average of 40

gravntles (with a spread of the order of 25- 55) found by Needham et al.27

. using a more precise technique.

ThlS measured acceleratlon can now be compared ‘with the calculated

value usmg Equation 8. To evaluate Equauon 8 for- alummum, the values

llsted in Table 9 and the calculated value of the axial plasma Jet veloclty
(quuatlon 6) were used. To estimate the plasma Jet velocity, the average

arc radius of 3 x 10-3 m, and arc .temperature of 15,000 K at 300 arnperes



T Table 9.

oy

N Calculated,Acéeleration of Drops A'cross the Ar¢ and
-the Relevant Variables Used in Calculation

Electrode Polarity‘i: ) A P.joslivti\"e'-
" “Current o S ’300_anﬁr-eslg, ‘
", Mean Temperature | L . lS,QDO K o
: Piasﬁa'Jet Velocity - K . ‘-~426,‘m/s£%c
Drop ':Ra'diu's - o o 0.6?8"mr‘n' | ‘
i -Density‘of Gés .' ) - 3.58 x 10-2 .kg/m?
‘ v “’D_;e'nsity of Material ﬂ 25x '103‘ k'g/m3'-
D}fnamiéDVisEoSi.ty of Gas 42x ..1:0-4 I‘eg/in"'sec ‘
Reynolds Number ., 246 %
Drag Coefficient . 2.6 = -
* Acceleration | o 4,640 misec? |
¥ _
4 o A .
; .
- g ’ ‘ .
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th_e‘or\v ‘assumes-j that the force remains constant across the arc gap even

N

” . s

"were used because the velocitv"and temperature fall off rapidly. ‘ip a radial

direction.” The calculated plasma' jet velocity was . then found to be 426
m/secﬁwhlch compares well vnth ‘Maeker' s32 measurement of 450 m/sec.
As a result, the calculated, acceleratlon is estimated to be about 470
gravities at 300 amperes whereas the Needham s27 “theoretlcal “estimate was
250 gravntles at 270. amperes Agreement is reasonably good considering
the dlfferent weldmg condlthns used. However, note that’ the calculated

acceleratlon value is not the same as the measured value, partly because the

'though th,ere.-'is a significant variation of the accele*ration during metal

, transfer, and also because the values ass1gned to the variables such as the

| average arc radlus and temperature, dynamnc viscosity, and densnty of gas

could be dlfferent than the actual values : o , ’ ',_,u ~

It is known that the aceeleration of the droplet and plasma Jet veloctty

.,

‘ are largely dependent on’ the physwal propertles of the shleldlng gas which

: dlssbclate at the hlgh temperatures encountered However, |t is possnble to

PR

PO

4

the plasma _|et veloclty, and therefore the velocity and acceleratlon of the

drops are mcreased accordmgly) It |s |mposs1ble to calculate the plasma

Jet veloctty and acceleratlon\ of the drop because the physlcal propertles of .

freon 11 and 12 are not avallable, -and. also freon ‘11 aud 12 start to d

compare the physical propertles of argon, freon ll and freon 12 at lllﬁ °C
as shown in Table 10 Although there are no data on the physncal

L propertles of freons m arc plasma, hopefully comparmg these three gases at‘

a lower temperature would permlt sdme assessment of their effects on. the

, *
- .,

ba

.

plasma Jet veloclty and acceleratlon of the drop Table 10 show's that these " o



e ' o A

K4

'Table 10. i 'The'Physical Properties of€Argon, Freon 12: and Freon 11

- o " Density : | Dynamic Viscosity
- ' ' - (kg/m3) - (kg/m sec)
LR Argon 1.289 274 x 1005
| - Freon 12-°  3.393 145 x 10°5
Freon 11. . 4.500 - L35 x 105 . ¢

L3

¥ All data is-based on Pressure = 0 1 Mpa '
and Temperature = 100 °C



observed on a T,V momtor. )
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gases can be arranged in the followmg order of mcreasmg densnty or
decreasmg dynamic vnscosnty argon, freon 12 and freon 11. iKnowing
that the plasma Jet velocity lS mverselv proportlonal to the dynamic'
vnscosnty (Equatibn 6) and the acceleratron is- proportlonal to the densnty
and square of the plasma Jet velocity (Equatlon 8), it can be concluded that.
the argon freon 11 gas mlxture should glve the highest plasma Jet veloclty
for a glven temperature regardless of ‘electrode polarlty This: explalns the“

observatlon that the acceleration. of the droplet in the argon -2% freon ll

gas mixture was found to be the hlghest, as. shown in Tables 7 and 8.

N 1 . B -
The overall experimental vresuItS‘showed -that the halogens <i.ncreased

penetration and decreased fusion ‘width. . This implies that. halogens
constrlcted the arc column, and furthermore that among the halogen atoms

chlorme constrlcted ‘the arc column more than fluorme Therefore, thg%

t

argon - 2% freon ll would be’ expect' the arc column more

than argon - 2% freon 12 or pure argon,t“' odugey e narrowest weld. bead '
ﬁ'_because freon J1 contams a hlgher number of chlorme atoms. However,

’constrlctlon of the arc column due to the freon additions could ‘not’ be,

. ;?_," ". “ '/

[ N R
. ~— . t . . v J , N 04;\
F . . \ . A -~

The total electrode vol;age drop was the Iowest in the argon - 2% freon; |

11 gas mlxture wnth both polarltles. As a result, the plasma potentlal dr0p '

- 'm thlS gas mlxture should be the largest for a gwen arc voltage, and,_

. therefore should also.lhave the largest arc length. Farthermior e, since ar gqn

- 2% freon 11 gas has the lughest arc temperatu::e due to tts constnct.pd are

»

eolumn, the electrlcal conductnvrty Vmuld mcrease allowing the arc Iengthv

[N

" to get even longer, as observed. o o \ R

o}
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'v cur'rent density vg'rad';’

\
\

§

~ For both polarities a voltage® increase within the same shielding gas

A

~

tends to decrease the %glet transfer. freduency' because of a decrease in the

v‘much hlgher droplet transfer frequency than electrode negatnve polarity.
.ThlS is because the current densnty gradlent is much lower in electrode

: negatlve polarlty due to the small anode spot area on the baseplate

"The droplet transfer trequency and penetration are largely influenced

by the plasma jet veloclty whlch |tsell' is governed by the current dens,lty ,
: gradlent and physical propertles of the gas. . Although argon - 2% freon 11
) gas gave the smallest current densnty gradrent due to it having the longest

‘ arc Iength and narrowest weld bead for a given arc vol’age and current, it

[e)

produced thé hlghest plasma Jet velocity with the best penetratlon and.

hlghest vdroplet_transl'er frequency among the three shleldmg gases tested

However, electrode posmve polarity gives aﬂ

74

"There are two reasons that can explain these contradicting results. Flrstly,

‘ dynamlc vuscosnty and hlgher densnty) thus allowmg a hlgher plasma Jet"'
veloc:ty Secondly, since lt constrlcts an arc more than other gases, it has i -

the smallest cross sectlon .area through which a' gtven volume of the plasma ,

: argon - 2% freon 11 gas has the _better physncal properties (i.e., a lQWem

""Jet can pass, mcreasmg the plasma Jet veloclty sngmfrcantly ” Thls,g

o experiment, therefore,,clearly showed that addmg‘ freon gas containing a

*hlgher number of chlonne atoms to. the argon as a shleldmg gas provnded

o .o Lo . - —\‘ d a .
1better, metal transfer. s ) o ?

Once the efl‘ects pt‘ arc voltage, curr;nt and weldmg » peed ,,on weld_ o

\.

proﬁle, and metal transfer charactenstles were studned the - mechamcal. o

- : EA Lo
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propertles of weld metals usmg pure argon ‘and argon - 2% freon 11 gas

mixtures wnth electrode positive polarity were . assessed. Flrst, two types'
of smgle-V grooves (Flgure 7) were tested and the results obtained using
/the«same welding condltlons are shown. in - Figures 29A and 298, ’l‘he

deeper grOOVe shows a crown almost identical to that ol‘ the shallower

groove but wnth deeper penetratlon For thlS reason, all the groove

weldmg and mechanical testmg was done usmg the deeper groove As with .

S

~beads on plate testing, curren&, nd weldmg speed were altered to see the. |

effects o‘n weld proﬁle Fj rough 33 -*reveal that the use of 26

e ,'._volts, 300 amperes and 240 m gave the best weld prof‘ le. Under the |

'wndth compared wﬁth the argon - 2% freon 11 gas mlxture )
. | - w ! : : . .
Table 11 summarizes the mechamcal propertles of weld metals. A
e) ’ :
tensile test on 5086 baseplate sli’owed thﬁt the material h .an ultlmate

tensnle st'rength of 308 ‘MPa, an, area reductlon of 33.4% and elongatlon lnj
5. 1 ‘mm_of 19%.. Other tensnle test results on welded» specimens were e
compared to, these values The ulq‘%te tensnle strength and elongatlonf'
vallies for ‘both transﬁ'ke tensxla: sp%clmens, mth remforcement removed '
’Afrom pure argon and argon - 2% freon 11 w,ere lower than the values from.
the baseplate but the speclmen from argon - 2% l‘reort 11 showed hlghen
; "vvalues than the speclmen from pure argon. The all weld metal machined \', |
tensnle speclmen from argon - 2% freon 11" showed almost the same
', 'ultlmate tenslle strengthswnh a higher elongatlon value compared to. the

-~

' transverse tensnle specimen with remforcement removed Both»small and



Figure 29A “Electrode Positive:
‘\v»vlaﬁ;_ o )

Ry<il
o

Tyﬂé 1 ﬁdge _,Prepzi.rétio'n' (2.9X)
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 Figure 30. Electrode Positive:

 Figure 31 Electrode ‘P(L)ts"i'ti\'!e:

~

- IR

Argon . zv"_';/B""Freon 11, 26 volts, 325
- *:';am’p.er.es .and-300 mm/min (3.1X)

—_—

- Argon'- 2% Freon 11, 26 volts, 300

“amperes and 300 mm/min ' (3.1X) _

Y

<L



‘Figure 32 Ele‘cirofle‘ 'Poéitii"e:

L
.
it

~ Figure 33, Electrode Positive:

Argon - 2% Freon' 11, 26 volts, 300
. arfiperes and 200 mm/min  (3.0X)

~ Argon - 2% Freon 11, 26 volts, 300 . - =~
- amperes and 240 mm/min  24X)

~ s




Figure 34.. ,Efl'ectrodePositivé: Argon - l% Freon ll 26 volts, 300
o oL - amperes and 240 mm/min (3.1X) -

anure 35 Eleetrod\l’osiﬁve" Pure Argon, 26 volts, 250 amperes and o

240 mm!ﬂlin (2 9X)

- . N,
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Table 11 demmary of Tensile Test Data

SPECiMEN UTS ELONGATION ELONGATION AREA
L ' ' , - .REDUCTON
(MPa) (%)* ' (%)** - (%)
5086 Baseplate 308.0 19 - - 33.4
. Pure Argén o ' -
.Transverse with 250.8 - 16 27 - 29.0
- Reinforcement - P :

"~ Removed "
Argon - 2% Freon 11 | _ , : ' '
.All Weld Metal™ = 256.3 .25 _ - - 33.5

: .Machined BN - B

.Argon 2% Freon 11

- Transverse with ~ 267.3 18 35 39.0
. Reinforcement _ : : : : ‘ :
- Removed -
‘Argon - 2% Freon 11 - o ' . o o
,gTransyerse with -~ 3156 - 19 18 - 26.0
e 1’ .‘ S P .
Ar ?m 2«% Freon ll_ T N |
Truﬂsvéi'se \mh 3 ’ R - S s
0 290.1 22 v 22 - 20.0

Z.Om Gauge Lenglh :
" 0;751:; gauge ‘Length in Weld Metal

r‘}

i ) o

JPm
SRy
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,/,

~large transverse te&ile speclmens wnth remforcement from the argon - 2% )

freon 11 gas mlxture gave almost the same valués as the baseplate. Both

W:mens fiiled at the HAZ ‘(heat affected zone). On the whole, it can be.

seen th{t ﬁ@ultlmate tensnle strength and elon&a’tlon of the speclmen from

argon - 2% freon 11 were better than the specimen from pure argon

E "'w
. -

. *,

&
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2. Conclusions

It has been shown previously“that the $~z':l'd(_li:tio_n.s of freon ga»s'es.‘
containing carbon and the halogen atoms fluorine, brb;nine and chlorine, 4to
argon prox"ides an effective means of improving‘ arc stabil’ity and weld bead
characternstlcs (eg penetration) for welding alummum alloys on both D C.
electrode negatlve and positive polarlty with the GMAW -process.
Furthermore, among the halogen atoms, chlorine was shown to. provnde the
~most marked |mprovements in arc Zharacterlstlcs However, prior to this
work nothmg had been publlshed on the use of. freon 11 (CCl3F),
contammg higher numbers of chlorine atoms than other freon gases, as an

addition to argon shleldmg gas.

: tl& v,}

~

In this present work bthree shielding' gas mixtures were tested and
compared pure argon, argon - 2%. freon 12 and argon - 2% freon 11. The :

l‘ollowmg conclusmns»are»«tihe fi ndfngs o‘l’"’thls research:

o

1. By addmg 2% of freon 11 to the argon, the arc becomes very stable'
- resultmg in remarka_ble weld profile regularlty and deeper penetratlon
' o -

on both electrode polarities than pure argon or argon 2% freon 12.

2, An increase in weldmg current increases the" depth and wndth of the

weld penetratlon, the deposmon rate, and the size of the weld bead

“when all other welding vanables are held constant.

'3, Using bead-on-plate tests, the optimum welding speed for electrode

' posmve Ppolarity m argon - 2% freon 11 gas is 400 mm/min’ tat 26\

\

volts and 325 amperes - >
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4.

5.

9.

A voltage increase tends to mcrease the l‘usnon W|dth in electrode_

posntlve polarity, but the fusion width becomes\g-elatlvely constant I

regardless of arc voltage in electrode negatlve polarlty due to an

msdl‘ficlent heat input on the baseplate (anode) . ‘“

Argon - 2% freon 11 gas produees the narrowest weld\bead on both

electrode.polarities. This is believed to occur because the halo‘gen

-atoms, especlally chlorlne, tend to constrlct the arc column by

reducmg the number .of. elec@ons at the. perlphery of the arc column. '

The addition of freon gases to argon provndes a steepera%ltage

- gradient, than pure argon, and therefore the arc temperature mcreases

X
, ThlS increase in the arc temperature |s responsible t‘or the better

e penetr»atnon observed " . ' o S ‘
Qv ' b ' ’
7.

. ,J_L&.

Argon - 29

‘_»voltage mcrease tends to mcrease arc

e curreht den5|ty gddlent

Electrode, positiVe 'polarity gives: much better metal transfer than

electrode negatnve polarity. It is suggested th‘at *this is caused by the_

hlgher plasma Jet velocnty

‘10' ~Argon. - i% lreon- ll"gas produces the best penetration and highest

' veloclty and acceleratlon of the droplet even though it has the lowest-

current denslty graduent for a glven arc voltage.

roduces the lowest total electrode voltage '

. vet transfer t'requency Thls is caused by

83



‘11,

342,

13.

'and argon - 2% l'reon Il.

LI - d S Co .

P
N .

mcreasmg plasma jet velocny efl‘ect pure argon, argon - 2% l‘reon 12

I

r
PRl

-

Since the o’be_rating current -is well-above the ,transiti'On ‘current (about’
100 amperes for 1.6 mmbdiameter ’a’luminum*eledtrode); 'the- velocity

and acceleratlon of the drop ls largely' governed by the plasma Jet

veloclty -'l‘hese three shleldmg -gas- mlxtures, th’erefore, can be

s

- arranged accordjng to.mcrl'ease of the veloc|ty and( acceleratlon of the

"drop effect nn “the- -same ogder as above -

-

N

fre n*11, gas mixture are sllghtly Iower than the values from-* the

ensile speclmen, wnth relnforcement removed from the argon - 2%-

The three shneldmg gas mlxtures ,can be arranged in order of co

The ultima\te tensile strength and 'elong"ation ‘values for_.a transversc.;-'

baseplate but hlgher than the values t‘rom welds made in pure argon

‘f

almost the same. values as the baseplate Therefore, the use ot‘ freons:;

o ‘
in the shneldmg gas does not lmpalr the mechanlcal propert|es of the

welded Jomt

However, 4 transverse tensnle speclmen wnth~ remforcement glvesf |



LA

Tests have been conducted to evaluate the effect of . argon freon‘

§ e

7

shieldmg gas mlxtures on GMAW of alummum usmg both electrode'

' polarltles Results have indicated that an addm’g 2% of freon 11 to the

| argon lmproves arc stablllty and weld bead alaracterlstlcs on both eleclrode“ T

.. "3 AR
polarltl_es " The followmg suggestlons, 'however, are recommended for

w
~

topics of. further research
’ : A'5, : . ,

_"_”l . An attempt should made to: desngn a probe mechamsnt Wthh measuresv

KR

the electrlcal conductwnty of an arc column cross sectlon Thns would'

.heblp t0- determme how much the freon addltlons to the argon ap a

N ,,,shleldmg gas affect constrlctlon of the arc. column by lowermg the%‘_j e

conductmty of the perlphery of the arc column : ,‘ R ‘L; S

. o : - - T
- : P ) ' . T s-,;;,«

S

2 ,An attemp( should also be made to develop a probe capable of

© measuring the temperature of an arc column cross sectlon The :
.temperd!ure profile: of the arc column cross sectlon would be then used

|n conjunctlon 'with the electrlcal conductlylty of the arc column to
- assess- the overall effects of the freon addltlons to the argon in more

.'_detall (eg the physmal propert|es of the gases such as v15cos:t¥ and

<
‘1._

fdensnty m arc plasma) R |

3. ,A more preclse technlque should be used to analy'se metal transfer m
welding arc. A hlgh speed vndeo camera usmg 2000 fps and a black &

o whlte film was not fast enough to measure the lmtlal veloclty of the '

droplet and not clear enOugh to provnde a dlstmct plcture of the arc e

‘ ",:column on a T.V. screen, e R
S TR RN

5
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