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Solidification behaviour in plasma ar¢ welding

G RAVICHANDRAN

Welding Researcll [nstitute, BHEL, Tinichivappalli 6200014, Tndin
e-mniil: drghivl@yitioocon;, WRIL Puichnse (wrtthheltrycodn)

Abstract.  Melting and solidificution behaviour in ihe diep  penetrution
welding process Is different from (hat in conventions) welding processes In
deep penetration processes, there is keyhole formation and the full thickness
of the plate receives the arg heat mput umlike i gonventional processes in
which the heat input s receved onty by the surface podes. In the present study,
the thermul analysis of molten poal formation and solidification: for keyhole
welding using plasma are welding has been: done using (he Timte elermen)
method. The model sccounts Tor the several phenomena associnted with
welding, like thee distributed we heny input over the twp surfuce and alope: the
thickness, the tempeérature-dépendent mutgrial propeitics, convection und
ticliakivn Hedl odses ele, The gnalysis 15 performed for diffesent combiiitions
of puremelers, viz wellding current jnid welding speed, which huve the max-
tum influence on molten pmi shape and solldification behavioun The model
lias alsar been validaed by conducting expermental mebsurament of thermin
eycles experieniced by the plue (or ditferent welding parameters, The weld popl
dimensions, viz. the length and width are found to jnoreass with mgreasing
curment and decreasing welding speed. Thermal cycles ar locations cliose 1o the
weld meach 3 bgher value of tempervture and the hme for peak temperature 15
also less bat at famher Incations: the peak temperature reached 15 lower and the
tme for pedl temperotire i highen Deudls of the model. the expenmental
results obtimed wd the solidifivhtion characdtensties of the pool are distuseed
in this paper,

Keywords,  Plismu are welding; kevhole techiigue; finite elément model;
nfum.itnt thermal nnalysis; solidification behavious. welding purameters.

1. Introduction

Welding ix one of the most popular techmigues for the manufactuee of epgineering
strictitel ag 1 ok several advaintages over other techowues, With the tapid advanies in
lechnology in core sectors fike nucledr, gérospuee, defence and power, engineering
dompuntnts and structores are requined e perform satidfactorily under different operating
conditions. Newer materials are being developed for these special applications and tested
lor thelr weldability chameterisiies, Quite often, getling rdiographic qualits joints in these
maferials with conveniional welding processes is difficolt, Hence in the last three decades,
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newer welding processes and techniques have been develpped and employed 1o meet the
srngent quahity requitements. These advanced welding rechmigues, like plasma e
welding, electron beam welding and laser beam welding. employ high power densitics in
the weld region. of the order of 107 10 107 Wim®. compared to those. of the order of 10" 10
WY W, i other comventional are welding processes. Due 1o the high power densities
cmploved, deep penetration 15 achieved in the nuterial being welded, ind thus the quality
of 1he weld jolnt js viepy paod.

The plusmn welding provess Uses the enerey produced by the are peneratéd between o
nor-consumable electrode and the base metal. The arc is physically constrictéd by means
ab s eopper pozele having a small ofifice at the centre as shown in figure 1. An ingnt gas is
comtinuopsly fed it the are chamber and gets lonised as it passes through the gap between
the electrode and the poxzle. Due to this constriction, the cirrent densiny in the are is much
higher and the high temperatore are calumn comes out it high velocity. This high velocity
high temperature plusma i utilised for a vanety of applications such as welding, cutting,
surfacing and spraving. For welding purpeses. the keyhole jechnique is popularly
employed and o schematic sketeh illustrating the technique s shown o figure 2. The
kevhole effeer lies in the ransition phuse between mell-in mode and cutting mode. In
the melt-in mode, the arc ereates a molten pool dnd by and large does not displace it In the
wurting mode, thie molen midal is created ad efocted out of e joinl Judation forcdibly, In
the kevhule dotion, the dre creates the molien pobl upto the bottom laver and temporatily
ditplaces it to the reak. The kevhole action depentds an the dharmctenstios of the welding
dre, such us teriperature, veloeity, und density of the plismi, which sre govemed by the
enerpy input and the dre constrction.

When welding commences oh the new plute, due to the deep penetating plasimin sire
column, a hole is created thmughout the thickness of the joint and us te hole trverses, the
mitten melnd fows arownd the keyhole to the rear and gets splidified 10 form the weld The
kevhole produced in plasma welding mainly depends on the are current, speed of welding;
Mosmin gax Mow rote, thickness of the joint aod physical parameiers of the mseral bang
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Figure 2. Keyhole effent in deep pesciration welding:

welifed. The operating weld parameter windew reguired 1o form a kevhole ts usvally o
narrow zone and the parumelers have o be kept within this nurrow window thioughout the
weld: The stsbility of the keyhole can be undeérstood by the bssessiment of the Tarces which
exist at the bottom of the plate whéte the efflucnt plasma emerges. The kevhole is sustained
by the resultant petion of the various forced which include plagma gas pressure, welding
prarimeless, surface tension of the Lquid metal aml Packing gas pressure. Keyhole welding
is penerilly possible for the thickness runge between 2-5 ind 7 mim for siiinless steels. The
associted ndvintiges with this technique mclude higher speed of welding. cansistent
guility of the weliment, lower residunl stresses and digtortion and amenability for
mechanisiticn

Tempernture distribution and thermal cycles dunng welding using wrunsient 1hermal
amlysis have been studied by various researchers 1o determine the effect of operating
parnmeters: on the melting and solidineaton behaviour of the metal. The study of thermil
cyeles moa weldment i requied Tor the analvses of varions phenomena like distortion and
butld-up of reswdual stresses, mmerostructure @ different 2ones of the weld, Hvdogen
diffusson m the weld metal, cold crucking susceptibility of the weld metdl ete. The nitlal
researchiers employed the snalytical salution for the heat flow in welding using a guasi-
stitionary model, which is apphoable when the wre is moving at constant spestd and the end
elfects are neglected. The quusi-stationury model ssumes @ moving coordinile svstem
willy the origin ar the centre of the arc, und in this maving coordinate system, temperutre
distribution in the plate becomes sttionary. Hence, the thres-dimensional problem
retduces 1o o two-dimensional model for o section pempendicular o the weld line, How-
ever, with development in computing power and numencal technigues fike 1he
fimite element method, which can represent many phenomenn nssociined with welding,
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tull theee-dimensional modelds ard populiely employed for trnsient therml anadysis. With
thede (hree-dimensional midels, there is no need foe any Hiiting assumptions and the
maxdel can predicr the thermal tesults at all the locations accurately,

The study of heat transfer in high etergy density processes 18 different from the
conventional processes, as in |:l1£: h1gh Energy dt_rlhlly frocesses, heat is input dlong the il
thickness of the plate unlike m the vase of conventional provesses. The mm!-:ilmg ol are
heating das a point source or hine source (dealises a.heat source, which in reality s
distributed. This assumption: of point or hne source gives resulls wihich are wocurate at
logationy: far from. the hear source, at ar the sowrce the error in tlemperature is large -
sometimes even infinite. Howeser, initm) researchens (Swifthook & Gick 1973) assumed
linear energy. distribution in the thickness divecnon for simplitving the comples probleni.
Substquent researchers (Musumder & Steen 1980; Gledt 1986) studied this Kevhole
welding in high enerey density processis like elisction bem welding and lwser welding
using some distribution funetion for the heal source. Wih these models, the depth of
pénetration, emperpiure varation within the lguld surface of the cavity and the
dimensions o the cavity were predivted Lintike eurlier, thie material properties swere
sesmned 1o be i functlon of temperatare in the latter models (Tekrival e al 1987, which
also improved the uceurucy of the midel,

With the development in high performance computing of over ane hillion floating point
operations per second (Zachana er al 1993) supercomputers  provide exciting new
opportunities for process modelling by ullowing the ymplementation of more complex
databases and reahste simulations. The modelling of welifing processes: provides good
exarples of situations where deserprions of totulence. mulophase low. electromagnene
and surfage ension Oow, transient heat transter wnd eviiporntion cun belused 1o charmcterise
complex physical phenomena. Newer technigues such s peametric constraint methixd are
devised (Lambiakos 19951 o acebunt for the constriints bused on bisundary information
obthined from experiments so that the simulation of deep pendtration welding can be more
effective,

The objective of the present work is o study the melting and solidification mechanism af
i plasma are welded plate using finite element analysis. The transient thermal urmhm-. 14
comduted uung three-dimension) brick elements und the e heat input is s to e
distributed in the loteral directions is well as i the thickness diregtion. Temperatare
dependency of the maternal properties and the heat losses due to convecton and radution
are 1lso neluded m the model. The anatysis is used for the detrmination of the molen
paol size and the thermal eyeles mopoins adjacent wothe weld through the unalysis of the
molten zone wotherms.

L Finite element model

The governing equation tor the transient heat transfer eqaution inthe fnite element method
iR wrilten s,

(O ) + [KUT) = {F).
whete |C] is the thermul capacitance matrix given by

[;.rcp [T NV
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| & i5 the therml condustince matris given by
j " 1 By f f V1T - I

LE) i the thetmal losd vecior given by

f g INTdS 4 f T L

[N] 15 thie shige Tugetion malms, [J] s the defvative of shape Tudetbon matax, 10)] is the
mattix containing Iﬂnlmul conductivities, T4 the temperature 1n O, gid the density of the
material in kglmm". C, is the specific heat In Mg °C, Ky §s e overall Deat loss pirimeter
irl Wmmr i od | :apluimd Below], 1, |s the gmbient tempetature in C, ¢ 18 the arc heat lux
iy Winm®, Vis the volume, § is Hu.' surface urea, s the time

The plate tuken for transient analysis s dimensions of 180 = 150 = 6-7 mm and the
miamerial of the plite is ALSTH 304 grade stainless steel, The plasima are welding is done in the
centre of the plate withou any Glker addition which pepresents butt welding of two plates
held with zerp oot gup. Due fo symmetry, only one half of e plate js aken for the
amalysis. The plate x diseretised nto o npumber of eight-noded bnck elements as shown in
m.un: The clements are of smaller size in places close o the weld as the 1empemtore
gradion are expected (o be seep in these locanons and ot further loications the size s
progressively increased. There are 5 nodes in the thickness ditection ategual distances. The
total number of nodes ond elements dre 4350 and 3240 respectivel v,

For cach of the clements, the elemental [£] and o] matrices abe comptited asing the
eijudtion given hbove, For compltution ol the twe inatrices, the temperature dependence of
the moteriil propenties, viz. theomal conductivity and specific heat, bs required, For ATS)
304 grade stainless sieed, virtations of thermal conductiVily and specific heal are assimed
is given by Tekriwal e af (1987) and are shown in figare 4. Thermial condugtivity incrensgs
with tempersure until the hmlmb paint s reached. Onge tempenitun: rises beyon
[he hotling paint of the materal, Th-:rma_l condactivity s reduced to g low value: as then
the conductivity cormesponds to that of the metthc vapour only. However, i the molien
condition. the gh vilue of thermal conductivity 15 reained a5 even though the thermal
condnetivity of lguid metal s Tower, the comvective hoat transfer due 1o the surrng of the
mobten pool s gher und has 1o be ke into secount. Similar variation s assumed Tor the
specific heat of the material The density of the fnatédal ol virics with lemfpieratune bt
Lhe-vatiation is seglected i this analysis,

Fiar computation of the afe hear fux, the efficiency ol the welding process Fisoto e
deterniined. The efficiehey corresponds o the pmount of hear which 14 effectively
tednaferred to the base met!, The elficiency of plassma welding i caloulaied using theee

Flgrmre 3, PHaCetbaation of e pliate o e ol viis
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Figare 4. Vanation of (a) thermal condiwetivity, and (b) specific heat, with temperture (Teknwal
&t af 1987)

sourees of heal wpat viz, anodie heaang, rdhanon of hea) from plasma and convective heat
transfer from plasma o the metal, In conventional processes, gnodic heating 15 mosr
significan) whereas m plisma weldimg, the most sipnifican contnbution comes [rom
convestive heat trensfer followed by enodie heating and radiation heat transfer. Meteulle &
Quipley (1975) huve evalusted the efficiency in plusma welding as 0064 for the keyhale
provess pid 0468 for the mele-in mode of the plasma welding process, The efficiency in the
keyhole process is lower due to the fct thiat the effluent plisnia gas cirrics away some purt
of the heat bul in the meli-in mode, the top layer receives the heat and the loss of Heat due
W effluent plasmy is not present '

The are heat flux vares in the two dimensional plane across the are snid researchin like
Friedman { 1975) and Krulz & Segerlind (1978), have assumed Gaussian distribution for the
arc heat, This distnibution assumes that Y5% of the arc heat energy falls within a circle of
wiven, rdion. and insde the cirele the energy chonges exponentinlly from the centre to the
enid. Onher researchers like Goldak er ol (1986) have assumed a more correct double
ellipseddal heat Tux modal bot m s present mode] only the Gavssian energy distribution
is assumed for the are heat in the bwo dimensioeal plane acvoss thie ares The radios of the
arg s tiken 1o b 4 oim an the top and tapars to | mm an the bottorm, When the plusma
column impinges on the materigl, it resulls in full pessiration of the plate, und g8 the
plasma column moves along the plate, the Ml thickness of the plate receives the hest input.
The varistion of the heat inpul along the thickness direction = it taken o be exponential in
pature its per the Beer-Lambert law (Mazumder & Steen 1980) as given below,

Clary depth £ = (Qirtnee - €XPp - [—8. - 21,

The value of & i tiked 1o/le 08 mm ~ ' 88 piven by Mizomder & Steen (1980), Thus the
variation of the wt heat flux it any point (e, 2 from the centre of the tie is given by

qg=3 Q/n8 expl-3ix" 4 ¥ R expl %z,
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whete o 15 the beat Mux at uny paint -+ v = lying uniler the are in W/mm=, @25 the heat input
i watts given by o TV. g s the efficiency of plasma welding process nssumed o be 0064,
/15 the carrent i A,V is the voltage in V. & is the radius of the ane tn millimetres assumed
to be 4 mm, # is the parameter assamed 1o be 08 mm ', v woand 7 are the coordinmes
from the centre of the are

The are s o moving source of heat and at any point of tume. thie tre oteupies § pardcule
pamtion on the plate. For this posinon of the are, tie nodes which fall below the are dre
soted wnd the are beat fux is caleulited Tor these wslig the relation given above, The dire
tikes sorme time Tor crossing o poinl depending on its radiug and the speed of welding. The
Besat input inereases as the arc appronches the poiint and s the maximim when the centre of
the are is directly over the point. Therealter, the heat g starts Galling and once the are hos
cormpletely muoved over the point, o heat falls on the point any lopger

In the welid pool vicinity, heat is lost 1o surrotmding envimmment by convection and
ralistion due to high differcnce m the surface and ambient temperatures, For determinmg
the heat loss due 1o rudil:ﬂ.iun. this eqirvalent heat loss parameter as proposed by Asit ef al
CH9RUY which avcopnis for the convective apd madiation he losses is caloniated mnd appliend
tiv all the surlage nodes. The equivident heat loss parumeter 1s caleulared as

Mo =t 010+ T2) ATy + T

where /i, 5 the conveetion tocfficient in Wmm™ “C, & is the Stefan-Bolzmann's constiiit,
o s thee conissivity of the suefice, 754 1 the emperatore corrésponding to the previoos time
stepiin O, and 7 44 tHe ambient emperature n 'C. -

The convection heat Joss coefficient iy taken to be 1144 » 10 " Wimm® “C for the wop
surfice wngd 2288 « 10" Wi ™ C for the bottom surface. The lower yalue is sisumed
for the top surfice as this surface is exposed 1o the ot plusmn gases whereas the hottom
surface is only exposed 10 the hucking gas. Emissivity value 15 assumed to be O-4 for all
surfiee nodes, Latent beat is pot included in the analysis as the effect of latent beat is only
to shiuf the molten pool backwards and not cayse an inerease or decrease in the size of the
mollen poal dirensiong,

Afrer assembling the globa) [ [K] ancd [F] matrices: the salution is oltamed in the
time domain wsing Cislerkin® scheme of time maching. Golduk er of (1986) hive given
ihe tme discrensation requiremients and mentioned thin the time stép should be so
selected that the rise and fill of lemperatutes ot uny node for o time interval should not be
very steop. In the prosent model, the are b assumed (o sdvanee by 05 mm for ench
tHie step nnd hence the thme step during the welding phise ik pecordingly chosen for the
case invalying i welding speed. The problern is nonlinear in nature as material properiies
ire funetions of temperature and the solution requires muny ienitions within a fime step,
The analysis bs simplified however ad proposed by Asibut of al (1984%) wherein the
femperatures for any time step are ohtained by evaluating the thermophysical properiies
and heat tmnsfer enefficients using thermal resulls corresponding 1o the previcus lime step.
With this procedure, the comples scheme of jterating within a time step are dvoided and the
probiem i simplified,

The toral number of Wme steps ane 300 Tor the heating <stage when the G5c mioves' fooim
e ol 0 thee other end and ence thie are has covered the I Tength of the plile, further
Hear mpat s stopped i the plate 1 allowed @' conl down. During the covling stage, the
lime dteps ore progivssively inereased e the tempersture gradient slows down, The
pnalysisis mun for anolher 36 time steps in the cooling phise ap 1o s tme of 2000 seconds
and by this time the plate gets cooled dimp significantly. The anxdysis is performed using o
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uomputet progrim developed for the purpuse using C language and ron on o PC with
Pentium configurtion, Afwer each time st2p, the program stores the lemperiture resulis for
W) e nenles inw file,

A, Experimental valldation

The finite element model Has been validated vsing expenmental trids ( Ananthan 1989:
Ravichandrin & Anpnthion 19981 Ax the measorement of tempeiatuse i the weld s very
difficult, mensurements were carried out at diginces starting fhom 6 mm fom the centre bl
the welll, The experimental study fof the validation of the model wis condicted uking
Phasmia system PR 300 consisting of Thermal Dynamics PWM-4A welding 1orch, a cansting
cuITent type af power source dnd associated control system WE 1220 which tncludes the
pilot are supply. high frequency arc tnifiaor, torch water cooling. wny comrols for phisin
eas and sheld gas. The overall view of the welding set-up is shown in figure 5. The
trinks were gonducted on an AISTI08 grade stmnbess m:rl plate of size 175 < 150 % 67 mm.

& Figure 5 Overall view of the
o APl Selup
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Flgure 6, Close-up view of the swalding bemd and the set-up,

The elose-up view of the welding set-up s shown i Biue 6. Bead-onsplare welding wials
witre conducted over the plite as this simulates o Buttswekl [Uing with sers ool gip:
Températures were mewsured using chromel-alumel thermocouples of digmeér 08 min
which were fixed o the plate sudfuce using capieiior dischirge welding, The e
couples were fixed w6, 13 and 20 mm lrom the weld centre. The plate wag climped on o
Fixtnee with provision lor back <lielding.

The welding trinls were carried out ut two levels of current (175 A and 210 A) and two
fevels of weliding speed (150 mm/min and 170 mm/min). The are voltage was keptat 30V
and 31V for the two curment levels, The stand-off distance between the torch and the top
surface of the job weas kept ar 5-5 mm. The flow rates of the plasma gas, the shielding gus
il thie hack-up zas were mointmned ar 2 pm. 10 Ipme and 5 tpm respectively. These
praramieters. were seleeted usmg & oscheme of setisical design of oxperiments. The
phenomenon of e kevhole otours in o norow ruge of parmmeters ard the oureeot wid
welding speed were the predomuitiont fuitors Thues the parameters wens selected within i
el fange. THe plisma gas bnd Bock bp gad Tlow rates which play ad Simgporant role foe the
dizplacement of the lyuefied metal hos not bedn varied as this effect hes oot been included
i the pudel

4. Results omd discussion

Thie deep pederriting nature of the plasmid are restlts e eomplete Tusion of the mateinl
ulong the thickress divection bt ws the’ power of the are decreasss exponentiolly in the
thickness difection. the exlent of fhsion will be diffecent for the top and the bodon lavers,
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Ihe top Layer which recelves the moximum heat input melts almost immedintely when the
are covers the point Due fo the progressive heat conduction and digeing action of the ate
and plowing out of the molten metal; the bowom luyer melis after some tims lag. The
materiad of the plate, viz. stinless: steel. melis aver o temperature runee of 1400°C 1o
T4500C but for easeoof anilysis, the melong is assumed to oceéur at 1450°C. Tha
pragressive penctration of the surface dbeto the impinging Plisma are s shivwn in figure 7
(or thie Girst case (curtent 175 Aund welding speed 150 mm/mind; (he results are similar for
the other three cases, In ull the cases, it was found that the tap layer melts 1o o larger extent
il the width ol the molten zone 1w higher at the top than atthe bostom. Full penetration is
uchleved e a thne lag of 16 when the cente of (e sl are moves over the section;

Solidificunon proceells In the direction opposiie 1o the melting and progecds from the
Dt 1o the top: The lower beat mputar the bottom surface due to the Beer-Lamber! law,
htgfw: convection heat losses ap the hottom and lower widih of the molten pool size at the
Fattom surface result i salidification commencing at the: bottom: surface. Solidification
hegins immedintely after the penphery of the are erosses the point and an the top siirfuce is
vomplete only after 46 seconds.

Tempeeature distribution in the plote when the dre 15 dirsetly over the point ix shown in
figare & for 175 A cutrent and (50 mm/niin welding spoed. The wmpersture distribution
shiows lurpe dilferienie betwean the top and the bottom lgyers upto i distance of ahout 67 mm
WhiCh 15 the thickness of the plate. Theteafter, this difference 1s not significant. The difference
1w Dnighest at the contre of te welld dnd. af this point, the tp layer i at i high tempersture much
Bievionid the boiling point of steel, wheneas the boltom layer is just shove the melting point. The
trend i6 similas tor the other combinutions of current and welding speed conditions also.

Tm'l'rp_lll'qhn'l =)
g

" A 1 ) Figure K. Tempersiure distolbution in the
Bilsiasea || plasrit e weldod plare from e weld end,
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Figure 9. Molen pool dimensions as g function: of the weld pidumiters.

Dimensions of the molien poal, viz the length and width of the prolien pool i the top
surface, shiw varations at different pasametric combintions. In the analysis, the
parimeters could not be vaned by o licger extent as abainment of satisfactory keyhole
comrditions is possiblee only within a narmow range. However, the trend s clearly seen for
this parmw range, as shown in figure Y. Length and widih of the pool inerease with
inerease in current, The effect of welding speed is just the gppesite and pool dimensions
tecrease with inerease 1n welding speed. When currenn 18 incrensed, the heat content of the
arc amdd the energy transferred w the plate are higher, which results in higher' peak
temperature i the molten pool and slowir cooling tules. Hence, letivth and width of the
molten poul are Higher, When welding speed is intreased, the enetgy is distributed aver i
linger longth und thus Beat input ut any given section bs reduded, which results in just the
ofipsie elfder,

Combinlig the two purameters, welthng heat input per unit length, computed o 5, Y 15
where o is the efficiency, V is the voltpge, 1 is the current and 5 is the welding spesd, is
caleuliled wnd ploted against the molten pool dimensions, From the graph shown
Flgwre 10, it is seen that when the heat input per pmit length is mereased, the length and
width of the molwn poot are higher, but the rage of fise i very shallow. Fora 365 increase
i heat input per umat length, the leegih and width of the molren pool imcrease by only 176
and |2% respectiyely. Among the varinbles, eurrear has-a mgher effect on the leneth and
width comparsid 1o welding speed. When cument (s rmised by 20%, the langth and width

2 .
‘E 15 :
-I—l_wh
= Wi,
£
E g -
e ¥ Figore 1. Molien pool dimen
L — e i - shons us g fumthin ol weld hear

Heat Iript e unlt kengih (W) inpd per bt lenpth.
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Figare 11. Compansan between computed {—— und E'I]."t.“ﬂmf‘rl'tl-ﬂ {3 therma| eycles at f mim
istince froum thie wel line for 4 edses, current and speed reipectvely being 175 A and 150 mavmia
fad, 2000 A and 150w (b), 175 A end 170 wumdmin (e, dod 210 A and 170 mendogin (d),

increase by 129 and 7-5% respectively, whereis when speed is redoced by V1% the length
wnd width incresse by 4% und 3% only,

Comparisan between the theoretical and experimental thermal eyele results for four
case al B distenee from the weld centre 1= shown in figare 1 la o d cAnanthan 1989),
Thermal cyeles during welding are dependent on the distance from the weld cenfre. At
pointe close 1o the weld centre, peak remperatures are higher and the tme duration for
which the peak iemperature is experienced i shorter. But an points well mway From the weld
cenrre, penk temperatures dre lower and cecur afler very long tie lags. [n thie present coase.
at o distaniee ol 6 rim, pedk teimperdtures ore high but well within the meltng pomnt of the
muaticksl wnd the peak tempemture aleo odcurs within a short time Ax expected, e
maximunm temperure is experienced for the cage with 210 A current and 150 mmdmin
weliding 5'|:'I=L'{i. which hus the highest heat input pee unit length oF the weld, Conversely,
pestk temperature is the Towest In the case of 175 A curvent and 170 nnndmin welding
speetl. Among the olher 1wo cises, petk temperature is igher for 210 A and 170 mmdmin
welding speeds as the heat input per unir fength is higher in this case as compared o the
ither

Figures | La-d show thot the ugreement between the computed and expenmental Tesulls
i owithin 155, seith the experimental vilues being less than the compited ones, The
iteviations could be due o the Tugher heat Tosses thun has been secounted in the model and
wrigeetinties i the properties ol the mulerinl peelevated tempeentites THE devit could
#ldo b due 1o the Tact that the phyvsicd] displacermont of the liguid metal s not accousited
Fear do the sl Thie devintion boetweon comfpaed sod experimentil vidue broomes Tess il
other farther locations. However, considering the virious Hmitations, agreement between
e fsv sets of vilues i reasaiably good and thus the Giite element model i valididiad.
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5. Conclusions

A finite element method-tused transient thepmal node] His Been successfilly. develaped
fnd applied for teansient theannl apalysis of the deep penétration: plismid s welding
process, The varions phenomena wssotlated with deap penetration. welding, like ihe
distributed are heat input in the sadial direction and IRickness direction, emperiture-
dependent puaterial propertiey, surfice beat losses ¢le, have been incorpamted in the
mudil The model has been validated through experimental tnals involving different
parameter combinations with measurement of empermturg ot different distances from the
weld centre. The olose mesults obtined show the etficacy pf the model, Thermal results
obtained foe differear parametnic combinations show that the welding current intloences the
sohditicatnon profife and the dimeasions of the mobien pool w s karger exient compured 1o
the weldmg speed. The thermal cyeles berwesn the wp wd bottom surfaces al the weld
centre show Targe deviation up to o' distonce equal 1o abour the thickiess of the plute, while
beyond this distance e devilnn is heghgible.
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