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Chapterl:Int roducti on

The epeapadsindiuattfrabasvbtbagbohtahaoaréaae i n er
d e mabals einteg gy sources such as wind, hydro, t
in recent yesacép,edffmd iulm,f nmaltur ana jgpasssodead co
t hworl dés energy suppbgill fuebsrapoouprtedhtd
energiyn2u2sle hht ur al g aso wiomenuantgktya bdnyl3gA mong al |
t hmeet Bfoadri | and gas tr agspemirotsit edwuseedian aglhi ne
efficiencyy lomdi ftcaamoen t r an sspoourrtcastti @amal glkee t aweee:
requhiirgehs i miteegWwiia®ces 1t eanhgt h antdhmoadwreg mhn esnse.r gl
industry, pi pes are made of high swupemgtioh |
perforfm@gdgnce

Consi dehrei ngrdoewnamgé nerf gy as wel |l ascoshes ne
devel opment ofi pebberas$ way e nigshsiBiyemn piol  tiza+imtey r
st r elnegwenlp ed ti eneelos |  pa mpdeil g fnea s¢ almec t ws eethi ghder
pressawmrde t he di scnaent ebre onfia dpei plear ger t o ciamcr eas
t hssgni friectantddsgyt2l]ln addi ti on, transportation
construction can be significantly ref@8¢ed us
Thermeochanically control $edelpr ptceecdhscim@uial @ MC P
i mprove both strength and ,avmdghhebtast becoogk
strategy for modern HSLA steel produklPaon. P
canpbedubedugh TMCPswi tdel tleay iefgeInit y aphd] proce

Wel ding i sveowpon to@md b e eosfsiipmegl i ne construc
the reliability of compl eted assemblies dep
processes in pipeline industry include | ongi

as wel |l as Thepaommoel ¢gi sagaedc t welhadi mgemet hods

1



manual shield metagbhutao matwied dgag mHMStMaAM)YdEBTr ¢ w
submerged arc Awelfdirng epaAW) .we lpd ip ndjuaer SEIMAAW h e
increased flexibility and siimpBhiiese yt i faditcic
wel ding methods wusually require | ong proces
produanweli d yqudl ity

Il n recetnte yemasts, a pd weir zses ad fe dH iaggler wel di ng
dropped chmasiederaailmlsyey b wikdddmbBbpimhaswemhot her
heat ,bauvuecgained pohmpiltamittivaldwer tionpr oving pi
gualLiatsyegl di ng i s -daentsiiglty ereerngywel di ng met ho
penetration, hniagr hh ewaet| da fnfge cstpeedecdz,olneh § HA ZqQu al
and wWelgh aniert emwrdogmphar ed t o convent i[@dnkddweaver wel
autogenous | aser welding also has dfiawehbacks
porosityatf orimphl, omdiegssi on handwhiFE&DH may | eac
wel d bnreit tatlfl1le2nje ssecent year s, r B e etaer cchhneorlso ghi aev
such -aisr éolt asfel,3 weylbdrsiedge lad(idhLgAWY ] douead m | aser
wel dlingl] vacuum | psahdwabttbhe | 2a6pr i mprdiveg:t
performance of conventional | aser wel ding.
Laser wehfdiilnlge wii wdhedwil aes eirs wae lcdoimngo,n way t o
the gap bridging ab[il.A}otshidgr flitkeesaeetf ibte aonf wfed aed
is to modify the chemical c o mp otshweil @ln mern da | t
[ 18.Td9mprove the dwpositasarmuwehdizhegt wHiexch r |
for r pseleeatiiviege lolfer wi r eT hvea su sdee veefl ogppre de xt er n a
to heat the wire | eads to a hli2g@&jeat hdesrp osstirt a tc
to i mprove the gap toletancecent byeadnsert hbe:

hig@hecision galvanometer scanner and integr



research and developméaseoivombinbhgl saserepwel

have the abilitly2bd22]Jedeafci mighieqpegomlk @ yg2®he

effect of stirring molten pool by | Asétebeart
intermi xindnoft hel evihd wie sieetsaad t. meenl y i nvestig
di ssimilar material|[ 2v,J2d6]ng process up to no

HLAW anotnheewl y devel oped technology and the
wel ding of pipeline PpT7TRwEed isihdWae a demamarre c e nt
el ecartcecaati t he s ameTl hntawl mbeinn epso otlh.e advant ages
sources and el igswifnaa esiHLgN® hdoweew.lraearkar kabl e i
gap tolerance, penetration dept i 2. Dinel difng hsep
most challenging HleaAWhi thl ckHi §feelbl tseshienir
ot fee Il |l er material and batsheeemdt mket ah. thbi sopi
formation of hard and alseiwht lcehe madcestoesrnirourcat tuir oe
t oughintesasppears that filler materi al penetr a
i mportant irrddie@hi noaghinew s bteecnadose atcoEnt t at e ma |
upper arc zone r at hfemetthhoado ol &k [ eteioiald aesperro b2 @t

i nvoutvielsi zi ng pul sdhospraycadengthhta enhanc

mat eri al [i2n@}lohdarher exowar chers studied the i nfl
to arc power ratio, welding speed as well a
[ 29, 30]

The at me opwaersle mitusr stuce t he dev-efachyiernitd olf a sae
wel dpirnogaess sa rfoornt wiplhdisngHSLA pipeline steels
guality, pmeplkamd eishcr eas&dv peollneclt o gii ¢-y. i ncl
wire famédddseg beawermppbi edgto enhance filler

anel embomegehke tynfl uence of wipae afmeveed rdd aiga ¢ |



spepmde h eantp e,ir otgape waisd tvhe | | as \beraemv evo fTithvdea ngd .
el ements distribudiexcn rwas pamoley 2md ¢ rewéarmndayl y s i
di sperrsaiyvespectr.dheopn c(r bBBS$Wealed uanmd Aadv eer
examiuseéasg anal egt ron mi¢r assdopdmé¢ SERETciciud mr
ferrite, bainite andi marn then sweeled vnmlecufaol eeodn st i
mechani cal properties includi nwgertheagtdeadnsts, t e
proemds<y osprowptturn e e swarsdldantsicaAssdeddpai | ed expl a

t he obj escctoopflee s hawb td Woblk ¢hrapuiede®d.i n



Chapter2:Li t erature review

21Pi pelisae steel
211 Thel assidfi cmpitp®Ilni ne steel s

Sever al international agenci es have devel
mat er iarheng which the standards by Ameyican
researcher sglamida hd wpeymatiddeds i gnati opi pelsitreen dtoe
according stpeecdif f eer em tnri emugnt hy i led e 17<9g r aFdoer e X
pipeline steel h a7sOk saw hyi icddlBAVIR g t3rlejanga rhd ti davge rt o
Ameri can Meotcaled N(iADM)s,t rgegehabéphetowiet h yi el
strength ovBlaOthh oV acpii pesltiiereeh s of grade X4z
APl staadabdscaosnshiidgehr esdt r engt R-l1pisphelwisme hetf e e
i nvent i pareaxrhda nma a l properties [0¥1.,hd3yglh str enc

Tab2llecCompari son of differesnt high strength g

Yeaorf Mi ni mum Maxi mum Mi ni mum Ma x i mum

Gradeinven strengt strengt strengtt strength
X4 2 1948 290 495 415 655
X4 6 1953 320 525 435 655
X5 2 1953 36 0 530 46 0 76 0
X5 6 - 390 545 49 0 76 0
X6 0 196 6 415 56 5 52 0 76 0
X6 5 196 7 450 60 0 535 76 0
X7 0 197 3 485 63 5 57 0 76 0
X8 0 1985 555 705 625 825
X9 0 1985 62 5 775 69 5 91 5
X100 1985 69 0 84 0 76 0 99 0
X120 1998 830 1050 91 5 1145




APl X70 grade pipes are widely used nowada
the 1980s and uf8d]Tme mampyl ipcraotjieccntss of X100
under investigation, which [a35] mainly | imite

A s tbraasdemds i gn ampommarclhy iassppl i ed in the pipel
hi stoappglsit élopassse dnfdoame sy stgiumcdairiets i s anticip
pl astic dedbecuwmatimnt s piopnelt sMmeess in pipeld.
the | imit undergroama |Imoadcaneanmdbll saadfdes ,oper at i
can still] S mpmras teee ¢ iopwth ileohdiyab ihtisgdng wn & shs a
supeariaoak arr dshtei nage | adb inleattagl, aad nda yBAZ2 he weake
wel dednpgdi pbei tumecaodt machani cal properties
212 Al l oying el ements in pipeline steels

The strength of puremostogi nsetioogloal tapple
The all oyiimg sglleaeyhesamt ser y aanipioggt ahnitg hr oslter einng t |
sol uti onanphredd rsitrirgetnig@ mogaanl s@nt ri bute to grai.
Howe,por@mo nt rexlcem$il g i ngcoeudedtnent svedtda bi hety
increascldt tsgarckifyt3i7yso it i s essential to stri
thelesired mechanical properties.

Car botny piiscabd$s yt heedredomi nant sftrraerme t ihnictoina
devel opmentA ofmasltleedmount of carBonoatablty on
i mprove the] gthreensgitrhbengt hening effect S ma
hardening as well as pr ediepiftoatmgd.n oM eod ngt h
dr awboafc kaddi ngmoauonft ac geosbnemgintyhcket er iofr at i on
we |l dadntdoiutgyhTnheeed d adbB tl @ @ fyteevyra | byt cedirebon equi val
There wreéeelkt wofacrcrmplt@®@sl for cal cuwhiitdamgdemermhdn

t he oowerrfaddct iOnre i s gi ven[ 3b8h dD eraercdoenmin deetd eal | .|



|l nternational Institute of Welding (Il W), an

greaterwtthan 0. 18

50 & — 2-1)

The other formul a i[s38ghidveins bnyo rlet oa papnl di cBaebsl sey c

thanw® X&r bon content:

~

to 6 — —— — — — o (2-2)

The caobmtoent tends to be redudaepd efsteowmoder
temperatur e stooudhmecomesnd common practice t
to reta,wm |set rad sgghoa @ehiaeciepd aabnkde dwed ldhd baed ad ki r
sensitimimgdern HSLA pipel i neaslhoewe {,e poeatrald d ry
bel ®ww®[ 3.7]

Except for carbonrand hmilcerom a pa telsemd neidsLrAo
steedccordiehgtt oet per c eanltlagyei mg deeldmamd/atce ® e
ni ¢ kcehlr,oma uwo, ybd&Meamwimi ¢-#lpl oyi ng el ements ha
|l ow percent age lbanmanuymaiimungdtia@manm omj um etc. T|
el ement emdVvearmeeecooastr ubeur eeehthinn ¢ al prop
suchtaength and toughness. phWatsh teapstodor mat
they can also be classified to two][d&1 oausps:
shown 28F¢€abl ¢ée stabilizers expand the tempe
aust-eaitiete transformati on. I n cont-frarsnti,t eau
transformation t enppreorntotteer ¢ oa md tcaud ma o ffeegulitt e
|l ow temperature transformation products such
typically have a relatively high dislocation

the toughness coruder baefmd wpeer whainniat ¢ aor mar



Tab22eDi f ferent groups of adglitional el ements

Austenite stabi Fersfakilizers
car bon chr omi um
ni ckel ad umi num
manganese mol ybdenum
nitrogen s licon
cobal't niobi um

tungsten

vanadi um

Somei calol oy i n ¢ uelimei mehnytaisma @ intdimt apnli akyaryeo | e i n
modern HSLA steel ma néuMCaPc t uTrhen ga dsekireait bengyyiori g
el emenhel pcagnener ate fine carbide, nitride or
procesgnedihgi tates ar e pidmonepdr eavte nth et hger ag rno vt
gr awhislcehadsr ¢ folemdge a8 maes p stohmo t enatf i deatrhdare t hart
bai amaetendihese particles also contr[B0te to
213 Ther-moc halngamal epdrloc egs

TMCP is the martr odaeamordety eng yH Sflio’s lispteereilor me c h a
properties combining hingvhotl svtersena ¢ alns a&todng & eod d h
rolling and c[ohql]r@rdied rceofoil nenmgent and mi cr o
contr oll lisetdpgceo are t he key mechanisms during

Grain refinemesxittr @ rsgredne marmmgesartt.aaldidsn t he 1950s
and PdRrélmdi ed the relationship between grair
and establish®etcherebmousnHall
A ¢« )N (2-3)

whetankhre constants, and d represents the ef



strength incrienggsas nwsimededheagrain boundar:i
pr opagatthhaotn Isoow tteuplenmeassuurean be | mproved. |
relationship bétrween et he ach&atidlogr diedm@geir 2a¢ ur €
YVoOHh (2-4)

wheaaenhlare coBaseadt ofni ntdgensaesn ref i mbwmeémt tihmpr

strength and toughness of steel

Controlled rollis@pRRirecadpmesrsatowcrcalrrsangqes wWoi . ¢
and -rneocntr ystallizati ogr aiegimincr det ob¢taume f i mie
suchi adaruem o d.0 ¢ldnececrystallization region, the

austenite occtuhssubrsemereanedynsotnall Ini zati on regi
pancaknadarge amount of def or wantiiloddo awtaaidsi rag
partpgrcdecispi tate due to induced deformati on.
to prevent austeniNieo bgraan nasl sfor oirmn cg recaveien gt. h e
temperature to retard 43h]e austenite recrysta
After the controlled coolingismnmageeda The.
defects such as | edges and deformation band
transformation in the controlled cooling st
Further moobeipuchiepi t ates can also contribute
precipitati dqit.OyBpphygt hgnidndgferent cooling c¢
cooling stage, various microstructures can |
bainite or martensite, which offers control
214 Transformation products in HSLA steels
Modern HSLA steels usuall ywthhaawmrd aarcardloas 1
hypoeutectoid steel s. When solidified at a

(equilibrium solidification)gfetrtra tlei caunidd tihre



ranstfooranss hetnheé et e Mper at uglUf edadrtea begitne A o

rom

ust e

arbo

The

rans

uper

austenite. This procewarbondiisver|kytea
nite taogrtahen ssuWheu ruditee g t edrepcerr adysuécseh € ur t

n contentauish enih ¢ e wadma cadeieustge@.t ©1 d tr ansf

sawhteerahetf @r mear | i tae .| aPheeal mpaort etd hiiwn t h

nat ifreg rligayerasndofcementi te. A s@hal Bl amou
pitates from proeutectoid ferrite. I n s
ition products of hypoeutectoid steel u
mor phol ogy of eduwigoxed 4dirpairng eand i s ¢
degree of supercool ing 1t Btehckeefrienadc ads p
formati ont hkeempat atturasmsédod mAitgllegr eaee mper

coooon ilmg g happkedi ng, awhHiach Ileagoudis! nigbor i ruar

i fication andl pwotmempser ahar Eot manhsbor ma

ite anMdgmaer ads ziedawluisng transformati on

arbon ste€dl] whi edplovaninn nt Fe gde Vel opment

arbon steel s.

austenite grain boundary

)

: inclusion particle
cooling P
curve

— _grain boundary ferrite

austenite

Temperature

martensite

log Time

Figr@ener £€ICiTzddagr am f or Repvr icratrbd fwisiogmepr2iog@idts si on

John Wiley and Sons
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Acicul ar f esami e mpé A&D) u i@ rlotbvoifsteh mm Ar i gi nal
grains and contains fineenkedkiemnDuaapteod tlhaitsh s
interlocking structure, AF has a good abil:

t

o

ughness clh46Ppdaihsec hpireefeed red microstructure
superior pr operhtiigehs sd amnigdohmept nad | ti ocyNiMmnse)suss.i o

pl ayw mportant role in pr opspotoivngditnige ffaoromatbil &

(7]

i aest he inc[l2uwds,zdofainguandB8aor aed t hatasRkid, Mn

o
x

ides can promote the formatifof®ddorAtFed nt laa
very small a momt%)t odn Tpr o(no.t0e0 1si gni fi cant m
generate 6MWW AF eidtheaveCdh.as been a considerab
determine the el ements most effé&ceggkebOhabro
found t haisimMicd usndnlsi acted as the effective
steel

Atat emper at urpe blmelnoweAtransfor mathieondi dd eure:
temper atsurwepperngkeai nite and | ower basatti tae ma
relatively higher t-+£ mgerwatsahpeea vaensd ohfa sb aai nfietait
continuow®norinayarss oundeear ipdiecsr old o reg.nt r ast
| ower Ipaiordiatteedi $ ower temperiakewehapadi has & em
anidnfeariti[c3.Ajeortihiednen®on form of bainite is th
t hMear t eanwss ttleeMActoen st i t uent Bbeadiinsipteircs ¢fdeTdBintiet emat
usually has a fine microstrucftl 4o wehidaeh con
preseuwmpmmpmbiead fni tdee tceorti bodrgahtnee ss by providing favec
for cracks.

Martensite transformation occurs atsgsaa t empeé

acri tfiasdl cool i ngha®bedye Mbet edd btdvhaegbnals a

11



supersaturated caolbioch abdisi ¢ emn thertbhedt tciucbei.c Th
transformati ogpt €@pbeOyOaftdurow car h bR ] Fheedisf fus
of carbon nratcdmesaw st hhehsues sempambonr ags oms i n
cannot diffuseeonogmrdfentshe el dtorimse.t hHough sh
than db&asedi onansfor mati on. Compared to fer:t
di sl ocation density dmBd]normally a higher st

MA constitubret spricmeHBLAostepreeéfsédomtho ch t he
temperature range with,ranMhshler eempetatlraulb
occ.urpson cooling from this tenmpiecrhaetdur & u srtaenngi
retained to room temperature or partially tr
temper at,urvehi(cvh | ed to t hge53 . dfhelstei dWA «afo nislt 0 d
usually appeairn atshesnmdsle imsedtaanld, s FZ and HAZ a
215 Heatf fected zone in HSLA steels

The -dfefaedct edc eznan et oadtjhae FtZe nipse rhad aitreeds Yy p st c
mel ting point oTfh et hHeA-Zbeagsiueb nrma teexrhii ali .t di ffere
mi crostructures resulting from,vaalsil amsdnr ¢ & k
Fi g2a2TReoagseihrread affEeCAYhdyancent to sde FZ
hi gh peak (tadbormoppehat u e lmenogeowt h of r iwdhri cdu s
aidlBe f or mattedmmeroat uroew t ransformati of 5pjoduc:
The peak t empegrraatiunreed ihne atth ea ffiiientei ¢d hogde( F G
full austeni z arki,onbutte mpoeweart ur man At he di ssol
precipitates existing in th[e5.6HSbhAe 9tiaali sngp rec
the precipitates would retard thBkemogeowgtrhai of
boundaries as favor ab[l2Fmectebtroal sheats abt

(I CHAX hiabipteask t empernanbdswhrebet waehi Atcausedni
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andoul d cont afi nS]Mér i kiteadwmldaf fectedxpeneerf SE€H /

temperatureeahdwbwi bbanmAcrostrhiwt ustad aich aagie

happeé&hn

Temperature (°C)
4 16004 1
Solid-liquid transition zone

Coarse Grain HAZ (CGHAZ)

Fine Grain HAZ (FGHAZ)

Peak Temperature (°C)

Subcritical HAZ |/
(SCHAZ) 4
Base Melal

aud

Weight Percent Carbon

Fi g2z chemati c correlating theothieempeamrl amn esRreeperld e eelfdad 9

wi t h pelrm |Loipd/® 9E fstevi er .

I n t he meolpsaes sofwehei sgecond t her mal cycle 1 e
multiple rsehedtewhindtheZi t hheal ly reheiagz edf t(drCR
considered the weakest-parssmawset dmeinttt lod mpe gied
the bainitic microstructur e, | arge bainite p
such pS§85.7MA
22Lasend | aser welding techniques
221 Thprinoifplaser

The t @admrét he acronym of o6l ight amplificat.i
As the naaeaseampl eabanced photon beam produc
during at omds.B tmurhemeslsngn i s a process that
a certain waaex ecistgeadecatemttso egrteattuednastdo r el e
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new phoé.®pnhypical | aser sryesdcomtbtheil ruidregs tame olpe
medi um owiot par al haXt emimalorpumanedne hgegy cooli g
[ 6,1 ]salsown 2-Thre gemi tted photons ar e beorutnecred b
the | aserti medatue t me pehalt®dmsepbdt on beam t hat

through-tthesmemsive mirror b[eltéBmes t he outpu

Components of a laser

Pump source 3
\
Lasing medium o > BRIETY-Ne
1
¥ Pump source A\
Highly = \L X
reflective N Partla'lly
mirror Optical resonator reflective

mirror

Fi g3 ®chematic of a.Repriicatled awjebrElcp srRidgiEds s eni er .

The features of | aser beam include monoc

Monoc hr oimadiitcdatdtlegg s er has a single wavelengt h,

power ®&®ehsariygation refers that | aser beam ha
over a | owhgiicdh stmprmoada,ant f or t he odealiicvsesryys toefm
Coherency also allows the | aseveibeam ¢t bemd

di st[abn0c,R6 5laus si andilvaesregri nbge afm om it s -Bhest i s
beam parameter product (BPP) is an i mportant
is defined ashdeit Wer hpaauichél e Htdlibee aama di usvaatstt he
(WwWBPP represents how well t he dBBRri rdeiaam tceas

fihmeewdspand a consemgauwar |de.4f igthy
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Nl
_____

/ I | ; “ |
beam waist ~
(z=0) =R

Fi g4l Gaussian | aser WwaoRepdriivretregd nwj 6fRJjoopw rimisbsi @02 1,

The author (s).

The concept of | aser can be traced back t
[ 66]I n 1960, Theodore H. Mai man, a scienti st
announced the acquisition of a | aser beam wi
the first functioni[n@7]IMas erxanb d éhrma se vberc aonet 4 ihr
introduce | aser beam into t hearptroapcst s coafl ifnded:
| asers i plcasudrigmeg MNd:s e¥AsGa hdisedes ,pumped Nd: Y/
have beenbdeedil ofperdenmetdiaabmo ve tamas e&Nd: COAG | a
systems are well established and widely use
aerospaceg 9] Nddus tYrAiGes asers with fiber optic d
manufacturing systems ard mesn stihounsa | moprreo cfeasvsoirn
Al somost metals have higher absozl mtsiears. abrlihliis
benefici al to wel ditnhgee pdohiggl®lfy esplilcd @t il ye f
contr &sAtsers are also preferred in some case

[ 6, lowevetrhedongr t mamegbeye more maint.enance al

15



222 Autogenous | aser welding

Wi th the i nvelnetvieoln hoifg hk ipl ooweart tl ahsaése c ® |met e m:
an | mpmarntuadmtt eechinegaygs , been widely used and
companies and resear cherrsc. wWkdenpairgd d gti e s¢ ol \ac
welding (LBW) is often congi8derjed to have fo

(1) Rel atively deoewp hpaneriangtwtwya nHAZ and smal |
wor kpi ece.

(2) Hi gh wel ding speed and productivity.

3)Good surface quality.

4 Good continuity and repeatability.

(5) FI ex i baiclcietsys pto® imwfi ieenrgei f f i cul t for ot her m

Howe,vetrher es haoret csoamBaff s 919 o

(1) Hi gh precision demandl|l heerwbelmi posi 4§ 9@l

(2) Hi gh @ magilpteiraalt i on cost.

B Formation of defects |ike cracks, pores,

4 Hi gh hardness and brittleness of the wel

The baaesmris highlyebowoneredgy anndt e@fnidtdy bet v
W/ ¢2m Basegowamtdeamrsity, LBW can be divided in
conduction and klegN]loalse snmoodbed i vheehl pFoiwggrl odweenrs i t y

t hahW/lddm t he energy absorbed by the workpiec

and instead, the melting of met al originat e
radi ation energy. This process is knoavn as
shall ow penetration can be achieved due to t

Howeversufwitbienetgphign (typi 6l dm hleagdrer t

keghweel dnondge can @Odsrcealrisaguheinz at i manu soBfe met a
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mol t ent onplbemhed away by the high vapor press:i
powhere thenbbhbgerretl entedThe bhasarrowdoaedt |
on the top ahidn htehevok &kyh elcee, whi ch coul d affe
Deep penetration can be obtainedl dadéingb | ase
productivity and makes the keyhole mode more

[ 7.0]

Laser

/ radiation \

a4--- i
L vl gy

L
[
<
=
g
9
S
=

i e = |

w2
=
=
—t
o

o

material
2,
XYy

Conduction mode Keyhole mode

Figas®chematic of | .Reeomriwmdledi wj 689 Paexg3dmdizsgshtoflrhe aut hor

223 Wi rfeed | aser wel ding
Colwd raeselr wel ding

One of wéeaekmmaBmeésgenous | aser welding is t
The | aser beam i s thipg i@y Il iyelc untmb d mt sda aagreep cetr
edge preparation and precise aSeswanbdly rae xe are
found that the acceptable gap for autogenou
thickthé&s3AHee&g®ilng an additional wiseaduefhgect

way to improve theusouad ithaltlhe d¢ap etroAles @hcen
17



t he wel disnegctafont hpilcakt es becomeas smdraes eef fwied ida

fillerTassu k @moft 68kccassfully achievdéddckheaj dio
st eebby |l mutdesd nalrawevi dliaNpHL W) afthi | | er wire.

Due to the excellent penetration of the | a
t hneu mb erotaafl weltdhe asmeesqtainédd f il |l er materi al

to i mprove the producti vVvi[t#4]iGuod @bpaapias end w
mu kptaiss ul tra narrow gap | aser tvmedlddiragdy wo ft h t
mmt hi ck S960 high ¢ thtake gt vt alt ereatanidnpotunand
using GMAW was 6 times that of NGLW, meanwhi |
t hat ofBeGMdMidMsehe feeding of welding wires ceé
compooiftitde fansdi drmhezarees ul tt hwgelndi fme@sati®hic s ur ¢
could |l ead to better mechani cal properties,
promoting the for mdi9ijon of acicular ferrite
Hotwi re | aser welding

Researchers al so i nvestpnreetagd ntigh &bisphostsesnt i a
a typical ewp eoWinheensteat! disrex-hperaet it ivpe lodi ng wi r e
achieved by running an aenlfdé ¢ttthreeir c anlat ew i mé ntc ammh
a temperature nlea®] nbe ael ¢ x hgrapagiltngedveat stohu
wire, thelasfirciwehdy ngf and the @e&Mugsimtiin@m r :
et [@daFdund that t he -wietpeosséd d dbinng awaes oX thotd4 t i
wire cWaddignlghdlooposed thatgf thbepfeheat wire
wel ding stability and i mproved the weld seart
needed from the | aser, with laagmaixd memr enee Qg
process. Orabshinetd abund, fully penetrated

to 0.4 mm when perfor mi ngk Woltasvarr epdvaesreromnwel

18



carbon stelelT&B¢p Sruthecke tt mdt. the distribution o

the top to tmmt hbh ciwi eomtbhsar 3wel ded b[ug8Q] j oi 1

reported that during | aser wel diwnmmghpefr edY80
martensitic microstructure in tiwerautftegenacuws
modi fy the weld met al mi crostructure dependi
a mixed -marbhenei séructur e, wWhemead caobsasucft
primarily acicular ferrite. ahlb¢ey walr®0o hadg aea

equivalent to using adipmghewhiedh swhsltd anr edda
in the fusPbnl ziojpkd punZdrl-what heed during | as
HY80 and HY100 steel reduced the weld-metal
notch toughness by promoting the formati on

fusi on zone.

IPG 4k
Laser

Shielding gas

Power
source

Green laser .
Laser scanning direction

FigaGExper igmeatgtdadwi t aser .Repdimpged wjTiT.€lopgr mi ghtoao20

El sevier.
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224 Hybrid | aser arc welding

Hy bri d welskirn@ricse ne-saqgogmbcierssedvel di ng technig
| aser beam and an el ectri caill laurdctnrhaeiggd.7i]2r t h
HLAWafkir st perfeemmeRil.tbyl 9S8 0 s , and t hvwl G irst
hybrid welding system was tphyde air ntR0H|I0DAW by F
combines the advant gagrd oIfi bhion &at esbelggved dawig
wi ahi ngl e heat source. Deep penelmiadgiomg b igl

are achieved[ &8 ]whhiec hsalneead itnoe a hihgehc preoeduwce $

the total operation cost wthwneeltda nlge 93 olcaeser. |
to autogenous | aser welding, a relatively I|o
phases in the weld metal. Furthermore, t he

compared to | aserthetamewabdi p8§4pf an arc hea

focused
laser beam GMA burner
~—
keyhole _electric arc
pool
shielding gas _of molten material
direction
of welding

E

joined elements ‘ -

Fi gt e Schemgblrasef arc wkdpriinmgt eod owxfje2sBlopgr mi gt o20138

El sevier.
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It is reported that the arc i s st[a8bli,I85z]ed
St een[ &ilth dailcat ed -whkadi hbeahgybwhd attracted t .
and the arc root waducaends tprl iadstmeana aZidded dd rebsye fr
vapor provided a |l arge number of charged par
and reduce the electrical resistance at the
at the | oweseth dpotadritriaaxlit,edi tt o the | aser irrad
al so increase the detnlweetsyw | aifi mdyedsteiiloirg elue atemd
force of the arc, which causes {({B&a,8béctr oma

Onehort c dhiAn\gs otfhat a | arge mnomié vneedefda ptaor a n
beval uated anahobphi motednly include the pali
processes, but al so some new,and almederr st d i &l
di st[aZn7c]dihnicsr ehes ediofbfbitcaudntsyhgbl e wel di ng pr oce

A typLAWIoint has twgi dnBZi wbtbhkReare upper

and | ower o6l aser ze8net6®thamle preszoan e ditshrel iFK g .
|l aser zon+ itkkeapzar ,f8ibnigemvEf i | | eut witioe didd,| t he
and more i mportantly, optimize the chemical
provide enhanced mechani cal properties. Howe

poor penetarmd itome deeltihvaelroinhgef t-hinlbbloghemest di r e
durHbfggWecomes prad,| 2mMmHLAWDI pel ine steels, f
i nt r otdouhcee dwe |l pr pmot ¢ t be f or mat ihdam hofs ta ceincgu |he
toughness. However, insufficient mi xing of f
| aser zone, which | eads to the formation of

feranttedeteriorates the fracture toughness o
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HYBRID

5\\\\\“

b

Figa8EaPatterns of weld formati on hdyrriindg larsce rwelrdi nwe,l

cressesstional rviidew asfeRapatricbtvweedl dwj 2.1 ] (hoeprymirsisghotn 2018, E

Goo&t [&2161 i 1l i zed a modified pulsed sdray ar
mm e&€obphance the transport roefgifoini hoefa nFnZatr e€r il &la
configuration during Mhtker kskecwalodiisn go fofj oH St As
di fferent types o#9 Tahrec sararaes swh awn ai nh oAriogg.e n2
el ement of the wire) -@i6&3 %) baxtemdddl edp ntea &
and pulsed arc, whereas this rdaehesdafoendds
arc with a short arc |l ength had edtahemél y h
pl asma pr essarmopadcalilnhnegnpgerd tdrel i ver the fille

bottom
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2 mm 2 mm
| W | | S |

Fi g9 e Csession morphol ogies of joints welded with d

nor marhgdi(fci)edRepranpntedcwj 2Elopgr ng8AGBORU4bhI i cati ons.

Gao e¢B8BO0OAVestigated hhtehsernfbuancegpafpweonrtahe
fill erdaenmaitderriiymlg hybri d wel di nfheofwerhadislhmpeas
di fferent | assar earshoeanleime Fi gl i €&r mater i al
i ncr eas e dwhbeyn 3t.hOee m parsgegre/ caareca ele 4 9f rtTame0 i :H& r eas
in arc power | ed to stronger arc force and ¢
the root and enhance the transportation of f
groove gap fromdoheof Ol 6emmmamproaé penetrat
provi demdelat fudedn ed tnatthanad oroeduce the f 1l owi
Bunazi[v2&lts catfhoaimeanease adtrhegap lenehramrae er i al
to the rooHL Adtffe aHSIWA | :ntge e | . However, t hey ¢

penetwadtiidnh at wel ding speeds higher than 1.

Fig2dX® Csession morphologies of joints welded with di

(c) Reprgi nt ed wj 8.0¢ oppeyrrnmigshsti 02n008, SAGE Publ i cat
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Wahba [e&WBbaeldplpaeced wire in the joint gap t
homogeneiHLyAWIfurSM4g9 0 A st eel .-uphésespeiltihmemt &
Proeuwi re fragments were pl agweidr iggap af sh.umrm
wel dihregs.ep Tpefl awiefdeagment sh@omogdmeclbsa met al di
al otnhge t-bbhoboakhe s tvwiadnhiheerrand -ldosmemated fusi or
conismogft aci cul ar ferrite anldoweraphe datamidrd ey f
cool ingleastere, zomdhi ghleirbistedngth andafti meghne.

mi crostructur e.

30° !
: €~<0°
laser beam <\ i .
! GMAW torch
2.5 mm gap |/ ; cut-wire

e o2 L
t
20 or25 mm /Smm I ‘

\——)

grooved copper
welding flux RF -1
Fi g2l Experiurpenftoarl Isaester hyplr a dendddewhtigmigenptrisit mt eod ewi t h

per mi[s&CTlemyri ght 2016, El sevier

225 Wobble | aser wel ding
Charactefi sases beam wobbling

Rat her dshiacmpluesel i neabeamti ont her cabe of cc
wel ding, a wobble mechanism can move the spi
ti mes pdé&n et odonmdtaoampsn @avhtes bloé wel da ntgy phiecaadl
experi mampt aMo bdblédes er ,wewidtimgt he most common

preseBretaend oscill ation is cont siontl egr atye d hien sgi
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wobbl eVahre aodu ep amotbeartnsudi ng | i n-ea@mtdcii pdd Imart,y f

can be achieved btyhggahe apoeei[s8e8 | moahaoer ef

Fiber laser

B
I
-
/‘l/ | :
Collimator Red g prd Oscillati .
scillating scanning module
o 5L A /|~ Oscillating scanning
f.__-_-uL’_ D P e i I
! o | i
' 1, i
Reflector | 1 !
______ H )
I
I
I
L

Galvanometer scanner X

Galvanometer scanner Y

Beam travelling path

]
:
i A=2mm
i (amplitude)

_______________________________________________________________________________

Fig¥2eExper i memptwolb bslester ,weMdidihn g o mmonp we & Riewa g aitt tealr n s

with pe[r88]Loip@®2Pht SAGE Publications.

Wi tbream wobbling, the | aser spot position <c
WO @ VO 6OEE ™ - 9.5

wo ® 0 O0Et " - (2-5)
Wheme® anddo define the | aser spott,op@msdtairoen af't

the initivabk mweb dtongnds paereed,t he wobbl e =mmplitu
angdirections, Qanef@ peetitihel ysobbl i ngahgequenc
directionse antes pect thel yni ti al phase angl es.

is determined by these parameters. For examp
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along two directions are “¢gqgqual camd utl me poaddd
achiey@,d9o 1]

Bw aki ng tvleed hdegu a -5 @i x(p r efsosril aher spot velo
be obtained, which is shown by foll owing equ
O 0 ¢6“OAT @O -

U GO0 “QAl @ - (2-6)

0 O U

whemeand are t hieeask eXn@rydti recti on,0 respédet iacelu
velocity of90Dhe | aser spot

Theadeaerr addaraga ,onmed h aviito@wmper at ut @edresul bu
mi crostructure and anelcthiawi €Edhsempr beamtwhe bcbhh i &
provilkespotenti al to overcome the shortages
reported totlmavaanplréodgeamigl ingiytdhmiralgieirryalda saeri on
arpaol0]suppresyg tsyt abi |l i z[i 2, p2r2ojeprk aiydh ol By i ne me
affetche ngol i di f i2da Qamidmpdrroovcee stshe mi cr ostructu
enhiamgat eri alwst hsetxirmagpp26ffect
| mpr ovi-mrgi dgapipngi akami twpbbl i ng

Laser beam wobbling offers thkepaousattadeé It
irradiates a | arger area so that a 1wijdert f u
applied beam wobbl i ng taencdh ncilgauiemeddudtitnagt glaagbs eir
tolerance of tailed bl aHalos dtt1o0a2v5e% toifg attheed sthhe:
of weoarlamet er s during | aser wweind ltdhges of f aAd
mor photgsbogwn .21 BWritdpn a very | ow wobbl¢i-heeque
shawel d beads 213ay med ( FagacmevostWintgghquency, t
over |l appi nhyeerl & ggido med fa | al ongratsh e nll assmgheodthr av e

wel d beads we218d,0 bh,aitth eedns{uRpf)gy.abéht fr equenc)
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Hz Atac o n sftraenguency of 100 Hz, the weld width

5.0 mm with the wobble amplitude increased f
galpri dging ability can blelOi]Mpt bvadcwnshanme¢ am
either a | arger hwghblkl e f &teg uae nfeagset eorr laoc al | a

whi chedestuhe reduction of penetratibomndgThgr e
ability whiatef macinémai npeamgetrati on, the total

increasing the wobbl[ng] amplitude and freque

Increasing frequency

Zigzag line —_— Sawtooth line ——> Smooth line

A= 0.5mm, f=100H2] mA= 0.5mm, f=200H

A= 0.5mm, f=10Hz A=0.5mm, f=50Hz

o B A B W e

m: 1.0mm, f=100Hz

Increasing amplitude

M= 2.5mm, f=10Hz A= 2.5mm, f=50Hz A= 2.5mm, f=100Hz MA= 2.5mm, f=500H

Fi g2 3Eff ect seamfp | whaiahmbdle f r Bognu eaneclyd sur f ace moR=2hol ogi es

kW, wel dv=n3g ns/pRetepdr i nt ed wj i1t.&opgr MipbgsiEABevi er .

Reducing porosity by beam wobbling
The f or madciamn befpapaleleesno udsur i ng | aser wel dir

|l i ke aluminium and copper, etctdiFgbt t beoimma
27



conductivity of t heesbfeormeattailosn .|l eTaydp itcoalsleyv, e rtewc
be produced dufhenghy darscgrewekeadmeagd due to th
contamination on the sheet surface, chemical
ot hsehi el ding gas. The otihnesrt ahyiplieinitggs er e lwat ad r
prodeOs3gLi [2fpahted owtbbbbkaipghgeammodsurtiyng | ase
wel doiencpause the enl drrgediuanod teoo Ipinmg eraimnidene p If
the bubbles to diffudiee b (®ldfpruonmda ttheah bnlod tleas
enl dtrlyee keyhol e di ékmeytheal eawdli & bmplwiatvyyeh el pf ul
porosity.[ Zphtaingt eedahaagth t laaptedeudrsipoogtb | e | aser we
was al so beppf esswahpidcctthé aivtoy d | oc al excessive
ldkt o a more stable keyhole.
Fetzef2ahdakhah3delpg!l ailned t he mechanism of
the stirring effect obf u bbbd a&ems waoht bkelriarcg | @amd dhluad
wel dAsngshowrml4d naFihwageher ated at a quarter of
(174 T). At 3ttd eT, bk etyhheo hWoawshalglaa e midyg g i t r adi t i
LBW, the formed bubbles wil/l be ltehe eyhhalde
With a circul,ara wobhleex pgdtotwerims generated by
dove he bubbles rotating with it. I f the bubbl

inevitably meet the kenwws@plre sandc gb e G@alkksso if e dne
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laser beam

t=0ms

capillary

capillary; capillary ;
|4mm s

‘ bubble

v

bubble §

1 mm 1 mm

separation 2/4-T I mm

t=12.5ms

capillary capillary i capillary

|
(4 mm

bubble TR < W U ¢ S R

v

3/4-T I mm 4/4-T 1 mm 5/4-T I mm

Fig&dX4 Process of bubble formation and absagr ptmagmnigy

technRepue nted wjRFopgrmigési @018, The aut hor (s

Refining grains by beam wobbling
Sincewbbhbhlmiomgi derably affects tthteemgdroavt uorfe
gradiemachi ev-gedphedemi crostructure with i mp
Jiang[ 24pbwnd that gwaagicnh i reevfeidnebiyd mbiiemgnn g | as e
wel ding of Invar alloy. They indicated that
pool with a | owemrslipa&lalkowemptee apaesrbatad mee dg, r awdhii
promoted the formationba$edioertlequicaxsdi gu
theorlyi [t3 pbalnd t hat the growtihnteoefraoelt edrear
mi crostructur e walsbh dbierfg mege dl @syerbevaet di ng of 3
Wang E9DkhVestigated the influence of wobblI
mechani cal properti es dTuér ianlgu niansieusis sabl bl dosyn. g Fc

t heel ectron BackskEBRYMhaps DIFZf ma ctr iowa rr ywiorbdak e  wi
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conditiomr0adikht Hdt gstpiécas er mawnienlldy consi sted o
dendrites growing fwedoa nttheer ,f uasnido nt hlei naex itaol tgr
the center | ine. &or htthegrwomlisl @ nl & heer cwealt ke r
shape to equi axendo bshhaeperc owmdilad acedc gt h&ar most e
(52%) with the smallest tdteeanageeds adlongist auei
wobblases( W% dand 38%Thedaepmec thiavalne)ss was al

ci r ewnlbddrlaes e r[ 9v0{ |

0 R N 50
Grain Size gam Grain Sizeim

Figd¥r® EBSD results prfod&Zcend cwiotsh rwart wir |ga ,woch,ble ,ngg)c c
section of welds without wobbling, with transversal
wobbling; (b, d, f, h) horizontal section of welds wi
wobbl ingt hancd rwcul 4dd )wagbkaliinng; zEei Mi stribution of wel ds
wobbling, with longitudinalRevphbibhtped majp®jewpy ghti r cul

2016, El sevier.
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Thfeor mati on mekczh amiicsrnoi sstfriutchtausreel6at £2d 9 mo wn gi
Fi.gl6ab , t he nfodrtmend pdusripibnags esrt awteiledd Mg Pmalsleas
size whedhn rtehseulhi ghest ttlrepgpemdather € ogmadi en
col umnarb adseesdad doinde f i ¢ ®thiho rc gtnhheodhrsye waemlodr ge d
due to a | argerwithlBebeamr adiehtliaorgy eadit emao &t e n
small er temperapuomotgechdi ee@iguwbhma @i ignmcaiol nasr .
wobbl e elnaabtedrtee | ar gest mol t en pealohe snuocsht tehgauti e
grains. Due to the hihbehsér ebeamcysmatd | imat i
foedt the trailingluedviwdgbdfe malste® h evsed @ti nrgb u |
woul d penetr atwhitchhe ecdbunst layi hzhcen egr o wi hlg qdue ndd r i
met als.olTihdd efnydwegt e mel t ed and br okieencuhao wolb
| aderdt teo hi ghest | ocal ulsagthreosgpest vehiochityg
proditbe strongeaesdon terdbtudftehrama tmoosnt oefqui axed ¢

[ 9.0]
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(a) (b)  Columnar dendrites
Mushy zone, Axial grains g
¥ o
N O N . _
LG50~ A1 \\§\‘
Partially' melted Coluthnar grains T —
metal Mushy zone  Solidified weld
(c) Equiaxed grains
Equia'xed grains Turbulence
(o) ).
s 0%°0 —
9)
N
A (9]
.Oo

Melt flow penetration

Nucleation particles

Fi g2 For mati on

b) without

wo b blRiepg i nt ed

wobbling;

Tiny turbulence among dendrites

mechani smpoédutbed mivictrlostamuyit wgagwo Imb IF

(c, d) with transversal wobblinr

wli 9.0 ] Gpoeprynmriisgshton2 016, EI sevier.

Enhancing materials mixing by beam wobbling
The effects of stirring molten pool and a
wobbling have the potadnretrinaale stmo xp ragwtiiitsa ¢ threi fFc
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gai mned er est i n damssliiméd 4 tair o nnsa nfeldrA®l Duaelt di ntgh
di fferences in physical ps dpreirrtd edi asnnidmicl haern
wel dicmagnc ha! | epgpodgoeoa weld joint with good
One serious prekelhgemgasi the ddaer bo tdhue i miggh
|l aser welding and the doffehenpbabestweant mel
di ssimilar metals weldingelsomg pasat mephalses
not be completely melted but j ust partiall
mi crostructure causes reduction and deteric
toughness, strength2@hd corrosion resistance
Jiang[ 2@hvadsti gated the effect of | aser be
dur i +€gMoNian-@fZ€Cu di ssi mi | aFi k% &b svs wenhadpdsit @ .
t heel misodwe éth and without,ilnas etrahtaldevadpro | wo O alsier
produced a more homogeneous FZ micmosgkreductu
coppmaemo!| ynbulre Beam wobbling provided a more ev
t he -fhriegghue nwgyb tbkelatmgwed suf fi ctiheeetl tiedt endamiax isn

of whichahemag eckidotumi bué mehé e f

33



(a) - —o—NIK - —O-NIK g —O— NIK
-o-f-: T -:a;nc-: ”‘ ~O—CuK ‘
80| & . { [ " |
gw _ Ry & { %“ < » e
E “« : .5- d i
Ni-Cr-Mo O b ¢ - ©
substrate
0 °
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o 8 3 3 B

Contents
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© 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
500um Test points position of line scan Test points position of line scan Test points position of line scan

Weld with oscillation Upper linear scanning Mid linear scanning Lower linear scanning

Fi g% &Desul tisn odfi skk4 mi | ar pmadercied!| svi wdl ¢ aryi(mg wobb
linear scanningspesul asef W&l eaédsjtatntc; (b)) Il inear sc
wel ded joint; (c) map-spoanhias@rr evebldtedof ngatefs () a ik

the wobbl e | &Re@riwmdledle dvj j2®iorptg r2mlRsds, i cEl sevi er .

Wang e€®6hlUnd that pbeamowetdbt hegsol ute tral
macs®gregation, and i mproved the micerS0oistruct
wel As. shown-1i8am IFargger2 wobbl eemimpdnged deheft rla
angle between the uppedardursd plrowernt echo ltthen dp c
elemenom the filler materi al tolnhadthl®ito m,o
st r osntgierrr i mrge ett dhibeactiRyjeero | d Rwhmb em ( ncreases wi
amplitude 3aaldsd rmrgtueat®e i cheparticles from t

|l eading to a mor e ohfosibhgemeotis. di stri buti on
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(c) Re=2092(>1000)

. Oscillation direction . Homogeneous diffusion of Si-

Ihv
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Solidification front N, __ ¢ E

Fi g2 8c hemastoilcutoefi hr has é€&er-air cwdlyfdas) iwvdeibsblh o mtg; (b)) A =

f = 300 Hz; (fcyr. BSROpMHizmmed [WiGt]CopBO MO HSsEREeVIi er .

231 ndusrtergiuailr e npeinptesl ifnoer st eel wel ds

The cprpehitne standards ar e GIMAVe |Itoepcehdn ob aosge ¢

API 5L &b 2CgAyYy Canadi an

strengt h noeft atl h es hweukl dde crivef ancehth emhsei | e
out that the

ISatmmdar det dAresaiblcat &t

stpri @eregt h
mat eMeahwiCiSIAe 2662 al so points
that ,ot ot heobdséambueei abppen
V Notc

over mat ch in t
ARBIt afidaqui r eavehfaglelzlee(CVRBhar py
35
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absorbedoenarpgiypbowktRdof wa sstipii ple a sdmaaltnireetme r
1422 mm in graded 4@widtol X&B Odnirgmmeeet eerhladrvrd 422 n
Ssizest pieces are used, the requicroed ensipnoinnidu n
t hveal ues-si pe fwaihpH eas 1v0i dtnhmende r ati o of t he sj
of te zeulsamphat-sokzet bampukl

APl 5L stat esofthret amnhienHWeadr dX80s bsotuel edl nwoet!l de x ¢
275 HV fdersi mismalsr f &vesr vai e .gher har dmpees enfctee n
of moarcebwkbdieebul d act as i ni tamdtownt empgersatfu
transformati ounppleapbpdut @adnh ht kwtsiidale provide f a
propagation phB&Ooh -shoounr tsheer vcircaec kpsi pes, t he wel
be rel axadn3 b@hAHMr i ti sBSsd)pbbar d @EFut htalradtn etshse
Sshould not exceed 275 HV, ad80tH¥-stduzZ ins@anrdvn ec:
pi pes.

APl relgstihmree cshak$s occur in any portion of
no opefmi nhbe wel @S A haAshtbtcecsc utrh.at no cracks or
exceddiend esser of 3 mm and O0.i5n tainnye sditrheec tn oo
occur in the walmp| &f tiesr bent .
24Summary

HSLA steels are optimizadl| wiyimgc &l efmeinlt gy =
order to achieve a combi nathidomraef thiugh ws tdred ry
and gas pipel i haust,omortd nwes ,hc olmrpiochggend s, and s
applicati oasqgmmernd damd) iimportant process, sin
assemblies depenhkwelaredt heoiguasl.i tLya scefr wel di n¢
beam weedhmwhdgqued has gai nfear iprogpuhhiagh tgyr ddgu otf i

input , deep penetration, and small HAZ whi ch
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wel di ng Imehpeh ped i neeplnadaisng yt he conventi onal
SAW and veiMiAWbr i d | acsenr avied rdiifnigcantly i ncreas
reduce the total operation cost duHoweov eirt,s |
the | imitations fcar bloams st ewd | dbnrtidgdugdifen g Haele ilpl oi o
the fast cooling i rmatride am4d tbhh alttnt dtdudwd |igteemeatta
wel d met alanh aXr8d0n esst seteyl p ilrcaaskalf) wWB G0oeH/\e n wi t h
wi r e a[@dail@0} onvhi c Bt eex cre@&xi mum val udlsAWeiqui a e c
more efdcdlkoitwivehet enaj or techeli atadd dti dnf ccobt yu
homogeneity i,n whhicahwsdsl bne ttahe | ack olfn fil | €
prevdiiltiesgevera) ssohitfas ozs ng pul se spray arc
optimizing | anatmapdi § yoccnognofw egaufr fadt i emtht ed ef f e c
i mproper f bermdrdwo idhfidwsel technol ogi es-wiuwcehs as
and the addition of beam wobbling help over
| aser beamfweli dhigndpi ghes|l oawposcoibondgatnigetatbed
and i mproved wmwmhkxithgcibmilttolewee F@upail b a sye tod s
Currently, t hermewn icomai nesgabelomgamwe bbeedgn
techniques during a | aser keyhlod ee fwfed dti ngf p
wobbling on the sfr iwoedtdi omttearbisstrnudc t mec hani c:
propératsi g sstt utdostelde commer ci al wel ding wires &
develbogpseedd on ar c wehledi mec hparnoicoebslstelse op ersteir e s
obtainedawveh tloeebdi toe dPRyopvt a Imu mgtrevdp.veh e esi g
filler materi al c h e miistt rnya ya nbde ppr oelshaesaétli dni gh gc odne

pr oc setdhuadee twdlhce hmeertchd e s sqargd ht, oughnes.s requir el

37



Chapter3:Obj ecandescope

The aim of this wofaiktyibs i tdo | dpsnecsch evges alri qwdgla t [ ¢
forwehdodfngHSLA pipeline steel s wi tphr oipneprrtoiveesd,
and increas@étdepr edleaserh iamad. dHLNEQWh n @If o pii e | i n ¢
steel s omgoimgernr orReswlvaacian g yameew an tnigownmetlthh o d s
hybrid | acsaeer swiegndiifnigcantly increasengtrodatti o
cossltpalsitt eriatluerreswniaftt e rdiaflf erent chemaser petno
used to promote the formation of a tough wel
One major techmMiLAYd ft Wii dK i pulpeyi mem steel s i
imomogeneity in the weldd |mhetralmanazpBad ablyen h
bainitic msmay osormcioréeéehe | aser zone, which
wel NMavel techmoltioge @ $kkalsiekre beamawebprbomgded
potenti al t ol iomietradftoimen ssveemd i on al |l aser wel di
technwegaiggs! i ed t @ eirmprraobhapecteleesveds. dh € r el ati ons
bet ween the wel dielge npeanrtasmethies tsp sabnodti ctohoef e  a s
mechani cawepmopeasrttiigad ed.

The scower a«f calmi e divided into sections a

|l nvesti batebheon of wire feed rate (WFR)
mi crostructure and mechanical properties

Charmyt¥Yh 1 mpact wiocfugdarsess kdcewrhionge wel dir

steel
, Investi patethavwermnmf wobbling on the fille
fusion zone microstructur e, and mechanic

strenpgitpha sienr.Bweotidlsavtod b | evell ds enrg pwa $ of ime st
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for p e mentahi & tr io gatisrtuudsitemawo b bl i ng was then aj
grobaeelt ding process.

Utilizing anwobimbienaawiefn&dvi rmihasper wel di ng
pipeline steel. | nrvestt | geeaptlasparnedh e at h @ ge o
cooling rate, FZ and HAZ ombaredppeepdt niges
l nvestigati on on t hceh eimndsit uiyime reo sotfr ufcitlulreel
hardness i nslpder |vaesledi welwas eval uated u
ER7®S steel2, sERE®QS commercially pure iror

context of welding X80 pipeline steel

Thel ow chart 38vonmmarnihz2ed gs etalracth hweosr kbeen d

eve abolvhee oebfffedccttievofseedi ng and | aser beart

aser wel dseweper &t wiobbtbyed | aser was -wihreen fceoaemnb i

ng | aser welding X80 steel. Finally, t h

opti mezaeld ng procedures.

Chapter 5: Study in the effect Chapter 6: Bead-on-plate
of hot-wire feeding in pipeline penetration study using a
steel laser welds wobble laser

| i
Chapter 7: Study in the effect
of laser beam wobbling in

pipeline steel laser welds
]

Chapter 8: Study in hot-wire
laser welding using beam
wobbling

l

Chapter 9: Study in the influence
of wire chemistry with the
optimized parameters

Fi g8kl ow scuhnamatrtihzei nrgesdanr athivwortkhesi s
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Chapter4:Mat eri als andeekhpdpi mggt al

41Materials

X70 and X80 HSLA pipeline steels, werehuskhkd
chemi cal <goinvpeons iit-fi AooTn@rmt é iX¢7K0 st e el waehn used
pl dtasvelt diensgt s,t WEBOr sae el wasr-shaipreldywgu deod gf or
The X80 ssuddsdhermsieons of 250 mm I 120 mm [ 14
470 wimt he edgesmdchihree p-twigtele ea b2 ® e | and a 6
as shdwmglBef ore wel ding, the oxides on the
sandbl asting, and the plates were tack weld

minimze distor ERD?®Spuo Vv irRdyeodsat ivdgitR 7n@S pwiod e d

by LincolamaEsemedi as cla52d owi rsd e ssivi wh|l di dg amet

of O.wermem used, with the typicédg2Cwimmer cihalmli s
pure(992o085% mMdrntyWepwi reg were also utilize
ot hemical composition.

Fi g#4r@r oove design for, X80 o0wisa glletamesemrdgdIDjJi ng

Tab#leChe miocnaplo ssiotf i dmase materials (wt. %)

C Mn Cr Si N i Cu Mo Ti N b Fe Pc m

X7 0.0¢t1.6 0.0 0.0 0.1 0.10.01 0.0 0.0 Balo.1

X8 0.0! 1.7 0.1 0.1 0.1 0.2 0.0 0.0 BaloO.1
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Tabt2eCh4e miocnaplo ssioff i dm |l | er. wires (wt. %)

C Mn Cr Si Ni Cu Mo Ti Zr Al Fe Pcm

ER7® 0.C 1.50.01 0.90.01 O0.100maO0.0100ma 001 BaO.1

ER72 0.C 1.1 0.0 0.5 0.0 0.2 o001 0.1 003 007 BaO.1

42We | dammo noirtienggui p me nt

A typasal wepdisgssethPEINSGFOQ. a@8d0OL S aser s
were,uswetth a maxiWuango8ek WoVa rEisgamst t isvi eleys. w
usedincl Ohi ng0D1DOm, 60DhéEm aner 1wl chinng head:
by a MahMsi¢axx i s i ndustriwithobepeayabemity to
mmALi ncoln El ectric Power Wave L500 power su
in front, owhitchhe ilsasaerpoweiwi swepplay ede dvied ati end
capable of restively preheating the wire fro
present wor k diBleawmotwoebxbcleiendg 5W0a0s W ontrol | ed
intaeged inside an | PG D50 wobbl ecwetarndg, he
fi gairgeretpeat i nA spiadd emanwsrbtdddh e@ptarl i sc aRMer a wa's
monitor the temperature change in the FZ, wi

range of 200 AC t o s@2a5 gheC,duwhiingh tdicev esrod itdh & i
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©| Units in mm

0.4 mm
root opening

T}

Welding direction

Fi g4zl typical expefromehasaér sewel ding process

43El ementiscaosgt muctural analysis
After wel disegti bhal csampl es weekbemand out

mi crostructur al analysis. The samples were e
95% et hasnolo fevedl the microstructure based
di mensions, macrographs were taken under a s
Zeiss Ultra SEM were utilized to characteriz
ElBwas utilized to analyzeaeant mecehemiadcdalonc vmp ¢
El ectron pr obeeP MAi € r ataoh adbg/tsd rsmi(ne t he o€t hami ca

smal | vol ume wift s odhiidglhalat eqruiaalt i @ p cléaOb i toinmeasc ¢
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hi gHheaxr t hiEP MMAOuls,i ng -5 IEREAMIIXBVDon el ectron mi
utilized to anal yzeMatphpei negl eamedn tlail n edviisdBtier n rbiunt g
beisneg ect ed as tfhoer OHR MA,e rdu &Slideamdtrdtret diif f ebr s
and E®R7WIiSr e.

The volume fraction of mi croconstituents
according to ASTM Eb562, with a rectangul ar
fraction was given by averaging thlkocaunonsg
with a 95% conf i ddmraeg ei mptreorcveald iiplrgezsseanst keadls € a
di fference i n t hmi orracgycrcstladt podmtadse, fufiteeda eMA o n
and grain boumhhergr dier rainE&HAWa D acglea mieit fail e d
average grain intercept (AGI) method, with t
presented by averaging the results from thre
44Mechaniecdls
441 Microhardness

The Vickers mi crohardness was measur ed a
instrumented indentation mi tamd aa ddhveelsl tteisme
The hardness map covered half of the joint f
200n d emM58tep size. The average values of 5 |
were calcul ated hormanhaydness adds tthieb uteia;m we
calcul ated by averaging theushiaorndnzsrse ,ofwiitnhc
confidence interval for statistical anal ysi

t hr eeuhghc k nes s direction was also anatlyeed b

indentation | i nes Pleoacka theadr dinme stsh e/ alC @t AZ n an o n e
hardnessnvahee FGHAZ wer e al so identi fied t
phenomenon in the HAZ.
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442 I nstrumented indentation

Due t o t hien deixftfriveccdbhdet tygel naslill ef rcoonu ptomes narr ow
fusion zone, the instrument,edwhiincdhe npgrad v iodhe st
realistic way for det suimzonneg tAheNtanmeslwd | avilr
instrumented indentation tester was wused to
based ofitstped alceant Otrdcamee erAi @ enter with a
was used, whskhpgedniemade mtsatSi on curves. The p
|l oading rate was 16 N/min, and the approach
calcul ated masbddodevéal ogeldiliya Mprdeawii o les radp
used the same shape indenter and validated f
all oys. Lowess smoothisfigtwasrveis|l anedimpr bive
the estimation preciedudief f &r e etstilso watrieom® nf o
a 95% confidence interval presented.
443 Tensil e test

Subi ze tensile samples were extracted from
At |l east 3 tensile tests were perfoHK&ad for
tensile tester and | odaded aate mad hle-srBm/amRISBE CUIT O ¢
arpd obasedd on the sample best presenting the
the average ultimate tensile strength is rej
| mage Correlation ( DloGy)e dt eucshinnigg u@o rwaedlDaa lesdo S
software to monitor the fracture behaviour a
Asa ncoonnt act strain measurement atechaftgque,tr
measuraemenal | owsmel aoscuarle neetnrtaibny tr ackidndg flelr ec
stages of Thef cromatdtigqred strain was automati c:

with a step size of 29 pixels and a subsi ze
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were tested with the same coupon di mensi ons
yield strength of 619 N 18wiMPh reda mpdi enhedt stthree nsg
of 80 ksi or 555 MPa).
444 Charpy i mpact test

Sudi ze Charpy samples with a thickness of

notch position in the weld met@Hamwey eismxaatac
were performed using a Zwick pendulum instr.!
0O -20 and#5, as indicated in CSA Z662. Three

each set of parameter s adi sepacahc eteempveercaatruprl eo,t
based on the samps$tee twhde hmadre. relsal awsercd pges eCt
values were <calcul-a¢ mpler atnudr et hceu rtvaewrsg hweerses
confidence inter valbaprses eSrEtMe de xaasni tnhad | eornr ava s
notch area and the middle area of the Charpy
445 Bend test

Theemiui dedt benpertfeoartmenda ® m taecnepoerrdatnugr et o A
E29R202 toi shoheenrye crackonshdhowi welwdprosendkeder
This is a typical quality assurance test to

wel dbleend test sampl 200 hmm 5a mdni hhe 1gi onm. o f
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Chapter5:Ef f ect of wifreeedprreeitecati namXd8 0 st e

51l ntroducti on

I n thigdghehaptferct of f@ndl|l eer rmapekrbalmi ¢cobsime
anmdechanicalnpX8pest ewds | aatsed i eve Faddsd tl, i lza@snegr a
resul t sc ouwledef ieachr ed aesn tlhaes ebra sbiiesapnw haiodidd loit @ r
comndions such as asrodps i minz @ chper gelod dtoiwnighg chapt

Laser beam welding using a high energy den
thick plates due thoi ¢intesv edle espp epeedn,e t e@maa @loinn ga nlc
mi ni mal] 1H#2Pne of the main drawbacks for auto
bridgi ngf taédbn Irigqgui ring a gap of [llegsBhld] hfaasns t1 0
cooling durihgadasto wkéeé di agmati on of hard a
bainite oFeenhirn@gnaddiet stomeal gavp rler i digoido f & aelsi |
the chemistry and microstructurst hef mehéd ame Icc
propertie8yofunimé ngeladh. el ectdurci awrrinee tf te dt H ras
wel dindcdhe filler materi al can be preheated t
i ncrseheedeposirteidatmhexsac ceo[ldiBnlilg r at e

The ai mpaaoft toHsi sver k nvestigate the effect of
the wire on the microstructure and mechani
strengt h, -naontdc hC hiamppayc tV iiocfuedamses s kedyhionge wel d
pipeliAemseirehi gher pr cdhunptairwidt yt oi st héx pCeMAIWe ¢
AFdomi nated FZ,amieducedr wetl Wraemath alcr easeéde € a
i mpact t ougehxnpeescst eadr ei navlitshdev iHrcets d re ewde Ind
52Experi ment al procedures

The exper-upmemno raiftelsle 1t vmisree wel di ng 5dr o Aeas s |

| PG 80D80 fiber | aser with a maxi mum power ou
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of 300 mm, a wawmel engotehamofpaXr@m®t er product
focused dp@tAnsihizrec wlfn El ectric Power Wave L5
preheat and feed the wire in front of the | a
di mensions of 250 AnER7®IS2c0a rnbmo nl sltde edm.we |l di n
with a diameter of 54. 9 tmm. eAlgestdwn hien pHiag .e

3@degree bevel and tahé& snenl e o©thitaosre o fg mw hti hceh pwean:

abiwitlye tested heat input

Units in mm

Welding 4
direction

Figblleaser weldingupxwethmental f eed

Cotand whate | aser welding were performed f
parameters 5lAsmaexd mum TbkWwhdasesegpowkbeachi ev
penentgr aadhi Theée ywelodfi nlg ns/preierd was sel efcrtoend abas
previou[slOr3elwloir¢ h sahoweldditnhgatspeed hi gahner t he

increasedicriaccakiinogh sensitivityiwhewehdiagespee

a7



| ower than 0.5 m/ min resultadlien weealkleddoop bt
opl ate wfeldamlmpon steels with W rbeeedl ant ebemj
12 m/ min were testdad,e s | flert hmeart eirmal e avsoil nuc
penetiThei baser was the only heat souwtceedur.
| aser welding process. Meanwhi |l e, an externe
running an el ectricailwreurwadreti ntgh r osuugchh itth adtur
were applied to the wire during deposition,

temperature rise base@. 8nkWher @bendtiwmgahtveac a p
WFR of 6 m/ minnewith tnmp ealdt uoeai ncreawhki loé aro
kW oweombiwnegd a WFR of 12 m/ min wil.l l ead toc
1400 With the high WFRs of 6 m/ min and 12 m
hel p accommodnaattee AnBoarlnenf bodcdulksed di st ance was u
| aser spot was foacwwdd flaecleow ot leadtatmpgeo fpetnted p
reported in the |iteraturtehisulmess emai hoogl p
the groove was filled wi-6 hwiare, wwi tdis avi t ha\ d
to M/ M6n, a welding touArSé8ntd af wal dutndV2i0d4 Bt a c
for the v.arTha ss tpiasisckisng gas | Wd end) efmsorrcectedsusr d a

agoaand mi xed glabs% £8b Y%eASrmpectively, with the s

TabslewWel di ng parramegtimacts | aser wel ding

Def oc Tot al
di staheat
Di( mm) HI(J/

Samp Laser Wel din¢ Wire fe Hot wireRoot o
numl P(kW) v(m/ mi WFR mM/ mi powRr(ck W d( mm)

1 8 1 - - 0 -3 480
2 8 1 4 - 0 -3 480
3 8 1 6 - 0. 4 -3 480
4 8 1 6 0.3 0. 4 -3 4908
5 8 1 12 - 0. 4 -3 480
6 8 1 12 0.5 0. 4 -3 510
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After wel ding, OM and SEM wer eMiwtriolhiaz edch efs

tests wer e ddoinfef etrteancebasedss s hegr ¢ WS odnd HAZ.

Subi ze tensile samples were extracted from t
sampl e di merb®d oaarsd skh,0o wne 9§ me dtiigv.el y. The
and | aser weld metal since #he ckaeges wifdttthew

Su$bi ze Charpy samples with a thickness of
were extracted from the root |l aser wel ds,

| ustr &2ae dacnidnCHdrgpy I mpact tests were perf ol

The X80 base material M®Rsa anvi ahdustremagehte
72d 1 MPa, as tested Nwintom tDd [Pee assaumes mpar dscoe dwerr ¢

empl opedoni tor thre dmdcmaeasube htave strain va

Wi

-20 -4hd , as i hCeSiAc Zsob@n B ®Bwds al so utilized
he chemical composition of the inclusions f
voltage of 20 kV and a collection time of 10

(a)

Weld metal

Sub-size tensile coupon
—> (from the mid-thicknes

p  Sub-size Charpy sample
(from the root laser weld

Units in mm “Uits in mm

Fi gbZ(ea) Schematic diagram showing the extraction

di mensi omiszeft esrusbi | e coupsmnze( €Chadipywesaimphe of
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53Wel d morphol ogi es

The top and root surfaces of the | &3er wel
Cr afcrke e, narr ow, and continuous root welds v
with a much wider cap weld resulting from th
the arc heasecthoiucomremorCplosilsogi ea ©0hb54alf)g. | ase
clearly demonstrate that the substrates wer e
depth to width ratios wbiehmodeawé&lkdgi higawur k
power density, and the increase of weld hei
from O toFi Y2 mpmamses of arc welds were requi
height with the root | aser pwedductTihviist yd eanmdowne

| aser welding over traditional arc welding t

T

5,

o

Fi gb3Wel d surfaces morphologies: (a) and (b) top and
(d) top and botwionmn sluarsfearc ewse lodf wiolhd a WFR of 4 m/ mi n;
of wolr@ | aser weld wWigt)h aan dWFHFh )o ft o6p na/+wmdi rneo 1 aesmr s wel ac
a WFR of 6 m/ min; (i) and-wijr)e tapeandveb at twéd m hs ar Wik Re g

(I')y top and bowitroen lsasdracwees| &dfwihtohpasWFRao& .62 mAmia
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Autogenous laser weld (b) WFR=4m/min, cold wire WFR=6m/min, cold wire WFR=6m/min, hot wire

Fi gb4@r ossescti on morphol ogies: ( ai raeutlocayéerRd miemlidns er we
(c) wioled | aWFeR6 wemidn ;-wi(rdeg I|haoMFER6 w/ehidn ; -w{ep tabkér wel d
WFR12m/ mi nwi ()| bBWRR 1 2vm/ di,n; (g)rdomallagei nwelwd tdand f

we & d

54FZ microstructure

The microsth806t HSd Aofst eel Subshthr awbki als isdh
composedrafi nfeidnd erri t eDamidn MAlI zoarstwe lucdinn ¢,
from the top side of the root face, which co
and microstructur e tihmmBtahgdgkemes st yd iarl eoontgi otnh.e O
56show the microstructure of wupper region of
parameters. The FZ of thetaunedemaiusi t @aseB) w

a high cooling r atb6be, hs poeseased ihmhe Figed 5

acicular ferrite (AF) in the-6upped er egniad rer C
i ntrod-meealnloinc inclusions originating from ¢
weld metal, tlhesse spmeviode favorable nucl eati
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intragr d0410&fr WAR h a hi gher nWHbeefrt-menad Inicirce a
inclusions provided more nucleation sites wt
of ‘§fraened AF. On the other hand, p8@h&t@tij ng
which | imited the formation of baiwinte.|l &Asenm
weld with the highest WFR of 12 m/ min contai
in Fefg. 5

The micros thlemwdrurree ifon of t he -7l.asTehre HZo wes

region of FZ in the autogenous | aser weld we
to the upper region due to a negligible char
57 a . Cemdpa o the autogenous | aser wel d, mor e

with a wire feed due to the sinlccimaagaaired €| oy
titaniwhmch are reported {{dopgrd@difiet hiee pfr @ s m;

root opening which provided a channel for de

FigboMicrostnihxXxdurlkrasosée metal: (a) opticailtimikcoogriaphs

ferrite (F) and martensite/austenite (MA
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Figbhg@ptical micrographs asmdwi angattihenaniacfr osdirawltarr ef e

and dDoandary fetrtuepper ( G

g) onnof the FZ: -wWa)ealuasgeno
we IWIFR4 m/ mi n:wi(ree) | a@wkeE6 wa/l i, n-wi ( d) | AVBRR6 wa/ll di,n; ( e)

co-wdre | aWrR12vem/dmi fw;i r(ef )] aWeR 1l verh/dmi n
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Fi gbt@ptical microhpeamhsrobBowiuegure and | ocations of

and boahdary fertiower ( GBRE) ot ko h d aWBER4 wa/l di,n; (c)

cowdre | aWrR6 we/l di, n-wi ( d) | aWRR6 wa/ di, n:wi (re) | a@kR wel d,

=12 m/ miwi r(ef) aWeR1 verh/dmi n

The high magnificat5B8pr ©EIMdei magebearmerFiwi.
mi crostructure of the awitogewelud WwWiaskrawWwFBg,
Predominantly bainite was formed in tHhe FZ o
8ad . Meanwhi |l e, the wire additions promoted
clearly bwedavie marsikled!l og$8bf Theaeiasicol &r gf e

upper region of FZ was f i nerghtthabne tdhuaet tion atnh
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in nucleation sit

es availabl e, whi ch woul

of alloying elements to the bottom of the

bainite but | ess

be expeomadficidd er

Fi gb8®EM micrographs

AF was fouwdei welk &tpalwbdave

mat erial and alloying el

i ndiac at it eg (Bhe apdesencel af

upper region of the FZ in autogenous | aser wel d;

d b
w e
h r

em

ferr

(c)

and (f) wupper r-ewgienlas$et heweFd wht hop WBReonfr &@gi mmh mo

FZ iwihetl| aser weld with a WFR of 12
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