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AASTRACT

This paper considers two applicabons ot direct laser mdtenals interacton. laser ablation of
superconductor materiils and Nd YAQG laser weiding  The laser ablation expenments with 355 nm. 10 ns
pulses have demonstrated uratorm thin superconductor ilms  The iim unformity was «/mproved
sigriticantly be rotating both the laser target and the him support and by vercdlly dithenng the laser
tcis  The Uim stox:hiomeltry does vary with laser fluence but s within 10« of the target matenal 4t high
Huernee  Anneadhing of the thallium containng hims restores lost oxyqen  |or the welding appheation we
Nave veshigated the condiions that nfluence the melt depth  High speed photography has shown e
DIUMe 10 consist of @ senes ol regenereted pulses that move N a deechion nomial to the serface The inwe
tor plume indation g thae laser powear threshokt for plume tformgetion are dependent on the substrate
ulenal  The plume tlemperagtures deponded on the wekding atmosphere Tempersatures kg med

fepthe, e hkgher 1o the tedchive gasas dir O and By, than tor the nomreactive gases He Ar and N
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Direct | aser Matenals interaction ’

NIACDUCION

Processes as diverse as weliding and product-an of supercondudater bims may take ddv antage of the
unque properties of [aser radidhion  This paner repons the resuits of resedrch i each of these twn damas

' the production of thatbtum contaimng high temperature supercondu ing thin films by Laser ablabon

and -2 laser welding  The tust application requires short laser pulses . 10 nsy and the second much
ionqer pulses: B ms: Consequently the conaibons under which the irradiated material absorhs e e
radidtion are quite diterent | or the ablation process the local pressure dunng and shortly after the $aaer
pulse may greatly exceed ambierm  This results in the nedr expinsive removal of the matenal in the
wradhated reqon  The wekinng laser on the other hand headts the matenal siowly enough thal acousteedl
processes keep the pressure in the nadidted region close 1o ambient  The wekiing laser dogs tom an
sudparaive piume bal f results 1om slow evaporation not an explosive expanskn

{ aser wekiing 1s a well developed technology  The objactive of the rasearch at | 95 AldmMos 1. 1o
Sevelop suthaient understanding of the laser interaction process 10 briing more versatility to the
fechnigie  Laser ablabion of superconduc1or mdtendls s only o recent development  Our godl again s te
i redse understanding of the process We wish 1o find condiion.. where the stochiametry 15 presernvasd
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Vieect [Aser Maternils nleractien

Cdser Jepesiion Can fedudc ol JmMvent 3 umber of these dittcuihes: A single soutce My e
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iLre e ey, SOMe wOrk Nds Deen 3o0e an il S g g e svshems-"
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Caregt o daser Matendls Inferacton 4

Laser palses of 15 25 my at 155 nm were Qenerated by Irequency tnphng the (2 switched cutput
TTg o g NJ Y AG dser SQuipDed with Billeg Dedm optics NIlg 1O nsing peoduced a tlcence al e
Campie surtace O 1 1S L eme and a contocal parameter much sarger thare the el t gepth in these
apeErments  The laser was operated dat 16 He2 and depostion imes were trom 15 90 minutes  The hnat
LN pns: CwdsS dithered sertk dily al 1 Heoinorder 10 etch the target surtace evenly
As geposited 1ims were iNsulahing and reqQuired a posl deposibon anneadl at 8500 ¢, 101 15 manytss,
na s enmched cnicible 10 compensdte 1or T oss trom the him - Subsequent annedhng af 7509 Cnan

~

wrnsphere tor 2 8 hours Gave Stuny HlAck MIMS w.th room temperdture reSistanees between 100 530 )

-1
MOST ey dPORIIONS atilized 1 Lser uence mthe (onge 4 70 cne Dithenng the steenng pnsm
senlldr 4 G A etch pattern avenng mest of the Larget suface as seenain bgy .l This provead o e
LA LLpenor 10 vlching d sangle ek dt liaed radial distance which resulted o severe spatidl distortion of
N wmilled Piumie as well 1S ThickDess and Compostional vandlions in the hims - Consequently 4 mor
ceptadue e JeposIon e was ohbaned ds evidenced by Fig 3 whicch shows i plot of Biim thkckness as
1tk en of Jeposition Y o sghsequent runs  The fim thi kness o the cotatedd substnates as
uegnaed Wil g slyloas Protuomeler wels GRtorme 10 - 1L over the ared codbed D5 e This was
L ot Dettor than abbained for aneatated substeates,
weng the Jepeailion procens SO TG pualse wads typ aily cemaoved trom the talk Larget and oy
g pute feposited e the substeate s orresponds e deposiion nale bhetween 1 As e
ithereew o Detwer The olc D oite and the deposiion cite was prescmadbly due D aacombandtion o
spattec pogutgp of the abldaton plume with e substoate non goty Stickang . aethoent and pecugpe e
SP e e BGNS G cuEnngg pnon 1o anpaet e e sabntrate Dengata Ay fhee s Seprosainon rale wags fogned o
oty A Lrged L amipeceation Jenn sase satter i) process, iengih ol presons eepotares il deregl of i
Cacdtaren Leget cynthesis g eaposar (o the Lpae Foeorn ot gnrod e Bl i knee,
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Mwrect | aser Materiais interachicn !

155 nm as shown m Fag 4 Far both wadvelengths the Hms were tound e be Sdelicient e cak o g
womg e i T reiabive 10 the STAMING Mdleridi Nedr the tThreshoid fue e e 1or Jeposihon  Aithough this
result Cdan Nt be erpianed n tefms ol Simple oidtlity 27 redchivity arguments s SonsiStent witt oeynt
WS Aers o .‘_ Aser oy aporahior A the simulagr B g S Cu T NS InDur expeninwents the
(oK oMty appraached that of the sianing matendl as the Nuence wds NCredsed At nve times the
threshoid Hyengce the tim deposiion wds stoich:ometne within - 127, 10 That 0t the 1arQe! matendl At
‘ugher tue s the composition is then relatngly indepandent of fluence aver a broad range  An upper
ma on gsedblie Huernge . '/mpesed it 1, e’ by the Jeposition of re'alively Large partic ulales  « 7
1S ShOW Dy SCdnRn g iectron M roscoby St M-
Mo as depesited TG d Ha dn T ims were invanably deficient n ory@en amd reguired ) post

1PCSHeN qNMedl 3% Jesonbed above  Inorder 10 Jevelop dnon silu Jeposition process we ane

S JANNG A LMber af JAGNGsTn S o e gser generated plume inciuding optkcdl emisson arkd mass
SOeClIes apy  Hopresentilve mMass spectrometry resylls are showr n big 5 whc h shows poth the

T Ak CANGe O Bikdbie 10 our Measuiements  and some inferesing aspects O the e vaparnabon proe e,
eonirtkeutr e Bad ans e visibie in this spectrum. We were aiso Lnable 1c deteat any ocde ons

anturng g - w0 e TR e plume Y the 0thar harkd we wete dble 1o deledct Large quantites of
OO Beul i ad 0k ayen lome and molecues  This suggests Ihat the evapordbion processan
uthoienlly aolent it the melal gade Bonds are iIssocidted  This higher volLilility amd reactivily o the

SyQer LDeCes elahive 10 meld Atoms andd s suggests dn erpldnation for the tck of aaygenan the s

fepwc-atedd s repitive e e larget
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Lot Cese! Maleiais Gl e n '

"ugh volatility of thallum and 1S dxides b uture 2ttans in this aboratary will center oo mpiementiabonr '

Acivdled 2avgen Sourde N dr Atempt I icwer e DIDCeSSnNg andg of Anneahng temperaturs=s cegquine !

A Byt TN

e 1@Set AeIdiiG ProcveEss e dser & Gsed A8 o SOurse T energy Hadl hedls the sobatrale =ater
ADCve ifs Meling Do 1 PaALe e A GSICE wekl HIOwever The Do =SS s SOmMpies Decase of
e )ChioNS Detween e Glser Dedr and the matendl that may edher incregse o Jde redse the oupineg - °
viergy MO e wekd T Dunng the Meflir 3 process 1 rachor of the ncident idser energy © absarte !
Dy the subsinate  "he remainaer 1S retlected dr absorbed above the surddce Dy the plume aheh lorms
e qurtace lemperdture s suthiciently ‘ugh - " he plume Consists of evaportted metal hot aimospherk
Sasus and reac hion produacts At ow laser power hedating of The bulk metans by thermal ceiducton trom
e cgser Nedled suidoe Conauetionr Mode AL iGN LSe! DOWBT d v APOT JERIESSION Midy 1Arman the
M D001 wheh My qredlly enhdnce bott the energy couphng and the melt depth s process soalle!

weyhiGie formagbon’ "t

Ry hOle MGAde Mher prccesses that influerk - the energy couphng nclude
BSC PG T e e Ty The padsmia v Dlumie 0N e Bon n the wekd Dool retlecnion froem: the e
cewcPBer el heri gl redctons e the pluaie or mel pool soattenigg rom par les n the plurme
Tt o oftects qused by the hanging itwdes of refrachoenan the plume
anfral sver the proces s Jepends on Gikerstaiefing the iasers matendl o mtesaebons and e ener 3y
el 0 ngnhved mong these nteractons . With thus anowledae proc ess Jidgnostc S and ootk e
e dn e developed
Must Mg Y AG werking 1dSErs dre futsexd  MOSED 5 welthng wase s are continuout, weve e e
e alevents malting evapordbion thermudl - ofduction unng the Mgy Ay pulte are genernifly s e
Tt e aner pulse length Homs o b rame ety oupling oint ot cew etven e plned Lt gy e
et anhingogs welve  bororne e Metanur)r e vwewpnant oot qlagt healing e dtineg
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SAELOPS By dludled NClude aser puise vnergy  Jas Dressure and 34s a4 tivity “Me mell Jepth was

e e WP A4S CCMPOSIHOr AN S5allglions 1t the pume Meighl

The NG AL aSE! LSed P The wekDing Ripenmants had 4 Mdamum pulse energy M 4% 0 T he puitee
Ale Gr Al exPenments wis " M2 and the pulse iength was "8 ms  Careful medsurements of the spot
e SNowed Tt 1 aned somewnal with the pulse enerqy Al Ow pulse energy 2 J twas 5 "5 mm
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rAQes w3 s

Cajute r SNOWS 1 LG o The s penmienian dyOut o the SPRCTascopic vapenmente, T nght
e e AR DL wads YA Sl e ontr ik e SHEDE g T S meler spectmgraph the spectraglly
$opeertend WGt SetenTed Dy e cpdled photodiode drtdy - the artay wogkd e et to menits e
connl e GG cver Ananlet dl Jown 1Y nsan uratior aght from e PG ik e Tdnser Duise
Seeentpw g s B et el teedd g ibeer ot L ddbies g photemuitipher Wabes She agtpu! of e

Pt fore e e el DA SO Gpe

redat el AL
e RoangTterndic s - e Dkt Drosdo et Dy e eaer i e o infinenced Dy casvergt pre et
et e e e TP P tion Sl e ctee et e Dottt aleaorbes enteaetty the therea
o TW I TPt ] ST LT FTT ST | P TSR B Y PR N T A S U TIIRS STITTATS A YL Thee s g Tt al these et
R ST HE M R A U . L L Mo RN .llt,l'mlu"" LN BT 4T e ] e e’ EERARE

B T T S VI R TP RT3 T IR S M ) [T A LR TR L T EILLE VTP LILM LR he tharmgl

R T T O TR e PO L PO N LU PRI RE RYPYE R U TYITRES L LT TYY L LT MY TR



N N AL LU TR e T

marmai sonductnty 91 Aluminum 3 W om ) exceeds Pt Slainiess sleel © AW m o R Dy AL,

Aractrr ot ten’ Melting the melgis signitartly lowers e tThemigl cnductiv My’ )

fiqure T sPows high speed phelographs of the plume tarmalion above indiviiudl $pot welds ma:

TN Slgruecs Slee. WLINS and cammier: dily Dure iuMinem YA These 'Wo Matendls were

NOSEN 0 e representdlivie D1 Matendls hat Mighly sefled! Al amg highy absord 5SS, the 1 )R ,um ght

orong Nd YAG daser  Fach Nonsonial pane shows a sudi ession at individual photographs of the plur-

AT e Sanes «2ricdlly above A horgonlal sampie sutace  Bach panel or responds 10 d weld raade Ly
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reCl Laser Matenais interaction

Both of these rates are only a small fract:on of the sonic velocity For example the nise rale tor 304SS s
A 4%¢ Ol the room temperalure soniC velocity in air  The ratio of the rates tor 304SS and 110GAl 3 T us
dbout the sdme as the ratio Ot emissivities -2 1o 4: 1or these 'wo matenais

Al ~igh powers the weiding plumes for bcth matenals tend 1o nge expire ang reintiates dunng the
oise  The occurrence of these oscillations dAppears 1o have an enerqQy threshold and the number ot
Duises -ncreases quickly tor both matenals with increasing power Up to 22 plume pulses were counted
an the 304S5S sample and 18 on the 1100AlI sample E xpenments with 5052 and 56061 aluminum show::J
simylar 2ftects  The threshold pulse energies appear 1o be the same for the three aluminum alloys but the:
.mper 21 plume puises 1or 5252 Ai was about 2 3 that of the other alloys The threshold energy for
"hese plume pulses corresponds (o a signilicantly increased meft depth and the onset of keyhole
'srmdtian . The occurrence of the plume oscillations has been attributed ' < 10 successive opening and
-icsing 2 he mevhoie depressior thdt s 1o oscillation of the melt pcol

* evhuie ‘ormdtion results 0 increased absorphion because of multipie reflections of the incident
Aser rfadialion  in aadmion 10 the dramdlic increase N mel depth we aiso see that the rate of nise ol
sucCceSsive plumes 1S gredter than for the initial piumes  This 1s particularly true for Al 1100 For 370 W
dverage power the rate of nse of later plumes 1s three ime that tor the niial plume  We conclude then

't the keyhole formation increases the fraction of the l1aser radiation absorbed by aluminum by about 4

B T8 [ LT I R 12TV

e aimosphere above the mMel pool 1S known 10 eftect the welding process  For axample gases sud!
1N and Haan the -over gas dunng welkding can be incorpotated intc the wekd ard lead o #smbridement
Toahady e sfect of different gases on the weld depth the workpieo e was placed in a sealed chamiser
Al w I wddt putged by dterent gases Fwg & Tha melt depths oblamed as a unction of laser powise
eratien Ltang ddNOUS PUIGE GASes &0 Shiownan bggs 15 and 11 o antinuous weekds on P 1EE0ALand

1 T hue Ak, Wete e dl b itk TR verlap Detwesrs gopacent wends The divergeree
e e w g mepd 1 el pescabie Jonng these oxpenmwents by e Bing the collitmate sk ales
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Direct L aser Materials Inter:action 1

(98]

Two chstinct reqions 3re evident in Figs 10 and 11 1: Al pewer densities below about 1 3 MW cm*
there was a small but gracual increase in the melt depth with mcreased power density and -2 above 1 .2
MW cm- there was 5- 19 Irdd increase .n the melt depth with a sma'l increase in power density
somparnson ot the igures n the low power regirne shows that the melt depths in 394SS were about three
times the melt Jepths ir 1 100AI al the same power densdies  Ajso for 304SS the slopes of the curves al
iow power density are #20ut !ive imes greater than those obtainad lor 1100Al Both these effects may Ly
ndicative Jf tt e greate " thermal conductivily and reflectivity of aluminum compared 10 stainiess steel
'nspection of the figur-:S also shows that at a specric power density. the welds made in air. O,. and SF
were Jeeper tnan the se oblained in the other gases The greates! eHects were for the 30453 welds in
which melt depths ir O, and SF; were 5 4 and 2 9 times. respeclively the depth obtained using He at .,
Jensity of 1 MW cn® in addition the rates of change of men depth with power density were greatest for
the more reaclive nases These ditferences are attnbuted mainly to the ditterent reactivities ot the gases
As stated above, .emperatures in the welding piuine can reach 3500 K which is sutlicient 10 generate Ir¢e
oxygen and tluor-1e atoms that can react with aluminum or iron 15 produce heat The reaction 2Al + 30 -
A:._,C-J for examyie 15 very exothermic with AH = 400 hcal mole  The energy required to melt the volume
3 the iargest m=2i produced in 110CAL:2 mm D x1 8 mm Wi s 3 23 J This energy 1s generated ff only & .
2t the dluminum in the Melt volume reacts to form the oxkde  Simular resufts apply to the formation of iron
.udes and tluondes Measurements of the temperature of the plumes produced in the different gases .
presented m kg 12 These data show that the temperature 1s greater for [he reactive gases suggesting
'hdl energy 15 being released via a reactive mechanism

The increase in meft depth oblained with the reactive gases could aiso be dus 1o greater conpling of the:
Airer energy into the metal by formation of the oxides  Aluminuim cxide tor example exhibits much
Jrnger absorphion 4t 196 nacrons than pure aluminum metal Other gas propedies: such as thenmal

onductivite My have d role in deteemining the maelt depth but heir effect s probably small The thermal

oreductivities of Q, and N, tor exdmple are almost wenucal but segmificantly Aeepoer melt depthe, wers
NULTTEFTED BT by 00 s 050 possibie that ©ome s yet aridetomune-t pararmeler of the: waedddineg
e, e egimpie hangeaon the oot e due o thereggl lereane an the - itterenl ganes Moy decont!

P e pharir, g ttead Deeres Byt thiee o oo 1y pre oapen B fo e gt
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The curvas in Figs 16 and 11 show that at powers above 13 MW cm* a new mecharism becomes
operative in each gas that procuces a sigmficant increase i the mieht depth Thes dramatic increase i the
weld depth at the higher pawers 15 probably due to a change in the welding mode trom conduction 1o
heyvholing in which the laser beam i1s eHecliveiy channelled into a vapor cavity within the meft via muttiple
retlections  In the keyhohing mode, as noted in the previous section. the fraction of laser energy coupled
nto the metal increases signiiicantly over that obtairied in the conduction mode. The transition from
conduction to keyhoie mode is ‘emonstrated in Fig 13 which shows cross sections ol welds made on
110CAl i argon and air at At ent laser powers. At 300 W, which corresponds 1o a power density ol
about 1 34 MW cm® the weld j10hle corresponds to the conduction mode At 350 W (1 .36 MWcnrj the
onsel of keyholing 1s evident with a significant increase in the depth-*o width ratio of the weld  The main
eflect of the reactive gases over the ransition region appears to be a slight reduction in the power density
at which the transition irom conduction 1o keyholing occurs  Unfortunaiery, rt is not possible to incraase
the power density above ' 36 MW cm? 1o observe whether the large increase in malt depth with power

continues at higher powers

Conelusicn

The pooperties of the walding plume correliate with the charactenstics ot a laser weld - A promgit
mtiation and rapid nse ot the plume mdicates etfective couphng of tha laser rihation to the woirkpiece
The plume osciliations are also ndicative of oparatie v the keyhole mode - We now have sutticiont data
and understanding 1o beagin the developmaent of diagnostics based on plume properties that can be good
mdicators ot woekd charactenstics  The studies with difterent atmosphenc gases show the aimpaernance of
Qi metal vapor reaction m determiming (he heat mput to the wekd - This gpves another degree of ieedaom
that ane can use n cantrollng the weld propees A s recearch conhinoes, the developiaent of
Computer model of the wekhing process will become abugh poonty  The development of inproved heat
deposttion diagnostics and the establishment of g more guentitative correlabon between plonwe

Charactenstic soand wold properthies s contininngg
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Film thickness vs. Deposition tiine
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RBS Normalized Cu Ratio vs Nd:YAG Fluence
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TEMPERATURE (1000 DEG K)

PLUME TEMPERATURE DURING A LASER FULSE
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LASER WELDS IN VARIOUS GASES
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LASER WELDS IN VARIOUS GASES
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