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Introduction

The work presented In this report IS a continuation of studies Inltlated to generate an understanding
of dnd LO characterize laser welding. The mrk has ●volved into research on laser-ma terial- interactions
wtth the overal 1 goal of developing ~chanfsms for l-roved control of laser welding.

Previous work ~ I-3) led to the postulate that a laser $Jppoftett r~ustion wave (lSCW) was generated
durtng trradlation of a ~tal surface by a laser. lhe ISCW theory was used LO ●xplain ●nhanced COUP1im of
laser radiation to a surface. Entb.need coupl fng is Lhe phenmmmon whcrehy mre heat Is input to a surface,
by l.ser radiation, than can be accountrd for by ab’.o:ption alone.

A I$cw is a pi., wa which 1s gcncratrd when th, las~r radiation causes breakdown of the gas and matcrla~
atms and molmulos near the surface. The plain. h,,.. a high dcnstty and lcufw?ralure and thus converts the
poorly ahsorhed I.Ob micron laser radiation to bl,, {khody radia Lion with a hroadhand wavelength spectrum.
The plasma radiation Is more rcadlly ahsorfw-.d lsoca~,! of tho lar~ mount of short wavrlcngth radlatlon
which ha$ \ higher ahsorplinn coclflctcnl.

Thr po%slhilfty that lhr rnhanced IXSWplinq is mJC 10 tncrmsd ahsmrplirm r(wultiny Irm ruflcclivity
drcrmssm it prnhahly nut valid, at Ims>l for almimm. lhr dJsuI’plMrP of Al incrcaws by oIIly 21 (4) when

tht trmq~)raturr qnr% irnm rcwm to m.lliny ~tsd hy ICSS thJn II WMII tltr anglr of inrlclencv chnnqrs Irti f) tn
4!I dc rcr$ (5),
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[xperhental

The angle of Incidence of the laser buam on the eta] substrate was varted during t~ $tudy. This are
c]early shows the ●xtstence of lSCW’S because the vapor plrme (mltted tro~l to the surface) is part fally
removed frcm the beam path. Generation of lSCU’S in both the Incident ad reflected beams should be
possible and ~servable using J!otographic techniques and radlatlon m)nltors. As the plasms density
Increases, reflection of the laser beam at the plasmx crltlcal denstty should be detectable In a back
reflected positjon. The plasma critical density IS given by the usual ●xpressions:

‘P
= (4” ne2/.)li2,

where; w = the plasma frequency :In *hi, case the frequency of 1.06 ■icron laser radlatlal),
R= the plasma density,
● 9 the ●lectrom charge

dnd m = the ●lectron mass.

figure 1 shows a sch~tic of the plasma/pl~ boundary and the bounoarles of the irKident and reflected
beams.
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I,rrarls witi) mairrihl 10 qv.nt,r,lio
J I.. rw ii, hnlh IIIr lIW idrrrl and

rrf irrtrd IiI,IIww. i.,.

AiI\fIt IIlnq rn(.rqy until it rrd(lw.~ rrili{ Ji

Modulation of the laser radiatton to the surf me by the plasma
will depend mom when the plasma is generated, which channel
(inctdent or reflected) it Is generated in, the velocity of the
plasma. the bnundary between the plasma and Lht? laser be~m. and
the decay rate of the plas=. for ●xample, cssoming the plasm
boundary alhays fills the beam mti the plasma Is !nstantly
ignited at crttlcal density, expands to tt.e nolwt where t!,e
denstty ts subcritical and then !s Instantly reestablished at
critical (ienstty a lJrge ammnt of laser radlatton will h
reflected and very Itttle Iiqht will be transmitted at the
anqlc of reflection. The light reflected In the direction
opposite the hcam will then be cuqosei of the radlatlon fr~
the plasma plus thr reflrctrd laser radiatfon. This signal
wtll also slum ‘n~cnslty chmy?s whtch vary al a rate ~ropor-
lionai (o the vrluclty or thr plasnn and thr rate at wh ch the
plasma crflical density Is cstal)llshed. lhe radiation dctrclcd
at thr anqlc of rcflmtmce, after trimsmissfon i!rmogb the
pla~. WI II br cmfmcd of rarilallom ‘r-m tilr jrlasmd only.
lhis twIalysis ,IC,SWMS tilai Wiwhn WC plasma drjmrts fIXMI
crlllral Iirnsity lilr laser radia{lon it Intally ~hmrhr(i h.v tile
;Il,vsma.

AJmthrr rxanq}lr Is, tf liIr l)l<lsma tiiw+ nnl lvJnitr wnlil
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Imvnr. hil(,r lqnlli I)II Il)r jIl,IvxJ jmIPMalP. UII lh~t hl”IIIw
~h.n.. i[v nr liII. I,\\t,r r4(ii,Il inn {,w I’I ..tclutorl It . At (rili(,~l
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average pwer used was 350 Mtt for the radlatlon ~ttorlng studies and fraa 50 to 350 Mtts for the
Fenetratiom and hlgk speed VftjCO st~les. For this study the system was operated at 10 pulses/sec with a
0.0078 SW pulse Imqth. All data were taken using one pulse per ●vent and ●ach event was ~ a fresh
surface. The laser pulse sha~ fs shown In the data which follows.

The sample size was 2.5 Cm dlaawter by 0.32 cm thick. l;~e surface ftnish waz left in the as rolled
Condition and prior to ●ach ●vent the surface was wiped wtth alcohol. The sa~les were placed in a fixture
which could k rotated about the center of the disks. This allared several ●vents to be placed on ●ach
sa~le and facilitat~ machining to the center of each mslted spot for ~11 depth measur~nts. The fixture
also ●n-d rotation about ●n axis in the plane of the disk so that the angle of Incideoce could be ●asily
changed. The a~le of inctdence was varied frm O to 45 degrees in steps Of 5 degrees.

Interact Ion of the beaa with the plasma was mnttored by recording: radiatim frm the rear of the
laser ctvity (laser signal); visible radiatiom frm the plasms using ● photmltipller tube (pint) with an
S-m respame (@ signal); Infrared (IR) radiation refle, ted back Up the beam (reflected signal); [R
radiation transmitted through Ihe Interactlom region at the angle d reflection (transmitted sigsal) end
high speed Vi-. All data were recorded on a 4 channel digital oscilloscope ●t a rate of 5 microsec/data
point. The IR detectors were silicon photodiodes with IR paSS filters. All radiation was coupled to the
detectors using optical fibers. The laser -r was monitored several times durinq a series of ●vunts csing
a calori~ter.

Aft~.r approximately 10 ●vents the disk was mschlned to the centtr of the nwlted region, polished,
●tched and the -It depth measured. Figurt 2 is a schemstic of the detectors, target and plasoa
orientation.

Results

figure 3 shcm the calculated pnwer density versus the average pow?rs used in this %tudy. ~he Iso-r
density was calculated assrming a fiiussian distribution for the beam profile. With no focusing lens Lhe
avcrqc bcda -r was masurcd. An apcraturc wa> then placed In the optical path dbcve the calorinwtcr and
closed untl 1 the average pcwcr was rrduccst by I/e . TIIC apcr~ture diamtcr was then used to calculate the
focused sput size frm:

‘n - A f/row,.

AL.:.......,=. ..;
““---- $-1- A .-

--- -.. ,.q

focused spot radius.
radius of the CO1 I Iwatcd ho~m incident on tht? Ims,
wavclrll~jlh {if 11)(s ri,dit}t iOII

local Imql h of Lhc lens.
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c~rlson of thts data with -r densft~ , Calculated frsm burn patterns shows that the pre$~t
technfque yields power dens fti~s 4 orders of w ,tlttude higher. Because we babe observed suc tslned burning
of the paper used to deterdne -r density f- km paturn$ NS k- that then are ~ccuracl~s W(UI
that techntque also. Power densities determined by bum spots are In the order of 10 watt/~ . For
thts ~rk # hsve ●lect~ to use tb -r density aS shti in Fig. ]. recognizing that the trve pcwer
dens ity Is probably severs; orders of ~gnltud: less. For the data which foll~s this 1S not a problem
since the ~er drnsity Is calculated from the average powr.

Ftgures 4-9 show thr dam obtaln~ fr~ the optical radfetfon drtecton for an avera$e pr-r of 350
watt And ●t angles of incidence Of 10. 20, 30, 40, 45, ●nd O degrees respectively. TWO sets of data are
skwn for 30 degrees, cm of which was obtained with the lR pass filters r-veal (Fig. 7). This was done to
S- if there was any ~jor influence of the vtsfble radlatlcn. The f i 1 t.ers s- to reduce th a~unt of
Si ●l varl”tlons seen In the transmitted s19nal but do not se- to qualitatively affect the results. In

Tal of these figures, the label ‘laser= refers to the laser st9nal, ‘R= refers to the nflected signal. ‘T=
refers to the transmltt~ si9nal ●nd “PMT- refe~ to the phot~l tlpl fer signal as ●xplained dso”.’e.
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Fiyure 4. Laser, reflected, transmitted and PHl
slgttals from 1100 Al at 10 degrees.
Shows one plasms in R and T at point
A and nu~rous crltlcal density pla5-S
iu the R signal
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Figure 5. Laser, reflected, transml ttco ~nd PHl
signals frcw I1OO Al at 20 degrees.
Shows several plas~s In R and T at
potnt A and wumrous critical density
Dlasnas in the R signal before and
~fter thea.
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FIgsJrc 8. Laser, reflected, tran~ltted and PMT Figure 9. laser, reflected, transmitted and IWT
sigcals from 1100 Al at 45 degrees. stgnals from 1100 Al at nornal lncl -
Shows several plas~s in R and T at dcnce. Shows numrous crlt!cal density
~,lnt A ad no DIAs~s in tJle T slana] Dlasmas in R and T. Because of oosi -
before and afte~ t-. tion R and T art ●xpected

se.

The follrwlng observations can be I ? about the data Shwrr In Fig. 4-9:

1, the transmitted and reflected ~lgnals start at the sane *.tw as the laser signal;

2. the pbot-ltlpller signal always starts last and

to be th?

3. the increasu in the photoaultiplier signal occurs coincident with the @or changes in the R and T
S’; gnills.

Figure 4 shcws one pla-wa fomcd &bout half way into the laser pulse !posltion A). Because the
indication Is seen in htl, the R&T signs]s, a plasma i~ltidtiDn threshold is Implied. After the fir$t
plasma is inlliated, dl$sipatlon and regeneration of plasmas at Lhc critical dcnsit,y is Indicdtcd by lhc
large aqlttude changes and Iarq ndlor of sigrul variations Seen in the rcflrcled Siyna].

Flyure !, f~dicatcs [hat a crit::al density f,rlas~ is formed Immediately, alter several rcgcncralions
thry drr.ay, srvcral other plasmas are fowd and decay (A), a critical drvrsity plJ>xra is fornml again and
arlcr scvrral rr!lrncrat ions drr~ys. Appt-oxiwtrly lhrcc fourlhs thrnu.gh the pulsr no artdit~nnal I)l~~xMs arr
:0,’4,

Ilqwlos t, 7. and U shm that nnly a fcu crilic~l dc,~sity plasms form and quickly dic out, TIM, l~rqo
:igna] Vdl. idl10115 Wrn tn thr trall>rrittrd S1!IIM1> 111 ri{l. b ●nd 7 inditalc tlml pldsws arr formal ill llw
lrdnSNillimd chaIIorl Jnd ,Ih%orfr Lhc incirfcnl radiation but du nol rmch crllical density. I“igurv 0. otl LIMI
olhcr hand. shows vrrv lilt-lc rvldcncc of any plac.nHh forwd olher tha,l the 2 or 3 af. critic Ji dcn~tty.

Figure ~ shows the dala ol)l~IIIori willl tht hc,lrn al no?wl Incldrnc(.. In 1111$ ctl$o Iirrrc it no pla5nhl

arllvity until dftIIr 1110 PHI iignal has hrrn cm for a lIm [or lhii rasr, lw~th LIM. rof Iortrtt ,]nd
I ran$ml [ lrrl ~IIIt Iors ar,, \rt ~t thr &Im* ~nqlc and hnth SIWIW IWSWI II 1 Iy IIIC +IWXh ro<pouw, ,IL. chnwn In I,hr

f lqurc. Th i % da la %Iwwi Lhaf, rawly cr i L ic~ I dcu.. i ty plaixms arr qowral rd ll,rouqhout raw.! 01 \ hr I awr
pulse.
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Figure 10. Penetration VPI-SUS angle of tncidence Figure 11. Penetration versus -r density for
fnr const~nt power density. Shows the const~nt angles of Incidence. Here
Increase In ~netratton as the angle agd?n the penetration Is shun to
changes. fncrease as the angle Increases.

Figures 10, 11 and 12 SW that the -It depths obtained at the vartous ~rs and angles of tnctdence.
F Igure 10 shows that the ~netrat ion Is constant for the low -I% but increases sharply as the power
Increases. lt dlso shnus that there is an Increase In penetration as the angle of the incidence Increases.
Recall frm Fig. 5, 6 and 7 that at ?0 and 30 degrses there were less crltica] dens!ty plasmas created.
Also frm Fig. 5, 6 and 7 there uere very few crictcdl ~nslty pla~s created at 30 degrees which is the
ang)e ~ere the effect flr$t appears at lW powers

The data IS replottpd in fig. 11 versus power density at constant -..yles of inctdence. This ddta alSO
d~splays Lhe increase In penetration as the angle is changed.
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tMre ts notion of the ~lten pool. Ttw vapor COlm ~~ltlon IS then an Imjlcatlon of the pool mtbn and
POsltlon.

Conelust ons

This study has showi that lSCW’S arQ generated and that they crn reach crltlcsl density. he critical
dansl 2J plasmss are fo~d a5 the angle of fncldence approaches the nomal. As the angle of Incidence IS
increased the penetration Increases. The vapor pl~ is seen to precess about the surface non 1 which
fndlcates motion of the mlten pool. The ~netration Increases cnrrelate with fewvr critical density
plass i~lylng that Mtter photon conversion is obtained when the plasma is absorbing and not at tk
critical density. The radiation ~itoring techniques provide data uhlch correlat~ with pe~tratlon and
thus are potential mnitoring and control wthods.
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