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AFFECT OF ANGLE OF INCIDENCE ON PLASMAS GEMERATED DURING LASER WELDING

by
R. D. Dixon and G. K. Lewis

Materials Science ana Technology Division
Las Alamos National Laboralory
P.0. Box 1663, HS 6770
Los Alamos, MM 087545

Introduction

The work presented in this report 1s a continuation of studies initfated to generate an understanding
of ind to charactcrize laser welding. The work has evolved into research on laser-material-interactions
with the overall goal of developing mechanisms for improved control of laser welding.

Previous work (1-3) led to the postulate that a laser sypported combustion wave ()scw) was generated
during irradiation of a wmetal surface by a laser. The Vscw theory was used to explain enhanced coupling of
laser radiation to a surface. Enh.nced coupling is rhe phenomenon whereby more heat Is input to a surface,
by luser radiation, than can be accounted for by abro-ption alone.

A lscw is a plusma which #s generated when the laser radiation causes breakdown of the gas and materia)
atoms ard molecules necar the surface. The plasm: ha- a high density and Lemperature and thus converts the
poorly absorbed 1.06 micron laser radiation to blscbbody radiatton with a broadband wavclength spectrum.
The plasma radiation is more readily absorbed becav ¢ of the large amount of short wavelength radfatfon
which has 1 higher absorption coefficient.

The possibility that the enhanced coupling is due to increased abrsorption resulling from reflectivity
decreases is probably not valid, at least for altminum. The absorplance of Al increases by only 21 (4) when
the temperature goes from room Lo melting and by less than 12 when the angle of inc{dence changes (row 0 to

45 d(c )rﬂ's (5).  These changes, even together, rannol accoent for Weorcetical enhaned couplings of uwp to
501 .

The generation of a laser supported combustion wave as opposed to a laser supported detonation wave
(1sdw) is more hikoly because of yhe lnsmid-m-rgios and wavelengths Involved.  For ND YAG vadlation at 1.06
micgons, ewergy deesities of 100 0 10 walt/em' are needed o nitiate laser supported delonstion
weves (). Ihese energy densities ave beyond the output of our Daser system.  Thus the crveation of a Vsew
is the post Likely explanation tor enhanced coupling,

The law explanation for ephanced coupring requires that the plasma propagates away from the surface
with a subsonic velocity,  The velocity will be along the Taser axis and the plosma will propaaate unt il the
Varver enevgy dnput e foo smal) (o maintain 11, The plasma velocity and mass transpest Limit the maxionm
plasmg tempevature (o between 10,000 anc 25,000 K depending upon the taser intensity,  Tesperatures in this
range e sefficient to provide efficiontly absovbed radiation to the matercial surface,

Previous work has shown that the velocity of the pressure wave gencrated by the Taon's s subsonice and
thue o svew v geaerated (1), High speed video and movies 12,000 and 40,000 plctures pev oo
u".pc-(llw-ly) taten during the seae sludy showed that  intense vegions of vadiat lon weve genecated  and
propagated up the laser axis.  Thiv a'so supporis the concept of the gencration of Puow' o because of the
propagat lon divectlon,  Measred plasan veloclties showed subsonic pros-gat fon which further supports the
1vew theory,  The high apeed movies alvo showed that msaerors, plasmas weee gencrated duving each fasey pulse
which implies vaviable heat (oput from (he plasma.  This and sabsequent work (0, 8) showed (hat the plasme
tygnit fon war dependent spon aaterial an well an laser power,

Al of the previows work was done with che beam noomal (o e matenial savface . Since the Larael
vapors  are emllted oomal (o the surface synlticant photon wetal  vapor  interactfon, renalt, Ihi~
Interac thom vbcures ant/or ot luchoes e aow inderaction,

the present wor'. was done 1o: Turthey verdty the exdstence of Taew’ o provide addicional neasan ement -
of the plasma initiction Vime; and avestigate altenate methods of sdeteimining  the nmber of  plasmas
gencrated. Conrelation between baw cccunrences and (he depth of satecial melted veran Lives powes were
a o made,



Experimental

The angle of Incidence of the laser busm on the meta) substrate was varied during the study. This oore
clearly shows the existence of 1scw’'s because the vapor plume (emitted normal to the surface) is partially
removed from the beam path. Generation of lscw's in both the incigent and reflected beams should be
possible and »Jbservable using ,hotographic techniques and radfation monitors. As the plasma density
increases, reflection of the laser besm at the plasma critical density should be detectable in a back
reflected position. The plasma critical density 15 given by the usual expressions:

v (4 nezln)l’z.

where; w_= the plasma frequency [in thi. case the frequency of 1.06 micron laser radiation),
= the plasms density,
e = the electron charge
and ® = the electron mass.

figure 1 shows a schematic of the plasma/plume boundary and the bounaaries of the incident and reflected
beams .

Modulation of the laser radiation to the surface by the plasma
will depend v7on when the plasma is generated, which channel
(Incident or veflected) it is generated in, the velocity of the
plasma, the boundary between the plasma and tae laser besm, and
the decay rate of the plasma. For example, essuming the plasm
boundary ainays fi1lls the beam and the plasms s !nstantly
ignited at critical density, expands to thLe nofut where tle
density is subcritical and then !s {nstantly reestablished at
critical density a large amount of laser radiation will be
reflected and very 1little light will be transmitted at the
angle of veflection. The light reflectcd in the direction
opposite the beam will then be composec of the radiation from
the plasma plus the reflected laser radiation. This signal
will also show ‘niensity changes which vary at a rate ?ropor-
tional to the velocity of the plasma and the rate at which the
plasma critical density is established. The radiation detected
at the anqle of reflectance, after transmizsion through the
plasma, will be composed of radiation “rom the plasma only.
This analysis assumes  that when the plasma  departs from
critical) density the laser radfation {s totally absorbed by the

plasma.
Figure 1. Shematic of the laser-materfal-
interaction. The Incidint beam In- Another exanple 15, i the plosma does not ignite until
teracls with material to gencrate  atter the beam has been incldent on the surfece tor some time.
@ 1new in both the incident and Ivis again assumes that the plasma boundary always f1l1 the
reflected channels, beam.  After dgnition the plasms  propeqates  up  the heam

absorping enerqy unti) it reaches critical deasity or the Yaser vadiation can’t upport ot At «ritical
densaty the beom will be retlacted and the plaso will cool and begin to reabsorh the beam, T B8 does not
rteach critical density the plasma will dissipate and a new plosma say or may not be (ommed,  In thiy case
the radiation seen in the divection opposite the beam will concist of that radisted from the plawsa atd some
reflected laser rad” Clon when the plasma becomes cvitieal,  The intensaty seen at the angle of rvetlect :on
wil) e composed of the radiacion Trom the plasma plus the laser radtation tranwmitted theough the plasm;
and rellected from the metal surface,

Ihe two examples  represent simplitied cases pavticularly for laser rediation incdeat at oblique
anglen. A1 ablique angles of Inclidence the plasmy probably only 1ally the beam aiea for a short fine when
the plasma 1w close (o the swiface. When the plasma does not (1D the beam area some laser vadiatfon will
be avaitable for intevaction wilh the sorface and the gas behind tie plasma,  This will vesslt In changes dn

the Intensity of bath the calation <een opposite the beam directton and that een at the anale of
reflrctiaon,

e high reflectivity of the metal sovface peambts st fictent eeergy fo the aetlected chamnmer o
faltfate plasmas,  Thus plasmas can be Indtfated bn efthev/or bhath of the chamels . Laevgy constdesat o
shiw that cr it 7cal density plasaas In elther (hanpel vesult in ne ntenc ity vaviatiane oo the velledied

thannel . Plarsmas with densitbes dess than the (vitical densaty o the aeflacted channel can cauae dnlensily
var vat1ony, however |

he tollowing recolin were ablained by varying the angle of  incbdence of 16 mbcion radial lon on
commcr. Aa by pane AL (110D ALY The Taser was o B YAG syetem capable of A0 wal 1 avevage powes 1he



dverage power used was IS0 watt for the radiation monitoring studies and from 50 to 350 watts for the
fenetration and high speed video studies. For this study the system was operated at 10 pulses/sec with a
0.0078 sec pulse length. A)1 data were taken using one pulse per event and each event was on a fresh
surface. The lascr pulse shape §s shown in the data which follows,

The sample size was 2.5 cm diameter by 0.32 cm thick. Tae surface finish waz left in the as rolled
condition and prior to each event the surface was wiped with alcohol. The samples were placed in a fixture
which could be rotated about the center of the disks. This sllowed several events to be placed on each
sample and facilitated machining to the center of each melted spot for melt depth measurements. The fixture
4150 allowed rotation about an axis in the plane of the disk so that the angle of incidence could be easily
changed. The angle of incidence was varied from 0 to 45 degrees in steps of 5 degrees.

Interaction of the beam with the plasma was monitored by recording: radiation from the rear of the
laser civity (laser signal); visible radiation from the plasma using a photosultiplier tube (pmt) with an
$-20 response (pwmt signal); infrared (IR) radiation refle:ted back up the beam (reflected signal); IR
radiation transmitted through the iInteractfon region at the angle of reflection (transmitted signal) end
high speed video. All data were recorded on a 4 channel digital oscilloscope at 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 power was monitored several times during a series of events tsing
a calorimeter.

After approximately 10 events the disk was machined to the center of the melted region, polished,

etched and the melt depth measured. Figure 2 s a schematic of the detectors, target and plasaa
orientation.

Results

Figure 3 shows the calculated power density versus the average powers used in this study. lhe power
density was calculated assuming a Gaussian distribution for the beam profile. With no focusing lens Lhe
average beam power was mcasured.  An aperature uaszthen placed in the optical path abeve the calorimeter and

closed unti) the average power was reduced by 1/e°. The aperature diameter was then used to calculate the
focused sput size from:

¥, " A/ w,.

where Vo * the focused spot radius,

w, - the radfus of the collimated beam fncident on the lens,
l the wavelength of the ridiation
f  the tocal length of the lens.

and
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Hgure 2. Schemalle of the experimental setup, Ligure 3, Calculated power density versu,

1 hght veflected Dack Trom The plaueas average power,  Ihe calvulated
iv detedied as the rellocted o nal powie e dens iy 15 al least 4 criers
amd Light transmitied (heough the of mageliude qreater than that
plasma Iy delected as the tranwmiited deteimined Crom v patterns.
shgnal . The iMeractbon §s 4 lvo mond-
tored by the vistble vadiatien uhing a
I'MT,



Comperison of this 4ata with power densit! . calculated from burn patterns shows that the present
technique yields power densities 4 orders of w ,aitude higher. Because we heve observed suctained burning
of the paper used to determine power density from burn patterns we know that there are ccuracips with
that technique also. Power densities determined by burn spots are in the orcer of 10° watt/ca®. For
this work we have elected to use the power density as shown in Fig. 3. recognizing that the true power
density 1s probadly severa: orders of magnitud: less. For the data which follows this is not a problem
since the power density is calculated from the adverage power.

Figures 4-9 show the dats obtained from the optical radiztion dctectors for an aversge prwer of 350
watt and at angles of incidence of 10, 20, 30, 40, 45, and O degrees respectively., Two sets of data aie
shown for 30 degrees, one of which was obtained with the IR pass filters removed {Fig. 7). This was done tv
see {f there was any major influence of the visible rsdfaticn. The filters seem to reduce the amount of
signal vari-tions seen in the transmitted signal but do not seem to qualitatively affect the results. In
all of these figures, the label *laser” refers to the laser signal, “R® refers to the reflected signal, *T1*
refers to the transmitted signal and "PMT® refers to the photomultiplier signal as explained above.
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Figure 4. Laser, reflected, transmitted and PMI Figure §. Laser, reflected, transmitted and PMI

signals from 1100 Al at 10 degrees. signals from 1100 Al at 20 degrees.

Shows one plasma in R and T at point Shows several plasmas in R and 7 at

A and numerous critical density plasmas point A and numerous critical density

in the R signal, plasmas in the R signal before and
after them.

i
1

. pLacdR

et W e

- o
L] . .
) o ' . A
.. . . ' .
T. I R IR S
[ v P o .
N R .|!!;:
PR I II . g L ' [ i - :
R I | oo ) - o :
AR N O B R R O N I AR
Figure 6. Laser, veflected, Lransmil ted and M1 lLigure 7. Laser, refiected, transmifted and
signals from 1100 Al ot 30 degrees with MY siguals from 100 A) gt WD
the IR filterys In. Show, ane plasma in dogrees with the IR filters out.
R ai 1 al polat A and mmerons plasmas Shows sevecal plasms In K and |

In the 1 signal bYetore and atter (hem. at points A and numerous plasmes
I the b oslgaal betore copa alter
Lhem,
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Figure 8. lLaser, reflected, transmitted and PMT Figure 9. Laser, reflected, transmitted ard FMT
sigrals from 1100 Al at 45 degrees. stignals from 1100 Al at normal inci-
Shows severa) plasmas in R and T at dence. Shows numerous criiical density
print A and no plasmas in the T signal plasmas in R and T. Because of posi-
before and after them. tion R and T are expected to be tha
same.

The following observations can be + = about the data shown in Fig. 4-9:
1. the transmitted and reflected uignals start at the sane tiwe as the laser signal;
2. the photomultiplier signa) always starts last and

3. the hlu:reasc in the photoswltiplier signal ozcurs coincident with the major changes in the R and T
signals.

Figure 4 shows one plasma forwmed zbout half way into the laser pulse (position A). Because the
indication 1s seen in becth the R&T signals, a plasma initiation threshold is implied. After the first
plasma is initjated, dissipation and regeneraticn of plasmas at the critical density is Indicated by Lhe
large amplitude changes and laroe number of sign2l variations seen in the reflected signal.

Figure o trdicates that a criti:al density plasmi is formed immediately, after several regcnerations
they decay, several other plasmas are formed and decay (A), a critical dopsity plasma i< formed again and

after several reqgenerations decays.  Approximately three fourths through the pulse no additional) plasmas are
Toraed,

liguies €, 7, and 8 show that only a few crilical density plasmas form and quickly die out. The larye
cignal variglions scen in the transmitted signals in Fig. 0 and 7 indicale that plasmas are formed in the
transmitted chennel and absorb the incident vadiation but do nol reach critical density, [ligure 8, on the
other hand, shows verv little evidence of auny plasmas formed other thaa the 2 or 3 at criticsi density.

Figure 9 shows the data oblatned wiln the beam at normal incldence. In this case taere i5 no plasma
activity until after the PHI signal has been on for 2 Lime lor this case, bhoth the rellocted and
transmitted monflors are set at the same angle and bath show esseplially the same response, as <hown in Uwe

figure.  This data <shows that many critical density plasmas are genevated throughaut most of the laser
puise.
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Figure 10. Penetration versus angle of incidence Figure 11, Penetration versus power density for

for constent power density. Shows the constant angles of incidence. Here
increase in penetration as the angle again the penetration Vs shown to
changes. increase as the angle increases.

Figures 10, 11 and 12 show that the melt depths obtained at the various powers and angles of incidence.
Figure 10 shows that the penetration 15 constant for the low powers but increases sharply as the power
Increases., 1t also shows that there is an increase in penetration as the angle of the incidence Increases.
Recal) from Fig. 5, 6 and 7 that at 20 and 30 degrees there were less critical density plasmas created.
Aso from Fig. 5, 6 and 7 there were very few cricical density plasmas created at 30 degrees which is the
angle where the effect first appears at lnw powers

~ _The data is replotted in Fig. 11 versus power density at constant ..gles of incidence. This data also
displays Lhe increase in penetration as the angle is changed.
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Figure 17 Penclration versus power density for figure 13. One frame of a high speed video
all data. lhere 1s an increase in (12,000 pictures/sec). Shows the
penetration at approximately 300 walts vapor plume motion and the plavma
average powtr. In the tncident chaanel.

Ligure 12 1s a qraph of the same data but for peactration versug power dens ity e this figquee ihere
bo e sharp tncrease dn the penetration at a power depvdty of 9 x 107 which correseonds to aboul 10D watts
average power,  This 1S in agreement with previous work (1) whiloh shiwed a thvesPold for A penetration a:
appravimately 00 watts average power.

Fhpere 13 st one Crame feom Lhe high speed video data, TS Clqure showes (he vapor pluse novmal (o
the wurface amb evidence of a plasma 0 the incldent beam chanpel.  Analysis of the video data <howed that
the plasmas conld e ween n the facident channel and occastonally In the eetlected beam channel .
Idenviflcation of a plasea in the veflected chamnel fadicates that seff (cient enevyy 0 vef lecied to jgndte
a plasma. AL seen, In Wi data, B5 0 precession of the vapor column about  the nmmal to the setal
surtace. dhis dmplh e that the vapor emittlng sueface s moving which is In apoement with the theory Vhat



there is motion of the molten pool. The vapor column position is then an indication of the pool motion and
position.

Conclusions

This study has shcwn that 1scw's are generated and that they crn reach critic>l density. More critical
densicy plasmas are formed as the angle of incidence approaches the normal. As the angle of incidence is
increased the penetration increases. The vapor plume is seen to precess about the surface norm 1 which
indicates motion of the molten pool. The penetration increases correlate with fewer critical density
plasmas Jmplying that better photon conversion is obtained when the plasma is absorbing and not at the
critical density. The radiation monitoring techniques provide data which correlates with penetration and
thus are potential monitoring and control methods.
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