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I. INTROOUCTION

In earlier reports (1, 2}, a method for calculatiag the thermal
response due to intensive heating was described. The present report
describes extensions and applications of the method to other laser

heating problems. In the second chapter, a general critericn for ore

L Atv A ameled v v oe i FE R G S M K L AR SRR PR

dimensional heating under the assumption that the melt is instantaneously

removed will be develeped. The predictionsof a simple analytical
solution for radial conduction are combined with these results in the
tnrd chapter to produce a method for estimating from a single curve
the melt through time for any arbitrary combination of flux, 3pot size,

thickness and material. In the fourt: chapter,melt through time is computed
for tne case of complete retention of the melt until vaporization occurs,

i Some predictions for neating due to a large single pulse -

will be presented in the T1ftn chapter and compared with the results of

experiments featuring large single pulses.
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IT. A CRITERION FOR GNE DIMENSIQNAL MELTING-OF SOLIDS

The question of the flux (or power level) required to generate one-
dimensional (axial) meiting is particularly significant in the design

and interpretation of experiments on laser effects. Kadial heat conduc-

tion has been found to make the interpretation of some experimental re-

sults difficult. The fo.iuiring analysis leads to a criterion for one-

dimensionality which, it is hoped, wiil prove useftl in the design of
experiments.

He assume that a melting front moves at a censtant speed V through
a slab of material having thermal properties K, p and Cp, and a melting
temperature T .. Material at distances greater than some length § will
cssentially be at an ambient temperaturc To, i.e.,
T(8}-T /(T -T,) = ¢ M
We assume that the heat flow can be regarded as one dimensional {axiai)
if the depth of heating is small compared to the width, or if
8/a<N (2)
where o is scme characteristic dimension of the heated region, and N is
assumed to be independent of flux intensity and thermal properties. In
essence, we assume one-dimensionality if temperature changes take place

aover distances much less than the dimenzion of the heated area.

If the
heat flow is cone dimensional, the heat conduction equation reduces to
2
(.8_133[ (3)
ax2 ot

where the diffusivivy, < is defined by

K

K= — (4)
pCp

and x is takea to bhe normal to the surfaces of the slab. In terms of 2
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coordinate system moving with the front, i.e.,
2 = x-Vt (3)
Equation (2) becomes

2 -
g.a__I.s-Vfl (6)
az2 3z .

which has the solution

K3 i )
& By o~

~V2/x

'k TeT,+ (TTole (7)
; %. From 1,
] é? &V/x = tn (1/¢) {8)

Cne dimensional axial heat flow may also exist in a sheet so thin
as to be of rearly uniform temperature, i.e., if the characteristic dimen-
sion, o, of the heated region is large compared with ¢, the thickness, or

t/o<M (9)

M is a dimensionless number, assumed to be independent gf material proy
erties. More generally then, we expect that the heat flow will te pre-
ddminantly axial (or one dimensional), if either of inequalities 1 and 9
are satisfied, or if a new inequality combining the two is satisfied, i.e.,

if
26/g2<M* (10)

where M* is assumed to be independent of flux intensity aid thermai
prope-ties.

The steady speed, ¥, at which the 1iquid-solid interface moves may

be readily determined from a heat balance. In any time at, a thickness

Az of material at a temperature arbitrarily close (c¢) to the ambient temp-
erature T, enters the heated layer. OCuring that time increment, a Tike
amount of materiai is melted. Thus, for any unit area, a thickness A&z

is raised from the ambient te melting temperature, and underqoes phase

transformation.
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:
5
D
‘e m
D
¢
N ¥
5
i »
?
EE
L
,“
Pk

The heat required is supplied by the absorbed intensity Ipa’ and a simple
heat balance on a unit area subject to the peak intensity yields

Ipaat = [Cp(Tm -?o)vim]paz (1)
where L, is the heat of fusion. Thus if Ipa (the peak absorbed energy
per unit area per unit time) is constant, the speed at which the liquid-
solid interface penetrates the solid portion at tha point of maximum

intensity is given by

v=22, Ipa 012)
at p[Cp(Tm-To)+Lm]

Substituting this result. and fquation 8 into inequality 10, we find

20 [Cp{Ti-Tol4Lg) < — (13)
T L Ty

If we assume the beam profile tc be Gaussian and axi-symmetric, the

distribution cf absorbed intensity is

1r) = Ipae~r2/(202) (14)

the total power absorbed is given by

Py = 2x02 Ipa (15)
and inequality 13 may be written as
Pa , e (16)
L

This furnisries a theoretical basis for the criterion for one dimensienal
axial heat flow deduced in earlier work [2] from the results of computer
experiments on magnesium where m* was found to be 40 Ki/cm.

£quation 13 suggests, however, the existence of a single constant, a

dimensionless power rer unit thickness, applicable to any material. Let

Pra ® i ()
iKD[Lm" cp(Tm‘To)]
and . Pz]* - gﬂfflllfl. (18)
[} “.1*
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Then the criterion for one dimensional melting becomes
Pra > Poa* (19)
Tne assuaption of some profile other than Gaussian (e.a., 2 “flat-ten"),

could affect at most the nuzerical value of the dimensionless Pey”-

Equation 13 may be written in another form, through the use of the
time t; required for compiete melt through under the cne-dimensional

condition. The required time ic¢ obtained from a one-dimensfonal heat

balance as '
Co(Tn-T ]
t] = ( p( gI c)""-.]ﬂ (20)
pa
Substituting into 13 leaves 2 dimensionless parameter keown as a
Fourier number.
t
=3 < me/an{1/e) (21)

Ke have seen that thez conditions necessary for one-dimensional melting
are et if a Fourier nusber, defined through
F = xt,/o? (22)
is less than some critical value, er #f the dimensionless power per unit

thickness, defined through Equation 17 and related to the Fourier nucher
through

2
"o (3)

P
is greater than some critical value. It i3 at this point unproven that
the critical value of these dimensicniess parameters are independent of
material properties, although the resuits given earlier for wagnesiun

are a satisfactory indication that the criticsi value of the narazeter P;a

is independent of the flux intensity, dimensions of the heated area, and

sampie thickness.
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In crder to ascartais if tke critical #alue of Pz;' tiie dizensionless

3bsor:ed powes per unit thickness, is fizependest of meterial parEntars,

I P T N

Glcuiations using the pravioesly descrized mamriczi eothbod were ueder-

taken. Hateriai properties as given &5 Table 3 were assumed, xith re-

[PURETTEYON | RPN

sults as given in Tatle }1. in a1 czses. a disk 2.5 = dizrater ¥ .1

thick was dividzd into 20 annular rirgs anz 10 layers. The parsnc'or g
describing tre gaussfan beesr w3 takes to be .26 co. The resgice 2re
plotted in dimcnsioniess foro as Figure !, and suggzest trat for ab-
sorbed dimensicnlecs power por unil thiziness of 70 er gragter, the
zeiting time will bo within 165 of the v2iue calculated from the onme-

dimensicnal hext datancz {fgauatios #3).
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Tavle 1

THERMAL PROPERTISS OF SEVERAL MATIIIALS

Ly K

doule/qm Joule/{cm sec °K)
1970 .104

275 1.84
.96
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¥ Table II
¢ COMPUTED MELT THROUGH TIMES FOR VARIOUS LEVELS OF ABSORBED FI.UX
Flux
:g.' Material (Hatts/cm2 tm-sec t,-sec
g Al,05 1000 1.4197 1.084
$ 2000 .6226 5418
5 3000 . 3985 .3612
% 5000 .232 .2167
¢ 10000 .1140 .1084
i 30000 0377 .03612
¥ Aluminum 2000 3131 1371
k. 3000 1518 09137 !
£ 5000 .0733 .05482 '
7 10000 .0318 .02741
%,
ke, Magnesium 1000 .4128 4712
& 1500 . 1962 1141
b, 2000 . 1266 .0856
e 3000 0737 .05706
i 5000 .0402 .03424
i 10600 .0188 .0171
& 30000 .0061 .00571 ,
& ’
-3 Stainless Steel 1000 1.1068 6936 3
I 3000 .270 2312 :
& 5000 1532 . 1387
; 10000 .0742 .06936
7. 30000 0244 02312
Gl
Y Titanium 300 9,098 2.%35
3 " 1000 1.6 - .7185
o 3000 2171 .2395
- 5000 ..57 .1437
7 10000 .078 07185 \
. 30000 . J255 .02395 ]
A

. g e
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III. FKELTING TIMES AT LOW POWER '

Up to this point, only the times necessary for complete melt

S YN YRS O Ty

through have been considered for cases where the incident flux is
relatively high, i.e. the heat transfer primarily axial. Further
insight may obe gained through consideration of the other extreme,
i.e. assuming that the heat flow is primarily radial.

Carslaw and Jaeger3have given the temperatures distribution
in a solid due to the application of a flux Q per unit area applied
over the interior of a cylindrical hole in a infinite domain. The

temperature is

T(r,t)-T = - 2 ” (1_e-xu2t) Jo(ur)¥(uR)-Yo(ur)dy(uR)  dy
o 0

J12(uR) + v]2(ua) ul (24)

rk

P>
-

3

1

o 0%

5
N

b
8%
3
B
’

:
at e

=
k- 83
%
o

=

k- &

ks 32
% Vol
e gt

where R is the radius of the hole

x is the diffusivity

I
N P A

k the conductivity

Lha g
o o
SLILT 8

J and Y are bessel functions of first and second kind

E‘ and T  is the initial temperature é
é% For large values of time, an a;:proximation3i$ %
g %
18 2 2 2 . 3

71 =R fn KL, R &ELR ,:uf--zmﬁ +...}(25) 3

°© 2k ( cr¢ xt Cr? 4ct RE r ’ i
W . %
g where C = e¥ = 1.781, This approximation has been used te predict melting times z
?;f for thin sheets 2xposed to small lasers.? Retaining only the first teirm leaves %
: ’{, %
3 i 7T = 0R det (26) ?
}té T-T4 o in o7 2

o
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as an approximate temperature in a thin sheet. In order to apply this
solution to the prcblem of laser melting, we assume a uniform flux of
intensely Fo to be applied over a radius R on a sheet of thickness t. For

a small 2, we assume the temperature under the beam (i.e. r<R) to be
uniform and equal to the temperature at R. For moderate values of flux,

we assume a quasi steady temperature under the beam, yiz,, that the transfen®

term may be .:sregarde? Hence, a heat balance on the mass under the

spot reads

Fo - wR% = Q + 24R - 2 (27)

where  is the radial fiux, as in Equations 24 and 25. Using Equation 26 we then

have as a temperature distribution

2 :
T(r,t) = Ty + o XL on gerar (282)
akr  cR?
F.RZ  4xt
Trt) =T +-2—en — on R (28p)
4k crd

it should be noted that certain assumptions made in the development
of this result are not completely ccnsistent. The assumptiom of iong
time and low intensity are not cempatible with the negiect of losses
due to convection and radiation, hence tne temperatures predicted bv 28b are
at best upper bounds, and melting times which might be predicteu are

lower bounds.

Such melting times may be estimated from Eouation 28a 3s

4
= LR 4ke -
tm B exp = ( Tm To)

(29)
4z FR
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Thi: melting time can be compared with that predicted for one dimen-

sional axial flow with instantanecous remoxal,

= 0% - .
R AL TO)E (30)
0
nence
e=tm=p & exp i b ' § (31)
t ! 4x tm ]
PL 14 —
Cp\Tm-To)J
where
o »__ xR (22)

2 -
zxp[Lm+Cp(Tm To)]

The dimensionless power per unit thickness is again seen to characterize

the melting time ratio. For small P,» 6 becomes large. For large P,,

cp
o +»-~L (33)
4x

but the assumption of one dimensional radial flow is inapplicable in this reaime.

Equation 31 has a mimimum at

Pl = 4’ (34)
N :
Cp(Tm-To)
ih
Hhen e ace (35)
min = 3.
i 1+ .__131__..
Cp(Tm-TO)

and should not be used for values of Pl above that given by Equation 31,

The previous results vere deduced undar the assumption of a

)
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“flat-top" beam profile. For a Gaussian beam, the assumption that

DER AN 0 MR R e G S

the material under the beam (R = 2a) melts uniformly is somewhat
questionable, but wiil enable comparison with the results obtained by

the numerical method. Equation 27 then reads

ARG A AT Y B A RO

1§ /% = Q2aRe (26)
2 O
and iquation 29 becomes
¢t 2%y ) ( !
t = exp {-——-(T -T E 37) 3
m 2'm o ;
'oox Foo %
wormalizing by the one dimensiona) melt through time (Eauation 20) and %
introducing the dimensionless power per unit thickness for a gaussian }
beam .
21
] p, = ——2xo_pa (38)
st -
teo{t 4 (T, T )]
leaves
a:_tﬂ..':.'."ff.exp{.:l ] % (39)
Cp(Tm-To)

A minimum again occurs at the value of Pt which make the exponent of Equation

39 unity, and leaves

- 2Ce - 4x —
Onin = - atP, — (40)
o | [ L
C (T -T) C(T-T)
p'm o pPmo

The parameter 1 + Lm/Cp(Tm-!o) rangas from 1.613 in the case of aluminum
te 1.316 in the case of Titanium, with intermediate vilues of 1.537 for

majeesium and 1.493 in the case of stainless steel. Taking 1.5 as a

Z representative value introduces an approsisat.on anuivalent tn 10 uncertsinties

in the diransicnless pown, per unit thictuecs gno

%
s %
i 13
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the upper solid curve of Figure 2 is found to result. The lower solid
curve is a reproduction of the re§ults given as Figuare 1, and the dashed
curve presents a smooth interpolation joining the two solid seaments.
The resulting composite curve is suaggested as a mcans of rapidly
estimating the time reauired for complete melt through, together with the
definition of dimensionless nover per unit thickness (Equation 33) and
the cne dimensional melt through time (Equation 2G).

As noted earlier, these results were obtained under the assumption
that no heat is lost to the surroundings. If heat is lost from each
unit area by connection and radiation, then the temperature must satisfy

the differential equation

(41)

AT, 2h(T-Ty) |, Zea?(i%-Ty")

k2T = pCp
at [ 3 2

vhere To is the temperature of the surroundings, h is the surface heat
taansfer coefficient, ¢ is the emissivity and o is the Stephan-Boltzman
constant. An approximate solution for the radially symmetric steady state

temperature distribution can be obtained by setting

h* = h + 4d¢q Tgve (42)
which yields
a sa T 57 T :
T=aT,+A 1 («?.“s?)un\o (/2"; (43)

*
vhere B = h*e

:
:

4

4

, is a Giot mmber and Io and Ke are modified Bessel functions

of the first and second kind. For small araumer’s the following annroxima-

ticns may be used:
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Ko(2) « = tn 2 (44a)

Kifz) ~ 1/z (44b)
Assuming a flux F, is again uniformly distributed ever a circle

of radivus R, and a quasi’steady temperature to exist in the region under the

spot, thea a heat balance on material under the spot aqives

FoRe = 2aRe (-k 21 (45)
ar ™R

Solving for the constants A and B, we find A = 0 as the temperatures must

remain finite at large r and

B = FoR
2k/28 Ky(/28 R/1) (46)
The steadv state temperature distribution, asymptotically annroached at
large time is
FOR KQ(V% R/’-) -~ .
= + T, for r>Rand T = T(R) for r < P. 47
2k/Z8 K (/B R/L)  ° - (47)
For /75 R/t << 1, the asymptotic values may be used to obtain
' F R {2
T(R) = 202 g . { or (48)
L \’.Rv/ig)
T(R} = To + f_!._ Tp=Tg + :m7 tm ','._”__:} (49)
2z - Cp \ RVZ8
The critical pover per unit thickness required to bring the area under
a uniform beam to the melting temperature is therefore
- 2% ]
Py crit © (50)
1+ — tn L/RVZ%
CD(Tm'To)
16
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An identical result is obtained for a caussian beam of radius

R =20. At lower values of power per unit thickness, melting
will not be achieved. For values not substantially above the critical value,
the times predicted by the method described in the previous section f

(or any other method which ignores losses) will be much increased.

17
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Iv. RETENTION AND YAPORIZATION OF MELT

In the preceding sectiors, the time required for complete melt-
through under a Gaussian distribution was considered and compared with
the times which would be required assuming one dimensional heat conduc-~
tion. The assumption of complete vemoval of the melted material may be
Justifieé under conditions of strong air flow, but the alternative, i.e.,
rolten material retained as a liquid until the vaporization temperature
is eached, should also be considered.

For this study, the finite element computer program, as described
earlier, was modified. The specific heat was taken to be constant below
TL' the temperature below which the material is solid, and above TU, the
temperature at which the material becomes liquid. The first phase change
(melting) was accounted for by assuming an effective specific heat Cp
over the r 1ting range, i.e., Setween the lower and upper nelting tempera-
tures. The heat of fusion is assumed to be added uniformly over the

melting range rather than at a fixed, single melting temperature. Let

C, = Cpp for T T orT>Ty {51)

po
and

Cp s Cpo + Lm/(Tu~TL) for T
where L fs the heat of fusion. The second phase change, vapor%zation at
a temperature Tv.was handled as melting was treated in the original
program, t.e., the finite incremunt of mass is assumed to remain at Tv

until the entire heat of vaporization is absorbed. At this time, the

entire cell is assumed to be instantaneousiy removed.

18
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Table III
PHASE TRANSFORMATION PROPERTIES FOR SEVERAL MATERJIALS

Material I.L_ I;‘l I.Y. 'E! Ly/le
OK OK Ql( Jouies/gg
Aluminum %16 930 2873 10432 28.¢0
Magnesium 878 905 1386 5852 17.3
Stainless 1673 1728 2273 6360 21.9
Steel
Titanium 1862 1900 3550 8829 22.6

19




% W*Twmmsfﬁm@?- R i
SRS SA B2 -

Pelt-through tizes were cosputed for the fcer'zzté;iais Titznium,
Aluzinen, Stainless Stee! and Hagnesium. The Gaussian bsz2 was 2ssvaed
to have a diagater {4o) of 1.G5 cn and the syxuie thicimness »as assured
to be .08 ca. For Pagnesium, Stainless Steel and Titanium, (32 dersity,
specific heat, conductivity and heat of fusiorn wers taken as givea
orevicusly (Tabie §), while the zronerties of alumisuna were taken to
be o = 2.7 gzfcm’ K = 2.0 Joulesem sec °K L, = .9365 Joule/ga’C
L, = 395.4 Joules/ors. Other therws) properties were taken 235 given in
Tabie 1I1. Computed melit-throuck tines (L, the time 2% vhich the resr
surface reaches the upper meit tezperature 1.,j were conputed asd ere
compared with ¢}, the time which wouic be required for ome-dimensicmal
heating with complets removal £ the same intencity. ke resuits are
tabulated in Table I¥ and shown graphicaliy in Figure 3, wbere the ratio
of zeit-through tizmes is given 2s 2 function of Girersionizss poser per
unit thickness. Toe soiid line is the average of the vesvits for 2all
raterials given in Figure 1, and regrecents melting with instanlapecus
relt rescval. From Figure 3 it cen b2 see~ that the retzined melt
causes only 3 slight ircrease in meit-tharvugh time wntil 2 critical valoe
of diccnsionless power per unit thickmess is re2ched. It is interesting
to note that this value s comparabie te that required for cne-dimensional
heating. At larcer values of P.s» the tize ratio increasss, as more and
zore ef the incideat eneray is “wasted® in eveporaticn of the melt. In
this zase, the results for all materials do not f2l) on @ single curve.
This can bz attrituted 10 the Fact that the ratio of hest of viporization
to heat of fusion is rot the sams for 3': raterials (Tadble IIE). The re-

sults in Figura 3 <an be seen to be crderzd 2s the ratic of Lealy.
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.Table 1V
COMPUTED MELT THROUGH TIMES FOR SEVERAL MATERIALS
Material Ip --Kw/cm2 tm-sec t;-sec
a
Titanium .5 2,122 1.151
2 .8 1.069 .7192
b 1 .807 .5754
(B 2 .3755 .2877
L g 5 .160 .1151
33 10 0965 05754
E 20 .0750 .02877
25 30 . 0640 .01918
g h 50 .0505 .01151
%9 100 .0318 .005754
2 Magnesium 1 .2833 1373
2 2 .0596 .06863
% 4 5 .0355 .02745
28 10 .0184 .01373
413 20 .0112 .006863
. 30 .0096 .004575
&k 50 .0081 .002745
11 100 .0059 .00137
¥
4 Stairless Steel 1 .8688 .5629
i 2 .3736 .2814
i z 5 1149 1126
i 10 .0820 .05629
i 4 0 .056 .02814
T 30 .0496 .01876
3 50 .0423 .01126
s 100 .0302 .005629
. 200 .0192 .002814
. Aluminum 2 .228 .1062
B 3 .1166 .07081
[ 4 5 .0591 .04249
g 10 .0273 .02124
3 20 .0140 .01062
% 50 .00622 .004249
3 100 .0035 .002124
‘ 200 .0024 .001062
: 500 .0019 .0004249
5 800 .0017 .000266
2
.
21
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Thass results suggest that vapsrization effects in a fully retained

melt {irst become significant at a2 value af power per unit thickness
which is comparabie to that required to achi¢ e one-~dimensicnal axial
teat flow. Consequently, it is to be axpecied that th: heat conduction
aspects of taser material interaction prcblems =3y b» treated as one
dimensional in the reqime where vaporization is significant. Conversely,
it is to be expected that the vaporization of retained melt will pe

zgligible in cases where radial conduction is significant.
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; V. MELTING AND VAPORIZATION DUE TO A SINGLE PULSE

: The computer program as modified to model two dimensional
heating and melting with the melt being retained throuah to complete
vaporizaticn was further modified to treat single or repeated pulses.

For pulses long compared to the time steps used in the finite element

e,
»

method, the method is anplicable during the duration of a oulse which

BT A RERY

is cunstant or which increases in intens’ty with time. In order to

R A A R A SR T S R P RIS LE L S RS o

analyze the heat transver and melting which occurs after the incident

energy is set te zero or raduced significently (as at the end of a i
pulse), account must Le taken of the fact that the temperature of

certain cells will decrease as time progresses. A cell which, at the

R Rk A IR R P PR e e
’1'0“ ¥ TEI KD

cessation of heat addition, was in the process of vaporizing must either

-~

be assumed to "give up" as heat rlowing into other cells that portion of

LN
) PR

the heat of vaporization which had been supplied or else must be assumed
: to partially vaporize. The latter anoroach was found to lead to smoother
and more consistent results in the cases considered, part‘culariy when the
thickness was divided into only ten layers. A nulse with a lona, slcwly

diminishing "tail" would reauire spevial treatment, as the material under

the beam may ‘ose energy by conduction faster than supniied by the

TR RS 7 R R
- ey
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G e Ry N Sy o .
B e B A ey o
« R | LLLEYAIN v AR

e

incident radiation. Repeated pulses present no difficulty once the nroaram

'

is modified to permit "cooling down" between pulses. 1in all cases considered

here, the pulse was assumed to be of uniform intensity for the duration

of the singie pulse.

Limited calcuistions were performed

B PO R AA TR

24
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for .08 cm thick sheets of aluminum and titanium, assumina gaussian
beam profiles of ¢ = .179 and .228 cm and material properties as given
in the previous section, Yarious absorbed intensities were assumed in

temporally uriform pulse of .005 seconds duration. Twenty divisions

A SR A TN B 1t dsin b S
PP I T AR WA O rc g

] through the thickness were usec in all cases.

The results obtained tor aluminum shoved that no vaporization is

to be expected. The peak absorbed intensity reauired to produce meliing
to various depths is shown in Fig. 4. Little dependence on soot size
was found, as is evidenced by the results from a one dimensional calculation
shown for comparison.
In the case of Titanium (Figure 5) the sheet is found to be
partially melted and partially vaporized by the beam. The portion melted

is seen to increase rapidly with intensity until the threshold for

vaporizafion occurs. Above this intensity, a fairly uniform melt thickness
(about .008 cm in this case) is found in front of the vaporization depth.
These 1imited results suggest that the spot size is not critical, narticularly
in regard to the prediction of the vaporization denth.

These calculations were compared with experimental data ohtained from
the Air Force ‘!eapons Laboratory in order to determine an average value
for the absorbtivity. If a gaussian profile is assumed, the comparison
suggests an absorbtivity of 6.9% for the experiment on aluminum in vacuum
and values of 13.7% and 9,2% respectively for the two experiments on
Titanium in air. The beam shape in these experiments would, however, have
a pronounced effect on the resu1t§ of this comparison. Absorbtivities of

tuice there values would have been necessary if th2 beam was "flat,"” whii»
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the observed depths of melting and vaporization would be possible with

~

2 loner absorbtivity if the vaperization and melting occured at a iocal f
"hot-spat” in the beam. These limited results do suggest, however, a
method for determining absorbtivity if the ieam profile is well charac-

terized.
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VI. CORCLUSIORS

Further theoretical studies of laser induced meiting and vaporization
using the finite element numerical method previously described have
shown the method to be adaptable to several new problems.

Principal new results are as follows:

(1) A single curve has been develored which permits the estimation
of time reguired to produce melt-through by a continuous beam of gaussian
profile even for cases where radial conduction is substantiai. The melt-
through time was shown to be a unique multiple of the time required for
orie dimensional melting at the same intensity, where the multiple is a
function only of a certain dimensionless pnwer per unit thickness,
independent of intensity, spot siz. and material.

(2) A simple analytical result was developed which shows that for
values of dimensionless power per unit thickness below a critical value
(which does depend on material, spot size and thickness) melting of thin
sheets cannot be produced.

(3)At high values of dimensionless power per unit thickness, all
problems may be treated as o2 dimensional (axial) heat conduction. The
critical value is sbout 9£a = 70.

(4) it is particularly significant that the geometricai condition
necessary for one dimensionality is not & ratio of spot dimension to
thickness, but rather a ratio of spot area (dimension squared) to thick-
ness.

(5) The value of power per upit thickness necessary to produce one
dimensicnal axial heat conduction is also approximately the threshold

where vaporization effects first become significant. At higher values

23
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of P“ the dimensionless power per unit thickness, large amounts of
input energy serve only to produce vaporization of the melt.
(6) The method was also found applicable to the prediction of i.e degree of
melting and vaporization due to single pulses of high intensity and
provides a meithod for estimating absorbtivities if the melt depth due to

awell characterized pulse is krown.
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