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determine changes in weld pool shape 
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ABSTRACT. Pulsed laser beam welding 
produces short-lived weld pools that have 
strong radial temperature gradients at the 
pool surface. These gradients produce 
surface tension variations, which usually 
reinforce the weak natural convective 
flows caused by radial temperature gradi
ents. The flow in the molten pool is of in
terest because it can change the temper
ature distribution in and around the mol
ten zone. This in turn can alter the weld 
shape, and influence material transport 
(i.e., surface contaminants or alloying or 
dopant materials in the case of surface 
processing) into the substrate. A two-
dimensional finite difference computer 
code is being developed to model the 
transient flow in an axisymmetric weld 
pool geometry. Flow fields have been 
calculated for high and low Prandtl num
ber metals such as steel and aluminum, 
respectively. Experimental results are pre
sented that support the computational 
model. 

Introduction 

Laser material processes such as weld
ing, surface hardening, surface alloying 
and grain boundary modification are be
coming more commercially important as 
the advantages of these new technologies 
become more widely known. Despite the 
fact that much experience in these tech
nologies has been accumulated, there is 
often more art than science used in de
signing new applications. In addition, re
sults cannot be accurately predicted and 
often are not even repeatable. The pur
pose of modeling these laser processes is 
to gain understanding of the relevant 
phenomena and permit a quantitative 
prediction of results without a long test 
program for each new application. 

The interaction between a laser beam 
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and a solid material is complex because it 
involves all three modes of heat transfer 
(conduction, convection and radiation) in 
a region where the solid, liquid and vapor 
phases all exist and are coupled to a tran
sient fluid flow field (both in the molten 
material and above its surface). A full 
three-dimensional simulation of the whole 
process (below the metal surface) has 
been tried with some success by Zachar
ia, etal. (Ref. 1). Although such large-scale 
calculations are possible, accuracy must 
usually be sacrificed for computational 
practicality; and it is often more useful to 
do parameter studies with the simpler 
models that focus on the phenomena of 
interest. 

Computer models for special cases in 
which only a few transfer mechanisms 
dominate have been developed. One of 
these computer models is WELD2D (Ref. 
2), which treats two-dimensional, conduc
tion-dominated, pulsed laser beam welds 
for several different materials. In that 
model, convective heat transfer and sur
face deformations due to rapid vaporiza
tion are ignored, as are vapor-plume/laser 
beam interactions. Despite the fact that 
fairly good agreement between calcu
lated and experimental results have been 
obtained for conduction-dominated 
welds, the range of applicability of such a 
model is very limited, ln order to study 
questions involving convective effects in 
welds made with short-duration pulses, a 
better model was needed. 
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A number of unexplained measure
ments have been made in the power 
density range between conduction mode 
and deep-penetration welding. For exam
ple, the weld profiles shown in Figs. 9A 
and 9B (to be discussed later) were made 
with identical weld schedules on the same 
material, except that in the case of Fig. 9A, 
the vapor plume was blown away during 
welding. This resulted in a large decrease 
in weld penetration. In addition, vapor
ization mass-loss measurements made on 
three different pulse-welded materials 
were an order-of-magnitude lower than 
values calculated from the WELD2D con
duction code model; and measurements 
of plume absorption and reflection failed 
to explain the discrepancy. The purpose 
of this paper is to try to explain some of 
these observations and to provide insight 
into the surface-tension-driven flow pat
terns in a weld pool, which influence the 
weld shapes. 

Previous weld pool calculations by 
Oreper and Szekely (Ref. 3) indicated that 
surface-tension-driven flows could be 
very significant in determining tempera
ture distributions and weld spot shapes 
for gas tungsten arc (CTA) weld pools. 
Some verification of these results by Giedt, 
etal. (Ref. 4), were obtained but not all of 
the data were matched. Calculations of 
the transient flows in millimeter-sized, 
fixed-geometry weld pools were reported 
in a previous paper (Ref. 5) and indicated 
that, through the mechanism of surface-
tension-driven convection, the type of 
energy distribution on the surface could 
greatly affect the weld pool shape. This 
paper is an extension of that work; and 
although the goal of gaining qualitative in
sight into the effect of weld pool motions 
is the same, in this paper, changes in weld 
pool shape are calculated. 

Theory 

Assumptions 

The following assumptions are made in 
the derivation and solution of the two-di
mensional axisymmetric weld pool fluid 
equations; 
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Fig. 1 — Assumed weld pool geometry and coordinate system. 

1) The incident surface heat flux is ax
isymmetric over a region centered on the 
weld pool axis. 

2) The surface tension varies linearly 
with temperature. 

3) The flow is laminar. 
4) The Boussinesq approximation, 

which ignores density variations except 
for the gravity term in the momentum 
equation, is used. 

5) The temperature at all weld pool in
terfaces, except the upper surface, re
mains fixed at the melt temperature. 

6) A pseudosolidus is assumed to exist 
a few degrees below the melt tempera
ture and the specific heat for tempera
tures between the solidus and the melt 
temperature is raised to a constant value 
to account for the heat of fusion. 

7) The weld pool shape is axisymmet
ric and has a flat upper surface. 

8) Vaporization at the weld pool upper 
surface is treated only as an energy sink 
(no momentum effects are considered). 

The second assumption neglects the 
fact that surface tension is a function of 
the impurity content of a material. The 
work of Heiple, et al. (Ref. 6), has shown 
that weld pool shapes for several types of 
welding are strongly influenced by surface 
active impurities (e.g., elements that pref
erentially segregate to the surface of a liq
uid metal). For simplicity, only materials 

with negative surface tension tempera
ture coefficients were considered. 

A weakness in the seventh assumption 
is that the upper surface of a real weld 
pool is generally not flat but curved due to 
the effect of surface tension distortions 
and response to vaporization reaction 
pressure. Calculations described in Ref. 7 
show that for very small weld pool diam
eters (10 /im), such surface distortions can 
be used to estimate the flow field. It can 
be shown that when a capillary number, 
defined as the change in surface tension 
divided by the mean surface tension, is 
much less than one, curvature effects are 
not important (Ref. 8). For steel, this num
ber can reach «0 .3 at vaporization, and 
so curvature due to surface tension is not 
always negligible, and depending on the 
incident power density, neither is reaction 
pressure-induced deflection. Despite this 
weakness, flat surface calculations can 
demonstrate the important physics in
volved in laser beam welding, while greatly 
simplifying calculations. 

Equations 

Figure 1 shows the geometry and coor
dinate system of the computational weld 
zone to be used in the following calcula
tions. With the above assumptions, the 
Navier Stokes equations in cylindrical co-

Table 1—Additional Variables in the Energy Equation 

Cp = fluid specific heat 
k = fluid thermal conductivity 
R = radius of the computational zone 
T* = local temperature 
Tm = melt temperature 
v* = vertical velocity 
z* = vertical coordinate 

du dv 
' | - a 7 " a r = vor t ,c l t y 

\f> = streamfunction 

g = gravitational acceleration 
r* = radial coordinate 
t* = time 
Tv = vaporization temperature 
u* = radial velocity 
V = ui — uj 
/J = volume expansion coefficient 
Ii = fluid dynamic viscosity 

v = fluid kinematic viscosity 

ordinates (Ref. 9) can be written in a nor
malized vorticity-streamfunction1 formu
lation as follows: 
Vorticity equation 

! + v.(,v) = ^ - l j 
7]U dT dr] dv dr) dv 
T _ " 5 r + a r 5 r + 5z5z + 

+ 
| 5 u _ 5 w \ ^ 
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Stokes streamfunction equation 

d2t 13i^ d2t 

dv1 r dr dz2 

The energy equation is 

5T _ 1 
_ + V . ( V T ) = _ V 2 T 

(1) 

(2) 

(3) 

where the Prandtl and Grashof numbers 
are 

Pr 
_ CPM 

Gr = 
gR3(Tv - Tm)/3 

k 

The nondimensionalized variables are 

u*R 
' R 

t*v 

T = 

R 
(T* 

v = 

Tm) 

v*R 

r dz 

2# 
r 5r 

(Tv - T J 

and other variables are presented in Table 
1. 

The kinematic viscosity v is assumed to 
vary with the absolute temperature ac
cording to an exponential form v = A exp 
(B/T*) taken from Ref. 16 for tempera
tures above the melt temperature. In the 
solid zone, the vorticity is set to zero ex
cept adjacent to the melt line so the vis
cosity is not used. 

Boundary Conditions 

The boundary conditions for Equations 
1-3 are: 

R 5 T aT k , 5T , 
V - -, AT*-s- = M -3- for z = Zm 

where M is the Marangoni number, p is 
the density, 7 the surface tension, and Zm 

is the vertical atmosphere interface coor
dinate. 

1. Constant streamfunction contours indicate 
the direction of fluid flow and their density is 
proportional to the local velocity. 

24-s | JANUARY 1990 



dr] 
aF = 0 and 

tf/ = 0 

ffX 

dr 
= 0 for r = 0 

on all boundaries 

a T aT 

— = 0 for lower and — = 0 
dz dr 

for right-side boundaries 

aT (heat flux) R 

fe = T(Wj- f o r z = Zm 

where k is the fluid thermal conductivity. 
The initial temperature field in the whole 

computational domain is assumed to have 
the constant value 

T(r,z) = 
- T n 

(4) 
(Tv - Tm) 

The surface temperature is calculated 
by doing an energy balance between the 
incoming power, and the heat conducted 
away from the surface and lost by evap
oration. The heat lost by evaporation is 
found from a simple kinetic model de
scribed in Ref. 10. 

Numerical Method and Accuracy 

Equations 1-3 were center-differenced 
on an evenly spaced 31 X 21 grid that was 
positioned so that all boundaries were lo
cated midway between the extremum 
mesh points to provide second-order ac
curacy. The melt line is found by interpo
lation of the temperature field at the melt 
temperature and, in addition, the vorticity 
at the melt line is taken to be equal to the 
Laplacian of the streamfunction at the 
closest mesh point in the solid zone (the 
Laplacian always includes liquid at the melt 
layer). This is similar to the method used in 
Ref. 3. A singularity in vorticity, which oc
curs at the outer edge of the weld pool 
surface because the sign of the vorticity is 
positive when this edge is approached 
from the upper surface, and negative 
when approached from the melt interface 
below, is evaded by this method because 
only the vorticity values at interior points 
are used as a source term in the stream-
function equation, and the surface vortic
ity values were used as the boundary 
condition. Computations with fine zoning 
in that region indicate that this singularity 
does not greatly influence the solution 
away from this region. 

A full boundary layer analysis of the 
flow has not been carried out. However, 
estimates of the maximum Reynolds num
ber, Re = MR/v, adjacent to each bound
ary and the assumption that the dimen
sionless boundary layer thickness at the 
solid interfaces is of order Re_,/2 show that 
(except near the pool outer edge) the lin
ear mesh will provide several mesh points 
within the boundary layer. The free sur
face dimensionless Marangoni layer thick
ness is of order M~'/3 (Ref. 11), which for 
steel is 0.025 and for aluminum is 0.011. 
The adjacent mesh points are a distance of 

0.0075 from the surface, so some resolu
tion of the surface layer is attainable, but 
not enough to make the solution mesh-in
dependent. Increasing the number of 
mesh points in the vertical direction by 
50% left the aluminum temperature field 
virtually unchanged (the calculated heat 
flux changed by less than 1.5%); however, 
the peak magnitude of the surface veloc
ity, which is found from a numerical 
differentiation of the streamfunction, in
creased by as much as 45% for some 
times. A further 30% increase in the num
ber of mesh points increased the peak 
surface velocity by 10%, but left the flow 
pattern shape unchanged. Moreover, al
though the surface velocity increases as 
the mesh is refined, the depth that this 
higher velocity zone occupies becomes 
smaller so that the flux is relatively con
stant (it decreases slightly), which is why 
the thermal field and the flow patterns are 
not influenced by the lack of resolution of 
the surface layer. 

It would be desirable to have finer res
olution near the boundaries, but as the 
mesh spacing is reduced, stability and ac
curacy criteria require smaller time steps 
and a more expensive calculation, so 
some compromises have been made. The 
vorticity and energy equations were 
solved using an explicit flux-corrected-
transport method (Refs. 12, 13). The ellip
tic streamfunction equation was solved at 
each time step with an iterative succes
sive-over-relaxation method (Ref. 14). At 
each time step, the derivatives of stream-
function at the solid-melt interfaces were 
used in Equation 2 to evaluate the vortic
ity boundary values for the succeeding 
time step. All calculations were done on a 
Cray-XMP computer, and it took about 40 
minutes of computer time to simulate 7 ms 
of real time. 

The inability to fully resolve the Ma
rangoni layer velocity profile made it de
sirable to obtain some experimental com
parisons of surface velocity with code 
calculations to insure that calculated re

sults were at least a fair approximation to 
real flows. Velocity measurements on 
small, opaque, transient, molten metal 
weld pools are very difficult to make, so 
a device was fabricated in which the sur
face velocity of laser-induced vaporiza
tion of water could be measured and cal
culated. A 3.2-cm (1.3-in.) diameter cop
per cylinder with a transparent bottom 
and containing distilled water 5.5 mm 
(0.22 in.) deep was used to simulate a weld 
pool. A 50-W C 0 2 laser was used to cre
ate a 4.7-mm (0.2-in.) diameter vaporiza
tion zone near its center. Bubbles pro
duced in this zone and convected radially 
outward could be viewed and photo
graphed from a mirror below the device. 
Motion pictures at 75 frames/s were used 
to track the bubble positions and obtain 
their velocity. It was assumed that the ve
locity of the smallest observable bubbles 
was approximately equal to the surface 
velocity. An ice bath around the copper 
cylinder was used to establish the outer 
temperature boundary condition. 

The surface velocity of high (>10) 
Prandtl number liquids tends to exhibit a 
periodic instability for large Marangoni 
numbers (Ref. 15), and the code 
simulation2 of the experimental conditions 
produced a velocity profile that continu
ally changed. Figure 2 shows the calcu
lated surface velocity profiles for three 
different times and some randomly se
lected bubble velocities. No attempt was 
made to correlate the bubble velocities 
with their time of occurrence during the 
10-s laser pulse. It is seen from Fig. 2 that 
the calculated and measured results are 
roughly comparable, which indicates that 
the calculated surface velocities are at 
least order-of-magnitude accurate for the 
experimental case that has a Marangoni 
number (76,700) similar to typical weld 
pool values. 

2. A right circular cylinder with 31 radial and 41 
vertical mesh points was used in the simulation. 
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Table 2—Parameter Values for a Steel Weld 
Pool 

Computational zone 
radius 

Computational zone 
depth 

Melt temperature 
Vaporization 

temperature 
Surface tension coef. 

dy/JJ 
Volume expansion 

coef. 8 
Kinematic viscosity v 

Prandtl No. 
Marangoni No. 
Crashof No. 

0.7 mm 

0.3 mm 
1553°C 

2831°C 

-0.00035 N/m°C 

1.2 X 104= C" 1 

5.2 X 10"8 exp 
(4983/T*)m2 /5 

0.221 
' -65900 
770 

Fig. 5 —Normalized 
temperature and 

streamfunction 
contours for steel at 

6.8 ms (central-null 
energy distribution). 

Calculated Results 

Case I—Steel 

The first case considered is for a steel 
weld pool with an assumed absorbed la
ser flux of 1000 W / m m 2 having a Gaus
sian intensity distribution with a spot ra
dius equal to V2 of the computational 
zone radius. Table 2 shows the parame
ters used in the calculation of the flow field 
for this case. Material properties are nom
inal values taken from Refs. 16 and 17. 

Figure 3 shows the normalized temper
ature and streamfunction contours at 6.8 
ms after the start of the pulse. The zero 
valued temperature contour is the melt 
interface and the wavy character of this 
contour is just an artifact of the finite dif
ference grid used. It can be seen that the 
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large temperature gradient near the edge 
of the incident beam (at r = 0.5) generates 
high vorticity in that region. The outward 
radial velocity at the surface rises to a peak 
of 100 cm/s (39 in./s). There is a weak 
counter-flow below the main eddy, which 
is generated by viscous coupling of the 
lower molten metal with that eddy. The 
strength and location of this counterflow 
is a sensitive function of the incident 
energy distribution on the surface. If the 
surface temperature in the vaporization 
zone (near the center of the weld pool) is 
limited to the boiling point (T = 0), the ra
dial temperature gradient and surface 
tension gradient vanish in the vaporization 
zone, and the counter flow often extends 
to the surface in that region. The flow near 
the centerline of the molten pool is up
ward and has an average velocity of 1 
cm/s (0.39 in./s). 

Since setting the surface radial temper
ature gradient to zero over the center of 
the weld pool is conducive to the growth 
of a counterflow in that region, it is also of 
interest to determine what happens if the 
gradient were actually reversed. Such a 
situation can easily occur by using an inci
dent power distribution with a null in the 
center of the beam. Lasers operating in 
the rotating TEM 10 mode (doughnut 
mode) produce such a distribution, as do 
some unstable resonators (Ref. 18). As will 
be discussed later, refraction of the beam 
away from the center by the vapor plume 
refractive index variation (thermal bloom
ing) can also produce similar energy distri
butions. If the incident power is assumed 
to have a central-null distribution, as shown 
in Fig. 4, and the calculations of the first 
case are repeated with the power level set 
so that the same total amount of energy 
is incident as below, the resulting field 
patterns are shown in Fig. 5. The down-
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Fig. 6 — Normalized temperature and streamfunction contours for alumi- Fig. 7 — Normalized temperature and streamfunction contours for alumi
num at 3.0 ms. Case 2 at 1000 W/mm2 (Gaussian energy distribution). num at 3.0 ms. Case 2 at 1000 W/mm2 (central-null energy distribution). 

ward centerline velocity reaches a peak of 
67 cm/s (26 in./s) compared with an up
ward peak velocity of 3.8 cm/s (1.5 in./s) 
for the Gaussian beam calculation. Com
parison with Fig. 3 shows that the influ
ence of the rapid counterflow on the 
near-axis temperature distribution pro
duces deeper melt zone because of the 
larger gradient near the bottom of the 
weld pool. The implications of this calcu
lation are that for certain power levels, 
deeper penetration welds can be ob
tained with the same energy deposition if 
the intensity profile is properly tailored to 
produce a central null. 

Case II—Aluminum 

The second case considered is that of 
an aluminum weld with a Gaussian beam 
intensity of 1000 W / m m 2 and beam ra
dius of 0.5 mm (0.02 in.). Aluminum has a 
much lower Prandtl number than steel, so 
it might be expected that convective 
effects would be smaller; however, its 
lower density and viscosity contribute to 
a higher Marangoni number, which partly 
compensates for the thermal conductivity 
difference. 

The parameters used for the second 
case are shown in Table 3. The initial tem
perature was set at 20° C (68 °F). Figure 6 
shows the normalized temperature and 

streamfunction contours for this case at 3 
ms. There is weak counterflow near the 
axis that appears to have no effect on the 
temperature distribution. 

When the same power equivalent cen
tral-null distribution is used, the tempera
ture and streamlines are shown in Fig. 7. 
Although the near-axis counterflow is 
again generated for this case, because of 
the higher thermal conductivity, convec
tive effects are diminished and the melt 
front is not as distorted as for the first case 
when steel was used. 

Experimental Results 

A series of experiments to determine 
the effect of weld schedule, impurity 
content, and method of application of 
purge gas on weld shape have been car
ried out at Sandia National Laboratories. 
Only a few of the results that relate to 
thermocapillary flow will be presented. 

The cross-sectional weld shape of a 
single-pulse Nd-YAG laser weld of alumi
num Alloy 5456 is shown in Fig. 8. This 
sample has been etched and clearly shows 
the frozen circulation pattern near the 
edge of the pool. The roughly Gaussian 
laser pulse used was only 5 ms in duration; 
however, it can be seen that a consider
able amount of migration has occurred in 
that time, which agrees with the predic

tion of a strong circulation in the outer re
gion. On the right side, near the axis, the 
formation of a weaker counterflow can 
also be seen. 

Figure 9 shows cross-sections of two 
welds made in low-sulfur (0.001 wt-%) 
Type 304 stainless steel.3 A Nd-YAG laser 
pulse length of 5 ms, pulse energy of 9.8 
J, and focused spot diameter of 0.93 mm 

3. Hence not susceptible to a non-monotonic 
surface tension-temperature curve. 

Table 3—Parameter Values for Aluminum 
Weld Pool 

Computational zone 
radius 

Computational zone 
depth 

Melt temperature 
Vaporization temperature 
Surface tension coef. 

d7/dT 
Volume expansion 

coef. 8 
Kinematic viscosity v 

Prandtl No. 
Marangoni No. 
Crashof No. 

1.0 mm 

0.5 mm 
660°C 
2467°C 

-0.00035 N/m°C 

1.14 X 1 0 " 4 o C _ l 

6.27 X 10 - 8 exp 
(1988/T)m2/s 

0.0148 
-952,700 
7237 

WELDING RESEARCH SUPPLEMENT 127-s 



( 
Fig. 8-
weld. 

Cross-section of an aluminum alloy spot Fig. 9 - Comparison of two stainless steel welds. A — With cross-flow; B — without cross-flow. 

(0.04 in.) was used in each case. In the 
weld shown in Fig. 9A, a purge gas (argon) 
with a flow velocity of 30 m/s was 
directed parallel to the surface to blow 
away any vapor plume that was formed. 
The weld shown in Fig. 9B was made with 
no cross-flow. 

The cross-flow was the only difference 
between these welds and yet there is a 
large difference in weld depth (0.14 m m / 
0.005 in. for A and 0.33 mm/0.013 in. for 
B) and aspect ratio (0.109 for A and 0.29 
for B). Intuitively, one would expect any 
plume interactions with the incoming 
beam to reduce incident power density 
and result in a shallower melt depth, but 
just the reverse occurs for these condi
tions. This was not an isolated spurious 
data point, but a reproducible result. 

The explanation for this unexpected 
behavior is believed to lie in the fact that 
the presence of the vapor plume can de-
focus the beam slightly so that power is 
shifted from the central region to the 

outer portions of the spot. Even though 
there is negligible absorption by the plume, 
as is often the case, diffraction alone can 
redistribute the availabe power over the 
weld surface. A Huygens-Kirchhoff dif
fraction code has been used to perform 
numerical experiments with several pos
tulated plume shapes and temperature 
profiles to determine changes in intensity 
distribution. The plumes used were all at 
atmospheric pressure, and had centerline 
temperatures that decreased from the 
boiling point at the surface to ambient 
values within several cm above the sur
face. The radial temperature variation 
within each plume was assumed to be 
Gaussian, with a radius that increased 
above the surface in accordance with a 
simple entrainment model (Ref. 19). It has 
been found that a significant reduction of 
power at the spot center can occur be
cause of this "thermal blooming." Figure 
10 shows the result of one of these calcu
lations. The solid curve represents the 

power distribution as a function of radius 
with no plume present, and is the Airy disc 
function. The dashed curve is the distribu
tion with a plume present (initial 
radius = 0.2 mm/0.008 in.), and though 
the spatially integrated power is the same 
as the first case, the power at the center 
has been reduced essentially to zero by 
diffraction, and the energy has been de
posited off center at a much larger radius 
(though still small in absolute terms). 

As shown in the weld pool flow calcu
lations, the presence of even a slight 
reverse temperature gradient at the sur
face can result in large counterflows and 
a deeper weld pool. In Fig. 9B, it is believed 
that the presence of the vapor plume 
produced such a distribution; whereas in 
Fig. 9A, the cross-flow left the energy dis
tribution approximately Gaussian.4 The 

4. Estimates of convective cooling by the gas 
flow showed this to be negligible compared to 
the power input. 
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convection code was used to simulate the 
weld conditions used in this experiment 
with an aspect ratio approximately equal 
to the pool shape of Fig. 9A. Figure 11 
shows the comparison of the calculated 
temperature fields produced by Gaussian 
and central-null distributions. The similarity 
in shapes is apparent; however, the cal
culated depth is about 14% too low in the 
Gaussian beam case and 49% too low in 
the central-null case. Of course, the cen
tral-null distribution is just a postulated 
distribution, and the actual time varying 
power at the surface was not known for 
the experiment. 

If this explanation is correct, then such 
an effect would be quite power-depen
dent. At higher power densities, the entire 
interior surface would reach vaporization 
temperature regardless of cross-flow and 
deflection of the surface due to vaporiza
tion reaction pressure (the onset of deep 
penetration mode) would produce similar 
(and perhaps deeper) weld shapes with or 
without cross-flow. When the pulse en
ergy was raised to 20.3 )/pulse, that is in
deed what occurred. In fact, the weld 
with cross-flow was actually deeper than 
that without cross-flow (0.42 mm/0.017 
in. versus 0.34 mm/0.013 in.), perhaps re
flecting the higher flux available without 
thermal blooming acting on the laser 
beam. 

Conclusions 

The large temperature gradients 
present at the edge of the vaporization 
zone of a laser beam weld can produce 
surface-tension-driven radial surface ve
locities of several meters per second in 
steel and aluminum. The flow patterns 
that develop in the pool depend very 
strongly on the incident flux distribution. 
Secondary flow eddies can be produced 
near the weld pool axis, which cause ra

dial inflows at the surface, even though 
the surface tension temperature coeffi
cient has a constant negative value. The 
presence of these eddies can significantly 
alter the final weld shape. A possible 
mechanism for producing reduced vapor
ization is a defocusing of the incident 
beam by the vapor plume. It is believed 
that this effect can also couple into the al
teration of the Marangoni-driven flow 
fields and alter the weld shape. 
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