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ABSTRACT. A transparent pool of NaNO3

(10 mm in diameter) was heated with a
defocused CO2 laser beam to simulate
Marangoni convection in arc weld pools
without a surface-active agent. The flow
patterns were revealed clearly by flow vi-
sualization with a laser light-cut tech-
nique, the surface temperature profiles
were measured immediately below the
pool surface, and a device for measuring
the beam diameter was developed. The
observed Marangoni convection was ex-
pected to resemble that in welding be-
cause the Marangoni number was close
to those in welding. Two counterrotating
cells were observed in the meridian
plane of the pool. The maximum veloc-
ity was at the pool surface, the outward
surface flow was much faster than the in-
ward return flow and the centers of the
cells were near the pool edge. These
characteristics suggest Marangoni con-
vection dominates in the pool over grav-
ity-induced convection. Increasing the
beam power (from 0.5 to 5.4 W) and re-
ducing the beam diameter (from 5.9 to
1.5 mm) both made Marangoni convec-
tion stronger. The latter, however, had a
significantly greater effect; the surface
flow was so much stronger as to make the
return flow penetrate deeper into the
pool. The results of physical simulation
provided interesting insights for under-
standing the significant effect of
Marangoni convection on the weld pool
shape, as will be presented in a follow-
up report.

Introduction

Marangoni convection, also called
surface-tension-driven convection or
thermocapillary convection, in the weld

pool is of practical interest in welding. It
can have a dramatic effect on the pene-
tration depth of the resultant weld (Ref.
1). Marangoni convection in a weld pool
without a surface-active agent is illus-
trated in Fig. 1. The surface-active agent
of a liquid, e.g., S in liquid steel, is a ma-
terial that can significantly reduce the
surface tension of the liquid and even
change its temperature dependence. As
shown by the velocity profile, fluid flow
near the pool surface is outward, with the
maximum velocity vs located at and tan-
gent to the pool surface, where the sub-
script, s, denotes the tangent direction.
The outward-pointing shear stress at the
pool surface, τns (= –µ∂vs/∂n>0), is in-
duced by the surface-tension gradients
along the pool surface ∂γ/∂s (> 0), where
n denotes the normal direction, µ is the
viscosity and γ is the surface tension.
These surface-tension gradients
∂γ/∂s(=∂T/∂s x ∂γ/∂T) are induced both by
the temperature gradients along the pool
surface ∂T/∂s (<0) and the temperature
dependence of the surface tension ∂γ/∂T
(<0). The fluid is pulled along the pool
surface from the center (where tempera-
ture is high and the surface tension is low)
to the edge (where temperature is low
and the surface tension is high). Herein,
the outward flow along the pool surface
will be called the surface flow and the in-

ward flow in the interior of the pool will
be called the return flow.

The presence of a very small amount
of a surface-active agent can make the
weld pool much deeper (Ref. 1). Ther-
modynamics can show that in the pres-
ence of such an agent, the surface tension
can, in fact, increase with increasing
temperature, i.e., ∂γ/∂T > 0 (Ref. 2). With
the direction of flow reversed to favor
convective heat transfer from the heat
source to the pool bottom, a much
deeper pool can be produced (Ref. 1).
General information about Marangoni
convection in the weld pool is available
elsewhere (e.g., Refs. 3, 4).

Marangoni convection cannot be
studied in arc welding because of the in-
terference by the electromagnetic force
in the weld pool and by the aerodynamic
drag force of the arc. To avoid this prob-
lem, the arc can be substituted with a
laser beam defocused to the size of the
arc, as illustrated in Fig. 1. As in arc weld-
ing, melting is through heating from the
top surface (the so-called conduction
mode) and no vapor hole is produced in
the weld pool by the laser beam (the so-
called keyholing mode). The Marangoni
convection induced by such a defocused
laser beam should be similar to that in-
duced by a welding arc.

Flow visualization in a weld pool is
limited to the pool surface because the
molten metal is opaque. In fact, even at
the pool surface such observation can
still be difficult because of the brightness
of the arc. Ishizaki, et al. (Ref. 5), ob-
served Marangoni convection in a thin
slice of molten paraffin heated by a sol-
dering iron in contact with its top surface.
The flow pattern was two-dimensional
rather than axisymmetrical and was not
clearly revealed.

In the present investigation,
Marangoni convection in weld pools
without a surface-active agent is simu-
lated using a transparent pool of NaNO3.
Unlike paraffin, which is often a mixture
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of several organic compounds, the phys-
ical properties of NaNO3 are well docu-
mented. Furthermore, a CO2 laser beam
rather than a soldering iron is used as the
heat source to avoid interfering with flow
in the pool and distorting the free surface
and the flow pattern. To clearly reveal the
flow pattern in the pool, a laser-light cut
technique is used and optical distortions
due to the lens effect of the pool are care-
fully eliminated. 

The objectives of the present study are
to observe Marangoni convection in a
simulated weld pool and to understand
the effect of the power and diameter of
the heat source on such flow. The results
will be used to explain the effect of the
heat source and the Prandtl number Pr on
the shape of stationary weld pools. Due
to space limitations, this will be dealt
with separately in a subsequent paper.
Oscillatory flow is beyond the scope of
the present study.

Experimental Procedure

Materials

Sodium nitrate, NaNO3, was selected
as the material for flow visualization be-
cause of the following reasons. First,
NaNO3 has a transparent melt, a surface
tension that significantly varies with tem-
perature, a low melting point and well-
documented physical properties, as
shown in Table 1 (Refs. 6–10). Second, as
will be described in the Results and Dis-
cussion section of this paper, the
Marangoni number Ma for the simulated
NaNO3 weld pool to be studied here is
close to those for steel and aluminum
weld pools. According to the similarity
law of hydrodynamics, similarity in
Marangoni convection between two

fluid systems can be ex-
pected if the Marangoni
numbers are close to
each other (Ref. 11).
Third, NaNO3 has a
transmission range of
0.35–3 µm and is, there-
fore, opaque to a CO2 laser (10.6 µm) just
like a weld pool is opaque to the heat
source. The purity of the NaNO3 used
was above 99%.

Apparatus

The apparatus for flow visualization,
shown in Fig. 2, consisted of the follow-
ing components. First, an essentially
hemispherical pool of NaNO3 was held
in a glass tube (10-mm ID). Second, a
much larger NaNO3 melt was held in a
square glass beaker (40 mm x 40 mm in-
side) to keep the pool from freezing and
becoming opaque. Third, a CO2 laser
beam was shone at the center of the pool

surface to induce Marangoni convec-
tion. Fourth, a He-Ne laser light sheet
was passed through the meridian plane
of the pool as an illuminator to reveal the
flow pattern.

The glass containers were mounted
on an x-y table to help align the center of
the pool surface with the CO2 laser
beam. The glass tube, 15 mm long and
with a 0.5-mm wall, was lowered 8 mm
into the NaNO3 melt. A thermocouple
placed in the glass beaker near the bot-
tom of its wall was hooked up to a tem-
perature controller set at 330°C. In the
absence of a CO2 laser beam, this gave a
temperature of 323.4°C at the bottom of
the outer surface of the glass tube.
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Fig. 1 — Marangoni convection in a weld pool induced by a laser beam
defocused to the size of an arc.

Fig. 2 — A transparent system for physical simulation of
Marangoni convection in a weld pool, with the outer NaNO3

melt keeping the pool molten and clear, and correcting optical
distortions caused by the lens effect of the pool.



While flow visualization in water is
easy to do, flow visualization in a melt at
an elevated temperature can be tricky.
The apparatus is unique in that it was
transparent and free from optical distor-
tions, as described in the following:

1) The heater keeping the NaNO3

pool from freezing was transparent. This
heater was the NaNO3 melt surrounding
the pool and was itself heated by a
Nichrome-wire heater positioned below
the laser light sheet to avoid blocking the
view. Both the tube and the beaker were
transparent Pyrex glass. 

2) The heater corrected the severe op-
tical distortions in the observed flow pat-
terns by eliminating the lens effect of
NaNO3 (refractive index n = 1.46). The
NaNO3 pool was, in fact, an optical lens.
To correct this lens effect, the glass
beaker was made square rather than
round. Furthermore, the difference be-
tween the refractive index of the NaNO3

melt and that of Pyrex glass (n = 1.47) is
too small to cause any additional optical
distortions in the observed flow patterns.
The NaNO3 melt was much larger in vol-
ume than the pool in order to make the
temperature around the pool stable and
uniform.

Experiments were also carried out
using a different heat source — a
Nichrome wire of 0.76 mm diameter
heated by passing an electric current
through it. The CO2 laser alone was re-
placed by the wire heater; the rest of the
system, including the transparent heater
surrounding the pool, remained un-
changed. The wire was bent into the
shape of a sharp V, and the bottom end
of the V was lowered to touch the center
of the pool surface. A 0.25-mm-diameter
K-type thermocouple was spot welded to
the bottom of the V from the side to mea-
sure its temperature. 

Beam-Diameter Measurement

The CO2 laser had a wavelength of
10.59 µm, power stability of ± 5%, beam
quality of M2 < 1.2 and beam mode of
TEM00 and 90% purity (better than 90%
Gaussian), where M is the magnification
factor. The raw beam diameter was 4.4
mm, and the beam divergence was 3.2
mR. A beam bender deflected the hori-
zontal laser beam downward. A two-lens
beam collimator with 15 stops available
for varying the beam diameter was
mounted under the beam bender. The
beam power was measured with a power
meter having a 0.1-W resolution.

To measure the beam diameter, the
device shown in Fig. 3A was prepared. To
increase absorption of the beam power, a
black anodized aluminum sheet, 58 mm
long x 20 mm wide x 2 mm thick, was
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Fig. 3 — Measurement of the diameter of a CO2 laser beam: A — The device developed in the
present study; B — results obtained at two different distances below the beam bender.

Fig. 4 — Flow pattern induced by a CO2 laser beam of 2.5 W and 3.2 mm di-
ameter.



used to receive the laser beam. Two K-
type thermocouples were mounted 3 mm
from each other at the center of the black
anodized aluminum sheet from its bot-
tom. This aluminum sheet was bonded to
two wood blocks, which served as a
thermal insulator and which themselves
were bonded to an aluminum base. The
anodized aluminum sheet was then cut
in the middle with a precision wire saw
with a 50-µm-diameter tungsten wire. A
smaller wire, e.g., 10 µm diameter, can
be used if smaller beams are to be mea-
sured. The whole assembly was then
mounted on a digital micrometer stage
that could be reset to zero at any position. 

The device was positioned so the top
surface of the anodized aluminum was
at the height where the beam diameter
was to be measured, i.e., at the level
where the center of the pool surface was
expected in subsequent flow visualiza-
tion experiments. This level was 38.7 cm
below the beam bender. With a 3-W
CO2 laser beam shining on the left half
of the anodized aluminum, the microm-
eter stage was moved to the left until the
right thermocouple sensed a quick, clear
temperature rise. The micrometer was
reset to zero at this position and the sys-
tem was cooled to room temperature
with an air gun. The micrometer stage
was then moved farther to the left until
the laser beam could shine only on the
right half of the anodized aluminum.
With the laser beam shining on the right
half of the anodized aluminum, the mi-
crometer stage was moved to the right
until the left thermocouple sensed a sim-
ilar temperature rise. This position read-
ing of the micrometer stage was taken as
the beam diameter. The micrometer
stage was then turned 90 deg and the
beam diameter was measured in the new
direction following the same procedure.
The average of the two measurements
was taken as the beam diameter. This
procedure was repeated for all stops of
the beam collimator. The beam diameter
was also measured at 40.7 cm below the
beam bender.

Flow Visualization

A laser light-cut technique for flow vi-
sualization was used. The laser light
sheet was produced with the help of a 20-
mW He-Ne laser and optical lenses. Alu-
minum particles 20 µm in diameter were
used as a tracer. The density of aluminum
(2.7 g cm-3) is greater than that of the
NaNO3 melt (1.9 g cm-3). From Stokes’s
law (Ref. 4), however, the settling veloc-
ity is much slower than Marangoni con-
vection in view of the small particle di-
ameter. In fact, aluminum particles are
often used for flow visualization in water

(Ref. 12), which is
even lighter than
NaNO3 . A certain
amount of alu-
minum particles
gradually settled to
the pool bottom
over extended peri-
ods of time. Pho-
tographs of the flow
patterns were taken
at the exposure time
of 0.625 s, with the
reflex mirror of the
camera locked to
reduce vibration.

Surface Temperature
Measurement

The surface tem-
perature profiles
near the pool sur-
face were measured
with a K-type ther-
mocouple. It was
prepared from
0.05-mm (0.002-
in.) diameter wires
with an exposed
bead 0.125 mm
(0.005 in.) in diam-
eter. To minimize
interference with
flow, the thermo-
couple was bent
into a J shape to
conform to the pool
wall and axis. With
the help of a digital
micrometer x-y
stage and a magni-
fying lens, the tip of
the thermocouple
was positioned at
0.125 mm below
the pool surface.

Results and 
Discussion

Diameter of Heat
Source

In numerical
simulation of heat
and fluid flow in the
weld pool, the
power-density dis-
tribution of the heat source is often as-
sumed Gaussian and the effective diam-
eter of the heat source is often defined as
the diameter that covers 95% of the total
power of the heat source (Ref. 13). The
simple device developed in the present
study measures an effective beam diam-
eter within which heating can be de-

tected with a thermocouple. It does not
specify which kind of definition the ef-
fective diameter is based on. The precise
definition of the effective beam diameter,
however, is not critical because the focus
here is to demonstrate the effect of the
beam diameter on Marangoni convec-
tion, and the conclusions drawn will not
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Fig. 5 — Flow patterns induced by a CO2 laser beam of 5.9 mm di-
ameter at the following power levels: A — 0.5 W; B — 2.5 W; C —
5.4 W. Fluid flow becomes faster but shallower as the power is in-
creased. 
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be affected by how precisely the beam
diameter is defined. Both the actual
power density distribution of the heat
source and its effective diameter, how-
ever, can be determined if desired. This
can be done by determining the amount
of power absorbed by each of the two an-
odized aluminum sheets while they are
being traversed under the heat source at
a constant slow speed (Ref. 14). The
power density distribution can be ob-
tained with the help of Abel transforma-
tion. This, however, is no trivial task.
Commercial instruments might be avail-
able but rather expensive. 

Figure 3B shows the results of beam
diameter measurements at 38.7 and 40.7
cm below the beam bender. As shown,
with the center of the pool surface posi-
tioned at 38.7 cm below the beam ben-
der, the beam diameter can be varied
from about 1.3 to 5.9 mm, which is close
to the diameter of a gas tungsten arc.

Three beam diameters were used in
the present study: 1.5, 3.2 and 5.9 mm.
The 5.9-mm beam diameter seems a rea-
sonable upper boundary considering the
already small clearance of about 2 mm
between the beam and the inner wall of
the 10-mm-ID glass tube holding the
pool.

Flow Pattern

Figure 4 shows the flow pattern in-
duced by a CO2 laser beam of 2.5 W
power and 3.2 mm diameter. It is worth
noting the pool surface in conduction-
mode laser beam welding can be con-
cave due to Marangoni convection and
surface tension (Ref. 15), and, in fact, this
has been shown to be the case experi-
mentally (Ref. 16) and by computer sim-
ulation (Ref. 17). The concave pool sur-
face shown in Fig. 4, however, is just a

coincidence; the
melt wets the con-
tainer wall and
forms a meniscus to
make the pool sur-
face concave.

The arrows
above the pool sur-
face indicate the di-
rections of flow
along the pool sur-
face. The flow lines
above the pool sur-
face are not real but
are only the image
of the flow lines in-
side the pool. The
concave free sur-
face acts as a mirror
and shows the flow
lines that are inside
the pool. 

Fluid flow is
steady, axisymmet-
ric and essentially
unicellular, though
it is not clear if there
are much weaker
secondary cells
near the pool bot-
tom. In the merid-
ian plane of the
pool, however, the
flow pattern ap-
pears as a clock-
wise cell on the right and a counter-
clockwise cell on the left. In other words,
the melt at the center of the pool surface
flows outward along the pool surface,
turns downward at the pool edge to fall
along the pool wall and then returns to
the center of the pool surface. 

The flow lines are most closely spaced
near the pool surface and become more
widely separated below the pool surface

and in the bulk pool. The top of the right
half of the pool in Fig. 4 is particularly
clear in showing that the flow lines con-
verge near the pool surface. There is lit-
tle flow in the area near the bottom of the
pool. The centers of the cells are near (0.9
mm below) the pool surface and close to
(1.4 mm from) the wall. Therefore, it ap-
pears the maximum velocity is at the pool
surface (as illustrated in Fig. 1), the sur-
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Fig. 6 — Effect of the power of the laser beam on the flow pattern.

Fig. 7 — Flow patterns induced by a 2.5-W CO2 laser beam at the fol-
lowing diameters: A — 5.9 mm; B — 3.2 mm; C — 1.5 mm. Fluid flow
becomes faster and deeper as the beam diameter is reduced.

A

B

C



face flow is much faster than the return
flow and the centers of the cells are close
to the pool edge. The videotape
recorded during flow visualization (Ref.
18) confirms these characteristics of
Marangoni convection. Therefore, it is
clear Marangoni convection dominates
over bouyancy convection.

Effect of Heat Source Power

Three levels of the beam power are
used in the present study: 0.5, 2.5 and
5.4 W. Further increase in power tends
to cause oscillatory flow, especially at
small beam diameters.

Figure 5 shows the effect of the beam
power on fluid flow at the beam diame-
ter of 5.9 mm. At 0.5 W fluid flow is slow,
unsteady and lacking axisymmetry, as
shown in Fig. 5A. Since the surface flow
is slow, the return flow appears to have
plenty of time to fall to near the pool bot-
tom before rising to the pool surface.
Buoyancy convection is expected to play
a significant role in view of the weak
Marangoni convection. 

At 2.5 W, fluid flow is significantly
faster, steady and essentially axisymmet-
rical, and the centers of the cells move
closer to the edge of the pool surface, as
shown in Fig. 5B. However, the cells are
now shallow penetrating and, in fact,
look more triangular than round. Since
the surface flow is faster now, the return
flow also has to be faster to satisfy the
continuity requirement. Instead of falling
near the pool bottom and then rising to
the pool surface, which takes time, the
return flow appears to take a shortcut
back to the pool surface.

At 5.4 W, fluid flow is even faster. The
cells are even more shallow penetrating
and triangular, and the centers of the cells
move even closer to the edge of the pool

surface, as shown in Fig. 5C. Similar ex-
periments conducted at the 3.2- and 1.5-
mm beam diameters show a similar effect
of the beam power.

The effect of increasing the beam
power is summarized in Fig. 6. As the
beam power is raised from 0.5 to 5.4 W
at the constant beam diameter of 5.9 mm,
flow becomes significantly faster and the
centers of the cells move closer to the
pool edge. The faster surface flow re-
quires a faster return flow to satisfy con-
tinuity, and the return flow takes a short-
cut back to the pool surface instead of
reaching the pool bottom. This results in
shallow-penetrating, triangular cells.

In a real weld pool, the pool diameter
is not fixed but allowed to increase as the
power is increased. The effect of this will
be discussed later in this paper.

The authors are not aware of any nu-
merical simulations that have predicted
the effect of the beam power observed
here. However, Kamotani, et al. (Ref. 19),
have conducted numerical simulation of
Marangoni convection in a liquid that is
held in a cylindrical container with a flat
bottom and that is heated by a laser at the
center of the free surface. The calculated
streamlines show cells similar to those
observed in the present study. Further-
more, as Marangoni convection be-
comes stronger, the cells become shal-
lower and more triangular, and the
centers of the cells move closer to the
pool edge.

Effect of Heat Source Diameter

Figure 7 shows the effect of the beam
diameter on fluid flow at the power level
of 2.5 W. Figure 7A, which shows the flow
pattern induced by a 5.9-mm beam, is
identical to Fig. 5B. As already mentioned,
the cells are shallow and triangular. 

With the beam diameter reduced to
3.2 mm, Marangoni convection be-
comes significantly faster and, as shown
in Fig. 7B, the centers of the cells move
closer to the pool edge. The surface flow
now accelerates more sharply toward
the pool edge. This gives the return flow
more momentum to penetrate deeper
into the pool, even though this means
the return flow has to travel a longer dis-
tance and at a higher velocity back to the
pool surface.

With the beam diameter further re-
duced to 1.5 mm, the surface flow accel-
erates even more sharply. As shown in Fig.
7C, the return flow now penetrates even
deeper into the pool. Having to return to
the pool surface with a much higher ve-
locity, the return flow turns abruptly near
the pool surface. Similar experiments con-
ducted at 0.5 and 5.4 W show a similar ef-
fect of the beam diameter. 

The effect of reducing the beam di-
ameter is summarized in Fig. 8. As the
beam diameter is reduced from 5.9 to 1.5
mm at the constant power of 2.5 W, flow
becomes much faster and the centers of
the cells move closer to the pool edge.
The return flow gains extra momentum to
penetrate deeper into the pool.

Again, in a real weld pool, the pool di-
ameter is not fixed but allowed to in-
crease as the power is increased. The ef-
fect of this will also be discussed later in
this paper.

The authors are not aware of any nu-
merical simulations that have predicted
the effect of the beam diameter observed
here, though it is likely such simulations
may have been done.
Heater Touching Pool Surface

The advantage of the wire heater is
that the temperature difference across the
pool surface, which is the driving force
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Fig. 8 — Effect of the diameter of the laser beam on the flow pattern.

Fig. 9 — Flow pattern induced by a wire heater touching the center of
the pool surface, the heater being 48.6°C higher in temperature than
the pool edge.



for Marangoni convection, can be easily
found. Of course, the disadvantage is
that, unlike a laser beam, it touches the
pool surface, though much less than a
soldering iron does.

Figure 9 shows the flow pattern in-
duced by the V-shaped wire heater touch-
ing the center of the pool surface. The
temperature at the center of the pool sur-
face, as indicated by the thermocouple
spot welded to the tip of the heater, was
373.7°C, and the temperature at the pool
edge was 325.1°C. As such, the surface
temperature was 48.6°C higher at the
center than at the pool edge. The flow pat-
tern is closest to that induced by a 2.5-W
beam of 1.5 mm diameter — Fig. 7C. The
differences, however, are that a hump is
formed at the center of the pool surface
by the meniscus at the wire heater and the
centers of the cells are farther away from
the pool edge. More details on the flow
patterns induced by the wire heater are
available elsewhere (Ref. 20).

Surface Temperature Profiles 

The temperature profile along the
pool surface is most helpful for under-
standing Marangoni convection in the
pool but difficult to measure with a ther-
mocouple. An alternative is to use an in-
frared imager, e.g., that used by
Kamotani, et al. (Ref. 21), to study

Marangoni convection in a silicone oil
held in a cylindrical container with a flat
bottom and heated by a vertical wire
along the axis. In the case of silicone oil,
the infrared imager detected radiation
emitted by a 0.2-mm-thick surface layer.
No data are available to verify this is also
true in the case of NaNO3. Radiation
from the interior of the pool can cause
significant errors in measuring the pool
surface temperature. Another difficulty is
the laser beam is in the way, making
overhead imaging over a relatively small
NaNO3 pool difficult.

The solid curves in Fig. 10 show the
temperature profiles measured along the
pool surface — with the tip of the ther-
mocouple positioned at 0.125 mm
below the pool surface. All curves are
drawn with an essentially zero slope at
the center of the pool surface in view of
the thermal boundary condition ∂T/∂r =
0 at the axis of symmetry r = 0. The max-
imum radial temperature gradient
(–∂T/∂r)max at the pool surface is indicated
with a tangent (dotted line) to each curve
of the temperature profile. 

Curves a through c are the tempera-
ture profiles induced by a 5.9-mm-diam-
eter beam. As shown, as the beam power
is increased from 0.5 to 5.4 W, the tem-
perature near the center of the pool sur-
face rises more significantly than that
near the edge. As such, the temperature

difference ∆T between the center and the
edge of the pool increases with increas-
ing beam power, and this explains why
convection becomes faster when the
beam power is increased — Fig. 5. The
maximum radial temperature gradient
(–∂T/∂r)max, which occurs around the
edge of the laser beam, increases from
about 4 to 11 and 21°C/mm as the beam
power increases from 0.5 to 2.5 and 5.4
W, respectively.

Curves b and d show the temperature
profiles induced by a beam power of 2.5
W. As the beam diameter is reduced from
5.9 to 1.5 mm, three things change sig-
nificantly. First, (–∂T/∂r)max increases from
about 11 to 50°C/mm. Second, the radial
position of (–∂T/∂r)max is no longer about
3 mm from the center of the pool surface,
but much closer at about 0.3 mm. Third,
the power density qz rises sharply by a
factor of (5.9/1.5)2 or 15.5.

From Fourier’s law of conduction, at
the pool surface

where qz is the heat flux due to the laser
beam, k the thermal conductivity of the
melt and z the distance along the axis of
the pool. As an approximation, 

where Q is the beam power, Rh the beam
radius, δT the thickness of the thermal
boundary layer at the free surface caused
by laser heating and (∆T)δ the temperature
drop across δT. In view of the very low k
of NaNO3 (Table 1), the temperature gra-
dient ∂T/∂z at the pool surface under the
laser beam is expected to be high. As
such, the actual surface temperature pro-
files can be expected to be higher than the
measured ones, especially the one for a
1.5-mm beam diameter.

For the case of 2.5-W power and 1.5-
mm beam diameter, the temperature
measured at 0.125 mm below the center
of the pool surface is 343°C, according to
Curve d of Fig. 10. The true surface tem-
perature should be between 343°C and
the decomposition temperature of 380°C
because decomposition was not ob-
served. As such, the true temperature at
the center of the pool surface is not ex-
pected to be more than about 370°C.
This gives a (∆T)δ of 27°C. From k = 5.65
x 10-3 W/cm-1°C-1 and Equation 2, δT =
0.011 mm (or 11 µm), which is about
one-tenth of the distance between the
thermocouple and the free surface (0.125
mm). This very small δT is a consequence
of the very low k plus the impingement of
the free surface by the cooler return flow
from below. It is interesting to note 370°C
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Fig. 10 — Temperature profiles along but slightly below the pool surface at various diameters
and power levels of the laser beam. The broken curve shows the projected surface temperature
profile for 1.5-mm diameter and 2.5-W power. Dotted lines are tangents showing the maximum
radial temperature gradients.



happens to be close to the temperature
373.7°C of the heater touching the cen-
ter of the pool surface — Fig. 9. 

The projected surface temperature
profile is shown in Fig. 10 by Curve d’.
The high ∆T across the pool surface and
the high (–∂T/∂r)max explain why
Marangoni convection becomes much
faster and deeper as the beam diameter is
reduced from 5.9 to 1.5 mm — Fig. 7.
This surface temperature profile is similar
to those calculated by Kamotani, et al.
(Ref. 19), for laser-beam-induced
Marangoni convection in silicone oil
held in a cylindrical container. There, the
surface temperature decreases with in-
creasing radius, but not at a constant rate
across the free surface. The surface tem-
perature drops sharply near the edge of
the laser beam but beyond this point it
does not decrease much at all, especially
when Marangoni convection is signifi-
cant (Ma close to and greater than 1 x
104). In the presence of significant
Marangoni convection, the calculated
temperature field in the pool shows a
very thin thermal boundary layer at the
pool surface under the laser beam. ∂T/∂z
is very high within the boundary layer but
much lower beyond it. 

For the case of 5.9-mm beam diame-
ter, qz is much lower and the measured
surface temperature profiles, Curves a
through c, are more accurate. If the same
δT of 0.011 mm is used, (∆T)δ is less than
4, 2 and 0.5°C at 5.4, 2.5 and 0.5 W, re-
spectively.

Marangoni Number and
Marangoni Convection

The Marangoni number, which has
been used widely as a measure for the ex-
tent of Marangoni convection, is a di-
mensionless number defined as 

where ∂γ/∂T is the temperature coeffi-
cient of surface tension, ∆T the tempera-
ture difference between the center and
edge of the pool surface, L the character-
istic length, µ the dynamic viscosity and
α the thermal diffusivity. 

From Curve d’ in Fig. 10, ∆T = 55°C
for a 2.5-W laser beam of 1.5-mm diam-
eter. The characteristic length L can be
taken as the pool radius 5 mm. From
Equation 3 and the physical properties
given in Table 1, the Marangoni number
Ma = 2.93 x 104.

From computer simulation of heat and
fluid flow in stationary weld pools of steel
(Refs. 22–24), L is about 4 mm (from 3 to
5 mm) and ∆T is about 750°C (from 500
to 1000°C). Also, µ is about 5 x 10–2 g

cm–1s–1 and α is about 5 x
10–2 cm2 s–1. For a steel with
a negligible amount of sulfur,
∂γ/∂T can be taken as –0.3
dyne cm–1°C–1 (Ref. 24).
From Equation 3, Ma = 3.60
x 104, which is of the same
order of magnitude as Ma =
2.93 x 104 for the simulated
weld pool.

Similarly, Tsai, et al. (Ref.
17), calculated heat and fluid
flow in a stationary alu-
minum weld pool produced
by a defocused laser beam.
There, L = 3 mm, ∆T = 850°C
and ∂γ/∂T = –0.35 dyne
cm–1°C–1. In addition, µ = 1
x 10–2 g cm–1 s–1 and α =
3.75 x 10–1 cm2 s–1. From
Equation 3, Ma = 2.38 x 104.
This, again, is of the same order of mag-
nitude as Ma = 2.93 x 104 for the simu-
lated weld pool of NaNO3. 

Heat and fluid flow in a stationary alu-
minum weld pool produced by a gas
tungsten arc has been calculated by Kou,
et al. (Ref. 13). There, L = 3 mm and ∆T
= 1050°C. Based on the same physical
properties mentioned before and Equa-
tion 3, Ma = 2.94 x 104, which again is
of the same order of magnitude as Ma =
2.93 x 104 for the simulated weld pool of
NaNO3.

As such, the Marangoni convection
observed in the simulated weld pool can
be expected to be similar to that in sta-
tionary weld pools produced by a defo-
cused laser beam or an arc. According to
the similarity law of hydrodynamics (Ref.
11), similarity in Marangoni convection
between two different fluid systems of
similar shapes can be expected if the
Marangoni numbers are close to each
other. The flow pattern in Fig. 4 is con-
sistent with the calculated flow patterns
(Refs. 13, 17, 22–24) in the following
ways. First, the centers of the cells are
near the pool edge; second, the maxi-
mum velocity is at the pool surface; and
third, the surface flow is much faster than
the return flow.

In the present physical simulation, the
laser beam is used primarily to induce
thermocapillary convection. In actual
welding, however, the heat source has to
melt a small portion of the workpiece to
produce a weld pool. As such, the heat
input required is much greater in welding
than in the physical simulation. The high
welding heat input causes a ∆T that is
much higher than that in the physical
simulation, as already shown. However,
this difference is very much absorbed by
the much higher α of a metal workpiece
such as steel or aluminum, as suggested
by the definition of Ma according to

Equation 3. This is why Ma for the simu-
lated weld pool can still be close to Ma
for a weld pool of steel or aluminum.
When welding solid NaNO3, a higher
heat input is required; for example, 10 W
produces a pool of about 8-mm diameter
(as opposed to 2.5 W for inducing
Marangoni convection in the simulated
pool). The corresponding ∆T will be
higher (say, by one-third) and L lower (by
one-fifth), and so Ma for such a NaNO3
weld pool can still have more or less the
same order of magnitude as Ma for the
simulated pool. 

Effect of Tube Wall

As mentioned previously, in a real
weld the pool diameter is not fixed but al-
lowed to change depending on the weld-
ing condition. Curves a through c in Fig.
10 indicate the temperature at the pool
edge increases by about 12°C when the
power of the 5.9-mm-diameter beam in-
creases from 0.5 to 5.4 W, suggesting the
pool diameter would increase if it were
allowed to. From Equation 3, increasing
the pool radius L increases Ma and hence
Marangoni convection. Therefore, the ef-
fect of increasing the beam power on
Marangoni convection is likely to be re-
duced by the presence of the glass tube.

Curves b and d in Fig. 10, on the other
hand, show that decreasing the beam di-
ameter of a 2.5-W laser beam from 5.9 to
1.5 mm hardly changes the temperature
at the pool edge at all. As such, reducing
the beam diameter is not expected to
change the pool radius L significantly,
and its effect on Marangoni convection is
not affected significantly by the presence
of the tube wall. Recent experiments
have shown that reducing the beam di-
ameter affects the shape of a NaNO3
weld pool significantly but not the pool
diameter (Ref. 26).
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Fig. 11 — Flow pattern in a 4-mm-diameter pool induced by
a 2-W laser beam of 1.5 mm diameter.



Bond Number and Buoyancy Convection

Because of heating by the laser beam,
the pool surface is warmer at the center
than at the edge. As such, buoyancy con-
vection causes the melt to rise along the
pool axis and fall along the wall just like
Marangoni convection. It is, therefore,
desirable to check if the convection ob-
served in the simulated weld pool is
dominated by Marangoni or buoyancy
convection. 

The dynamic Bond number is a di-
mensionless number defined as follows:

where β is the thermal expansion coeffi-
cient of the melt, ρ the density of the
melt, g the gravitational acceleration 980
cm s–2, L the characteristic length taken
as the radius of the pool and ∂γ/∂T the
temperature coefficient of the surface
tension. The dynamic Bond number Bo is
often used as a qualitative indication of
the strength of buoyancy convection rel-
ative to that of Marangoni convection. 

From computer simulation of heat and
fluid flow in stationary weld pools of steel
(Refs. 22–24), L is about 4 mm, β is 1 x
10–4°C–1, ρ is 7.2 g cm–3. As already
mentioned, for a steel with a negligible
amount of sulfur, ∂γ/∂T can be taken as
–0.3 dyne cm–1°C–1 (Ref. 24). From Equa-
tion 4, Bo = 0.38. From computer simu-
lation of heat and fluid flow in stationary
weld pools of aluminum (Refs. 13, 17), L
is about 3 mm, β is 1 x 10–4°C–1, ρ is 2.7
g cm–3 and ∂γ/∂T is –0.35 dyne cm–1°C–1.
From Equation 4, Bo = 0.068. Therefore,
in welding, Marangoni convection dom-
inates over buoyancy convection.

For a 10-mm-diameter NaNO3 pool,
the thermal expansion coefficient of the
melt β is 6.6 x 10–4°C–1, the density of the
melt ρ is 1.90 g cm–3, the gravitational
acceleration g is 980 cm s–2, the charac-
teristic length L is taken as the radius of
the pool 0.5 cm and the temperature co-
efficient of surface tension ∂γ/∂T is
–0.056 dyne cm–1°C–1. From these values
and Equation 4, Bo = 5.5 for a 10-mm-di-
ameter pool. This is believed to be an
overestimate of the importance of buoy-
ancy convection because the character-
istics of the flow in the pool (Fig. 4) sug-
gest predominance of Marangoni
convection, as described previously.

To reduce the Bond number, experi-
ments with a smaller pool of 4 mm di-
ameter were attempted. From Equation 4,
the dynamic Bond number Bo for a 4-
mm-diameter pool is 0.88. This is more
than six times smaller than that of 5.5 for
a 10-mm-diameter pool. In other words,
the strength of Marangoni convection rel-

ative to that of buoyancy convection is
raised more than six times. 

Figure 11 shows the flow pattern in a
4-mm pool induced by a 2-W beam of
1.5 mm diameter. Despite a number of
problems associated with a small 4-mm-
diameter pool, which will be described
later, the flow pattern is very similar to
that shown in Fig. 4 for a 10-mm pool.
First, the surface flow is much faster than
the return flow and there is little flow near
the pool bottom. Second, the flow lines
are much more closely spaced near the
pool surface than in the bulk pool. Third,
the centers of the cells are close to the
edge of the pool surface. If flow in the 10-
mm pool was not also dominated by
Marangoni convection, the two flow pat-
terns would not be very similar.

The problems encountered in the ex-
periments with a 4-mm pool were as fol-
lows. First, the 4-mm pool was too small
to measure the temperature distribution
along the pool surface, vary the beam di-
ameter over a significant range and keep
the aluminum tracer particles from ag-
glomerating. As shown in Fig. 11, the ag-
glomerated tracer particles cause some
flow lines to look more like ribbons. In
fact, there would have been even more
ribbons had the exposure time not been
reduced from 0.625 to 0.1 s. Second, a
higher magnification is required for pho-
tographing a 4-mm pool. Even with the
reflex mirror in the camera already
locked up, there can still be slight cam-
era vibration to make the flow lines ap-
pear wavy in the resultant photograph, as
evident in Fig. 11. Third, the radius of
curvature of the pool surface was rather
small in a 4-mm tube, making the pool
surface highly concave, as also evident in
Fig. 11.

In view of these difficulties it is almost
impossible to conduct experiments with
a 2-mm-diameter pool, even though the
very small dynamic Bond number of 0.22
is a definite advantage. Reduced gravity,
such as that provided by a drop tower or
a parabolic-flight aircraft, is therefore
ideal for studying Marangoni convection
in a simulated weld pool. It allows the
use of a pool large enough (e.g., 10 mm
diameter) for conducting experiments
while suppressing buoyancy convection
at the same time.

Conclusions

• Marangoni convection in the ab-
sence of a surface-active agent has been
observed, clearly and without optical
distortions, in a simulated transparent
weld pool of NaNO3 subjected to a de-
focused CO2 laser beam.

• The Marangoni number for the sim-
ulated weld pool is close to those for

welding. From the similarity law of hy-
drodynamics, the Marangoni convection
observed in the simulated weld pool can
be expected to resemble that in welding. 

• Two counterrotating cells appear in
the meridian plane of the pool, the max-
imum velocity is at the pool surface, the
outward surface flow is much faster than
the inward return flow, and the centers of
the cells are near the pool edge. These
are characteristics of Marangoni convec-
tion, and they suggest Marangoni con-
vection dominates in the pool over grav-
ity-induced bouyancy convection.

• Increasing the beam power and re-
ducing the beam diameter both make
Marangoni convection stronger and both
move the centers of the cells closer to the
pool edge, but the effect of the latter is
significantly greater. 

• Within the range of the experimen-
tal conditions investigated, increasing
the beam power tends to reduce the
depth of convection, while reducing the
beam diameter tends to increase it be-
cause of the increased momentum of the
returning flow.

• The use of a heater in contact with
the pool surface can cause both the pool
surface and the flow pattern to distort
significantly. 
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UNMIXED ZONE IN ARC WELDS: SIGNIFICANCE
ON CORROSION RESISTANCE OF HIGH

MOLYBDENUM STAINLESS STEELS

By C. D. Lundin, W. Liu, G. Zhou and C. Y. P. Qiao

The nature and the effect of the unmixed zone in dissimilar fusion welds, especially its
significance with regard to corrosion resistance, has been studied in this Welding Research
Council-sponsored program. Three types of super-austenitic stainless steel (high Mo) (AL-6XN,
254SMO and 654SMO) and five types of fully austenitic nickel-based weld filler metals
(Inconel 625, C-22, C-276, 686CPT and P16) were evaluated. Shielded metal arc (SMA), gas
metal arc (GMA), gas tungsten arc (GTA) (filler added) and gas tungsten arc autogenous weld-
ing processes were used for fabricating weldments of each super-austenitic stainless steel. The
employment of these welding techniques provided a full range of unmixed zone formation.

The unmixed zone formation was metallographically evaluated using both optical light
microspcopy (OLM) and scanning electron microscopy (SEM) with varied etchants and etching
techniques.

The pitting corrosion behavior of the unmixed zone was evaluated using immersion
corrosion tests in 10% FeCl3.
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