
Introduction

Weld Pool Marangoni Flow

The weld pool surface is warmer under
the heat source and cooler near the pool
edge. The gradients of surface tempera-
ture (T) can induce gradients of surface
tension (γ) along the pool surface because
γ depends on T. Since the higher-γ  liquid
tends to pull the lower-γ  liquid toward it-

self, a surface flow toward the higher-γ
liquid is induced. This flow is often called
Marangoni or thermocapillary flow.
Marangoni flow in the weld pool has be-
come a subject of very active research
worldwide since Heiple and Roper (Ref.
1) proposed a mechanism to explain why
a small amount of a surface-active agent

can often affect the weld pool depth dra-
matically. The mechanism considers the
effect of a surface-active agent on how γ
varies with T. Surface-active agents in
steels and stainless steels include sulfur
(S), oxygen (O), selenium (Se), and tel-
lurium (Te), among which S is most 
common. 

Figure 1 (Ref. 2) illustrates Heiple’s
model for Marangoni flow in a stationary
weld pool. When dγ/dT < 0 such as in a
low-S 316 stainless steel (Fig. 1A), the sur-
face flow is outward toward the pool edge
(point 2 in Fig. 1B, where T is lower and
γ higher than at point 1). The surface flow
carries heat (from the heat source) out-
ward instead of downward, thus making
the pool wide and shallow. However, when
dγ/dT > 0 such as in a high-S 316 stainless
steel, the surface flow is inward toward the
center (point 1 in Fig. 1C, where T and γ
are both higher than at point 2). The sur-
face flow turns downward at the center
and carries heat to the pool bottom, thus
making the pool smaller in diameter but
significantly deeper — Fig. 1C. With the
high-S 316 stainless steel, it is possible for
the temperature at the center of the pool
surface to exceed about 2000°C to make
dγ/dT < 0, and hence, induce a small flow
loop near the center of the pool surface
with an outward surface flow. While this
flow loop may slow down the inward sur-
face flow and even reduce the pool depth
somewhat, it seems too far away from the
pool edge to affect ripple formation there
significantly.  

DebRoy and coworkers (Refs. 3, 4) cal-
culated the surface tension of liquid met-
als based on thermodynamic analysis.
Their work further helped explain the ef-
fect of surface-active agents on Marangoni
flow and the weld pool depth.    

The model of Heiple and Roper (Ref. 1)
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Marangoni flow, a fundamental subject extensively studied in welding, was further
studied by using conduction-mode (non-keyhole) laser spot welding of 304 stainless steels.
It was discovered that a surface-active agent, such as sulfur (S) in stainless steels, can af-
fect not only the weld pool depth as explained by Heiple and Roper’s model, but also the
pool-surface deformation, pool-surface oscillation, and ripple formation. With low S (42
ppm), the pool surface was concave and oscillatory, and the resultant weld was shallow with
clear ripples. With high S (140 ppm), however, the pool surface was convex and nearly
steady, and the resultant weld was deeper without clear ripples. A mechanism was pro-
posed to explain these strikingly different phenomena. At low S the fast outward surface
flow can make the pool surface concave, as shown by computer simulation. The raised
surface near the pool edge is unstable; it can oscillate with oscillatory Marangoni flow,
disturb solidification at the pool edge, and cause clear ripple formation. At high S, the fast
inward surface flow can make the pool surface convex. Oscillation of the raised surface
near the pool center, however, may not disturb solidification at the pool edge enough to
cause clear ripple formation. The mechanism was verified by observing pool-surface os-
cillation and ripple formation immediately after turning off the laser. Furthermore, oscil-
latory Marangoni flow was demonstrated by flow visualization in simulated stationary
weld pools of NaNO3. Surface oscillation induced by oscillatory Marangoni flow was
demonstrated with a NaNO3 drop laser heated from above.
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has been confirmed by numerous welding
experiments (e.g., Refs. 1, 2, 5, 6). It has also
been confirmed by physical modeling (Refs.

7–9) as well as com-
puter modeling
(e.g., Refs. 10–12).
Limmaneevichitr
and Kou (Ref. 7)
developed a flow 
visualization tech-
nique to reveal
steady Marangoni
flow in a simulated
stationary weld
pool of NaNO3, which is transparent and
well documented in physical properties.
They further revealed the reversal of
Marangoni flow in the presence of a sur-
face-active agent (Ref. 9). Kou and Sun
(Ref. 10) developed the first computer
model of heat transfer and fluid flow to cal-
culate the unknown weld pool shape. The
computer model confirmed the effect of the
surface-active agent on the weld pool depth
proposed by the model of Heiple and
Roper. Using body-fitted curvilinear coor-
dinates to more accurately handle boundary
conditions at the pool surface, Tsai and Kou
(Refs. 13, 14) demonstrated the deforma-
tion of the weld pool surface caused by
Marangoni flow and density changes. They
showed that fast outward surface flow (in
the absence of a surface-active agent) can
make the pool surface concave, which has
been confirmed by more recent computer

simulations (e.g., Ref. 15). They also
showed that assuming a flat rigid pool sur-
face that is not deformable can cause signif-
icant errors in calculating the weld pool
depth. Tsai and Kou (Ref. 14) demonstrated
the deformation of the weld pool surface in-
duced by volume expansion caused by melt-
ing and superheating.

Hong et al. (Refs. 16, 17) developed a
comprehensive thermofluid model of gas-
tungsten arc spot welds with a free surface
geometry and a properly posed turbulence
model. They showed that predicted mean
flow velocities and final weld pool dimen-
sions in a relatively low-thermal conduc-
tivity material such as 304 stainless steel
were significantly affected by the sulfur
content and turbulence. He et al. (Ref. 18)
and Paul et al. (Ref. 19) demonstrated in
welding with a focused laser beam that the
free surface can be deformed by the recoil
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Fig. 1 — Heiple’s model for effect of surface-active agent on Marangoni flow
and weld pool depth. A — 316 stainless steel (Ref. 1); B —  low-S weld pool;
C — high-S weld pool (Ref. 2).

Fig. 2 — Detecting pool-surface deformation and
oscillation of stationary laser weld pools with di-
rected halogen light. A — Concave surface; B —
convex surface. 

Table 1 — Compositions of 304 Stainless Steels (wt-%)

%C %S %P %Mn %Si %Ni %Cr %Mo %Co %Cu %N Fe

Low Sulfur 0.020 0.0042 0.017 1.80 0.44 8.12 18.38 0.05 0.05 0.09 0.061 —

High Sulfur 0.072 0.0140 0.038 1.76 0.48 8.12 18.20 0.38 0.10 0.37 0.051 —

Fig. 3 — Visualization of oscillatory Marangoni flow in a simulated stationary weld
pool of NaNO3, with a CO2 laser beam to induce Marangoni flow and a He-Ne
laser sheet to reveal the pattern of return flow in a flat (horizontal) plane 0.5 mm
below the bottom of the pool surface.
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pressure caused by evaporation of mate-
rial from the pool surface. 

The only study on oscillatory
Marangoni flow in the weld pool known to
the authors is the computer simulation of
Morvan and Bournot (Ref. 20) for 
conduction-mode laser welding (that is,
without a keyhole), in which the pool was
assumed two-dimensional (i.e., sheet-like),
normal to the travel direction, and with a
rigid pool surface (i.e., a straight line). An
oscillation frequency of 10 to 20 Hz for
aluminum or steel was suggested. It was
stated “in the real cases where the free
surface can be deformed, the oscillations
in the melted pool will be suppressed.” 

Weld Pool Oscillation

Weld pool oscillation can be used for
process monitoring and control during
welding. For instance, the oscillation fre-
quency decreases significantly if the weld
pool changes from partial to complete
joint penetration during welding. When
acted upon momentarily by an external
force, such as a pressure pulse caused by a
current pulse in pulsed gas tungsten arc
welding, the pool tends to vibrate at natu-
ral frequencies that are related to the di-
mensions, penetration, and physical
properties of the pool (Ref. 21). The nat-
ural frequency and amplitude of the oscil-
lation can be measured by monitoring the
arc, for instance, its voltage variation
(Refs. 22, 23). Models have been devel-
oped to predict the frequencies of oscilla-
tion for various modes of oscillation (Refs.
21–27). It has been shown that the fre-
quency of surface oscillation is propor-
tional to D–3/2, where D is the pool surface
diameter (Refs. 22, 23). Thus, the fre-
quency can increase sharply with decreas-
ing pool diameter. 

Ripple Formation

Ripple formation has been an interest-

ing topic of re-
search in weld-
ing. In the classic
work of Kotecki
et al. (Ref. 28),
ripples on com-
plete joint pene-
tration spot
welds made by
gas tungsten arc
welding of thin
(e.g., 1.27 mm or
0.050 in.) metal
sheets were stud-
ied. Turning off
the arc suddenly
released the arc
pressure that was
“stretching the
pool surfaces,
setting the pool
into oscillation
like a drumskin.”
A one-to-one
correspondence
between ripples
and pool oscilla-
tions was identi-
fied, and it was
concluded that
pool oscillations
during freezing
produced the weld surface ripples. The
ripple spacing decreased from near the
weld edge to the center. Surface oscilla-
tion of partial-penetration pools in a
thicker workpiece was also confirmed. The
arc pressure caused the pool surface to de-
press near the center and rise near the
pool edge. The pool surface was set into
oscillation when the arc pressure was sud-
denly released upon turning off the arc.

Rappaz et al. (Ref. 29) studied ripples on
partial-penetration spot welds of Fe-15Ni-
15Cr single crystals made by gas tungsten

arc welding. The weld pool, typically hemi-
spherical in shape with a diameter of about
6 mm, solidified with ripples on the surface
upon turning off the arc. The ripple spacing
and amplitude both decreased from near
the weld edge to the center. It was shown
that the ripple spacing was equal to the 
solidification (growth) rate times the period
of pool oscillation, that is, the growth rate
divided by the frequency of pool oscillation.

The present study deals with the effect
of the surface-active agent on the pool-
surface deformation, pool-surface oscilla-
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Fig. 4 — Demonstration of surface oscillation in-
duced by oscillatory Marangoni flow in a NaNO3
drop, with a CO2 laser beam (stationary) to induce
Marangoni flow.

Table 2 — Physical Properties of NaNO3 Melt (Refs. 7, 33, 34)

Properties NaNO3

Melting point, Tm, °C 306.8
Heat of fusion, ΔH, J/g 182
Temperature coefficient of surface tension,  – 0.056
dγ/dT, dyne/(cm °C)
Surface tension, γ, dyne/cm 119.96 at Tm
Dynamic viscosity = μ, g/ (cm s) 0.0302 at Tm
Density, ρ, g/cm3 1.904 at Tm
Kinematic viscosity, ν= μ/ρ, cm2/s 1.586 × 10 –2 at Tm
Specific heat, Cp, J/(g °C) 1.71 at Tm
Thermal conductivity, k, W/(cm °C) 5.65 × 10–3 at Tm
Thermal expansion coefficient, β, °C–1 6.6 × 10–4

Thermal diffusivity, α=k/(ρ Cp), cm2/s 1.74 × 10–3 at Tm
Prandtl number, Pr = Cpμ/k 9.12 at Tm
Refractive index, n 1.46
Emissivity, ε 0.3
Transmission range, λ ,cm 0.35 × 10–4 –3 × 10–4

Fig. 5 — Effect of sulfur (S) content of 304 stainless steel on ripple formation and
penetration depth of spot weld. A, C — Weld surface; B, D — weld cross section.
Laser power: 2200 W; welding time: 1.3 s
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tion, and ripple formation induced by
Marangoni flow in the weld pool. It may
be considered as a complement to the
model of Heiple and Roper (Ref. 1),
which explains the effect of the surface-
active agent on the weld pool depth based
on Marangoni flow. It focuses on station-
ary weld pools, aiming to understand the
basic case of stationary weld pools first be-
fore dealing with the more complicated
case of moving weld pools (Refs. 30–32). 

Experimental Procedure

Welding

Weld pool phenomena were studied by
using conduction-mode laser spot welding
of 304 stainless steels. In order to study
Marangoni flow in the weld pool properly,
interference from other driving forces
(Ref. 2) for fluid flow must be excluded. In
the case of gas tungsten arc welding, for
instance, they can include arc factors such
as the Lorentz force, the arc forces (the
arc pressure and the shear force), and
anode spot wondering. Unlike the keyhol-
ing mode, in the conduction mode, the
workpiece surface is positioned below or
above the focal point of the laser beam.
The beam can thus be defocused to a size
comparable to a gas-tungsten welding arc,
e.g., 6.4 mm (1⁄4 in.) in diameter. This will
allow the results to be compared with
those of arc welding in future studies to
infer what arc effects are occurring. Con-

d u c t i o n - m o d e
laser- and elec-
tron-beam welding
have been a useful
tool for studying
the effect of
Marangoni flow on
the weld pool
depth and ripple formation associated
with moving pools (Refs. 5, 30–32). In
order to gain the fundamental under-
standing of Marangoni flow and its effect,
however, the weld pools were stationary in
the present study. The results from sta-
tionary weld pools can serve as the foun-
dation for understanding the more
complicated phenomena associated with
moving weld pools, which will be dealt
with in follow-up reports. 

To study the effect of the sulfur (S) con-
tent on weld pool phenomena, two heats
of 304 stainless steels were welded, one
with a lower S level of 42 ppm and the
other a higher S level of 140 ppm. For con-
venience of discussion, the former will be
called low S and the latter high S. The
compositions of the stainless steels are
shown in Table 1. Both stainless steels
were 300 mm (12 in.) long, 50 mm (2 in.)
wide, and 6.4 mm (1⁄4 in.) thick. 

A HAAS HL3006 YAG laser machine
was used for welding. The maximum
power capacity was 3000 W. The wave-
length was 1064 nm. The distance between
the laser head and the workpiece was
about 140 mm. The laser beam was 6.4

mm in diameter at the workpiece surface,
determined with a beam profiler. The
shielding gas was Ar at 23.6 L/min (50
ft3/h) flow rate. The laser beam was tilted
about 7 deg off the vertical line in order to
keep the beam from being reflected back
to the focusing lens. The laser power
ranged from 1800 to 3000 W and the weld-
ing time from 1 to 8 s.

To help determine if the pool surface
was concave or convex, the light from a
halogen lamp was directed through a
fiber-optic bundle onto the pool surface as
illustrated in Fig. 2. The distance between
the tip of the fiber-optic bundle and the
weld pool was about 60 mm. The pool sur-
face acted as a mirror. The image of the
light (white) appears larger on a concave
pool surface (Fig. 2A) and smaller on a
convex one (Fig. 2B). A moving image
suggests an oscillatory pool surface. Weld-
ing was videotaped with a CCD camera at
30 frames per second, with a close-up lens
for observing the weld pool surface.    

The resultant welds were photographed
to show the ripples on the surfaces. They
were then cut, polished, and etched to re-
veal the vertical cross sections of welds.
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Fig. 6 — Effect of sulfur (S) content of 304 stainless steel on ripple formation
and penetration depth of spot weld. A, C — Weld surface; B, D — Weld cross
section. Laser power: 2800 W; welding time: 5 s.

Fig. 7 — Surface deformation and oscillation of stationary laser weld pools.
A–E — low-S 304 stainless steel; F–J — high-S 304 stainless steel.  Laser power:
2800 W; welding time: 5 s. Frame numbered in sequence with 1⁄30 s between two
consecutive frames. 
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The etching solution consisted of 50 mL
HCl, 10 g CuSO4, and 50 mL H2O.

Oscillatory Marangoni Flow

Flow visualization was conducted in a
simulated stationary weld pool of sodium
nitrate (NaNO3). NaNO3 was selected for
the following reasons. First, it has a trans-
parent melt, a surface tension that de-
creases significantly with increasing
temperature, a low melting point, and
well-documented physical properties, as
shown in Table 2 (Refs. 7, 33, 34). Second,
the Marangoni number Ma for the simu-
lated weld pool of NaNO3 can be close to
those for steel and aluminum weld pools
(Ref. 7). According to the similarity law of
hydrodynamics, similarity in Marangoni
flow between two fluid systems can be ex-
pected if the Marangoni numbers are
close to each other (Ref. 34). Third,
NaNO3 has a transmission range of 0.35 to
3 μm and is, therefore, opaque to CO2
laser (10.6 μm wavelength) just like a
metal weld pool is opaque to the heat
source. However, it is transparent to the
He-Ne laser (0.633 μm wavelength), which
as will be described subsequently, was
used for flow visualization. The purity of
the NaNO3 used was above 99%.

The apparatus for flow visualization is
illustrated in Fig. 3. The procedure for
flow visualization in simulated weld pool
of NaNO3 has been described by Limma-
neevichitr et al. (Refs. 7–9) and will be
mentioned only briefly here. The NaNO3
pool for flow visualization was held in a
cylindrical glass container of 5 mm inner
radius, which was a test tube cut short. The
pool was essentially hemispherical in
shape except its top surface was concave
instead of flat. The pool was heated from
above by a CO2 laser beam positioned at
the center of the pool surface to induce
Marangoni flow. The beam diameter at
the pool surface was 1.5 mm, and the
power ranged from 2 to 14 W. The pool
was surrounded by a bath of NaNO3 melt
held in a rectangular glass container,
which acted as a transparent heater for the
light sheet to pass through.

A laser light-cut technique was used for
flow visualization. A laser light sheet was
produced with the help of a 20-mW He-
Ne laser and optical lenses. The light sheet
was oriented such that it intersected the
NaNO3 pool to form a flat (horizontal)
plane at 0.5 mm below the bottom of the
pool surface. It was found that the pattern
of flow oscillation was easier to recognize
from above the pool than from in front of
the pool. So, instead of a vertical light
sheet cutting through the pool axis as in
the previous studies (Refs. 7–9), a flat light
sheet was used. Since the pool surface is
concave, the surface flow along the pool
surface cannot be revealed by a light-cut

technique. So, the pattern of the return
flow in a flat plane at 0.5 mm below the
bottom of the pool surface was revealed by
flow visualization.  

Aluminum particles 20 μm in diame-
ter were added to the NaNO3 pool to
serve as a tracer to reveal the flow pattern.
The particles were illuminated by the He-
Ne laser light sheet and hence revealed

the flow pattern in the pool. 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. 35), however, the set-
tling velocity is much slower than
Marangoni flow in view of the small parti-
cle diameter. 

To detect temperature oscillation in the
NaNO3 pool caused by flow oscillation, a
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Fig. 8 — Pool-surface deformation induced by Marangoni flow in stationary laser weld pools of 6061 Al.
A — Concave pool surface with dγ /dT < 0; B — convex pool surface with dγ /dT > 0 (Ref. 13). Laser
power: 1800 W; steady state. 
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thermocouple was lowered into the pool
after flow visualization was finished. The
thermocouple was K-type (Omega
HJMQSS-010-E-6) with a stainless steel
sheath. The overall diameter of the ther-
mocouple was 0.25 mm (0.01 in.). The
thermocouple tip was at a radial position
of 2.5 mm from the pool axis and at a ver-
tical position of 0.5 mm below the bottom
of the pool surface, where flow visualiza-
tion was conducted. A data acquisition sys-
tem (Omega WB-Dynares 16 Ultra) was
used to record temperature data at the
sampling rate of 10 Hz. The data were an-
alyzed by Fast Fourier Transformation
(Statistica Version 5.1’97). 

Surface Oscillation Induced by Oscillatory
Marangoni Flow

To demonstrate that oscillatory
Marangoni flow can cause surface oscilla-
tion, a drop of NaNO3 was supported by a
graphite rod at the bottom and heated by
a CO2 laser beam from above, as illus-
trated in Fig. 4. The beam diameter was
1.5 mm at the top surface of the drop.
Marangoni flow in the drop was revealed
by using a flow visualization technique
similar to that described previously. The
flow pattern was revealed with a vertical
light sheet of the He-Ne laser that cut the
drop through its axis. The flow pattern was
optically distorted by the lens effect of the
drop.  

Results and Discussion

Welds and Ripples

A significant effect of the sulfur con-
tent of 304 stainless steel on the ripple for-
mation on its welds was observed. More
than a dozen spot welds were made, rang-
ing from 1800 to 3000 W and 1 to 8 s. The
results consistently show significantly
clearer ripple formation on the low-S
welds than the high-S welds. Typical re-
sults will be shown in the following para-
graphs. The effect of welding conditions
on ripple formation will be discussed else-
where. A clear effect of the sulfur content
on the ripple formation on the seam welds
of the same 304 stainless steels was also
observed. The results will be reported
elsewhere.

Figure 5 shows two spot welds made at
the power level of 2200 W for a welding
time of 1.3 s. Clear ripples are visible on
the low-S weld (Fig. 5A) but not on the
high-S weld (Fig. 5C). The ripples on the
low-S weld (Fig. 5A) tend to be clearer
and more widely separated near the weld
edge than near the weld center, that is, the
ripple spacing decreases from the weld
edge to the weld center. These differences
are consistent with the observation of
Kotecki et al. (Ref. 28) and Rappaz et al.
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Fig. 9 — Pool-surface deformation of a stationary laser weld pool of 6061 Al caused by density decrease
due to melting (ρL < ρS) and superheating ( β > 0) (Ref. 14).  Laser power: 1800 W; steady state.

Fig. 10 — Mechanism explaining how surface-active agent affects pool-surface deformation, pool-surface os-
cillation, and ripple formation through Marangoni flow. A — Low surface-active agent; B — immediately
after turning off laser in A; C — high surface-active agent; D —  immediately after turning off laser in C.
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(Ref. 29). Rappaz et al. (Ref. 29) observed
in gas tungsten arc spot welding of Fe-
15Ni-15Cr that the growth rate increased,
slightly more rapidly than linearly, from
about 4 mm/s at the weld edge (3 mm in
radius) to about 6 mm/s at 1 mm from the
weld center. Xiao and den Ouden (Refs.
22, 23) showed that the frequency of pool-
surface oscillation is proportional to (pool
radius)–3/2. Thus, as the radius decreases
from the weld edge to the weld center, the
growth rate seems to increase less rapidly
than the pool-oscillation frequency. Since
the ripple spacing is the growth rate di-
vided by the pool-oscillation frequency
(Ref. 29), it seems reasonable to expect
the ripple spacing to decrease from the
weld edge to the weld center.

The transition from columnar grains at
the weld edge to equiaxed grains near the
center (Fig. 5A) is likely to be caused by
the decrease in the G/R ratio from the
pool edge to the pool center, where G is
the temperature gradient in the liquid at
the solidification front and R the growth
rate (Ref. 2). Upon turning off the laser,
the temperature near the pool center

dropped sharply, causing G to decrease
and R to increase during solidification
from the pool edge to the center. As al-
ready mentioned, Rappaz et al. (Ref. 29)
showed that the growth rate increases
from the pool edge to the pool center. 

As expected, a significant effect of the
sulfur content on the weld shape was ob-
served. The low-S weld (Fig. 5B) is slightly
larger in diameter but significantly shal-
lower as compared to the high-S weld (Fig.
5D). These weld shapes are consistent
with Heiple’s model — Fig. 1. 

Figure 6 shows two larger welds made
at a higher power of 2800 W for a longer
welding time of 5 s. Again, clear ripples
are visible on the low-S weld (Fig. 6A) but
not the high-S weld (Fig. 6C). Overall
speaking, the ripples on the low-S weld
tend to be clearer and more widely sepa-
rated near the weld edge than near the
weld center. The low-S weld (Fig. 6B) is
slightly larger in diameter but much shal-
lower as compared to the high-S weld (Fig.
6D). These results are consistent with
those shown previously in Fig. 5. 

The small depression at the center of

the weld surface (Fig. 6D) does not mean
the existence of a keyhole during welding.
In fact, the weld surface after welding does
not necessarily represent the pool surface
during welding. As will be shown subse-
quently (Fig. 7F–J), the pool surface was
convex everywhere and there was no key-
hole at the center. The absence of a key-
hole can be expected because the laser
beam was defocused (to 6.4 mm in diame-
ter). The depression formed during the
last moment of weld pool solidification,
when the solidification front was near the
center. The formation of the depression is
likely to be caused by the conservation of
mass. The crown of the weld in Fig. 6D
above the workpiece surface suggests the
overall density of the material within the
fusion boundary decreases after welding.
Even so, the fact that the weld surface
rises well above the workpiece surface
from the beginning of solidification sug-
gests that there might not be enough ma-
terial left in the pool to sustain the high
weld surface throughout solidification. As
shown in Fig. 5D, on the other hand, the
weld surface is essentially even with the
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Fig. 11 — Concave stationary laser weld pool of low-S 304 stainless steel. A
— Laser on; B–J —  laser off. Variations in halogen-light image (white spot)
on pool surface in B–I — suggest pool-surface oscillation during solidification
and hence ripple formation (Fig. 6A). Multiple light images (e.g., in E) indi-
cate oscillation frequency > 30 Hz (1⁄30 s between two consecutive frames). Ar-
rowhead in F indicates a ripple forming at solidification front (pool edge).

Fig. 12 — Convex stationary laser weld pool of high-S 304 stainless steel. A —
Laser on; B–J — laser off.  Steady halogen-light image (white spot) on pool sur-
face in B–J suggests little surface oscilltion during solidification and hence lit-
tle ripple formation (Fig. 6C). Arrowhead in G indicates no ripple forming at
solidification front (pool edge). 1⁄30 s between two consecutive frames.
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workpiece initially, rises gradually as so-
lidification proceeds, and ends up without
a depression. 

Surface Deformation and Oscillation of
Weld Pools

The evidence of the deformation and
oscillation of the weld pool surface was ob-
served in 304 stainless steel. The video-
tapes recorded during spot welding
revealed wild surface oscillation in the
case of low-S pools but little surface oscil-
lation in the case of high-S pools. The os-
cillation of the low-S weld pool contradicts
the statement of Morvan and Bournot
(Ref. 20) “in the real cases where the free
surface can be deformed, the oscillations
in the melted pool will be suppressed.”

Figure 7 shows the photos of stationary
weld pools extracted from the videotape
recorded during welding. The diameter of
the low-S pool is 8.5 mm and that of the
high-S pool 7.3 mm (in Fig. 7 and, subse-
quently, Figs. 11 and 12), based on the
welds shown in Fig. 6. The surface of the
high-S weld pool (Fig. 7F–J) appears con-
vex. The fact that the image of the halo-
gen light (white spot) is much smaller than

the pool surface further suggests that pool
surface is convex. Although the light im-
ages in Fig. F–J are similar, close exami-
nation can still reveal some differences.
For instance, the images in Fig. 7F and I
appear slightly thinner (more elongated in
the left-right direction) than that in Fig.
7G. These differences suggest that the
pool surface oscillates near the center and
the amplitude of oscillation is small. As for
the low-S weld pool (Fig. 7A–E), the light
image varies in shape clearly from frame
to frame. This suggests that the pool sur-
face is clearly oscillating. With high-speed
photography, it would be possible to de-
termine the frequency and mode of oscil-
lation. Furthermore, the light image is
much larger than that in the high-S pool,
covering nearly the whole pool surface ex-
cept near the pool edge, which appears
much darker. This suggests that the pool
surface is concave and oscillating. 

The concave pool surface with low S
(Fig. 7A–E) is most likely caused by
Marangoni flow instead of the recoil pres-
sure of the material evaporating from the
pool surface. Otherwise, the high-S pool
surface (Fig. 7F–J) would also have to be
concave instead of convex. The defocused

laser beam might have helped keep the
beam power density low to avoid recoiling.

Computer simulation has demon-
strated that Marangoni flow in the weld
pool can cause the pool surface to deform
in conduction-mode laser spot welding of
6061 Al alloy (Ref. 13) and steel (Ref. 15).
Quantitative discussion of oscillatory
Marangoni flow in 304 stainless steel and
its effect on pool-surface deformation and
oscillation is difficult without a computer
model that can handle both flow and sur-
face oscillation. Also, turbulence may
need to be considered. As compared to
the case of laminar flow, as shown by
Hong et al. (Ref. 17), with turbulence the
maximum velocity can be lower and the
pool shallower. Since such a computer
model does not yet exist, the discussion
here can only be qualitative. In the follow-
ing discussion, the results of computer
simulation of conduction-mode laser spot
welding by Tsai and Kou (Refs. 13, 14) will
be used even though the workpiece mate-
rial was 6061 Al alloy instead of 304 stain-
less steel. This is mainly because they
demonstrated the individual effects of the
following factors on pool-surface defor-
mation: 1) dγ/dT < 0; 2) dγ/dT > 0; and 3)
volume expansion (due to melting and su-
perheating). The following discussion
would be difficult without referring to
these results.

In Fig. 8, Tsai and Kou (Ref. 13) show
the surface deformation of stationary con-
duction-mode laser weld pools of 6061
aluminum alloy caused by Marangoni
flow. The beam diameter is 8 mm at the
pool surface, the laser power is 1800 W,
and the power is on continuously to allow
the weld pool to reach the steady state.
Under the normal condition of dγ/dT < 0
(Fig. 8A), the outward surface flow is very
fast, on the order of 1 m/s. Near the pool
edge, however, it is slowed down suddenly
by the edge. According to Bernoulli’s prin-
ciple (Refs. 31, 35), the fluid pressure can
increase as the result of a velocity de-
crease. Thus, near the pool edge the pres-
sure can be expected to increase and push
the pool surface upward. The extent the
pool surface is pushed upward also de-
pends on the interaction between the sur-
face tension from the liquid, solid, and gas
since these phases coexist at the pool edge.
The conservation of mass requires that the
pool surface be depressed near the center
if it is raised near the edge. This makes the
pool surface concave. More recently, Sim
and Kim (Ref. 15) have also shown by
computer simulation concave surfaces of
stationary laser weld pools of steel (low S
and conduction mode). With dγ/dT > 0
(Fig. 8B), such as in the presence of a sig-
nificant amount of a surface-active agent,
the fast inward surface flow converges to
the center of the surface, where it is sud-
denly slowed down. This causes the pres-
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Fig. 13 — Flow oscillation in NaNO3 pool revealed by flow visualization of return flow at 0.5 mm
below pool surface (Fig. 3). A — Steady flow at 4-W laser power; B — oscillatory flow at 6 W; C
— oscillatory flow at 14 W. 
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sure and hence the pool surface to rise
near the center. The conservation of mass
now requires that the pool surface be de-
pressed slightly near the edge.   

However, as shown in Fig. 7F–J, the sur-
face of the high-S pool is convex everywhere
instead of being convex near the pool center
and slightly concave near the pool edge, as
suggested by Fig. 8B. This is because of the
volume expansion associated with melting
(liquid density ρL < solid density ρS) and
superheating (thermal expansion coefficient
β > 0). Tsai and Kou (Ref. 14) show in Fig.
9 by computer simulation that, in the ab-
sence of any Marangoni flow (dγ/dT = 0),
the surface of a stationary weld pool can be
convex due to volume expansion (ρS being
6.6% higher than ρL and β  = 1.0 × 10–4

°C–1 for aluminum). The beam diameter is
8 mm at the pool surface, and the laser
power is 1800 W. Gravity-induced flow is too
slow (on the order of 1 cm/s) to deform the
pool surface. In order to highlight the effect
of Marangoni flow alone on the pool sur-
face shape, volume expansion was excluded
from Fig. 8 ( ρL = ρS and β  = 0). However,
as shown by Fig. 7A–E, the low-S pool sur-
face is still concave despite the volume ex-
pansion. Thus, it is clear that the fast
outward surface flow in the low-S pool is
able to turn an otherwise convex pool sur-
face into a concave one. This demonstrates
that Marangoni convection can cause sig-
nificant pool-surface deformation. 

Mechanism Explaining Effect of 
Surface-Active Agent

A mechanism is proposed to explain the
effect of the surface-active agent on the

pool-surface defor-
mation, pool-surface
oscillation, and rip-
ple formation
through Marangoni
flow, as shown in
Fig.  10. As already
explained previously
(Fig. 8A), in the ab-
sence of a significant
amount of a surface-
active agent, the fast
surface flow is out-
ward toward the
pool edge, the pool
surface can be raised
near the edge, and
the pool surface can
become concave
(Fig. 10A). A pool
surface raised signif-
icantly above the
workpiece surface
without any support
is unstable and sen-
sitive to distur-
bances. It can
oscillate with the
surface flow if the

flow is so strong as to become oscillatory,
that is, oscillatory Marangoni flow. Upon
turning off the laser, the pool-surface tem-
perature drops immediately. However, the
temperature drop is greater at the center of
the pool surface than at the edge. Thus, the
temperature gradients along the pool sur-
face also drop, and the outward surface
flow is weakened. Consequently, the pool
surface may still be concave and the pool
surface may still be raised near the pool
edge, but not as much as before turning off
the laser (Fig. 10B). The amplitude of sur-
face oscillation may also drop. Surface os-
cillation may continue briefly after the laser
is turned off. Since solidification occurs at
the pool edge, usually fast in spot welding,
it may be disturbed by the surface oscilla-
tion near the pool edge. Consequently,
clear ripples may form. The solidification
rate, for instance, is about 7 mm/s based on
Figs. 6A, 11F, and 11G. As mentioned pre-
viously, Rappaz et al. (Ref. 29) observed in
gas-tungsten arc spot welding of Fe-15Ni-
15Cr a solidification rate of 4 mm/s near the
pool edge and 6 mm/s near the pool center.

In the presence of a significant amount
of a surface-active agent, the fast surface
flow is inward toward the pool center, and
the pool surface can become convex (Fig.
10C). As mentioned previously, the pool
surface can be convex near the center and
depressed near the edge (Fig. 8B) but has
to be convex everywhere considering vol-
ume expansion due to melting and super-
heating (Fig. 9). The raised surface near the
pool center is unstable and can oscillate with
oscillatory Marangoni flow. However, pool-
surface oscillation may be weak near the

pool edge even if it is significant near the
pool center. When the laser is turned off,
the already weak surface oscillation near the
pool edge may diminish immediately. Thus,
solidification at the pool edge may not be
disturbed much and ripple formation may
not be clear — Fig. 10D. 

This mechanism was verified by ob-
serving the pool surface of 304 stainless
steel immediately after turning off the
laser. The low-S weld pool in Fig. 11 shows
clear surface oscillation and ripple forma-
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Fig. 14 — Temperature oscillation induced by oscillatory Marangoni flow in
NaNO3 pool heated by CO2 laser at 6 W (Fig. 13B). A — Temperature oscil-
lation; B — frequencies of temperature oscillation determined by fast-Fourier
transformation of A.  

Fig. 15 — Marangoni flow inside a NaNO3 drop
heated from above by a CO2 laser beam (Fig. 4).
Arrow indicates direction of surface flow.  Flow is
asymmetric and unsteady, typical of oscillatory
Marangoni flow.

Fig. 16 — Shaking (surface oscillation) of a
NaNO3 drop heated from above by a stationary
CO2 laser beam (Fig. 4); 1⁄30 s between two con-
secutive frames.
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tion. The photos in Fig. 11A and B show
the pool surface immediately before and
after turning off the laser, respectively.
The image size of the halogen light (white
in color) on the pool surface becomes
much smaller immediately after the laser
is turned off — Fig. 11B. When the tem-
perature gradients along the pool surface
decrease immediately after the laser is
turned off, two things can be expected to
happen. First, the amplitude of surface os-
cillation near the pool edge decreases and
this makes the light image smaller. Sec-
ond, the concavity of the pool surface de-
creases and this also makes the light image
smaller. Both are consistent with the
smaller light image immediately after the
laser is turned off — Fig. 11B. As men-
tioned previously, the frequency of surface
oscillation depends on the pool surface di-
ameter (Refs. 22, 23). It may not neces-
sarily change significantly because the
diameter has not changed significantly yet.
The pool surface does become darker,
consistent with the sudden temperature
drop at the pool surface upon turning off
the laser. 

The light images of the pool surface in
Fig. 11 B–J indicate pool-surface oscilla-
tion. The light image does not remain un-
changed. Instead, it varies in shape and
location from image to image. Thus, im-
mediately after the laser is turned off,
pool-surface oscillation can still continue
briefly, for instance, for about 0.3 s (from
Fig. 11B through J). The coexistence of
multiple light images in a single photo of
the pool surface (e.g., Fig. 11E) suggests
that the pool surface oscillates at a fre-
quency much higher than the frequency of
imaging during videotaping, that is, 30 Hz.
The arrowhead in Fig. 11F indicates a rip-
ple forming at the pool edge, that is, the
solidification front. This is consistent with
the presence of clear ripples on the surface
of the resultant weld — Fig. 6A. The rip-
ples that form as the surface oscillation di-
minishes are not as clear (Fig. H–J). This
is consistent with the fact that ripples be-
come less clear from the edge to the cen-
ter of the resultant weld — Fig. 6A. 

On the other hand, the high-S weld pool
in Fig. 12 shows the absence of clear surface
oscillation and ripple formation at the pool
edge during solidification. The photos in
Fig. 12A and B show the pool surface im-
mediately before and after turning off the
laser, respectively. The image of the halo-
gen light (the white spot) on the pool sur-
face becomes smaller immediately after the
laser is turned off — Fig. 12B. Again, the
temperature gradients along the pool sur-
face decrease immediately after the laser is
turned off, and two things can be expected
to happen. First, the amplitude of surface
oscillation decreases and this makes the
light image smaller. Second, the convexity
of the pool surface decreases and this makes

the light image larger. The smaller light
image (Fig. 12B) suggests that the oscilla-
tion amplitude decreased but the convexity
did not change much. This can be consid-
ered as to further suggest that the convex
surface of the high-S weld pool is mainly
caused by volume expansion due to melting
and superheating — Fig. 9. The absence of
significant variations in the shape and loca-
tion of the light image from frame to frame
(Fig. 12B–J) indicates the absence of signif-
icant pool-surface oscillation during solidi-
fication. The arrowhead in Fig. 12G
indicates no clear ripple forming at the pool
edge during solidification. This is consistent
with the absence of clear ripples on the sur-
face of the resultant weld — Fig. 6C. 

Oscillatory Marangoni Flow

Oscillatory Marangoni flow was
demonstrated in a simulated weld pool of
NaNO3 by flow visualization using the ap-
paratus shown previously in Fig. 3. As
shown in Table 2 for NaNO3, dγ/dT
= –0.056 dyne/(cm °C). Since dγ/dT < 0,
the surface flow is outward toward the
pool edge. The return flow below the pool
surface is inward toward the pool axis, as
indicated by the arrowheads in the
schematic flow pattern in Fig. 3. 

The return flow revealed by the He-Ne
laser light sheet in a flat (horizontal) plane
0.5 mm below the bottom of the pool sur-
face is shown in Fig. 13. At the laser power
of 4 W, the inward return flow is steady
and it converges to a central point — Fig.
13A. At 6 W, however, it no longer con-
verges to a point but to a short boundary
formed between two opposing streams of
flow — Fig. 13B. As indicated by the two
opposite arrowheads, the opposing
streams and their boundary oscillate. The
flow pattern repeats itself in about 1.4 s.
So, the onset of flow oscillation occurs be-
tween 4 W and 6 W, and the oscillation fre-
quency is about 0.7 Hz (= 1/1.4 s). With a
further power increase to 14 W, the flow
becomes faster, as reflected by the thinner
flow lines — Fig. 13C. However, the mode
and frequency of oscillation seem to re-
main essentially unchanged. 

The results of temperature measure-
ments indicate clear evidence of tempera-
ture oscillation induced by oscillatory
Marangoni flow, as shown in Fig. 14. As
mentioned previously, the thermocouple
was lowered into the pool to the plane of
the light sheet, that is, 0.5 mm below the
bottom of the pool surface, after flow vi-
sualization was finished, in order not to in-
terfere with flow visualization. The pool
temperature oscillates periodically — Fig.
14A. Fast Fourier transformation of the
temperature data shows that the primary
oscillation frequency is about 0.8 Hz (Fig.
14B), which is close to the frequency of
flow oscillation 0.7 Hz — Fig. 13B. Tem-

perature oscillation induced by oscillatory
Marangoni flow has been observed in liq-
uid bridges of high Prandtl-number mate-
rials such as silicone oils and NaNO3 melts
(e.g., Ref. 33). A liquid bridge is usually es-
tablished between the bottom surface of a
higher-temperature rod and the top sur-
face of a lower-temperature rod, the two
rods being vertical, coaxial, and identical
in diameter. Yang and Kou (Ref. 36) have
demonstrated temperature oscillation in-
duced by oscillatory Marangoni flow in a
liquid bridge of molten Sn, which is a low
Prandtl-number material like other metals
and semiconductors.

The Marangoni number, which has
been used to represent the extent of
Marangoni flow, is a dimensionless num-
ber defined as follows:

where dγ/dT is the temperature coefficient
of surface tension, ΔT the temperature
difference between the center and edge of
the pool surface, L the characteristic
length, μ  the dynamic viscosity, and α  the
thermal diffusivity. The characteristic
length L can be taken as the radius of the
pool surface. As the laser power is in-
creased, ΔT can be expected to increase,
so is Ma. Thus, Marangoni flow becomes
stronger, that is, increasing in velocity, and
oscillatory. As mentioned previously, the
similarity law of hydrodynamics suggests
that similarity in Marangoni flow between
two fluid systems can be expected if the
Marangoni numbers are close to each
other (Ref. 34). As also mentioned previ-
ously, the Marangoni number Ma for the
simulated weld pool of NaNO3 can be
close to those for steel and aluminum weld
pools (Ref. 7). 

Though it does not affect the conclu-
sions of the present study, it is worth men-
tioning that there have been two different
theories about the onset of oscillatory
Marangoni flow in liquids. One suggests
that oscillations result from deformation
of the free surface (Refs. 37, 38) while the
other suggests that Marangoni flow be-
comes oscillatory beyond a critical value of
Ma (Refs. 39, 40).  

Surface Oscillation Induced by Oscillatory
Marangoni Flow

The evidence of surface oscillation in-
duced by oscillatory Marangoni flow was
demonstrated with the help of a NaNO3
drop heated from above by a CO2 laser
beam — Fig. 4. Surface oscillation, if any,
was difficult to detect in the hemispherical

Ma
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NaNO3 pool because the concave pool sur-
face was supported by the container wall
near the pool edge — Fig. 3. Pool surface
oscillation, however, can be revealed clearly
if the pool surface near the pool edge is
raised without anything to support it.

Figure 15 is an example of Marangoni
flow in the NaNO3 drop. The induced
Marangoni flow pattern is somewhat
toroidal (like a donut), with a fast surface
flow from near the top of the drop
(warmer) to its bottom near the edge of
the graphite rod (cooler), as indicated by
the arrowhead. A vortex is visible near
the surface on the right hand side of the
drop. A similar vortex, however, cannot
be seen on the left-hand side because the
flow is asymmetric and unsteady, typical
of oscillatory Marangoni flow. Since the
flow pattern is optically distorted by the
lens effect of the drop, the details of the
flow pattern are not important. What is
more important is that the flow pattern
clearly varies with time, that is, oscillatory
Marangoni flow.  

As the power of the laser beam was in-
creased gradually (for instance, to 17.5
W), the flow became faster and oscillatory,
and the drop began to shake visibly as
shown in Fig. 16. Due to the shape of the
drop and its small size, the oscillation fre-
quency probably exceeded the speed of
the DV recording system, judging from the
blurred images of the drop.

Conclusions

Oscillatory Marangoni flow and its ef-
fects on weld pool phenomena including
pool-surface deformation, pool-surface os-
cillation, and ripple formation, were in-
vestigated by using conduction-mode laser
spot welding of 304 stainless steels. Within
the experimental conditions used, the con-
clusions based on the results observed are
as follows:

1) A significant effect of the surface-
active agent, such as S in 304 stainless
steels, on the pool-surface deformation,
pool-surface oscillation, and ripple forma-
tion has been discovered. This effect of the
surface-active agent complements that on
the weld pool depth reported in the classic
work of Heiple and Roper (Ref. 1).

2) A low-S (e.g., 42 ppm) pool surface
can be concave and oscillating, and the re-
sultant weld shallow and with clear ripples.
A high-S (e.g., 140 ppm) pool surface, on
the other hand, can be convex and much
less oscillatory, and the resultant weld
deeper and without clear ripples.

3) A mechanism has been proposed to
explain how the surface-active agent can
affect pool-surface deformation, pool-
surface oscillation and ripple formation
through Marangoni flow. With little sur-
face-active agent present, as the fast out-
ward surface flow slows down suddenly

near the pool edge, the pressure, and
hence, pool surface near the edge can rise
and make the pool surface concave. The
raised pool surface near the edge is unsta-
ble and can oscillate with oscillatory
Marangoni flow. Immediately after turn-
ing off the laser, surface oscillation may
still continue briefly to disturb solidifica-
tion at the pool edge and cause ripple for-
mation. In the presence of a significant
amount of a surface-active agent, however,
the fast inward surface flow can make the
pool surface convex and the raised pool
surface near the pool center can oscillate.
Since solidification occurs at the pool edge
instead of the pool center, it may not nec-
essarily be disturbed significantly to cause
clear ripple formation.

4) The mechanism has been verified
with 304 stainless steels. A low-S laser
weld pool can exhibit a concave pool sur-
face, brief but significant pool-surface os-
cillation immediately after turning off the
laser, and clear ripple formation during so-
lidification. A high-S laser weld pool, on
the other hand, can exhibit a convex pool
surface, immediate stop of pool-surface
oscillation after turning off the laser, and
no clear ripple formation during solidifi-
cation. 

5) Oscillatory Marangoni flow has been
demonstrated by flow visualization in a
simulated stationary weld pool of NaNO3.
The frequency of flow oscillation matches
that of the temperature oscillation it in-
duces in the pool.

6) Pool-surface oscillation (shaking) in-
duced by oscillatory Marangoni flow has
been demonstrated with a NaNO3 drop
laser-heated from above.
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Introduction

Crack tip opening angle (CTOA) is a
crack ductility test that is widely accepted
for assessing the likelihood of steady-state
tearing behavior in the aluminum alloys
found in older aircraft. Recently, it has
gained acceptance in the pipeline commu-
nity as a fracture parameter for pipeline
design (Refs. 1, 2). The modified double
cantilever beam (MDCB) specimen de-
sign advocated by Hashemi et al. (Refs. 3,
4) and Shterenlikht et al. (Ref. 5) was
adopted for this work. Advantages of this
specimen design include a long ligament
arm (200 mm) for steady-state tearing and
higher constraints, approaching those
seen in pipeline material in service (Ref.
4). This design has been used successfully
to generate values for the resistance to
crack extension for pipeline base metals,

such as X52, X80, and X100 (Refs. 6, 5, 3,
respectively). 

Welding of X100 base metal has many
simultaneous challenges. Beyond the dif-
ficulty of obtaining a weld that is compat-
ible with the base material under static
loads, there are the complexities of under-
standing the influence of the weld should
a running crack initiate and then propa-
gate due to the combination of loads from
service pressure, other factors such as
third-party damage and any ground move-
ment, and residual stresses introduced
during the joining process (Refs. 7, 8).

Crack tip opening angle measurements
can provide this more global structural
perspective by indicating whether the
joints in the fabricated structure have the
same resistance to crack extension as is
seen with the fairly uniform base metal.
Seam welds, girth welds, and their associ-
ated heat-affected zones (HAZs) are each
of concern, separately and in concert. 

Tests of the various regions within the
pipe (like tensile or Charpy impact tests of
the base material, HAZ, and weld) are
needed to confirm that each region satis-
fies the design minimums, but they cannot
adequately measure the composite behav-
ior of these regions in the fabricated pipe. 

This work evaluates the usefulness of
CTOA measurements made with MDCB
specimens in the complex and composite
structure of a weldment, as it quantifies
the resistance to crack extension for each
of the weld regions. Crack tip opening
angle testing of the MDCB specimen has
several benefits (Refs. 6, 9). It permits
multiple measurements of the CTOA
from a single specimen (perhaps as many
as 50 or 60 over a 40-mm distance). This
allows measurement of the behavior as the
crack enters and leaves the girth weld re-
gion that encompasses the base material,
HAZ, and weld metal. Another benefit of
using the MDCB specimen is that the test
section does not restrain the transition to
slant mode shear fracture. 

Procedure

Materials

Weld material and the associated HAZ
from X100 experimental pipelines were
tested with MDCB specimens to obtain
CTOA data. The certified composition for
X100 pipeline is found in Table 1. The sec-
tions had a diameter of 1.32 m (52 in.) and
were 20.6 mm (0.81 in.) thick. The pipe
was received already welded. Girth welds
were made manually with shielded metal
arc welding (SMAW), and seam welds
were produced by automatic submerged
arc welding (SAW) with materials and
procedures representative of future field
production. More details on the se-
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A test for evaluation of resistance to ductile fracture [crack tip opening angle
(CTOA)] was found to reveal changes in crack extension through the heat-affected
zone (HAZ) and weld interface in X100 pipeline steels. This test provides a long lig-
ament for crack extension data not available in Charpy or drop-weight tear speci-
mens, and is much less expensive than the full-scale burst tests. The ductile-fracture
resistance of girth welds, perpendicular to the growing crack, and seam welds and
their HAZs, parallel with the crack, were evaluated. Analysis of the data reveals some
general differences, such as changes in CTOA and crack extension rate as the crack
moved through the base metal, HAZ, and girth weld material. The values for CTOA
were observed to increase and the crack extension rate decreased as the crack moved
through the weld and approached the weld interface. The plastic deformation ap-
pears to be strongly influenced by the properties and geometry of the narrow HAZ,
the weld interface, and the tougher base material. Consequently, the CTOA of the
HAZ associated with the girth weld was larger than that of the seam-weld HAZ. It
was not possible to obtain CTOA data for the seam weld with the crack parallel within
the weld, because the crack immediately diverted out of the weld material into the
HAZ. The CTOA values from both girth welds and seam-weld HAZ were smaller
than those of the base material.
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