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ABSTRACT. An explanation for penetra-
tion and defect generation in the weld
pool at high currents is proposed. In this
regime, the arc pressure pushes the
molten metal to the rear of the weld pool,
creating a thin layer of liquid metal under
the arc. Premature solidification of this
thin layer initiates humping, split bead,
parallel humping, tunnel porosity, and un-
dercutting. The thin nature of the liquid
layer is the cause of increased penetration
at high currents. We propose a simple
model to predict the onset and type of
humping defect.

Introduction

Increases in welding productivity have a
potential economic impact of several hun-
dred million dollars in yearly worldwide sav-
ings. Welding productivity can be improved
by increasing welding speed and current;
however, this strategy is limited by the ap-
pearance of weld pool defects such as
humping, split bead, parallel humping, tun-
nel porosity, and undercutting.

Humping, also called beading, pre-
sents a weld bead with an irregular surface
contour consisting of a series of beadlike
protuberances, as shown in Fig. 1. In a
split bead, the weld is split into two inde-
pendent parallel seams separated by an
empty channel. Parallel humping is a type
of split bead in which the parallel seams
show humping — Fig. 2. Tunnel porosity is
a defect in which an open channel, which
remains unfilled with weld metal, is
formed at the root — Fig 3. Undercutting
is a defect in which the weld bead has par-
allel grooves at the side. The bottom left
image of Fig. 1 illustrates the appearance
of undercutting in a cross section.

In addition to the occurrence of de-
fects, at currents above 250 A, an unex-
plained sudden increase in penetration
with current or velocity has been reported
(Refs. 1–3). The onset of this sudden

change in penetration depends on
whether the current or velocity is increas-
ing or decreasing, resembling a hysteresis
cycle, as shown in Fig. 4. Both curves in
this figure correspond to gas tungsten arc
welding (GTAW) of steel; the left curve
shows experiments performed in partial
vacuum (32 mm Hg), the right curve cor-
responds to experiments performed at at-
mospheric pressure.

The generation of humping in some
cases, such as laser welding or deposition
of microdroplets (Ref. 4), can be under-
stood as the consequence of a capillary in-
stability in a long liquid body (Ref. 5–7).
The capillary instability theory states that
humping will occur only when the appar-
ent contact angle, indicated as q in Fig. 5,
is larger than 90%. In this situation, hump-
ing will occur when the weld pool is longer
than a critical value LC. Table 1 presents
the expressions of LC for different ap-
proaches based on the capillary instability
theory.

However, capillary instability cannot
account for humping observed in bead-on-
plate GTA welds, where the apparent con-
tact angle is close to 0 deg, and other arc
welds where the weld pool is not long
enough to trigger a capillary instability.
The occurrence of humping in these cases
is frequently associated with the large de-
pression of the weld pool under the arc ob-
served at high currents and velocities.
Some of the literature calls this depression
the “gouging region.” Yamamoto, Shi-
mada et al. (Refs. 1, 2) performed re-
search on bead-on-plate GTAW at low

pressure and observed that at the onset of
humping, the weld pool was very de-
pressed and turned into a thin film under
the arc. The same effect was observed by
Savage et al. (Ref. 8) in bead-on-plate
GTAW at atmospheric pressure. The pres-
ence of a gouging region at high welding
currents and velocities was also reported
by others, including Ishizaki (Refs. 9, 10)
and Bradstreet (Ref. 5), for bead-on-plate
GMAW; Demyantsevich et al. (Ref. 11),
for bead-on-plate GTAW; and Matsunawa
et al., for GMAW in narrow grooves.

In this work, we propose that at high
currents, the occurrence of weld pool de-
fects and the sudden increase in penetra-
tion are a consequence of the same phe-
nomenon: a change in the configuration of
the weld pool between the low-current
and high-current regime. At currents
above 250 A, the deep depression of the
free surface starts to resemble a keyhole.

Weld Pool Geometry at
High Current and Velocity

Figure 6 shows top, cross, and longitu-
dinal views of a GTA weld produced at
high current and travel speed. Figure 7
shows the corresponding schematic, with
its main features identified. The most
salient characteristic is the deep depres-
sion of the free surface, exhibiting a
”gouging region” under the arc, a “rim” of
molten metal around it, and a bulk of
molten metal (“trailing region”) at the
rear of the weld pool.

The gouging region is a very thin layer
of liquid that transports molten metal to
the trailing region at the rear of the weld
pool. Previous studies (Refs. 13, 14) indi-
cate that, in this region, the dominant dri-
ving force is the aerodynamic drag of the
arc and the balancing force is the viscous
resistance of the molten metal. Other dri-
ving forces, such as Marangoni (thermo-
capillary), electromagnetic, gravity, and
inertial forces play a secondary role. Char-
acteristic magnitudes of the gouging re-
gion are its temperature jump from melt-
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ing temperature (TC), maximum thickness
(dC), and maximum velocity (UC), which
can be estimated by the following equa-
tions (Ref. 13).

(1)

(2)

(3)

where TC, dC, and UC are the estimated
values of TC, dC, and UC. The symbols m,
U¥ ,  D, Qmax, and tmax correspond to the
viscosity of the molten metal, welding
speed, penetration of the gouging region
(indicated in Fig. 7), maximum heat input,
and aerodynamic drag from the arc re-
spectively. Typical values for the estima-
tions above are TC=100K, dC=50µm, and
UC=0.7 m/s.

Figure 7 shows a transition line, which
delimits the sharp transition between the
gouging region and the trailing region. Ex-
periments indicate that this line moves to-
ward the rear as the current increases (Refs.
2, 9). At the verge of humping, the trailing
region receives little heat from the arc and
contributes very little to weld penetration;
thus, the transition line is located at the
depth of maximum penetration, where the
melting interface is close to horizontal.

The weld pool presents different con-
figurations, depending on the welding pa-
rameters. These variations are the origin
of weld pool geometric defects. In this
work, the weld pool under high currents
was analyzed by looking at welds where
the current was suddenly stopped, in order
to see the geometry of the gouging region.
Traditional techniques, such as looking at
cross sections of a weld joint do not pro-
vide enough information about the con-
figuration of the weld pool. Figure 6 shows
how the cross section of a good weld pre-
sents no obvious signs of the very de-
pressed surface that occurs during the
melting process. Given that the thin liquid
layer of the gouging region solidifies al-
most instantly, there is no need to remove

the molten metal by impulsive methods in-
volving a hammer blow (Ref. 19), a gun
blast (Ref. 15), or a mechanical ejection
rig (Ref. 16).

Penetration Mechanism

Because the weld pool turns into a thin
film under the arc, the mechanism of heat
transfer and penetration is very different
from that of a weld pool at lower current
and velocities, where recirculating flows
dominate the heat transfer.

At lower currents, the weld pool expe-
riences little free surface deformation, but
does experience recirculating flows in the
molten metal. Since convection is domi-
nant in these cases (Ref. 17), these recir-
culating flows greatly affect the heat trans-
fer in the weld pool, and thus weld
penetration (Refs. 18–21).

In weld pools with recirculation,
Marangoni forces are dominant, and sur-
face-active elements such as sulfur are the
main determinants of the direction and in-
tensity of these flows (Refs. 21–23). Steels
with less than 60 ppm of sulfur have out-
ward flows, which make the molten metal
act as an insulating layer, impeding heat
transfer to the underlying solid metal. This
causes wide welds with shallow penetra-
tion, as indicated in the first schematic of
Fig. 8. Steels with a sulfur content above
70 ppm show inward flows, which cause
deeper penetration and a narrower bead,
as shown in the second schematic of Fig. 8.

At high currents, the weld pool turns
into a thin film with the free surface im-
mediately adjacent to the underlying solid
metal. This way the arc acts almost directly
melting the solid metal as shown in the
third schematic of Fig. 8. The heat content
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Fig. 1 — Humping in GTAW.  A — Top view of the humped weld joint; B — cross section of the bead-
like protuberance (cross section A-A); C — cross section of the void between beads (cross section B-
B).

Table 1 — Capillary Instability Criteria

Criterion                      Critical                    Ref.
Length

Bradstreet LC = 2pR 5
Gratzke LC = 2pRf(q) 6

f(q) = (1 – (p/2q)2)–1⁄2
Schiaffino LC = 2pHg(q) 7

g(q) = (cosq(cosq – 1)/b)–1⁄2
b = 0.67 – 9.5 · 10–3q + 2.36  

·  10–4q2 – 4.47 · 10–3q3

Fig. 2 — Parallel humping in GTAW. The two parallel humped beads can be seen on the sides of an
empty groove.
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absorbed and transported by the molten
metal is very small, heat transfer to the un-
derlying solid is very efficient, and pene-
tration increases. In this case, surface-ac-
tive elements have little influence on
penetration, suggesting a different mecha-
nism of welding penetration is present.

To verify that in a thin weld pool the
Marangoni forces are of little importance,
a set of bead-on-plate welds was per-
formed with the same conditions on 304
stainless steel, differing only on their sul-
fur content (6 ppm vs. 230 ppm). The
welding parameters used in the experi-
ments were such that these welds had a
gouging region. The resulting welds were
sectioned and etched, and penetration
was measured. The results are shown in
Fig. 9. Welding penetration does not
change significantly with the sulfur con-
tent, indicating that the Marangoni forces
have little effect at these high current lev-
els. A slight decrease in penetration with
sulfur content is observed at 500 A; a pos-
sible cause for this phenomenon is the in-
teraction between the trailing region and
the arc. At low-sulphur content, the trail-
ing region is bulky and interacts with the
arc when there is no humping; on the
other hand, at high-sulphur content, there
is an open gouging region that leaves an
open space behind the arc. While this
mechanism operates at all welding cur-
rents, the trailing region is much more
prominent at high currents.

Fingerlike Penetration Paradox

Fingerlike penetration is well known in
gas metal arc welding (GMAW), but it
also occurs in GTAW. This type of pene-
tration can be explained based on the en-
hanced heat transfer mechanism of a se-
verely depressed weld pool surface.

In GMAW, the kinetic energy of the
impinging droplets influences the recircu-
lating flows in the weld pool, and thus the
penetration. Spray transfer mode or elec-
trode oscillation (Ref. 24) produce small
and fast droplets, which cause in some
cases the distinctive weld cross section
shown in Fig. 10. The paradox is that sim-
ilar cross sections are observed in GTAW

at high current, but they cannot be ex-
plained based on droplet impingement.

The explanation of this paradox is that
in GTAW at high currents, the finger is
caused by the efficient heat transfer of the
arc through the thin liquid layer, while the
width of the weld bead is given by the melt-
ing effect of the hot metal surrounding the
gouging region. This mechanism is consis-
tent with experimental observations by
Ishizaki (Ref. 9).

This mechanism also explains the
depth of the finger penetration in GMAW
in those cases in which the depth of pene-
tration cannot be explained by the heat
content and momentum of impinging
droplets of molten metal.

Fig. 3 — Tunnel porosity in GTAW.

Fig. 5 — Cross section of a long cylinderlike fluid
body.

Fig. 4 — Sudden increase in penetration with travel speed (A [Ref. 1]) and with current (B [Ref. 3]).
The location of the sudden change in penetration depends on the direction of the variation in current.

Fig. 6 — Weld pool at high currents and speeds. A — Longitudinal section; B — cross section; C — top
view of a weld in which the welding current was suddenly cut off.
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Heat Transfer Mode

For fast moving heat sources, the rela-
tive motion between heat source and sub-
strate dominates heat transfer, with heat
conduction playing a secondary effect. A
heat source is considered fast when the
Peclet number is larger than one. The
Peclet number is defined as:

Pe = VL/a (4)

where V is the welding speed, L is the char-
acteristic length of the heat source (e.g.,
the arc diameter), and a is the heat diffu-
sivity of the solid substrate. The values for
Pe for the experiments considered in this
paper range between 35 and 75, indicating
that the heat transfer problem can be ap-
proximated as one dimensional in the di-
rection of penetration, with the following
energy balance at the melting interface:

Qa(x) = rDHmW(x) + Qsolid(x) (5)

where x is a longitudinal coordinate, as in-
dicated in Fig. 7; Qa(x) is the heat input
from the arc; DHm is the latent heat of melt-
ing; W(x) is the velocity at which the melt-
ing interface advances, creating the welding

penetration; and Qsolid(x) is the heat flow
from the melting interface to the solid sub-
strate. Equation 5 can be integrated over
the longitudinal coordinate x, which is pro-
portional to the residence time of the arc.
Assuming a Gaussian heat source with sym-
metry of revolution, and considering the ef-
fective diameter of the heat source as four
times its standard deviation sQ, it is possi-
ble to estimate the average heat transfer
into the solid (Qsolid) as follows:

(6)

where D is the depth of weld penetration.
This equation provides an order of magni-
tude estimation of the thermal energy that
diffuses into the solid beyond the melting
interface. For a typical case, the latent
heat of melting plays a small role in the en-
ergy balance. The typical values of Qsolid
range around 3 ·  107 W/m2. 

Humping Mechanism

The small thickness of the liquid film
in the gouging region implies that it will
solidify very quickly where there is not

enough heat from the arc. We showed
above that heat transfer in the solid cre-
ates a heat loss Qsolid, which is of the order
of magnitude of the maximum heat input
from the arc (Qmax). The heat capacity of
the thin layer in the gouging region is given
by the heat capacity of the overheated liq-
uid metal plus the latent heat of melting,
which can be approximated as 
(cp TC/2 + DHm)rdC. A time scale for the
solidification of the gouging region can be
estimated as

(7)

where cp and DHm are the specific heat
and latent heat of melting of the molten
metal. A typical value for the time scale for
solidification is of the order of a few mil-
liseconds. Such rapid solidification indi-
cates that if the gouging region extends to
a point where there is not enough heating
from the arc, the gouging region will so-
lidify, starting the humping process.

Figure 11 illustrates schematically this
process. Figure 11A shows a weld pool in
which the gouging region does not extend

time scale for solidification 
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Fig. 7 — Weld pool at high currents and speeds. The free surface is very
depressed, turning into a thin liquid film under the arc. A thicker rim of
liquid runs around the edge of the weld pool carrying molten metal to the
bulk of liquid at the rear of the weld pool. The transition line marks the
abrupt change from the thin liquid film into the bulk of liquid at the rear.

Fig. 8 — Penetration mechanism: left — outward recirculating flows for low-sul-
fur steel; center — inward recirculating flows for high-sulfur steel; right — no re-
circulating flows; the arc acts almost directly over the front of penetration.

Fig. 9 — Welding penetration at high current. Welding penetration varies very little
with sulfur content, indicating that Marangoni forces are not dominant in this
regime.
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far from the arc, therefore the thin liquid
layer feeds the trailing region, and hump-
ing does not occur. Figure 11B represents
a weld pool in which the trailing region
starts far from the arc. In this case, the far-
ther portion of the gouging region does
not receive enough heat from the arc, and
solidifies almost instantly. The trailing re-
gion is fed by two molten metal channels,
one on each side of the weld, surrounding
the gouging region with a rim of molten
metal. Figure 11C shows the evolution of
the weld of Figure 11B. The side channels
start to solidify, and stop feeding the trail-
ing region, which also begins to solidify.
With no possibility of transferring molten
metal to the rear of the weld pool a new
humped bead starts to form.

In summary, the location of the transi-
tion line is critical; humping will occur
when the transition line is pushed far
enough toward the rear of the weld pool
into the region where the heat from the
arc is insufficient to prevent solidification
of the film of molten metal.

In order to calculate the threshold for
humping, knowledge of all of the forces in-
volved at the weld pool is necessary.
Forces like surface tension will also be de-
pendent on the geometry of the free sur-
face making this a very difficult calcula-
tion. A simplified estimation which
captures the relevant characteristics of the
generation of humping is presented
below. These predictions are compared
against experiments later in this paper.

Forces Acting on the Transition Line

The location of the transition line
(point A in Fig. 7) is determined by a bal-
ance of the forces acting on it. These
forces are hydrostatic pressure, capillary
pressure, and arc pressure.

The hydrostatic forces are originated
by the pressure due to the column of metal
(H in Fig. 7) between the center point of
the transition line (point A) and the high-
est point of the free surface (point B).
Their value at point A is

(Ph)A = rgH (8)

where r is the density of the molten metal,
and g is the acceleration of gravity (9.81
m/s2). The capillary forces act over all of the
free surface, and at point A their value is

(9)

where s is the surface tension and R1 and
R2 are the principal curvatures of the free
surface at the transition line, as shown in
Fig. 7. The radius of curvature R1 belongs
to the plane of symmetry, and R2 belongs
to a plane normal to the plane of symme-
try and to the free surface at point A. At
point B, the surface has generally much
smaller curvature as shown by the photo-
graph of Fig. 6. The simple appearance of
Equation 9 is misleading because the cur-
vatures of the free surface can be positive
or negative and are very difficult to mea-
sure or predict.

At the verge of humping, the transition
line is at the edge of the arc with the trail-
ing region behind, so very little influence
from the arc is expected at point B. For
this reason, it is assumed here that near
the onset of humping, (Pa)B≈0.

Many other forces act on the trailing
region, such as thermocapillary
Marangoni forces, electromagnetic, and
buoyancy. These forces are induced by the
action of the arc, which on the verge of
humping is very weak over the trailing re-
gion. For this reason, these forces are ex-
pected to be of little importance for influ-
encing the occurrence of humping.

Force Balance at the Transition Line

The location of the transition line can
be determined by a force balance. In this
simplified analysis, the forces to be con-
sidered are the arc pressure (Pa), the hy-
drostatic pressure (Ph), and the capillary
pressure (Pc). A force balance involving
points A and B in Fig. 12 can be written as:

(Pa + Ph + Pc)A = (Pa + Pc)B             (10)

As mentioned in the previous section,
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Fig. 10 — Penetration in GMAW. Both welds have been produced under the same conditions, but for
the weld on the right, the electrode was oscillated to detach the droplet, showing fingerlike penetration
(Ref. 24).

Fig. 11 — Humping formation in GTAW. A — The gouging region does not extend outside the hot re-
gion of the arc, the thin liquid layer and the side channels feed the trailing region, and humping does not
happen. B — The trailing region is far from the arc and the thin liquid layer solidifies prematurely. The
trailing region is fed by two molten metal channels surrounding the gouging region. C — The side chan-
nels start to solidify and stop feeding the trailing region, which also begins to solidify. A new humped bead
starts to form.
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the forces acting at point B are very small
and will not be considered in this analysis.
The force balance can be expressed in a
nondimensional form using scaling rela-
tionships that relate an unknown quantity
such as a curvature to a known quantity of
the same order of magnitude. The shape
of the pressure and heat input distribution
for an arc over a deformed surface will be
discussed later.

The radius R1 can be scaled with that of
a circle in the plane of symmetry with tan-
gents at the transition line (point A) and
highest point (B), as indicated in Fig. 7. The
radius R2 typically has its center outside the
molten metal, and for this reason it is nega-
tive. This radius will be scaled with a circle
with center in the axis of revolution of the
electrode. The plane of this circle is per-
pendicular to the free surface at the center
of the transition line. The size of the goug-
ing region (L) will be scaled with the pres-
sure length scale of the arc (LP). The arc
pressure will be scaled with its maximum
value. For heat transfer calculations, the
heat input from the arc will be scaled with
the average heat transfer into the solid
(Qsolid). This last scaling relationship is use-
ful for determination of the onset of hump-
ing. Welding penetration occurs when the
heat of the arc is larger than the heat into
the solid, and the liquid will solidify when
the heat from the arc is less than the heat
transfer into the solid.

From the above considerations, the
following set of scaling relationships is ob-
tained:

(11)

(12)

L = LPl (13)

Pa(L) = Pmaxpa(l) (14)

Qa(L) = Qsolidqa(l) (15)

where the dimensionless factors r1, r2, l,
pa(l), and qa(l), are expected to be of the
order of magnitude of 1 because they re-
late two quantities of the same order of
magnitude. In these scaling relationships
the uppercase symbols correspond to
magnitudes with dimensions, and the
lower case symbols correspond to dimen-
sionless magnitudes.

Applying the above scaling relation-
ships and rearranging the terms, a nondi-
mensional form of Equation 10 has the
following form:

(16)

Equation 16 can be represented graphically
as in Fig. 13. The left member represents
the normalized arc pressure (pa(l)), and the
right member represents the metal pressure
(hydrostatic plus capillary). When the
curves representing both terms as a func-
tion of l (normalized size of the gouging re-
gion) intersect, they determine a point of
equilibrium for the transition line.

In Fig. 13, the arc pressure is repre-
sented as a Gaussian with its center at the
beginning of the gouging region. This is
only a coarse approximation since the true
shape of the pressure distribution is not
well known; however, it is reasonable to
assume that the arc pressure at the transi-
tion line decreases with distance from the
electrode. The other three curves repre-
sent combined normalized hydrostatic
and capillary pressures (metal pressure)
for three possible situations, absence of a
gouging region, unstable equilibrium, and
stable equilibrium.

Stability of the Gouging Region

When metal pressure is higher than
the arc pressure at all times, there is no
gouging region. If a fluctuation created
one, the forces in the metal would over-
come the arc pressure and close the incip-
ient gouging region.

When the metal pressure crosses the
pressure curve twice, there are two points
at which the metal and arc forces are in-
equilibrium. One of these points (point U
in Fig. 13) is unstable because any fluctu-
ation that increases the size of the gouging
region will increase the relative force of
the arc, expanding the gouging region
even further, until it reaches a stable
point. A fluctuation that decreases the size
of the gouging region will create a force
balance favorable to the metal pressure,
closing the gouging region. At the stable
point (point S), a fluctuation that in-
creases the gouging region also increases
the closing forces (metal pressure minus
arc pressure), and a fluctuation that tends
to decrease the gouging region increases
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Fig. 12 — Arc pressure distribution for a very depressed surface.

Fig. 13 — Stability of the gouging region. The bell-shaped curve represents the
arc pressure, the other three curves represent the pressure in the metal at the
transition line. Top curve: metal pressure exceeds arc pressure and there is no
gouging region. Intermediate curve: intersects  arc pressure at unstable point U
and at stable point S, which determines the extension of the gouging region.
Bottom curve: intersects arc pressure only at unstable point, beyond which arc
pressure dominates opening up the gouging region, and generating a split bead.
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the opening forces (arc pressure minus
metal pressure).

The third possible case is when the
metal pressure crosses the arc pressure
curve only once. The crossing point is un-
stable, and the arc pressure is always
larger than the metal pressure. The arc
force pushes the transition line ever fur-
ther, and the trailing end of the weld pool
breaks into two parallel streams that will
originate the defects of split bead, parallel
humping, and tunnel porosity.

Increases in welding current with a
constant metallostatic head decrease the
metal pressure curve by approximately a
constant factor (only Pmax is significantly
affected). Increases in the metallostatic
head (closely related to increases in pene-
tration) shift the metal pressure curve up-
ward in a parallel way (only H is signifi-
cantly affected). When the metal pressure
decreases, the transition line moves to-
ward the rear. Therefore, an increase in
current or a decrease in metallostatic head
will expand the gouging region.

Undercutting Mechanism

The configuration of the rim around
the gouging region can explain why steel
with higher sulfur content tends to suffer
more undercutting, why this defect ap-
pears when welding at high speeds, and
why undercutting increases slightly with
arc length (Ref. 21).

The rim is not always present, and its
configuration depends on the amount of
sulfur in the substrate. This has been ob-
served in AISI 304 stainless steel with sul-
fur content of 6 ppm and 50 ppm but not
when the sulfur content is 230 ppm. This
finding suggests that Marangoni forces
are more important than aerodynamic
shear at the rim.

For steels with low sulfur content, the
surface tension of the molten metal de-
creases with temperature (Ref. 25); there-
fore, the molten metal at the front of the
gouging region flows in the direction of
welding, and the rim is formed to trans-
port that liquid to the trailing region. For
high sulfur content, the Marangoni forces
act in the opposite direction, and the
molten metal is transported to the rear of
the weld pool through the gouging region
— Fig. 14. For intermediate content of sul-
fur, there was still a rim, but the
Marangoni forces pushed it toward the
root of the weld. Gravity is also likely to
play a role in pushing the rim downward. 

Figure 15 shows the cross section of a
weld on AISI 304 with 50 ppm of S; this
amount of sulfur generates Marangoni
forces in the opposite direction to that in
a pure metal. These forces drive the liquid
in the side channels of the rim away from
the side of the weld bead, generating a thin

Fig. 14 — Detail of the front of the weld pool. The left figure corresponds to steel with low sulfur, when
Marangoni forces create a rim. The figure at right corresponds to steel with high sulfur, when no rim is
created.

Fig. 15 — Undercutting mechanism. In high S steel, Marangoni forces cause a thin liquid layer that so-
lidifies prematurely and prevents wetting, causing undercutting.

Fig. 16 — Force balance at the transition line at the onset of humping calculated using Equation 16 and
data by Savage (Ref. 8) and Choo (Ref. 20).
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liquid layer, susceptible of premature so-
lidification, similar to what occurs in the
generation of humping. The solidification
of this thin liquid layer stops the wetting of
the side of the weld bead, causing under-
cutting. If the base material has low sulfur,
the Marangoni forces would push liquid
toward the side of the weld bead, prevent-
ing the formation of a thin liquid layer,
thus preventing undercutting.

Lower welding speeds with recirculat-
ing flows in the weld pool would be less
susceptible to undercutting because there
is no gouging region. Increasing the arc
length could reduce slightly the pressure
at the bottom of the gouging region, thus
letting the side channels of the rim sink
deeper into the gouging region and in-
creasing undercutting.

Comparison with 
Experimental Results

The mechanism for humping stated
above can be compared with the measure-
ments of the onset of humping by Savage et
al. (Ref. 8). In that work, the position of the
transition line and arc size were not re-
ported, and will be estimated here. In order
to accomplish this, knowledge of the rele-
vant properties of the arc are necessary.

For a flat surface, the arc pressure has
symmetry of revolution, with a distribu-
tion profile resembling that of a Gaussian
distribution, as measured by Lin (Ref. 3).
Very little is known about the behavior of
a welding arc on very irregular geometries
such as those encountered on very de-
pressed weld pools in traveling welds. In
these cases, the symmetry of revolution is
broken and the arc force is expected to in-
crease with the deformation (Ref. 26). In
all cases, it is reasonable to assume the arc
pressure on the free surface decreases
with distance from the electrode, as shown
in Fig. 12. Also, the depression of the weld
pool should skew the pressure distribution
curve, making it shorter on the front and
expanding it at the rear. The maximum
pressure over the inclined surface should
be somewhat smaller but of the same

order of magnitude as on a flat surface.
The heat input from the arc over a de-
formed surface is expected to be similarly
skewed.

In the absence of specific measure-
ments or models of the arc pressure on a
deformed surface, the maximum arc pres-
sure and heat input will be assumed to be
the same as those on a flat surface. The
distribution profile on a deformed surface
will be assumed to be half a Gaussian dis-
tribution but twice as broad as for a flat
surface, as indicated in Fig. 12. If the pres-
sure length scale for a flat surface is ap-
proximately 2sP (i.e., over a flat surface,
the pressure of an arc is felt within a circle
of radius 2sP), the pressure length scale of
the arc over a deformed surface will be

LP = 4sP (17)

Since our estimations of arc properties
on a deformed surface are based on an arc
over a flat surface, we will focus momen-
tarily on that simpler type of arc. The
Gaussian distribution approximations for
the arc pressure and the heat input over a
flat surface have the following expres-
sions:

where L is the radial distance from the axis
of symmetry. Pmax and Qmax are the maxi-
mum values and sP and sQ are the stan-
dard deviation of the distributions. The
normalized expression of these equations
is as follows:

pa(l) = exp(–2l2) (20)

The parameters for a flat surface can
be estimated by performing regressions on
the data from Lin (Ref. 27) for pressure
and Tsai (Ref. 28) for heat input.

For pure argon, electrode tip angles
between 30 and 60 deg, welding currents
between 300 and 600 A, and arc lengths
between 2 and 8 mm, the parameters for a
Gaussian fitting of Lin’s experimental
data can be approximated by the following
equations:

Pmax=32.85I1.244ae
–0.7855 (22)

sP = 1.784 10–4I0.2892ae
0.1571 (23)

where I is the welding current in amperes,
ae is the electrode tip angle in degrees,
Pmax is in pascals, and sP is in meters. The
pressure distribution is independent from
the arc length within the experimental
error in the range measured.
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Fig. 17 — Apparent contact angle for low and high
sulfur in AISI 304. The sulfur content of the base
metal is 6 ppm for the picture on top, and 230 ppm
for that on the bottom. The trailing region with
higher sulfur content is less wetting.

Fig. 18 — Force balance at the transition line at the onset of humping. These curves have been calcu-
lated using Equation 16 and experimental data for low sulfur summarized in Table 5. These experiments
are in agreement with Fig. 16.
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For a pure argon arc, with an electrode
tip angle of 75 deg, for welding currents
between 100 and 280 A and for arc lengths
between 2 and 9 mm, the parameters for a
Gaussian fitting of Tsai’s experimental
data can be approximated by the following
equations:

Qmax = 1.441 104I0.7444La
–0.7680 (24)

sQ = 3.770 10–3I0.2645La
0.3214 (25)

where La is the arc length in meters, Qmax
is in watts per meter squared, and sQ is in
meters.

The relevant information from Savage’s
work is summarized in Tables 2 and 3 and in
Fig. 16. The normalized extension of the
gouging region at the onset of humping (leq)
was determined from Equation 16 consid-
ering the arc pressure as a Gaussian func-
tion (Equation 18), with its parameters
given by Equations 22 and 23. The apparent
angle of contact was assumed to be 90 deg.
The normalized radii r1 and r2 must be of the

order of magnitude of one. The calculations
are very sensitive to these parameters, and
values of r1=1  and r2=0.4 were chosen be-
cause they best represented the threshold of
humping for Savage’s data.

The curves of normalized heat input
(qa) in Fig. 16 were obtained assuming the
heat input as a Gaussian function (Equa-
tion 19) with parameters given by Equa-
tions 24 and 25. The normalization para-
meter is the average heat input into the
solid, given by Equation 6.

Figure 16 shows that between 300 and
500 A, the transition line at the onset of
humping is always located at approxi-
mately the same place in normalized co-
ordinates. This place is located between
l=0.68 and l=0.81. These values corre-
spond to a normalized heat input also
within a narrow range (between 1.01 and
1.17). This supports the hypothesis that at
high currents, humping occurs when the
transition line extends beyond the reach of
the arc (indicated by qa≈1).

Figures 18 and 19 represent experi-

ments carried out in this investigation.
The conditions for these experiments are
summarized in Tables 4 and 5.

These welds were performed on 2-in.-
wide · 0.5-in.-thick AISI 304 bars that
were cleaned with 120-grit sandpaper and
then degreased with water and detergent.
The electrode was 1⁄8-in.-diameter, 2% tho-
riated tungsten with 0.5-in. electrode ex-
tension from the ceramic nozzle. The dis-
tance from electrode tip to workpiece was
1⁄4 in. Shielding was 100% Ar, with a flow
of 30 ft3/h. Before each weld, the electrode
was ground to a sharp end of 45 deg and
preworn by doing ten 10-second spot
welds at 300 A.

The apparent contact angle was visu-
ally estimated during welding as 90 deg for
high-sulfur steel and 30 deg for low-sulfur
steel. We observed that at the onset of
humping, high-sulfur steel (230 ppm) pro-
duces less wetting on the base material
than low-sulfur steel (6 ppm). Figure 17
shows longitudinal sections of interrupted
welds on AISI 304 with 6 ppm sulfur con-
tent (top) and 230 ppm (bottom). The dif-
ference in wetting behavior with sulfur is
evident.

Figure 18 corresponds to a set of welds
performed on 304 stainless steel with 6
ppm S. These welds had a gouging region-
but did not show humping. The normal-
ized heat input at the transition line for
these welds varies between 0.78 and 1.12,
which is consistent with the values esti-
mated for Savage’s experiments.

Figure 19 corresponds to welds on 304
stainless steel with 230 ppm S. In this case,
the molten metal is less wetting, lowering
the metal pressure. This figure shows that
the metal pressure is lower than the arc
pressure, predicting an open gouging re-
gion, in agreement with the experiments
performed.

Fig. 19 — Force balance for open gouging region. These curves have been calculated using Equation 16
and experimental data for high sulfur summarized in Table 5.

Table 2 — Parameters Used in Experiments
of Fig. 16

S content (ppm) 400
r (kg/m3) 7000
s (N/m) 1.15
q (degrees) 90
ae (degrees) 90
DHm (J/kg) 2.65 ·  105

Table 3 — Experimental Data, Calculated Arc Parameters, and Transition Line Conditions for the Construction of Fig. 16

I V La H D Pmax sP Qmax sQ Qsolid leq qeq

(A) mm (mm) (mm) (mm) (kPa) (mm) W (mm) W
s mm2 mm2

300 9.58 4.1 3.4 1.7 1.2 1.9 68 2.9 40 0.68 1.16
350 8.39 4.4 3.9 2.0 1.4 2.0 73 3.1 44 0.75 1.07
400 7.76 4.7 4.2 2.3 1.7 2.1 76 3.3 45 0.81 1.01
450 6.36 5.2 5.0 2.8 1.9 2.1 78 3.5 46 0.80 1.05
500 4.61 6.2 6.6 3.8 2.2 2.2 73 3.8 44 0.74 1.17

( ) ( ) ( )

unstable points

no stable points
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Discussion

The good agreement between the pro-
posed humping mechanism and the ex-
perimental data from Figures 16, 18, and
19 is encouraging; however, many impor-
tant factors in the calculation, such as the
arc behavior over a very deformed surface,
were unknown and needed to be esti-
mated. For a more accurate understand-
ing, further experiments and modeling are
necessary. The prediction of the onset of
humping could be more general if the met-
allostatic head could be calculated instead
of being considered as an input of the
problem. Predictions of the metallostatic
head would help to produce a process en-
velope of great practical use, similar to
that presented in Ref. 8.

A calculation of the curvatures of the
free surface would also increase accuracy,
especially for welds showing a gouging re-
gion at currents below 250 A. For these
cases, quantitative predictions of the onset
of humping were unreliable.

The sulfur content of the material af-
fects the apparent contact angle of the
trailing region, thus determining the pres-
ence or absence of humping in some criti-
cal cases (low sulfur helps prevent hump-
ing). The reason for the influence of sulfur
on contact angle is not well understood.
Given that the front of the trailing region
is not in thermodynamic equilibrium, it is
possible that Marangoni forces play a role.

Humping in GMAW

Bradstreet (Ref. 5) described the weld
pool of GMAW under high current as
composed of three streams of molten
metal. Two of these, on each side of the de-
pression, are equivalent to the side chan-
nels of the rim described in Fig. 7. The
third stream, running parallel and be-
tween the other two, corresponds to
molten filler metal. Between each of these
streams, there is a gouging region suscep-
tible to premature solidification. Given
this similarity, the criterion for the onset
of humping and the mechanism of pene-
tration at high currents is likely to be valid
for GMAW. The similarity between
GMAW and GTAW defect formation is
also emphasized by Shimada (Ref. 2), who
calls the defect with an open gouging re-
gion “MIG-type humping bead.”

Tunnel Porosity

An open gouging region can also cause
the tunnel porosity shown in Fig. 3. In an
open gouging region, the bottom of the
weld pool solidifies prematurely and liq-
uid metal accumulates in two streams on
each side of the gouging region, as shown
in Fig. 2. The solidified bottom prevents

the side streams from advancing and
merging into a single liquid trailing region.
When the side streams are too large, they
collapse onto each other, forming a single
trailing region. The bottom of this trailing
region cannot be filled with molten metal
because the collapsed channels cannot
wet the prematurely solidified gouging re-
gion. This unfilled region becomes a tun-
nel-like pore upon solidification.

A similar mechanism can explain the
formation of parallel tunnel porosity ob-
served by Bradstreet (Ref. 5) in GMAW.
In this case there are three parallel molten
metal streams separated by two open
gouging regions: two on the sides formed
by the melting of the base material and a
central stream corresponding to the filler
material from the electrode. In this case,
two parallel tunnels are formed when the
side streams collapse over the central
stream.

Use of Twin or Tandem Torches

Our findings suggest an explanation
for the success of tandem torches for weld-
ing heavy sections. By splitting the current
between two torches, the maximum arc
pressure decreases, moving the transition
line closer to the hot region of the arc, thus
preventing the formation of defects. This
explanation is consistent with the observa-
tions described in Ref. 29.

Conclusion and
Recommendations

High-current arc welding is character-
ized by a very deep weld pool depression
(gouging region), where the molten metal
under the arc turns into a thin film that
flows toward a bulk of liquid (trailing re-
gion) at the rear of the weld pool. This

large depression is the direct cause of sev-
eral weld pool defects such as humping,
undercutting, split bead, parallel hump-
ing, and tunnel porosity.

A balance of forces at the transition
line between the gouging and trailing re-
gions determines how far toward the rear
the gouging region extends. When the thin
liquid film of molten metal extends be-
yond the region heated by the arc, it solid-
ifies, generating a defect. The location of
the transition line relative to the size of the
region heated by the arc can be estimated
using Equation 16.

Premature solidification of the thin
liquid layer at the side edge of the weld
causes undercutting. Since Marangoni
forces are relevant in that part of the weld,
surface-active elements in the base metal
affect the amount of undercutting. For ex-
ample, steel with high sulfur content
shows more undercutting than low-sulfur
steel. In GMAW, the sulfur content of the
electrode is unlikely to be of influence at
high currents, because there is little mix-
ing with the base metal in the gouging re-
gion.

Stainless steel with lower sulfur has a
faster welding speed limit than steel with
high sulfur. Switching to low-sulfur steels
(of the order of 6 ppm) dramatically im-
proves welding conditions. The beneficial
effect of low sulfur at high currents is re-
markable, especially when considering
that at lower currents, steels with higher
sulfur are preferred for their deeper weld-
ing penetration.

One important difference observed in
the welding of steels with different
amounts of sulfur is that the apparent con-
tact angle of the trailing region produces
less wetting for high sulfur than for low
sulfur. This affects the capillary forces,
shifting the balance toward larger gouging

Table 4 — Parameters Used in Experiments of Figs. 18 and 19

S content (ppm) r (kg/m3) s (N/m) q (degrees) ae (degrees) DHm (J/kg)

6 6900 1.82 30 60 2.65 · 105

230 6900 1.25 90 60 2.65 · 105

Table 5 — Experimental Data, Calculated Arc Parameters, and Transition Line Conditions for the
Construction of Figs. 18 and 19. For all these cases D = H.

S content I V La H leq qeq

(ppm) (A) mm (mm) (mm) — —
s

6 274 11.6 7.3 0.9 1.06 1.12
6 334 14.1 7.5 1.1 1.13 0.99
6 500 10.6 9.4 3.0 1.2 0.88
6 500 15.0 8.5 2.2 1.29 0.78
230 274 11.6 7.3 0.9 — —
230 334 14.1 7.5 1.1 — —
230 500 10.6 9.2 2.8 — —
230 500 15.0 8.2 1.9 — —

( )
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regions, thus generating humping. The ef-
fect of additives in the metal or in the
shielding gas is an unexplored area that
could yield important results.

Productivity can be enhanced by using
the forehand technique. In this technique,
the welding torch is tilted in such a way
that the plasma jet has a velocity compo-
nent in the direction of motion of the
torch. The main effect is to lower the arc
pressure that is pushing the transition line
into the cold region. This beneficial effect
of the forehand technique was observed
by Bradstreet (Ref. 5) and Shimada (Ref.
2).

If the workpiece was inclined so that
the welding direction is downward, it is
reasonable to expect that gravity forces
(which push the transition line toward the
hot region) would become more impor-
tant, and the welding speed limit would be
increased. Additional experiments would
be necessary to test this hypothesis, since
no studies about such a technique have
been reported in the welding literature.

Another possibility for improving
welding productivity would be to modify
the arc behavior, such that the arc pres-
sure at the transition line decreases, but
the hot region remains approximately the
same. More knowledge of the welding arc
is necessary for effectively implementing
this. Blunt GTAW electrodes generate less
pressure than sharp ones at the same cur-
rents (Refs. 30, 31); therefore, using blunt
electrodes should increase the welding
speed limit. This effect was experimentally
observed by Savage (Ref. 8). A method for
improving productivity by modifying the
arc with magnetic fields was proposed by
Grigorenko et al. (Ref. 32). The use of a
different shielding gas could also reduce
the arc pressure and heat distribution.
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