Humping mechanisms present in high speed
welding

E. Soderstrom* and P. Mendez

As welding speeds continually increase owing to automation and newer processes, a common
defect that occurs is humping. Humping is the periodic occurrence of beadlike protuberances.
The objective of the present investigation is to review current and previous researches that were
made on humping, including both experimental and theoretical studies. It is found that humping
can be classified into two distinct categories of formation: gouging region morphology and
beaded cylinder morphology. Various theories that explain the two types of humping formation
are examined. Experimental data compiled from many sources are presented to verify the models
and explain the fundamental mechanisms of humping morphology. Humping prevention
measures that can be applied directly to industrial fabrication are also included. The direct

benefit is increased travel speeds that reduce production costs.
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Introduction

Throughout the world in the past several decades, a
significant increase in the use of automated welding
machines has been realised. In many production
applications, these machines have better efficiencies,
superior repeatability and increased production rates as
compared with manual welding operators. Because heat
intensities increased with newer processes such as laser
and electron beam welding, the travel speeds increased
as well.' As manufacturers strive to reduce production
costs, many have tried to increase welding production by
increasing the welding speed. One would think that as
further advancements were made in automated welding
controls, weld quality would continue to improve.
However, one of the problems that arise from increased
travel speed is commonly referred to as humping.

The humping phenomenon has been the focus of
many research papers published in the past 35 years. As
will be shown, humping has been reported in several
different welding processes. Bradstreet” is credited with
publishing the first paper to directly recognise humping
during GMAW. Since then, humping has been observed
in GTAW,*? submerged arc welding (SAW),%’ laser
welding,®® electron beam welding'®!" and is even
evident in other fields such as digital microfabrication
using waxes.'> Throughout these studies, different
controlling variables have been identified, including
welding atmosphere, metal composition, surface condi-
tion and heat input. All of these have an influence on
defect formation. The liquid metal flow of the weld pool
has also been observed to contribute significantly to the
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onset of humping. Variables related to the welding arc
include current, arc length, shielding gas, electrode angle
and electrode geometry. Undercutting, a common weld
defect not limited to high speed welding, has been
observed to occur in association with humping and
evidence exists that similar mechanisms are at work in
both undercutting and humping.

As researchers have exposed how the different
variables influence the humping phenomenon through
experimental observations, others have proposed var-
ious theories of why humping occurs and the funda-
mental mechanisms of formation. Bradstreet> proposed
a liquid instability theory that was later modified by
Gratzke® explaining humping during GMA and laser
welding. Yamamoto® used the theory of hydraulic jump
to account for the humping phenomenon. Mills and
Keene'® theorised that humping was owing to the
Marangoni flow in the weld pool. Lin'*!> explained
humping by a compound vortex theory based on
electrically driven rotational flow in the weld pool.
Most recently, Mendez® proposed a theory of arc
induced humping based on the pressure and heating
ranges of the arc, similar to the model proposed by
Paton.” Kumar and DebRoy'® have proposed a theory
for the onset of humping based on the Kelvin-Helmholtz
instability of a free surface.

The purpose of the present paper is to review current
and previous researches on the topic of humping within
the framework of two distinct humping morphologies:
gouging region morphology (GRM) and beaded cylin-
der morphology (BCM). This review includes both
experimental observations and theories of the proposed
mechanisms of formation for several welding processes
and base materials. The two main humping morpholo-
gies will be analysed by discussing their appearances as
seen through experimental observations and theories
that have been developed to describe them. Finally,
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combining the framework of analysis with published
observations, the authors present suggestions for the
prevention of humping and its related defects.

Morphology of humping defect

Initially, humped welds appear to have a very random
morphology; however, detailed observation shows that
all humped welds can be clustered into two distinctive
classifications. In some uncommon cases, welds might
present features of both morphologies simultaneously.
The two classifications are directly linked to the GRM
or to the BCM, which will be shown below. Therefore,
both GRM and BCM will be termed as appropriate.

Typical GRM defects are shown in Fig. 1. All of these
welds were made using the GTA process at high currents
and high travel speeds. This morphology is characterised
by open, unfilled dry spots in between the humped
beads. Besides, the front of the weld pool exhibits a very
large depression known as the gouging region. The bulk
of the molten metal, which is called the trailing region,
resides in the back of the weld pool. In some cases, two
small channels appear at the walls of the gouging region.
Other defects that share similarity with this humping
mechanism are tunnel porosities, in which the gouging
region extends under the surface of the weld and split
bead welds, where the gouging region splits the weld
bead longitudinally.

Figure 2 is a similar compilation of images that show
BCM defects. It is evident that this type of humping is
noticeably different from what is shown in Fig. 1. Not
only are the characteristic dry spots missing, but also the
welds show no evidence of depressions below the
workpiece surface. The distinguishing features of BCM
include beadlike protuberances that sit above the surface
of the workpiece and are connected by a narrow central
channel. The weld bead in this case has a continuous
undulating aspect. In some cases of disconnected
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protuberances, traces of a central channel can still be
observed.

Figure 3 includes a series of hybrid defects that have
qualities of both the GRM and the BCM. Figure 3a—c is
taken from Nguyen'’ that depicts humping during
GMAW. A deeply depressed surface is apparent, but
the image shows no evidence of an unfilled dry spot. The
dominating method for humping in this situation is the
BCM because of the long liquid weld pool that is
formed. Two examples of split bead humping are shown
in Fig. 3d, which are similar to the parallel humping
image shown in Fig. 1, however, the two flow channels
become long enough to exhibit BCM. The driving
mechanism in this case is the GRM because of the
existence of the gouging region. Figure 3e, from
Bradstreet,” is another example of combined defect
formation during GMAW. In the region directly under

2 Several defects that form resulting from BCM: all
defects form series of beaded protuberances that sit
above plate surface; images marked with * are taken
from Bradstreet?
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3 Several images of hybrid defects containing attributes from both GRM (Fig. 1) and BCM (Fig. 2)

the arc, three flow channels separated by two ‘dry’
regions can be identified, which is a feature of the GRM.
The two outermost channels are formed from the melted
base metal, whereas the central channel originates from
the liquid filler metal. Directly behind this depressed
region, the three channels combine and form a long
liquid weld pool that humps by BCM.

Theoretical models

In this section, five theories that attempt to explain
humping formation are reviewed. Several of them are
specifically aimed at one type of humping morphology
(compound vortex, hydraulic jump and arc induced aim
at GRM and capillary instability aims at BCM) while
the Marangoni approach does not define a target
morphology. The newest approach to humping by
Kumar and DebRoy described at 2005 AWS/Fabtec
conference is not included in this review.

Marangoni model

Mills and Keene,'® reviewing the factors affecting weld
penetration in their paper, suggested that humping and
undercutting could be attributed to Marangoni forces
created in the weld pool. This suggestion is based on
their observation that humping is affected by sulphur
content in the weld metal. They did not provide a
detailed description of the morphology addressed, but
their analysis of Marangoni recirculating flows in the
weld pool would be consistent with BCM instead of
GRM. Owing to the gradient in temperature found
throughout the weld pool, a similar gradient in surface
tension is created. As a result, thermocapillary flow is
initiated in the molten metal. Figure 4 shows the
predicted weld metal flow owing to the effects of
Marangoni forces. Depending on a number of welding
parameters, this convective flow may be directed inward
or outward and can have a significant effect on weld
penetration. Figure 4a shows that an inward flow
pattern would create a raised free surface along with a
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region of undercut near the edges of the weld pool. Mills
and Keene speculated that the raised free surface could
be a precursor of the humped bead.

Compound vortex model

Lin and Eagar'®'® presented an arc model that

combines a compound vortex to explain the increase in
penetration depth with the current observed during high
current GTAW. Using this compound vortex hypoth-
esis, they also attempted to explain the formation of
humping. The proposed mechanism for vortex forma-
tion is based on surface tension and electromagnetic
forces. It is stated in their model that as the hump is
formed, it attracts more current from the arc. This
attraction shifts the arc towards the rear of the weld
pool. This rearward shift of the arc, coupled with the
flow of metal, creates the hump and subsequently the arc
redirects itself forward and the process continues. This
unsteady motion is used to explain defect formation.
This model attempts to explain humping formation in
the deep penetration regime, which is owing to the
action of the arc over the gouging region; therefore, it
addresses the GRM. No further experiments have been
performed to confirm the presence of the vortex, and
this model has not been pursued further in the literature.

Hydraulic jump model

Yamamoto® approached the humping problem from a
fluid dynamics standpoint and modelled it after the

Qo

{a) (B)

a inward surface flows with downward flow in centre; b
outward surface flows with downward flow at periphery
of weld pool

4 Predicted surface profiles owing to Marangoni flow'?
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event known as hydraulic jump. Figure5 is the
schematic model of hydraulic jump that Yamamoto
used to explain humping. In Fig. 54, the region of
supercritical flow before the jump is compared with the
thin layer of molten metal produced before the onset of
humping, indicating that this model aims at predicting
the GRM. Similarly, the jump and ensuing subcritical
flow region resembles the humped region formed during
high speed GTAW welding. The other parameters used
for predicting the melting rate and flow model are set
forth in Fig. 5b. From experimental observations, para-
meters used to calculate the supercritical velocity can be
deduced and the resulting values meet the criteria for
hydraulic jump. This theory does not account for
capillary forces, which could be dominant at the size
of the weld bead. Since it was first presented, no further
work has expanded on this theory. Recently, Kumar and
DebRoy'® employed the Kelvin-Helmholtz instability
theory to address similar geometries (not necessarily as a
hydraulic jump mechanism) while accounting for surface
tension.

Capillary instability humping model

The capillary instability humping model is based on
Lord Rayleigh’s theory of capillary instability of a free
liquid cylinder."® His theory predicts that a small
diameter liquid cylinder suspended in free space is
unstable and will break up into a series of droplets. A
series of beadlike protuberances evolve along the fusion
line. Many researchers>>*!! include the instability of a
free liquid cylinder model in their respective papers.
Figure 6 is a representative model that includes the
necessary parameters for predicting the critical length of
instability. Gratzke’ extends Rayleigh’s model to
account for a partially bounded liquid cylinder, which
is a closer approximation to actual formation.

It is agreed that the BCM 1is owing to pure
hydrodynamic effects. The most common situations
for the BCM include high speed laser welding, electron
beam welding and low current GMAW, where influence
from arc pressure is low and a long cylindrical weld pool
forms. It has also been noted to form under conditions
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6 Model and parameters for predicting critical length for
liquid instability"

other than welding, such as deposition of molten
microdrops of wax.'>!”

The dominating force under a flat welding condition is
the surface tension of the molten metal. A liquid cylinder
must form on the workpiece before humping. Figure 7
shows a schematic of the cross-section of a liquid
cylinder resting on a plate and its parameters. The angle
0 is highly dependent on the width of the weld pool and
the amount of parent and filler metal melted.”® Because
the dominating force during BCM is the surface tension,
the liquid cylinder preferentially separates into a series
of beads if its length exceeds the critical length of
instability. In this case, the driving force is minimisation
of surface tension. Gratzke® has analysed the effects of
gravity on welds in the flat position and has concluded
that they are negligible. For out of position welds,
however, gravity has a much greater influence.

Arc induced humping model

Paton’ first suggested that a balance of pressure exists
between the arc and the weld pool at normal welding
rates. Arc pressure increases to the point of an
imbalance in forces with increasing currents and defects
begin to form. His arc force model was used to explain
humping during SAW. In processes that use shielding
gas, such as GTA and GMA welding, the pressure
model needs to be revised. At currents exceeding 300 A,
drag forces from the plasma are large enough to displace
the majority of the molten weld pool directly below the
arc. What is left is a thin layer of liquid metal referred to
as the gouging region and a backfilled trailing region of
metal. This process is illustrated in Fig. 8, taken from
Shimada.”! A rim of molten metal forms directly above
the gouging region and acts as a channel for metal
transfer, as shown in Fig. 1. The displaced metal is
pushed into the trailing region of the weld and may
subsequently form humps under favourable conditions.
Mendez’s force balance derivation® establishes a transi-
tion line that marks the change from the gouging region

7 Cross-section of partially bounded liquid cylinder
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8 Schematic of arc induced humping model'®

to the trailing region. The forces considered include the
arc pressure, capillary pressure and the hydrostatic
pressure of molten metal in the trailing region. His
analysis continues by characterising each of these
pressures and combining scaling relationships to finally
derive a dimensionless equation that compares max-
imum pressure of the arc with maximum pressure of
the molten metal. The critical value that determines the
onset of humping in this relationship occurs when the
arc pressure becomes larger than the metal pressure. In
this situation, the arc has enough force to displace the
molten metal out of the heat influence of the arc, an
open gouging region forms, solidifies, and humping
occurs. This model is referred to as the arc induced
humping model because it is based on forces that
originate from the arc. This model explains the GRM
and experimental observations support this explanation.

Experimental observations

Many observations of these high speed welding defects
have been made through experimentation. Bradstreet?
was one of the first to report humping and tunnelling;
and Nguyen'” recently published his work on the hump-
ing process during GMAW. Other researchers® >*? have
all reported humping as it occurs during GTAW.
Akahide® and Paton’ demonstrated that humping forms
during SAW. Albright® has reported it during laser
welding. Even during electron beam welding, humping
has been noted.'' Throughout all of these studies,
different welding parameters have been shown to
significantly influence the formation of these high speed
defects. The next section presents these parameters and
attempts to explain their relationship with the two
morphologies of humping.

Effect of welding parameters on beaded
cylinder morphology

Power distribution

A limited amount of researches have been reported on
humping as it occurs in laser and electron beam
applications. Because these processes do not involve an
electric arc, humping that does occur can be based
primarily on the BCM as presented above. Albright®
performed numerous laser beam welding experiments
that produced several graphs similar to the one shown in
Fig. 9. This is a basic map that delineates various
regions of defects and the welding parameters used to
create them. The experimental matrix consisted of both
stainless and mild steels with varying thicknesses. The
types of defect morphologies are consistent with the
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BCM. Tsukamoto'' showed that focal position has a
large influence on the onset of humping during electron
beam welding. As the beam focal point approaches
the surface from below and the weld bead diameter
decreases, humping occurs. When power density
increased and the weld pool became narrower, humping
was observed to occur more readily. Once the focal
point rises above the surface, power density decreases,
the pool widens and humping ceases. Tomie'® per-
formed similar electron beam welding experiments that
implemented a tandem beam set-up that successfully
curbed the formation of humps at high travel speeds.
Owing to the fact that the power density decreases
because power is distributed between two beams,
humping is suppressed.

Shielding gas

The composition of the welding atmosphere has been
shown to have a significant impact on humping.
Bradstreet” experimented with various compositions of
argon-oxygen shielding gas as well as pure carbon
dioxide during GMAW. He noted that increasing levels
of oxygen directly related to an increase in hump
formation. In a carbon dioxide atmosphere, however,
the onset of humping did not occur until the travel speed
was three times that of the argon atmosphere. Nguyen'’
also noted similar results. Figure 10 shows the effects
that different shielding gas can have on the onset of
humping. Similar to Bradstreet, Nguyen showed that
increasing the amount of carbon dioxide in the shielding
gas would delay the onset of humping. Travel speeds can
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0 Go;é Weld Beads
I 1 1 1 ] 1
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Shielding gas Composition
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Mig Mix Gold™  92% Ar, 8% CO.
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10 Effect of shielding gas on formation of humping
defects in GMAW'®
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be nearly five times as fast when using a gas blend as
compared with pure argon. It is likely that this increase
is owing to a change in the distribution of heat in the
arc, which leads to a wider weld pool. Because
the molten metal can spread out over a wider area, the
formation of a liquid cylinder is less likely, and the BCM
is hindered.

Surface tension

The flow of molten metal during welding is directly
related to high speed welding defects. Bradstreet® noted
that surface tension was expected to have a strong
influence on the shape of a weld bead. He conducted a
series of experiments that gradually increased the amount
of oxygen in the argon shielding and attributed the
changes in contact angles to changes in surface tensions
and wetting. Other researchers'”**2® also believed that
differences in bead morphology could be explained by
variations in surface tension. Subramaniam?®’ developed a
technique for in situ measurements of the surface tension
of molten steel droplets using a modified GMAW set-up
and laser shadowgraphs. They were able to determine the
effects of different shielding gases on the surface tension
of steel. This research, however, did not explicitly
determine the influence of shielding gas on weld bead
morphology.

Other researchers believe that surface tension forces
play a secondary role in bead morphology. Berezovskii*®
showed that actual wetting angles were extremely
difficult to measure owing to the solidification interface
found at the fusion line. In addition, he proposed that
the weld bead morphology was governed primarily by
the width of the weld pool, the amounts of melted base
metal and the amount of filler metal deposited.

Trailing region

Nguyen!” reported during GMAW that the filler metal
droplets impinged on the gouging region and were
redirected towards the trailing region. Figure 3a—c¢
shows a weld produced in Nguyen’s work that illustrates
humping as it occurs in GMAW. Owing to the added
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during GTAW'?

volume of filler metal, a large swelling region forms and
covers an open gouging region in GTAW. From the
welding parameters used, the trailing region becomes
long enough to satisfy the criteria presented in the
capillary instability model and humping occurs due by
BCM. Even though a gouging region is present, GRM
does not occur owing to the lack of a premature freezing
region (‘dry spot’ discontinuities between protuber-
ances). In laser and electron beam welding, research-
ers>!'! have reported similar elongated trailing regions.
Owing to the lack of an arc in these processes, BCM is
the mode of defect formation.

Effect of welding parameters on GRM

Arc force/pressure

Power distribution in laser and electron beam welding
can be correlated to current and arc force distribution in
arc welding. In the models that describe the GRM, the
forces produced by the arc have a large influence on the
onset of humping. Several researchers*** 3 performed
experiments that measured various factors that con-
tributed to changes in these arc forces. The following
section will present the main factors that have been
found to directly influence the suppression of humping.

Shielding gas

During GTAW, Savage® reported a large difference in
the critical travel speed between argon and helium gas
shielding as illustrated in Fig. 11. For a given current,
the travel speed for the onset of humping almost tripled
when switching from argon to helium, illustrating that
helium gas delayed the onset of humping. Lin** has
shown the pressure distribution produced in a gas
tungsten arc changes significantly with the type of gas
used as shown in Fig. 12. The reason for such a drastic
difference is attributed to helium’s lower density and
higher viscosity at elevated temperatures. It is assumed
the area that the pressure impinges upon correlates
directly to the area of the heat spot, as mentioned above.
At a given current, the total pressure acting on the weld
pool is significantly less with helium shielding. Because
the dominating force that governs the onset of the GRM
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is pressure from the arc, currents need to be much higher
with helium to produce sufficient force for humping.

Electrode geometry

Other factors that have been reported to change the
pressure distribution during GTAW include the geome-
try of the tungsten electrode and the radius of electrode
truncation. Several researchers****! have all reported
that a sharper electrode angle creates higher arc forces.
Savage experimented extensively on the effect of
electrode geometry, varying the diameters and vertex
angles of the electrode tip. It is widely accepted that
sharper tips create higher forces and therefore reduce the
critical travel speed for humping. Selyanekov®' varied
the amounts of electrode truncation (blunting) and
found that less truncation results in higher arc pressures.
The results of this experiment are shown in Fig. 13.
Blunter tips give lower peak pressures in the arc.
Yamauchi®® experimented with hollow electrodes and
found a reduction in arc pressure as well. This
reemphasises the fact that lowering arc pressures
suppresses the onset of humping and results in faster
travels speeds.

Metal composition

The base metal properties and alloy content can alter the
formation of humped beads in several different ways.
For example, the thermal conductivity of mild steel is
roughly three times the value of stainless steel. Because
mild steel can dissipate heat comparatively quicker than
stainless steel, the former will tend to solidify faster than
the latter, giving less time for the liquid cylinder to form
and decreasing the likelihood of humping. Yamamoto®
illustrated this concept experimentally. For a given
travel speed, welding currents that caused humping in
mild steel were nearly four times as high as the current in
stainless steel. Differences in freezing range also affect
the solidification time and tendency to hump.

Other researchers have studied the effects of surface
active elements, mainly sulphur, and the role they play in
humping. Mills'® suggested that Marangoni flow could
be strong enough to cause undercutting and humping,
but they were unable to account for some occurrences.
Mendez® observed no significant changes in penetration
between high and low sulphur containing base metals
during high current GTAW; however the amount of
sulphur affected the critical humping speed and under-
cutting. In these cases, the geometry of the trailing
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14 SEM image of solidified thin liquid layer formed in
gouging region: arrows represent thickness of layer

region for higher sulphur steels was less ‘wetting’. It is
unclear, however, whether this was a direct effect of the
surface tension, or an indirect effect of the disappear-
ance of the side channels in the gouging region.

Gouging region

The thin liquid film and subsequent trailing regions
described in the GRM have been thoroughly documen-
ted in experiments. Bradstreet® referred to it as a crater.
Others*>!” call it a gouging region. Mendez® and
Pierce®* have indicated that the driving force of this
metal flow is aerodynamic drag produced from the arc.
As explained above, this gouging region is one of the
requirements for arc induced humping. Yamamoto®
noted the thickness of the thin layer to be ~50 pum.
When calculating the timescale for solidification, a
typical value would be on the order of a few
milliseconds. When this trailing region extends past the
heat influence of the arc, solidification occurs instanta-
neously and trailing region is cut off from further
accumulation. Figure 14 is the SEM image of the frozen
gouging region showing a solidified layer of about
40 pm thickness. Extending these observations over the
entire weld length will result in a series of humps that
have interspaced sections of frozen gouging regions, as
outlined in the GRM.

Prevention and mitigation of humping

In practical welding applications, several simple mea-
sures can be made to reduce or eliminate humping
defects. As shown through experimental verification,
twin electron beams made sound welds.'” At the same
travel speed, a single electron beam created humping.
This practice should also reduce defect formation during
GTAW. Other methods to reduce the GRM in GTAW
include changing the electrode tip angle, truncating the
tip, using a hollow electrode or switching to helium
shielding gas. Nguyen'’ and Bradstreet” illustrated the
drastic effects shielding gas composition can have on the
limiting travel speed in GMAW. By switching to an
argon/carbon dioxide mix, travel speeds may increase by
up to 500%. Other tri gas and quad gas mixtures proved
to be even more efficient. Owing to the greater expense
of some of these mixtures, however, a cost benefit
analysis would have to be performed for specific welding
applications. In addition to cost differences, shielding
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at different inclined torch angles®

gas composition will influence the penetration, reinfor-
cement, contact angle, dilution, transfer modes, chem-
istry and properties of the weld. Understanding the
benefits and shortcomings of changing welding para-
meters is critical. In many applications, travel speeds
can be increased without drastically changing welding
procedures.

Workpiece positioning can prevent humping by
manipulating the flow of metal with gravity. Downbhill
welding angles have shown to increase the critical travel
speed up to 25%.!7 Inclined torch angles have been
shown to reduce the humping phenomenon as well.”
Figure 15 illustrates how a forward inclined torch will
change the metal flow and reduce the length of the
molten tail.

Conclusions

The humping phenomenon has been shown to fall under
two distinct classifications: GRM and BCM. Depending
on the morphology of the defect, it was either created by
the action of the arc on the liquid weld pool or by the
capillary instability of a liquid cylinder. Several theories
exist that attempt to explain defect formation, as
presented above.

The GRM is formed because of forces produced by
the arc that cause a gouging region to form directly
under the electrode. This gouging region consists of a
thin liquid film and the bulk of the molten metal is then
pushed towards the rear of the weld pool. Humping
occurs when the arc pressure extends the gouging region
beyond the heat influence of the arc and premature
freezing of the thin liquid film occurs. The backfilled
trailing region then solidifies. The depth of penetration is
independent of surface active elements, showing that
Marangoni forces are not dominant. This type of
humping can be reduced or eliminated by using a
forward electrode angle, downhill welding, different
shielding gas and a blunter or hollow electrode tip.

The BCM is typically observed with weld beads that
are tall in relation to their width or in applications that
cause a bead with a prominent dome and long molten
tails. The driving force behind the BCM is the
minimisation of surface energy by having a sequence
of sphere like beads instead of a long smooth cylinder.
This type of humping may occur with or without the
presence of a gouging region and therefore penetration
may or may not depend on Marangoni forces. Under
similar welding conditions in different base metals, the
molten metal tail is shorter in metals with higher thermal
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conductivity, therefore, the critical speed for humping is
larger. For example, in GTAW of mild and stainless
steels, the humping speed is higher in mild steel. Having
a wider weld pool for the same deposition through
changing the shielding gas can mitigate BCM. Besides,
gravity forces during downhill welding oppose the
capillary forces, which increase the critical travel speed.
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