
Introduction

     High-speed welding is an important
approach for productivity improve-
ment in the modern manufacturing
industry. The simplest strategy that
increases welding speed and current
proportionately, however, is limited,
due to the occurrence of the humping
defect. The humping weld can be de-
scribed as a periodic undulation of the
weld bead with a typical sequence of
alternate humped part and depressed

part (or necked part) (Ref. 1). This de-
fect limits the further improvement of
welding productivity and severely de-
teriorates the homogeneity of the weld
property.
     Bradstreet first reported the hump-
ing phenomenon in high-speed and
high-current gas metal arc welding
(GMAW) (Ref. 2). Further studies
show that the humping defect can be
observed in both traditional arc weld-
ing processes, such as gas tungsten arc
welding (GTAW) and GMAW, plus
high-energy-beam welding processes

such as electron beam welding (EBW)
and laser beam welding (LBW) (Refs.
2–6). Generally, the humping forma-
tion is influenced by some common
parameters, such as welding power,
welding speed, and shielding atmos-
phere in various types of welding
processes. Furthermore, it can also be
influenced by some characteristic pa-
rameters in specific welding methods,
such as the metal transfer mode in
GMAW, electrode geometry in GTAW,
and laser spot shape in LBW.
     To understand the humping mecha-
nism or predict humping formation,
several theoretical models have been
proposed based on final weld bead
profile, direct observation of weld pool
configuration, or analytical derivation,
such as the Marangoni model (Ref. 7),
capillary instability model (Refs. 2, 8),
compound vortex model (Refs. 9, 10),
hydraulic jump model (Ref. 11), arc in-
duced model (Refs. 12, 13), and curved
wall jet model (Ref. 1). However, most
of these proposed models are highly
process specific because of different
physical mechanisms in various weld-
ing processes.
     The capillary instability humping
model (Ref. 2) and its modified type
(Ref. 8) can explain the periodic fea-
ture in the onset of humping and pre-
dict the critical length of the weld pool
in GMAW, LBW, and EBW processes.
The curved wall jet model suggests
that the backward wall jet generated
by the redirected droplets is the pri-
mary cause of the humping in GMAW.
For the GTAW process without a
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droplet containing high momentum,
Mendez et al. (Refs. 13, 14) studied
the gouging region using an order of
magnitude scaling (OMS) analysis. It
was suggested that a gouging region
with thin molten metal layer formed
under arc forces and the premature so-
lidification of thin molten metal layer
in the gouging region initiated the
humping defect.
     The numerical simulation method
has also been used to investigate the
humping phenomenon in recent years.
Cho et al. (Ref. 15) and Chen et al.
(Ref. 16) developed 3D numerical
models for high-speed GMAW to study
the heat transfer and metal flow dur-
ing humping formation. More compre-
hensive explanations were proposed,
in which a thermal factor, such as rap-
id solidification of the narrow channel
and the force factor such as capillary
pressure, were all responsible for
GMAW humping formation.
     The transport phenomena and asso-
ciated humping formation in laser weld-
ing were also studied numerically (Ref.
17). The humping occurred due to the
combined effects of the strong back-
flowing molten metal induced by recoil
pressure and rapid solidification rate.
     A. Kumar and T. DebRoy (Ref. 18)
established a prediction model for
GTAW humping based on numerical
simulation and the Kelvin-Helmholtz

instability theory.
Good agreement
was obtained be-
tween prediction
and independent
experimental re-
sults. The detailed
humping forma-
tion process and
mechanism need
to be further 
studied.
     For simplifica-
tion, most of the
experimental, an-
alytical, or numer-
ical studies about
the humping phe-
nomenon in
GTAW were based
on the partial joint penetration, bead-
on-plate condition. The base metal
thickness is generally chosen far larger
than the penetration capacity of
GTAW (20 mm in Ref. 3 and 12 mm in
Refs. 10, 11). The complete joint pene-
tration condition, which is more wide-
ly used in engineering applications, 
especially for thin plate, remains
undiscussed.
     The objectives of the present study
are to analyze and compare the hump-
ing morphology and formation
process in high-speed GTAW of thin
stainless steel plate in partial joint and

complete joint penetration states
based on the parametric study and vi-
sion sensing technology. The domi-
nant factors and corresponding mech-
anisms for the humping defect under
different penetration conditions are
discussed by establishing simplified
mathematical models.

Experimental Apparatus
and Procedure
     The material used in the experi-
ments was ASTM 409L ferritic stainless
steel plate with 300  60  1.5 mm in
dimensions. Its nominal chemical com-
positions are shown in Table 1.
     A DC inverter power source with 
500-A capacity was used as welding
power supply. Bead-on-plate welding
experiments with a welding mode of
direct current electrode negative
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Fig. 1 — Schematic of the highspeed imaging system.

Fig. 2 — Morphology of the partial joint penetration humping de
fect (I = 315 A, vw = 50 mm/s): A — Top appearance; B — cross
section of the humped part; C — crosssection of the gouged part.

Table 1 — Nominal Chemical Compositions of 409L Stainless Steel (wt%)

      C           Mn          Cr            Ni           S           Si             P             N             Ti          Cu         Fe

  0.013       0.34      11.32       0.08     0.004     0.45       0.016     0.014      0.201    0.02      Bal.

A

B

C

QIN SUPP 201611 SEPT 2016_Layout 1  8/17/16  2:38 PM  Page 332



(DCEN) were used. The tungsten elec-
trode with a 30-deg tip angle was per-
pendicular to the base metal. The
shielding gas was pure argon gas, and
the flow rate was 15 L/min. The weld-
ing current (I) and welding speed (vw)
ranged from 200 to 450 A and 11.7 to
66.7 mm/s (0.46 to 2.63 in./s), respec-
tively, to investigate the morphology,
threshold, and formation process of
humping under partial joint and com-
plete joint penetration conditions.
     A high-speed imaging system con-
sisting of a semiconductor laser unit,
a digital high-speed camera with a
500 fps recording rate (PhotonFocus
MV-D1024E-160), and a computer
with a data acquisition card was es-
tablished to capture the weld pool
configuration in high-speed GTAW,
as shown in Fig. 1.
     The camera was equipped with a
narrow bandpass filter tuned to an
808-nm wavelength laser to suppress
the interference of intense arc light on
the imaging signal. The camera was
placed perpendicular to the welding di-
rection and 40 deg to the welding plate.
     Macrostructural and microstructur-
al observations were performed on the
transverse and longitudinal sections of
the weld using a optical microscope
(Keyence VHX-500F), in which the
specimens were prepared according to
the standard metallographic procedure
and etched with a solution of 10 mL
nitric acid, 10 mL hydrochloric acid,
and 10 mL distilled water for 10 s.

Experimental Results
Humping Morphology

     Figure 2A shows the typical mor-
phology of the partial joint penetra-
tion humping defect, which is charac-
terized by periodic alternate gouged
and humped parts. Figure 2B gives the
cross-section of the humped part. The
majority of the weld metal was accu-
mulated and solidified in the humped
part. Little weld metal exists at the
bottom of the gouged region, as
shown in Fig. 2C. Two swelling parts
can be observed at lateral sides, and
these parts are suggested to be solidi-
fied transfer channels of lateral back-
ward molten metal flow.
     The thin plate, however, is general-
ly welded with complete joint penetra-
tion by single-pass welding in most en-
gineering applications. Compared to
partial joint penetration GTAW, the
weld pool configuration and molten
metal flow during high-speed GTAW
of complete joint penetration were dif-
ferent, which could lead to distinct
morphology and a forming mechanism
of the weld bead defect.
     Figure 3A shows the morphology of
the complete joint penetration hump-
ing defect. All displaced weld metal was
accumulated to the humped part and
perforation without any solidified met-
al formed between the periodic
humped parts. The contact angle of the
humped part was far less than 90 deg,

only 40 deg, and no undercut is ob-
served, as shown in Fig. 3B. Similar to
partial joint penetration humping, two
swellings that were solidified transfer
channels for the backward flow of
molten metal existed at the lateral sides
of perforation, as shown in Fig. 3C.
     In the parametric experiment, the
welding speed and welding current
were changed discretely with variation
of 1.67 mm/s and 50 A, respectively,
in the parameter space. The process
map involving critical curves of differ-
ent weld appearances under partial
joint or complete joint penetration
was obtained, as shown in Fig. 4.
     No partial joint penetration hump-
ing occurred at a welding current lower
than 250 A. It can be attributed to the
fact that no significant weld pool sur-
face deformation or strong backward
flow exists in low-current welding. The
partial joint penetration humping de-
fect formed when a welding parameter
combination was above the critical
curve. The critical welding speed of the
partial joint penetration humping gen-
erally had a monotonic negative correla-
tion with the welding current in previ-
ous research (Refs. 3, 11).
     In the present study, however, it
decreased from 62.5 to 50 mm/s with
the welding current increasing from
250 to 320 A and then increased
from 50 to 66.7 mm/s with the weld-
ing current increasing between 320
and 450 A. It is considered that al-
though a higher welding current gen-
erates stronger arc forces and, corre-
spondingly, stronger backward flow
of molten metal, higher heat input
also leads to a longer existence time
of molten metal, which provides
more sufficient time for backflow to
suppress the humping formation.
The prolonging of existence time was
more significant in thin plate welding
because the heat transfer in the
thickness direction was unremark-
able. Therefore, the critical welding
speed may show a positive correla-
tion with the welding current.
     In addition, the critical welding
speed of partial joint penetration
humping in thin plate welding was
much higher than that in thick plate
welding. For example, the critical weld-
ing speed was 50 mm/s at a welding
current of 315 A in the present study,
but it was only 9.5 mm/s at 315 A in
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Fig. 3 — Morphology of the complete joint penetration humping defect (I = 315 A, vw =
28.3 mm/s): A — Top appearance; B — crosssection of the humped part; C — cross
section of the perforation.
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Ref. 3 for 20-mm stainless steel plate.
     The onset of complete joint pene-
tration humping can be observed at a
welding current higher than 280 A. Its
critical welding speed showed an ap-
proximately linear increase from 25 to
45 mm/s with the welding current in-
creasing from 280 to 450 A, and the
defect occurred at a welding parameter
combination below the critical curve.
Figure 4 also suggests that complete
joint penetration humping and typical
melt-through defect form at different
parameter ranges.
     Figure 5 shows the morphology of
the melt-through defect. It was caused
by the imbalance between surface ten-
sion and gravity when heat input was
inappropriately high, in which the ma-
jority of molten metal flowed down-
ward to the backside of the base metal,
as shown in Fig. 5B. By comparing
Figs. 3B and 5B, the weld metal of the
complete joint penetration humping
weld was accumulated at the frontside.
     The sound partial joint penetration
welds can be obtained between critical
curves of partial joint penetration
humping and complete joint penetra-
tion. The process window became
much narrower at the high current
category. The process window of the
sound complete joint penetration weld
was between the critical curves of the
complete joint penetration, melt-
through defect, and complete joint
penetration humping.
     The critical welding speed of the
complete joint penetration humping
was lower than that of the partial joint
penetration humping, implying that

the two types of humping may have
different mechanisms. It is discussed
in the following sections.

Humping Formation Process

     Figure 6 shows the flow behavior of
the weld pool during the onset of par-
tial joint penetration humping. The
weld pool surface was depressed under
the arc forces, such as arc pressure and
arc shear stress, and a gouging region
with a thin molten metal layer at the
leading edge and bottom was formed.
     The molten metal obtained large
momentum and flowed backward to
accumulate at the trailing region
through the bottom channel and later-
al channel, as shown in Fig. 6A. The
gouging region was elongated as the
electrode moved.
     The thin molten metal layer was
disrupted at the middle transition re-
gion between the gouging region and
trailing region, as shown in Fig. 6B,
which prevents bottom backward flow.
The lateral channel became the only
transfer channel for metal backward
flow. The melted base metal at the
leading edge can still be transferred to
the trailing region.
     Figure 6C shows that the gouging
region further elongates, in which lat-
eral molten metal can no longer reach
the trailing region. The backward
molten metal accumulated at the later-

al channels at the middle region of the
weld pool. A red dashed line repre-
sents the contour of lateral accumula-
tion. Eventually, the lateral accumula-
tion merged to form a new accumulat-
ed trailing region.
     The new trailing accumulation was
completely separated with the former
metal accumulation by a solidified
gouged region, and the humping de-
fect occured — Fig. 6D.
     The high-speed images suggest that
lateral backward flow in the weld pool is
the dominant flow pattern in high-
speed GTAW of thin plate. The swelling
part in Fig. 2C may be formed inevitably
because it was the main transfer chan-
nel for molten metal flowing backward.
Previous studies considered that the
swelling part was formed under the bal-
ance of Marangoni and arc forces, and it
induced the associated undercut defect
in the humping formation (Ref. 13).
However, in the present study, it was
found that the thermal and hydrody-
namic behaviors of the lateral flow had
more important influences on the
humping formation.
     Figure 7 gives high-speed images of
the weld pool configuration during the
onset of complete joint penetration
humping. At the initial stage of the
welding process, the base metal was
only partially penetrated. A gouging re-
gion was formed, and the majority of
molten metal was transferred to the ac-
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Fig. 4 — Process map for different weld bead ap
pearances. PP represents partial joint penetration
and FP represents complete joint penetration.

Fig. 5 — Morphology of the meltthrough defect (I = 280 A, vw = 21.7 mm/s): 
A — top appearance; B — cross section of the metal accumulation; C — cross
section of the meltthrough.
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cumulated trailing region, which was
similar to the partial joint penetration
humping. Complete joint penetration
formed as further thermal accumula-
tion. In complete joint penetration
welding with a low current, a thick
molten metal layer still exists under the
electrode. However, there is only an ex-
tremely thin molten metal layer in the
gouging region in high-current welding.
     Figure 8 shows the metallograph of
the solidified thin molten layer, which
was obtained by the stop-action
method. The thin layer was character-
ized by fine microstructure (10~20
m) due to the high cooling rate. The
thickness of the molten layer was
about 120 m.
     The thin molten metal layer can
hardly be maintained and was disrupt-
ed under strong arc forces, as shown in
Fig. 7A. The disruption was extended
to become a perforation.
     The weld pool was split into two
parallel backward streams, and the
molten metal completely flowed to the
trailing region through lateral chan-
nels — Fig. 7B.

     The lateral channels were elongated
with a further evolution of the weld
pool. Then the backward molten metal
would accumulate in the lateral chan-
nels to form two swellings on each
side, as shown in Fig. 7C.
     Figure 7D shows that the volume of
swelling increases gradually and then
the two swellings merge to form a new
accumulated trailing region. As a re-
sult, the complete joint penetration
humping defect appeared.
     Subsequently, the parallel metal
flow in Fig. 7B, the lateral accumula-
tion in Fig. 7C, and the merging in Fig.
7D occurred periodically to form the
humped bead.

Discussion

Partial Joint Penetration
Humping

     Previous studies suggested that the
depression of the weld pool surface,
the large backward momentum of
molten metal, and the weld pool elon-

gation were all responsible for hump-
ing formation in GTAW (Refs. 11–13).
However, the high-speed images in the
experiments show that the thermal
and hydrodynamic behaviors of the
molten metal at the lateral channel re-
markably influence the humping for-
mation, which may be underestimated
before.
     The backward metal flow in the lat-
eral channel was approximately parallel
to the longitudinal direction (welding
direction). The vertical and transverse
velocity components were small, which
implies that heat conduction was the
dominant heat transfer mode in these
directions. It was reasonable to assume
that the lateral channel solidified nearly
along the direction vertical to the weld
interface; therefore, the solidification of
a lateral channel can be simplified as a
one-dimensional heat conduction prob-
lem, as shown in Fig. 9.
     The mathematical description can
be written as follows.

     Governing equation:

     Boundary condition:

where T is the temperature, t is the
time, x is the transverse coordinate, fL
is the liquid fraction,  is the molten
metal density, cp is the specific heat, k
is the heat conductivity, and qloss is the
heat transfer coefficient at the weld
interface.
     In the temperature range between
the solidus and liquidus, the fL can be
calculated as (Ref. 19)

where TL is the liquidus temperature
and TS is the solidus temperature. The
heat transfer coefficient at the weld
interface can be estimated as

where m is the thickness of the mushy
zone. A typical value of qloss is about
1.2  107 W/m2. This value is two mag-
nitude orders higher than the surface
convection and radiation heat loss
whose typical values are about 7  105

cp
T
t
= k

2T

x2 H
fL
t

(1)

k
T
x
= qloss (2)

fL =
T =TL
TL =TS

(3)

q
loss

k
TL =TS

m
(4)
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Fig. 6 — Weld pool configuration during the partial joint penetration humping occurrence
(I = 315 A, vw = 50 mm/s): A — The gouging region forms and the molten metal flows to a
trailing region through the bottom and lateral channels; B — the leading melted base
metal flows to the trailing region through the lateral channel; C — molten metal starts to
accumulate at the lateral channel; D — lateral molten metal merges to form a new accu
mulated trailing region and the humping defect occurs.

B

A
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D
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W/m2; therefore, it was also acceptable
to ignore surface heat loss.
     In this study, a simple scaling
analysis method was used to estimate
the variables of interest, the average
temperature rise of lateral channel T,
and the solidification time ts. First, the
temperature, length, and time vari-

ables in Equations 1 and 2 were con-
verted to some dimensionless quanti-
ties using reference quantities. The liq-
uid fraction fL was originally a dimen-
sionless value. It is desirable that the
dimensionless quantities range from
zero to one. The temperature, time,
and length were scaled as follows

(Refs. 20, 21).

where max was the maximum thick-
ness of the lateral channel. , t*, and x*
were the scaled temperature, time, and
length variables.
     Then the variables in Equations 1
and 2 were replaced by the scaled
quantities.

     The term at the left side of Equation
8 represents sensible heat of lateral
channel, and the second term at right
side represents melting latent heat. The
release of melting latent heat was aver-
aged in the whole solidification process,
and the effective specific heat (Cpeff) can
be defined as follows.

where Hmax was the enthalpy at Tmax

and HS was the enthalpy at the solidus
temperature. Therefore, Equation 8
can be converted into

in which the second term at right side
of Equation 8 was eliminated. The 
cpeff T/ts term represents the heat ca-
pacity of the molten lateral channel, in-
cluding the heat capacity of overheated
molten metal and the melting latent
heat. The k T/2max term represents the
heat transfer from the lateral channel to
the base metal. These two terms should
be balanced in a solidification problem.
Combined with Equation 9, T and ts

can be estimated as

= T TS
Tmax TS

= T TS
T

(5)

t* = t
ts

(6)

x* = x

max
(7)

cp
T
ts t *

= k T

max
2

2

x *2 (8)

H
ts

fL
t*

k
T

max x *
= qloss (9)

cpeff =
Hmax=HS
Tmax=TS

=
cp T + H

T
(10)

cpeff
T
ts t *

= k T

max

2

2

x*2
(11)
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Fig. 7 — Weld pool configuration during the complete joint penetration humping occur
rence (I = 315 A, vw = 28.3 mm/s): A — The thin molten metal layer in the gouging region
was disrupted; B — two parallel backward molten metal streams flow to the trailing re
gion; C — the lateral channel was elongated and two swellings were formed; D — the
swellings merge to form a new trailing accumulation.

Table 2 — Typical Values for Estimation and Dimensionless Quantities

              Property                                                                                              Value

Liquidus temperature TL                                                                                1742 K
Solidus temperature TS                                                                                  1782 K
Thermal conductivity k                                                                               30 W/m•K
Specific heat cp                                                                                             830 J/kg•K
Heat loss from fusion line qloss                                                               1.2 × 107 W/m2

Density ρ                                                                                                      7600 kg/m3

Dynamic viscosity μ                                                                                  0.006 kg/m•s
Expansion coefficient β                                                                            1.2 × 10–5 K–1

Surface tension γ                                                                                           1.6 N/m
Surface tension temperature gradient d/dT                                    1.5 × 10–4 N/m•K
Melting latent heat H                                                                             304000 J/kg
δmax for partial joint penetration                                                                0.25 mm
δmax for complete joint penetration                                                           0.63 mm
L for partial complete joint penetration                                                      3 mm
L for complete joint penetration                                                                 4.5 mm

B

A

C

D
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     A group of typical variable values
used in Equations 12 and 13 are listed
in Table 2.
     The thermophysical properties of
409L stainless steel were from Ref. 22,
and the lateral channel thickness with a
welding parameter of 315 A and 50
mm/s was measured from metallo-
graphs. The estimated temperature rise
was about 100 K, which had good agree-
ment with the numerical result in Ref.
23. The estimated solidification time
was about 0.06 s.
     From the high-speed images, the du-
ration time of the flow pattern in Fig.
6B, which can be called parallel flow
time, was about 0.04~0.05 s; then the
molten metal on the lateral wall started

to accumulate. The two duration times
were in the same magnitude and quite
comparable. Therefore, it is deduced
that when the gouging region is extend-
ed out the arc area, the lateral channel
instantly solidifies, preventing the back-
ward metal flow, which makes new ac-
cumulation part form. The instant so-
lidification of the lateral channel was
one of the predominant factors for the
partial joint penetration humping for-
mation in GTAW.
     The estimated value based on the
heat conduction was slightly larger
than the experimental value. The er-
ror may be caused by two aspects.
One was that the estimated solidifica-
tion time was calculated as the lateral
channel solidifying completely. The
flowing capacity of molten metal,
however, significantly dropped when
the liquid fraction was below a critical
value (Ref. 24), which means that the
accumulation may start before the
lateral channel completely solidifies.

     The other aspect was from the ig-
nored consideration of the force factor
in the above analysis. Considering the
thin molten metal layer in the gouging
region, most of the leading molten met-
al was transferred to the trailing region
through lateral channels. Based on the
triangular slab model (Ref. 25) the met-
al flow velocity in the lateral channel
can be approximately calculated as

v ≈ whvw/4S ≈ 0.32 m/s (14)

where w was the weld bead width, h
was the penetration depth, vw was the
welding speed, and S was the lateral
channel cross-sectional area. This esti-
mated flow velocity also fairly agreed
with the simulation result in Ref. 23.
     A group of dimensionless quantities
were introduced in Table 3 to depict the
metal flow in the lateral channel quan-
tificationally. The Galilei, Capillary, and
Marangoni numbers suggest the signifi-
cance of gravity, surface tension, and

ts
( cp T + H) max

2

k T
(13)

T
qloss max

k
(12)
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Fig. 8 — Metallograph of the solidified thin molten metal layer
at the weld pool leading edge. Fig. 9 — Sketch of the simplified lateral channel solidification.

Fig. 10 — Sketch of the longitudinal section of the complete joint penetra
tion weld pool: A — Defectless condition; B — humping condition.

Fig. 11 — Experimental and calculated critical welding
speed of the complete joint penetration humping.
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Marangoni force, respectively, com-
pared with the viscous force. The small
Grashof number indicates that effect of
buoyance can be ignored.
     For a narrow weld pool configura-
tion, the longitudinal curvature was
small, and the capillary pressure was
mainly determined by the transverse
curvature. It can be observed that the
transverse curvature of the lateral
channel was larger than that of the an-
terior and trailing regions, which pro-
duces higher capillary pressure to pre-
vent the backward flow. The surface
tension temperature coefficient at the
temperature range between TS~TS + T
is positive for 409L stainless steel
(Ref. 22). Therefore, the Marangoni
shear stress promoted molten metal
accumulation and merging in this
study. The gravity also increased the
tendency of metal accumulation. All
the aforementioned factors made the
parallel flow time shorter than the lat-
eral channel solidification time.
     It can be included that the rapid so-
lidification of the lateral channel was
one of the dominant factors for partial
joint penetration humping formation.
Other force factors such as capillary
pressure, Marangoni force, and gravity
also influenced humping formation to
some extent. The humping defect
should be ascribed to more complicated
mechanism, and more quantitative
studies are needed in the future works.

Complete Joint Penetration
Humping

     The exact position where the
humped part formed was also at the
middle region of the weld pool. The
thermal and hydrodynamic characteris-
tics of the molten metal at the lateral
channel were analyzed below. The solid-
ification of the lateral channel can also
be simplified as a one-dimensional
problem.Using Equations 12 and 13,
the solidification time was estimated as

0.23 s. The experimental duration time
of the parallel backward flow in Fig. 7B
is about 0.18 s, which is comparable to
the estimated value. It was deduced that
the rapid solidification of the lateral
channel outside arc area prevented the
backward metal flow, which is a pre-
dominant factor for the complete joint
penetration humping formation. The
flow velocity in the lateral channel was
estimated as v ≈ whvw/4S ≈ 0.11 m/s.
     Dimensionless quantities in Table 3
suggest that the gravity, surface ten-
sion, Marangoni shear stress, and buoy-
ance were all more significant than vis-
cous force. By comparing partial joint
penetration with complete joint pene-
tration conditions, the larger Galilei,
Grashof, and Marangoni numbers, plus
smaller Capillary number, suggest that
the force factors may have more impor-
tant effects in the complete joint pene-
tration humping formation.
     As shown in Figs. 7 and 8, a goug-
ing region with an extremely thin
molten metal layer was formed at the
leading part of the weld pool in com-
plete joint penetration welding at a
high current. The flow of the melted
base metal was parallel to the leading
edge, and the convection normal to
the leading edge was negligible (Refs.
23, 26). The depth of the gouging re-
gion was mainly determined by heat
conduction from welding arc. The
depth of the gouging region can be cal-
culated as (Ref. 26):

where D is the gouging region depth,
qmax is the maximum heat flux, σq is the
heat flux distribution parameter  is the
calibration coefficient, and H is the
mass enthalpy, which can be estimated
as

for 409L steel. The maximum heat

flux can be written as

     By combining Equations 15 and 16,
the relationship between gouging re-
gion depth, welding speed, and energy
input is obtained as follows:

     In a defectless condition, the depth
of the gouging region was generally
smaller than the base metal thickness,
as shown in Fig. 10A. The complete
joint penetration did not form at the
leading part of weld pool, conversely,
it was generated at the middle part of
the weld pool.
     However, when the gouging region
depth approached to the base metal
thickness (Fig. 10B), in other words, the
complete joint penetration occurred at
the leading part of the weld pool, the
thin molten metal layer at the bottom
of the gouging region was easily dis-
rupted, and the complete joint penetra-
tion humping defect was induced.
     Therefore, if the gouging region
depth D is chosen as base metal thick-
ness DH, and the equation of the heat
flux distribution parameter and volt-
age-current relationship of the power
source are substituted into Equation
17, the critical welding speed of the
complete joint penetration humping
defect can be predicted as

where σq can be calculated as σq = 
1.95  10–3 0.147 L0.328 I0.276 (Ref. 27),
and the voltage-current relationship
was U = 7.6 + 0.03I in the experi-
ments. The coefficient  was chosen
around 0.3 for the base metal thick-

D
2 qmax q

vw H
(15)

H = cp(T )dT + Hm 1.34 106 J/kg
T0

TL

qmax =
Q

2 q
2 = UI

2 q
2 (16)

D
UI

2 vw H q
(17)

vc
UI

2 DH H q
(18)
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Table 3 — Dimensionless Quantities to Evaluate Molten Metal Flow in Lateral Channel

         Name                                  Definition                                          Physical Implication                                Partial                                Complete

    Reynolds Re                               L/2                                          inertia to viscous force                                608                                       314
      Galilei Ga                                  gL3/2                                           gravity to viscous force                           4.3 × 105                              1.4 × 106

     Grashof Gr                             gT3/2                                                                   buoyance to viscous force                              3.6                                      204.7
    Capillary Ca                                 /                                     viscous force to surface tension                   1.2 × 103                               4 × 104

  Marangoni Ma                 |d/dT| LT cp/k                      Marangoni force to viscous force                      1622                                     5109

QIN SUPP 201611 SEPT 2016_Layout 1  8/17/16  2:48 PM  Page 338



ness between 12.7 and 25.6 mm in
Ref. 26. However, this value was over
estimated for 1.5-mm thin plate. The 
was chosen as 0.6 based on the pres-
ent experimental condition.
     Figure 11 shows the experimental
and predicted critical welding speed of
the complete joint penetration hump-
ing, and good agreement was obtained.
However, it should be pointed out that
Equation 18 was only applicable to the
prediction of the complete joint pene-
tration humping. Further works are
needed to develop a prediction mode of
partial joint penetration humping.

Conclusion

     The humping defects in high-speed
GTAW thin stainless steel plate have
different morphologies, thresholds,
formation processes, and mechanisms
under partial joint and complete joint
penetration conditions.
     1) The partial joint penetration
humping was characterized by the peri-
odic alternate gouged and humped
parts. Instead of the gouged part, there
was a perforation between the two
humped parts in complete joint pene-
tration humping. The critical welding
speed of the complete joint penetration
humping was lower than that of the
partial joint penetration humping.
     2) The lateral flow of the molten
metal, rather than the flow along the
centerline, had a significant influence
on the partial joint penetration hump-
ing. The instant solidification of the
lateral channel at the middle region of
the weld pool, which prevented back-
ward flow of the molten metal and
promoted the merging of lateral metal,
was one of the predominant factors re-
sponsible for humping formation.
Other factors, such as gravity, surface
tension, and the Marangoni force, may
also had effects to some extent.
     3) When the depth of the gouging
region approached the base metal
thickness, the thin molten metal layer
was easily disrupted under strong arc
forces to split the weld pool into two
parallel backward streams, which initi-
ates the subsequent formation of com-
plete joint penetration humping. An
equation was proposed to predict the
critical welding speed. The instant so-
lidification of the lateral channel at
the middle region was also the domi-
nant reason for the complete joint

penetration humping formation. The
effects of forces such as gravity, sur-
face tension, the Marangoni force, and
buoyance were more significant com-
pared to those in the partial joint pen-
etration humping.
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