
Introduction
     Increasing the welding speed is an important way to in-
crease welding productivity and reduce costs. However,
when the welding speed exceeds a certain critical value, the
hump bead defect occurs in gas metal arc welding (GMAW)
(Refs. 1, 2); this severely hinders the improvement of pro-
duction efficiency. It was demonstrated that the fluid-flow
behavior inside the weld pool plays a crucial role in the for-

mation of the weld bead and is responsible for the occur-
rence of the humping bead defect (Refs. 3–5). As a result, it
is of great significance to quantitatively reveal the formation
of the humping bead defect from the perspective of hydro-
dynamics to optimize the welding parameters and avoid the
humping bead defect in high-speed welding.
     To understand the mechanism of humping bead forma-
tion, several theoretical models have been proposed based
on experimental measurement and analytical derivation, in-
cluding the Marangoni model (Ref. 6), capillary instability
model (Refs. 7, 8), compound vortex model (Refs. 9, 10), hy-
draulic jump model (Ref. 11), arc-induced model (Refs. 12,
13), and curved wall jet model (Ref. 14). However, most of
these models were proposed qualitatively or semiquantita-
tively, and the quantitative analysis of fluid flow for hump-
ing bead formation was still needed. 
     In recent years, Cho et al. (Ref. 15), Chen et al. (Ref. 16),
Xu et al. (Ref. 17), and Wu et al. (Ref. 18) developed three-
dimensional (3D) numerical models to investigate the heat
transfer and fluid flow in high-speed GMAW as well as ana-
lyze the humping bead formation mechanism based on the
hydrodynamics theory. It was found that the momentum of
the backward molten metal flow in the weld pool is one of
the major factors in the formation of the humping bead de-
fect. Although the appearance of the simulated weld beads
was in good agreement with that from experimental data,
the simulated molten metal flow lacked needed validations
from experimental data. Thus, the experimental measure-
ment of fluid flow is of particular importance to deeply un-
derstand the mechanism of humping bead formation. More
work is needed to quantitatively detect molten metal behav-
ior during a high-speed welding process, including the im-
provement of a detective method and image-recognition
algorithms.
     Recently, many vision-based sensing systems have been
developed to reconstruct the shape of the weld pool, meas-
ure the temperature of the weld pool, and track the position
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of a weld bead. Mnich et al. used stereovision to measure
physical parameters of the weld pool, such as the height and
width (Ref. 19). Song and Zhang projected a dot-matrix
pattern of structured laser light onto the specular weld pool
surface and rebuilt the 3D gas tungsten arc weld pool sur-
face offline based on the distorted reflected image of laser
light (Refs. 20, 21). Furthermore, Ma et al. used a low-pow-
er, five-line laser pattern to monitor the 3D weld pool geom-
etry in pulsed GMAW (Refs. 22, 23). Shi et al. utilized the
five-line laser pattern and developed an image-
processing algorithm to extract the oscillation frequency of
the weld pool (Ref. 24). They found it has a strong relation-
ship with the weld joint penetration in traveling gas tung-
sten arc welding (GTAW). Bae et al. presented a joint track-
ing and weld-pool control method for root-pass welding of a
steel pipe by the visual-sensing system (Ref. 25). However,
the aforementioned methods cannot be applied to study the
fluid flow in the weld pool. 
     Tracking unmelted particles in the weld pool is an effec-
tive method to monitor fluid flow during the welding
process. Delapp et al. calculated surface-flow velocities
based on tracking tracer particles on the free surface and ob-
served the vortices during GTAW (Ref. 26). Wang et al. ex-
perimentally obtained the backward velocity of the molten
metal on the weld pool surface during the humping bead
formation with the tracer particle technique, and they ob-
tained only the velocity of molten metal along the welding
direction (Ref. 27). Zong et al. obtained the 2D flow velocity
of a molten metal on the weld pool surface by using an im-
proved vision-based sensing system with tracer particle and
laser lattice points (Refs. 28, 29). However, the system is
only acceptable for the quasi-steady state process and can-
not be used for the dynamically fluctuating weld pool during
the formation of the humping bead. Furthermore, the fluid
flow along the height of the weld pool could not be recon-
structed by this vision system. 
     Zhao et al. added a stereo adapter in front of the camera
lens to obtain dual images synchronously from different
views, and generated 3D velocity fields by tracking the
movement of surface oxide particles. The system accuracy
depends on the camera inclination angle due to the perspec-
tive distortion. When the induced angle between the camera
and particle-flow direction was 90 deg, the precision was
highest. However, when the camera was inclined to the hori-
zontal welding sample at an angle of 45 deg, the associated
error was estimated to be approximately 11.4% (Ref. 30).
Additionally, the square boundary of the calibration
checkerboard was not sharp enough to distinguish the posi-
tion of the corners, which is thought to give rise to the
largest error. Van Anh et al. carried out the measurement of
3D convection inside the weld pool by stereo synchronous
imaging of tungsten tracer particles using two sets of x-ray
transmission systems and measured 2D convection on the
weld pool surface using zirconia tracer particles in plasma
keyhole arc welding (Ref. 31).
     Image-processing algorithms, including the image-
recognition algorithms and coordinate-reconstruction algo-
rithms, are the key technologies in image detection. Wei et
al. proposed a phase-correction algorithm to measure the
depth of the weld pool surface in tungsten insert gas weld-
ing (Ref. 32). Based on the edge-point algorithm (EPA) and

one-point algorithm (OPA), Song et al. proposed a slope-
based reconstruction method to reconstruct/estimate a sur-
face from a given field of slopes. Experiments showed the
OPA had better performance than the EPA (Ref. 33). Yoo et
al. developed an imaging processing algorithm using a neu-
ral network for proper feature recognition to find the weld
joint or its end position for an automatic welding system
(Ref. 34). All the results showed it is necessary to develop a
highly accurate and adaptable 3D reconstruction system to
investigate the effect of fluid flow on weld bead formation,
which can provide essential data for further optimization of
the welding process and numerical models.
     In this study, a binocular vision-sensing system and the
tracer particle technique were improved to investigate the
3D flow velocity of the molten metal on the weld pool sur-
face in high-speed GMAW. The algorithmic relationship be-
tween the image coordinates and the actual world coordi-
nates was constructed by a preset coordinate system. The
developed 3D reconstruction system can effectively avoid
the errors caused by perspective distortion and lens distor-
tion (including radial, centrifugal, and thin-prism distor-
tion). Additionally, its relative error is under 0.6%. An 
image-recognition algorithm was developed to automatically
extract the centroid position of tracer particles. Based on
that image-processing algorithm, the 2D image coordinates
of tracer particles on the weld pool surface can be trans-
ferred to 3D world coordinates. The 3D moving trajectory
and velocity of tracer particles were analyzed under differ-
ent welding parameters to establish the quantitative rela-
tionship between the molten metal flow and weld bead for-
mation. Lastly, a simple mathematical model was deduced to
predict the tendency of the humping bead defect in high-
speed GMAW.

3D Reconstruction System

Binocular Vision-Sensing System

     To obtain the flow velocity of the molten metal on the weld
pool surface with high accuracy, an improved binocular vision-
sensing system was set up, as illustrated in Fig. 1. Two high-
speed cameras (Basler acA2000-165uc) were vertically placed
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Fig. 1 — Binocular vision-detection system.
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at the side of the workbench to capture the images of the weld
pool. Before welding, a calibration target with a point matrix
was placed on the workbench so it would be captured by dual
cameras. As indicated in Fig. 2A, the dimension of the calibra-
tion target is 100.0 mm (x-axis) × 50.0 mm (z-axis). This tar-
get can be moved along the y-axis by the continuous move-
ment of the high-precision slide platform with an interval of
0.5 mm. The point matrix on the calibration target was com-
prised of a plane matrix; it was moved along the y-axis at dif-
ferent locations to form an array of 3D points. The moving
distance of the calibration target along the y-axis was 20.0 mm
(Fig. 2B), which was much greater than the weld pool width.
The target was moved from the y = –10.0-mm plane to the y =
10.0-mm plane at an interval of 0.5 mm; as a result, 41 pairs
of dual images were captured by dual cameras. Figure 3 shows
an example of the captured dual images at y = –10.0 mm.
There is a unique 2:1 correspondence between a pair of syn-
chronous image coordinates and world coordinates for each
point. The image-processing algorithm proposed in Ref. 35
was improved to extract image coordinates of the point ma-
trix; thus, the database of the correspondence between the
world coordinates and image coordinates of all points was
built.

3D Coordinate Reconstruction

     When an object was captured by two cameras, its real-
world coordinates could be deduced from a synchronous pair

of image coordinates. For example, an object (point P) was
located in the calibration area, and its image coordinates
were P1 (X1, Y1) in camera 1 and P2 (X2, Y2) in camera 2. The
following is the procedure of the 3D coordinate reconstruc-
tion for this point:
     1) There are 41 plane matrices in the calibration system,
so point P might be located in any plane matrix or between
two adjacent plane matrices. It is assumed that point P was
just located on one of the 41 plane matrices. Its world coor-
dinates in the different y-planes were recorded as P' (x'yp, yp,
z'yp) (yp = 0.5i, i = –20, –19, …, 19, 20) by the captured target
images of camera 1. The world coordinates in the different
y-planes were recorded as P'' (x''yp, yp, z''yp) (yp = 0.5i, i =
–20, –19, …, 19, 20) by the captured target images of cam-

era 2. For an arbitrary y-plane (yp = 0.5i), as indicated in Fig.
4, the four nearest neighbors of point P1 in the captured im-
age were A (XA, YA), B (XB, YB), C (XC, YC), and D (XD, YD); their
criteria were as follows:

S�AP1B
+S�BP1C

+S�CP1 D
+S�AP1 D

= S�ABC +S�ACD (1)

S� = p(p�a)(p�b)(p� c) (2)

2
(3)= + +

p
a b c
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Fig. 3 — Captured images of the calibration target by two cameras at y = –10 mm.

Fig. 2 — The 3D point array.
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where S is the area of the triangle and a, b, and c are the
sides of this triangle. Similarly, the four nearest neighbors
(E, F, G, and H) of P2 can also be determined.
     2) Then the real-world coordinates of the four points
were A' (xA', yp, zA'), B' (xB', yp, zB'), C' (xC', yp, zC'), and D' (xD',
yp, zD') at the y = yp plane can be calculated based on the built
database of the world coordinates and image coordinates of
the points. As shown in Fig. 5A, the world coordinates of 
P' (x'yp, z'yp) at the y = yp plane can be calculated by an inter-
polation algorithm as follows:

     All the corresponding world coordinates of P1 at 41
planes can be obtained as (x'yp, yp, z'yp) (yp = 0.5i, i = –20,
–19, …, 19, 20). Similarly, all the corresponding world coor-
dinates of P2 at 41 planes can be obtained as (x''yp, yp, z''yp)
(yp = 0.5i, i = –20, –19, …, 19, 20).
     3) Only when the object point P was in a certain y-plane
(y = 0.5i), P' and P'' were overlapping so the distance be-
tween them was 0. Otherwise, point P was located between

two adjacent plane matrices, and the distance between the
two points was not equal to 0. The distance Dyp between 
P' (x'yp, yp, z'yp) and P'' (x''yp, yp, z''yp) at all the y-planes was
calculated as follows:

     If there exists a yp-plane (yp = 0.5i) among 41 planes on
which Dyp is equal to 0, the point P is located on the yp-
plane. Then x'yp = x''yp and z'yp = z''yp; the world coordinates
can be obtained as (x'yp, yp, z'yp). Otherwise, the sum of Dyp1

and Dyp2 at two adjacent y-planes (yp1 = 0.5i and yp2 =
0.5(i+1)) was calculated. Point P must be located between
the two adjacent plane matrixes where the sum of Dyp1 and
Dyp2 is the minimum. If yp1 = 0.5i and yp2 = 0.5(i+1), then the
world coordinate can be calculated as follows: First, the dis-
tance between two adjacent y-planes was only 0.5 mm; thus,
the degree of image distortion between yp1 and yp2 was as-
sumed to be the same. As indicated in Fig. 6, the world coor-
dinates of the captured point P'yp1 and P'yp2 by camera 1 are
(x'yp1, yp1, z'yp1) and (x'yp2, yp2, z'yp2), respectively. Additionally,
the world coordinates of the captured points P''yp1 and P''yp2

by camera 2 are (x''yp1, yp1, z''yp1) and (x''yp2, yp2, z''yp2), respec-
tively. Then the world coordinates of P can be calculated
based on the homothetic triangle theory (P'yp1 P''yp1PP'yp2

P''yp2P). If | x''yp2 – x'yp2 | < | z''yp2 – z'yp2 |, x, y, and z can be
calculated as follows:

Dyp = x'yp� x"yp( )2 + z'yp� z"yp( )2 ,
(yp =0.5i, i= �20, �19, ..., 19, 20) (6)
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Fig. 4 — Determination of the closest four points.

"
Table 1 — Calculated and Measured Sizes of the Blocks

Gauge Blocks                   Calculated Value                               Measured Value                              Absolute Error                           Relative Error
                                                 (mm)                                                 (mm)                                              (mm)                                         (%)

        1                                         19.95                                                 19.99                                               0.06                                         0.30

       2                                        10.06                                                 10.02                                               0.06                                        0.60

       3                                        30.13                                                 30.08                                               0.07                                         0.23
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     If | z''yp2 – z'yp2 | < | x''yp2 – x'yp2 |, x, y, and z can be calcu-
lated as follows:

     The developed 3D reconstruction system can effectively
avoid the errors caused by lens distortion, and the smaller
errors existed in the interpolation algorithm. Additionally,
the above calculation process is relatively uncorrelated so
the parallel computing (central processing unit or graphics
processing unit) can be used, and the computation speed
will be greatly increased.

Error Analysis

     Three different gauge blocks were utilized to calibrate the
accuracy of the above 3D reconstruction system. The gauge
blocks were randomly placed in the recovery zone to rebuild
their 3Ds separately, as shown in Fig. 7. Then through the
aforementioned 3D reconstruction system, the recovered sizes
were obtained. The sizes of the blocks were also measured us-
ing a digital vernier caliper, as shown in Table 1. Though the
resolution of the digital vernier caliper was 0.01 mm, its accu-
racy was still ± 0.02 mm. Taking the accuracy of the vernier
caliper into consideration, the absolute error and relative error
were calculated as listed in Table 1. The maximum relative er-
ror between the recovered and measured sizes of gauge blocks
was less than 0.6%. It demonstrates that this reconstruction
system can realize the space measurement with high precision.

yp2 � y

y� yp1
=
P'yp2P"yp2

P'yp1P"yp1
=

(x'yp2� x"yp2 )2 +(z'yp2� z"yp2 )2

(x'yp1� x"yp1 )2 +(z'yp1� z"yp1 )2
(11)

yp2 � y

y� yp1
=
P'yp2P

P'yp1P
=

(x'yp2� x)2 +(z'yp2� z)2

(x'yp1� x)2 +(z'yp1� z)2
(12)

z= 1
2

(z"yp2+ z'yp2 ) (10)

yp2 � y

y� yp1
=
P'yp2P

P'yp1P
=

(x'yp2� x)2 +(z'yp2� z)2

(x'yp1� x)2 +(z'yp1� z)2
. (9)

yp2 � y

y� yp1
=
P'yp2P"yp2

P'yp1P"yp1
=

(x'yp2� x"yp2 )2 +(z'yp2� z"yp2 )2

(x'yp1� x"yp1 )2 +(z'yp1� z"yp1 )2
(8)

x = 1
2

(x"yp2+ x'yp2 ), (7)
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Fig. 5 — Determination of world coordinates by four points.

Fig. 6 — A schematic of the mapping between the two image
coordinates and their world coordinates.

Table 2 — Physical Properties of Tracer Particles

Main Components                                       Density (g/cm3)                                 Melting Point (K)                                               Diameter (mm)

       Si3N4                                                              3.2                                                     2173                                                                  0.6
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Experimental System

     The formation of the weld bead was strongly associated
with the fluid flow in the weld pool, which can also provide
data for further welding process optimization.

Experiment Setup

     The experiment system comprises the welding subsys-
tem, the 3D reconstruction subsystem, and the travel sub-
system, as shown in Fig. 8. From the foregoing, the world
coordinate of an object can be determined by the 3D recon-
struction system. During the welding process, if the liquid
flow on the weld pool surface can be captured and detected,
its location and moving velocity can be obtained. However,
it is hard to recognize the fluid flow because there are no ob-
vious and stable feature points on the weld pool surface. In
this experiment, the tracer particle technique was adopted
to represent the fluid flow. Table 2 shows that Si3N4 has a

higher molten point and lower density than the base metal,
so it can float on the weld pool in the solid state captured by
the cameras. During the welding process, the tracer particles
with a diameter of 0.6 mm were delivered into the front and
tail of the weld pool, respectively, as shown in Fig. 8. The de-
tailed method for the introduction of tracer particles was re-
ported in Wang et al. (Ref. 27) and Zong el al. (Ref. 28). A
narrow-band pass filter with a central wavelength of 630 ±
20 nm was equipped in front of optical lenses to reduce the
arc interference and obtain a clear image of the entire weld
pool by the complementary metal-oxide semiconductor sen-
sor. A neutral filter was also applied to cover part of the
lenses to further suppress the arc radiation, as shown in Fig.
8. Two cameras were connected with a synchronizer trigger
to generate two synchronous images. The frequency of sam-
pling was 250 frames/s with a resolution of 1000 × 300 pix-
els, and the exposure time was 300 s. Figure 9 shows im-
ages of the weld pool with tracer particles captured by two
cameras at the same time.
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Fig. 7 — Captured images of standard aluminum alloy blocks. Fig. 8 — Experimental setup.

Fig. 9 — Captured images of the weld pool with tracer particles.
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Trajectory of Tracer Particles

     To extract the image coordinate of the tracer particles ef-
ficiently and accurately at different times, the image pro-
cessing algorithm was improved. The algorithm included
gray-level transformation, image enhancement, edge detec-
tion and roundness calculation, and comparison. Figure 10
shows the process of extracting pixel coordinates for the
tracer particle images. Figure 11 indicates the processed im-
age, and the location of the tracer particles can be marked.
As a result, the pixel value of tracer particles in synchronous
images can be acquired, and its real-world coordinates can
be easily calculated by the 3D reconstruction system. As-
suming that the calculated world coordinates of a tracer par-
ticle are (x1, y1, z1) and (x2, y2, z2) at times t1 and t2. The flow
velocity of the tracer particle along x, y, and z directions can
be determined by the following equations:

where vx, vy, and vz are the average velocities of the tracer
particle moving from (x1, y1, z1) to (x2, y2, z2), respectively,
and vw is the welding speed. Finally, the entire flow trajecto-
ry of one tracer particle at different times can be produced
to characterize the fluid flow as shown in Fig. 12.

vx =
x2 � x1
t2 � t1

� vw (13)

vy =
y2 � y1
t2 � t1

(14)

vz =
z2 � z1
t2 � t1

(15)
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Fig. 10 — Flow diagram of the coordinate extraction of the
tracer particles.

Fig. 11 — Pixel coordinate extraction of a tracer particle.

Fig. 12 — Flow trajectory of a tracer particle.

Table 3 — Chemical Compositions of Welding Wire and Base Metal (wt-%)

 Composition (%)                                 C                                   Si                                   Mn                                   P                                  S

           Wire                                          0.11                                0.65                                 1.80                               0.030                            0.030
     (H08Mn2Si)                                                                                                                                                                                            
          Q235                                         0.17                                0.15                                0.30                               0.015                            0.035
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Experimental Materials and Process
Parameters

     Bead-on-plate welding tests were carried out on Q235
mild steel plates with a dimension of 250 × 70 × 5 mm. The
welding wire was H08Mn2Si with a diameter of 1.2 mm. The
chemical compositions of the welding wire and base metal
are listed in Table 3. The welding process is presented in
Table 4. During the welding process, the torch and the cam-
eras were fixed, and the workpiece moved at the preset weld-
ing speed.

Results and Discussion

     Figure 13 shows the moving trajectories of the tracer par-
ticles when the welding speed is 0.8 m/min. It was observed
that the velocity of backward-flowing particles was much
larger than that of forward-flowing particles. There was also
little difference in the velocity of forward-flowing particles
at different process parameters. So in the present study,
only the velocity of backward-flowing particles was analyzed
to investigate its effect on the weld bead defects under dif-
ferent welding process parameters.

Influence of Welding Speed on Fluid-Flow 
Velocity

     To study the effect of welding speed on the humping
bead defect, the welding current (I = 295 A), arc voltage (U =
30 V), and shielding gas (pure Ar) were kept constant while
the welding speed was changed from 1.6 to 2.8 m/min. The
weld bead appearance under different welding speeds is
shown in Fig. 14. It is clear that when the welding speed was
beyond 1.6 m/min, the humping bead occurred. With the in-

crease of the welding speed, both the spacing and the height
of the humping bead were decreased.
     Figures 15 and 16 show the moving trajectories of the trac-
er particles at different welding speeds obtained by the 3D re-
construction system and many repeating experiments. The
flow trajectories of tracer particles along the x-y direction on
the weld pool surface under different welding speeds are
shown in Fig. 15. After the tracer particles flow into the fore
part of the weld pool, most of them will flow toward the tail of
the weld pool, while the molten metal and some tracer parti-
cles flow toward the boundary of the weld pool. All of them
will be accelerated first in the front part of the weld pool and
then be decelerated in the middle of the weld pool. Because of
the decrease of the welding heat input with increasing welding
speed, the width of the weld pool was reduced, and the trans-
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Fig. 13 — Flow trajectory of tracer particles at a 0.8 m/min
welding speed.

Fig. 14 — Weld formation at different welding speeds (I = 295
A and U = 30 V).

Table 4 — Process Parameters

     Electrode                    Welding Current              Arc Voltage                Welding Speed                 Shielding Gas                        Contact Tip to
    Connection                             (A)                               (V)                             (m/min)                            (L/min)                        Workpiece Distance
                                                                                                                                                                                                               (mm)

        DCEP                             255–295                           30                              1.9–2.8                              20 (Ar)                                       18
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verse flow of molten metal was also decreased. Figure 16
shows the flow trajectories of tracer particles along the x-z di-
rection on the weld pool surface at different welding speeds. It
mainly includes two kinds of flow trajectories. One flowed up-
ward directly from the front of the weld pool (black arrows in
Fig. 16C), and another first flowed horizontally under the arc
area and then flowed upward in the middle of the weld pool
(blue arrows in Fig. 16C). The combination of the weld bead
appearance and fluid flow in the weld pool indicates there is an
underlying relationship between welding speed, fluid flow, and
the weld bead.
     Figure 17A–C shows the comparison of average velocity
in the acceleration stage at different welding speeds. When
the welding speed was 1.6 m/min, the average longitudinal,
transverse, and vertical flow velocities of the tracer particles
were 0.477, 0.162, and 0.00733 m/s, respectively. The longi-
tudinal velocity was much greater than the transverse and
vertical velocities. With the increase of the welding speed,
the average longitudinal and vertical velocities increased as
well, but the average transverse velocity decreased. More-
over, when the welding speed was increased to 2.8 m/min,
the average longitudinal and vertical velocities of the tracer
particles increased to 0.502 m/s and 0.011492 m/s, respec-
tively, and the average transverse velocity decreased to
0.097 m/s. The ratio of average longitudinal velocity to
transverse velocity () under different welding speeds is

shown in Fig. 17D. As can be seen when the welding speed
increased from 1.6 m/min to 2.8 m/min, their ratio also in-
creased from 3.07 to 5.18.
     These changes in the velocities and their ratio demon-
strate that the momentum of the backward molten metal
flow was increased and the transverse filling of the molten
metal was weakened as the welding speed increased, so the
humping bead was formed. It should be noted that it is not
sufficient to reveal the mechanism of the humping bead for-
mation only by measuring the fluid-flow velocity. In future
work, the experimental measurement will be combined with
the numerical simulation to comprehensively analyze the
fluid flow and thermal-mechanical behaviors of the weld
pool during humping bead formation.

Influence of the Welding Current on Fluid-Flow
Velocity

     Figure 18 displays the weld bead appearances at different
welding currents when the welding speed (v = 2.5 m/min),
arc voltage (U = 30 V), and shielding gas composition (pure
Ar) were kept constant. Similarly, there is a critical welding
current that causes a hump bead. When the welding current
was 255 A, the weld bead was slightly uneven (Fig. 18A), and
the periodic humping bead was formed when the welding
current was beyond 255 A — Fig. 18B, C. With the increase

WELDING RESEARCH

NOVEMBER 2019 / WELDING JOURNAL 323-s

Fig. 15 — Flow patterns of tracer particles along the x-y direc-
tion at different welding speeds (I = 295 A and U = 30 V).

Fig. 16 — Flow patterns of tracer particles along the x-z direc-
tion at different welding speeds (I = 295 A and U = 30 V).
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of the welding current, the spacing and the height of the
humping were decreased.
     Figures 19 and 20 show the moving trajectories of the
tracer particles at different welding currents obtained by
many repeated experiments. Based on the calculated flow
trajectories of the tracer particles, the particles’ average ve-
locity at welding current is illustrated in Fig. 21. When the
welding current was increased from 255 to 295 A, the aver-
age longitudinal velocity increased from 0.417 to 0.487 m/s,
the transverse velocity decreased from 0.129 to 0.120 m/s,
and the vertical velocity increased from 0.00546 to 0.00872
m/s. Figure 21D shows the ratio of the longitudinal average
velocity to transverse average velocity () increased from
3.23 to 4.05. It indicates the increase of the welding current
increased the momentum of the backward molten metal
flow and decreased the transverse flow of the molten metal;
thus, a mass of the molten metal accumulated at the tail of
the weld pool, which induced the humping bead formation.

Prediction of the Humping Bead

     The foregoing indicated the humping bead formation is
related to the level of the longitudinal and transverse veloci-
ties of the molten metal flow. It showed a significant corre-
lation between the humping bead tendency and the ratio of
the longitudinal velocity to the transverse velocity. Thus,
the relationship of the longitudinal and transverse velocities
can be used to predict the humping bead formation under
the present welding condition. The hump spacing of the
weld bead (lh) was chosen as a predictive index of the hump-
ing bead. It was defined as the distance between the neigh-
boring two humps of the weld bead, as indicated in Fig. 22. 
     Experiments showed that under the present welding condi-

tion, when the ratio of the longitudinal velocity to the trans-
verse velocity () increases, the hump spacing of the weld bead
(lh) decreases; this means the humping bead phenomenon be-
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Fig. 17 — Average velocities of tracer particles at different welding speeds.

Fig. 18 — Weld formation at different welding currents (v = 2.5
m/min and U = 30 V).
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comes more severe. When the ratio  is less than 3.07, the
humping bead does not form, and the hump spacing (lh) is infi-
nite; so, its reciprocal (lh

–1) can be regarded as 0. Consequently,
the relationship between the measured average humping space
of the weld bead and the ratio of the longitudinal velocity to

the transverse velocity is illustrated in Fig. 23. When the
humping bead is formed, the mathematical relationship can be
obtained by polynomial fit as follows:

      lh
–1 = –0.00897 × 2 + 0.9506 ×  – 0.19093 (16)
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Fig. 19 — Flow patterns of tracer particles along the x-y direc-
tion at different welding currents (v = 2.5 m/min and U = 30 V).

Fig. 21 — Average velocities of tracer particles at different welding currents.

Fig. 20 — Flow patterns of tracer particles along the x-z di-
rection at different welding currents (v = 2.5 m/min and U =
30 V).
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     Meanwhile, the welding current (I) and welding speed
(vw) are correlated with the longitudinal and transverse flow
velocities of the liquid metal (Figs. 17 and 21). Therefore,
the hump spacing of the weld bead can be calculated by 
using the longitudinal velocity (vL) and the transverse veloci-
ty (vT), as illustrated in the following equations:

      vL = 3.117 × 10–5 × I 1.6107 × vw
0.2434 + 0.1169 (17)

      vT = 3.019 × I–0.0450 × vw
–0.0514 – 2.1173 (18)

     Figure 24 shows the comparison of the experimental ve-
locities and the calculated velocities using the above equa-
tions. Two groups of experimental data (unused for the deri-
vation of the above equations) were chosen to verify the va-
lidity of the equations. When the welding speed was 1.6
m/min and the current was 295 A, the measured longitudi-
nal and transverse velocities were 0.477 m/s and 0.162 m/s,
respectively. The calculated longitudinal and transverse ve-
locities were 0.449 m/s and 0.165 m/s, respectively. When
the welding speed was 1.9 m/min and the current was 295
A, the measured longitudinal and transverse velocities were
0.478 m/s and 0.138 m/s, respectively. The calculated longi-
tudinal and transverse velocities were 0.463 m/s and 0.144
m/s, respectively. This indicates that the calculated results
are in good agreement with the experimental results under
the present welding condition.

Conclusions

     1) A 3D reconstruction system was proposed for recover-
ing world coordinates of objects. The result of error analysis
indicates the sensing system has high accuracy and reliabili-
ty. By combining the reconstruction system with the tracer
particle technique, the fluid-flow velocity on the surface of
the gas metal arc weld pool was obtained.
     2) The humping bead formation is associated with the
flow velocity of the molten metal. With the increase of the
welding speed or the welding current, the ratio of the longi-
tudinal velocity to the transverse velocity () of molten met-
al flow on the weld pool surface increases. Under the pres-
ent welding conditions, the humping bead forms when the
ratio  is larger than 3.07. However, fluid flow velocity is
only one of the factors for the humping bead formation. The
synthetic investigation of heat and mass transfer during
high-speed welding is still needed. 
     3) Based on the measured results, the longitudinal and
transverse velocities can be estimated by the welding cur-
rent and the welding speed under the present welding condi-
tion. More welding parameters such as shielding gas, com-
position of the wire, and substrate will be taken into consid-
eration to optimize the regression in future work.

     This work is sponsored by the National Natural Science
Foundation of China under Grant No. 51775313, Major Pro-
gram of Shandong Province Natural Science Foundation un-
der Grant No. ZR2018ZC1760, and Young Scholars Program
of Shandong University under Grant No. 2017WLJH24.

      1. Soderstrom, E., and Mendez, P. 2006. Humping mechanisms
present in high speed welding. Science and Technology of Welding and
Joining 11(5): 572–579. DOI: 10.1179/174329306X120787
      2. Wu, C. S., Zhong, L. M., and Gao, J. Q. 2009. Visualization of
hump formation in high-speed gas metal arc welding. Measurement
Science and Technology 20(11): 115702. DOI: 10.1088/0957-
0233/20/11/115702
      3. Heiple, C. R., Roper, J. R., Stagner, R. T., and Aden, R. J.
1983. Surface active element effects on the shape of GTA, laser,

WELDING RESEARCH

WELDING JOURNAL / NOVEMBER 2019, VOL. 98326-s

Fig. 24 — Comparison of calculated and experimental velocities.

Fig. 22 — Hump spacing of the weld (lh).

Fig. 23 — Effect of the ratio of longitudinal velocity to the
transverse velocity on hump spacing.

References

Acknowledgments

Wang 201908 – Nov. 2019.qxp_Layout 1  10/10/19  4:01 PM  Page 326



and electron beam welds. Welding Journal 62(3): 72-s to 77-s.
      4. Cho, M. H., Lim, Y. C., and Farson, D. F. 2006. Simulation of
weld pool dynamics in the stationary pulsed gas metal arc welding
process and final weld shape. Welding Journal 85(12): 271-s to 283-s.
      5. Meng, X., Qin, G., Bai, X., and Zou, Z. 2016. Humping phe-
nomena in high-speed GTAW of different weld penetrations. Weld-
ing Journal 95(9): 331-s to 339-s.
      6. Mills, K. C., and Keene, B. J. 1990. Factors affecting variable
weld penetration. International Materials Reviews 35(1): 185–216.
DOI: 10.1179/095066090790323966
      7. Bradstreet, B. 1968. Effect of surface tension and metal flow
on weld bead formation. Welding Journal 47(7): 314-s to 322-s.
      8. Gratzke, U., Kapadia, P. D., Dowden, J., Kroos, J., and Simon,
G. 1992. Theoretical approach to the humping phenomenon in
welding processes. Journal of Physics D: Applied Physics 25(11):
1640–1647. DOI: 10.1088/0022-3727/25/11/012
      9. Lin, M., and Eagar, T. 1985. Influence of arc pressure on weld
pool geometry. Welding Journal 64(6): 163-s to 169-s. 
      10. Lin, M., and Eagar, T. 1983. Influence of surface depression
and convection on arc weld pool geometry. Transport Phenomena in
Materials Processing 10: 63–69.
      11. Shimada, W., and Hoshinouchi, S. 1982. A study on bead
formation by low pressure TIG arc and prevention of undercut
bead. Journal of the Japan Welding Society 51(3): 280–286. DOI:
10.2207/qjjws1943.51.280
      12. Paton, E., Mandel’berg, S., and Sidorenko, B. 1971. Certain
special features of the formation of welds made at high speeds. Au-
tomatic Welding 24(8): 1–6.
      13. Mendez, P. F., and Eaga, T. W. 2003. Penetration and defect
formation in high current arc welding. Welding Journal 82(10): 
296-s to 306-s.
      14. Nguyen, T., Weckman, D., Johnson, D., and Kerr, H. 2005.
The humping phenomenon during high speed gas metal arc weld-
ing. Science and Technology of Welding and Joining 10(4): 447–459.
DOI: 10.1179/174329305X44134
      15. Cho, M. H., and Farson, D. F. 2007. Understanding bead
hump formation in gas metal arc welding using a numerical simula-
tion. Metallurgical and Materials Transactions B 38(2): 305–319.
DOI: 10.1007/s11663-007-9034-5
      16. Chen, J., and Wu, C. S. 2009. Numerical simulation of form-
ing process of humping bead in high speed GMAW. Acta Metallurgi-
ca Sinica 45(9): 1070–1076. DOI: 10.1177/0040517509102227
      17. Xu, G., Cao, Q., Hu, Q., Zhang, W., Liu, P., and Du, B. 2016.
Modelling of bead hump formation in high speed gas metal arc
welding. Science and Technology of Welding and Joining 21(8):
700–710. DOI: 10.1080/13621718.2016.1146427
      18. Wu, D., Hua, X., Ye, D., and Li, F. 2017. Understanding of
humping formation and suppression mechanisms using the nu-
merical simulation. International Journal of Heat and Mass Transfer
104: 634–643. DOI: 10.1016/j.ijheatmasstransfer.2016.08.110
      19. Mnich, C., Al-Bayat, F., Debrunner, C., Steele, J., and Vin-
cent, T. 2004. In situ weld pool measurement using stereovision.
Japan – USA Symposium on Flexible Automation. Denver, Colo.
      20. Song, H. S., and Zhang, Y. M. 2008. Measurement and
analysis of three-dimensional specular gas tungsten arc weld pool
surface. Welding Journal 87(4): 85-s to 95-s.
      21. Song, H. S., and Zhang, Y. M. 2009. Error analysis of a
three-dimensional GTA weld pool surface measurement system.
Welding Journal 88(7): 141-s to 148-s.
      22. Ma, X. J., and Zhang, Y. 2011. Gas metal arc weld pool sur-
face imaging: Modeling and processing. Welding Journal 90(5): 85-s
to 94-s.
      23. Ma, X. J., and Zhang, Y. M. 2013. Reconstruction of three-
dimensional gas metal arc weld pool surface from reflected laser
pattern. Journal of Manufacturing Science and Engineering 135(2):
021002. DOI: 10.1115/1.4023374
      24. Shi, Y., Zhang, G., Ma, X. J., Gu, Y. F., Huang, J. K., and Fan,

D. 2015. Laser-vision-based measurement and analysis of weld
pool oscillation frequency in GTAW-P. Welding Journal 94(5): 176-s
to 187-s.
      25. Bae, K. Y., Lee, T. H., and Ahn, K. C. 2002. An optical sens-
ing system for seam tracking and weld pool control in gas metal arc
welding of steel pipe. Journal of Materials Processing Technology
120(1–3): 458–465. DOI: 10.1016/s0924-0136(01)01216-x
      26. Delapp, D., Cook, G., Strauss, A., and Hofmeister, W. May
2005. Quantitative observations of surface flow and solidification
on autogenous GTA weld pools. Trends In Welding Research: Proceed-
ings of the 7th International Conference, 97–102. Materials Park,
Ohio: ASM International.
      27. Wang, L., Chen, J., Wu, C., and Gao, J. 2016. Backward flow-
ing molten metal in weld pool and its influence on humping bead
in high-speed GMAW. Journal of Materials Processing Technology
237: 342–350. DOI: 10.1016/j.jmatprotec.2016.06.028
      28. Zong, R., Chen, J., Wu, C. S., and Chen, M. A. 2016. Under-
cutting formation mechanism in gas metal arc welding. Welding
Journal 95(5): 174-s to 184-s.
      29. Zong, R., Chen, J., Wu, C. S., and Padhy, G. K. 2017. Influ-
ence of molten metal flow on undercutting formation in GMAW.
Science and Technology of Welding and Joining 22(3): 198–207. DOI:
10.1080/13621718.2016.1214406
      30. Zhao, C. X., Richardson, I. M., Kenjeres, S., Kleijn, C. R., and
Saldi, Z. 2009. A stereo vision method for tracking particle flow on
the weld pool surface. Journal of Applied Physics 105(12): 123104.
DOI: 10.1063/1.3143789
      31. Van Anh, N., Tashiro, S., Van Hanh, B., and Tanaka, M.
2017. Experimental investigation on the weld pool formation
process in plasma keyhole arc welding. Journal of Physics D: Applied
Physics 51(1): 015204. DOI: 10.1088/1361-6463/aa9902
      32. Wei, Y., Liu, N., Hu, X., and Ai, X. 2011. Phase-correction 
algorithm of deformed grating images in the depth measurement
of weld pool surface in gas tungsten arc welding. Optical Engineer-
ing 50(5): 057209. DOI: 10.1117/1.3579519
      33. Song, H. S., and Zhang, Y. M. 2007. Three-dimensional re-
construction of specular surface for a gas tungsten arc weld pool.
Measurement Science and Technology 18(12): 3751–3767. DOI:
10.1088/0957-0233/18/12/010
      34. Yoo, W. S., and Na, S. J. 2003. Determination of 3-D weld
seams in ship blocks using a laser vision sensor and a neural net-
work. Journal of Manufacturing Systems 22(4): 340–347. DOI:
10.1016/S0278-6125(03)80049-3
      35. Heikkila, J. 2000. Geometric camera calibration using circu-
lar control points. IEEE Transactions on Pattern Analysis and Ma-
chine Intelligence 22(10): 1066–1077. DOI: 10.1109/34.879788

WELDING RESEARCH

NOVEMBER 2019 / WELDING JOURNAL 327-s

LIN WANG, JI CHEN (chenji@sdu.edu.cn), XIAOHUI FAN, and
CHUANSONG WU are with the Key Laboratory for Liquid-Solid
Structural Evolution & Processing of Materials, Ministry of
Education, Institute of Materials Joining, Shandong
University, China.

Wang 201908 – Nov. 2019.qxp_Layout 1  10/10/19  4:01 PM  Page 327


