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Weld Pool Surface Fluctuations
Sensing in Pulsed GMAW

The characteristic information of joint penetration is analyzed using
structured laser reflection and electrical signal sensing in GMAW-P

BY W. WANG, Z. WANG, S. HU, P. BAI, T. LU, AND Y. CAO

ABSTRACT

This work addresses the sensing and monitoring of joint
penetration in pulsed gas metal arc welding (GMAW-P). The
issue being addressed is challenging because the joint
penetration is not directly observable, and its solution lies
on the successful identification of easily measurable sig-
nals that have an inherent relationship with the joint pene-
tration. The metal transfer in gas metal arc welding and the
pulsing of the current add additional complexities in the
process, causing the significant fluctuation in weld pool
that disqualifies state-of-the-art methods in weld pool
measurement. Through critical analysis of the complex
process, the authors hypothesize that the fluctuation be-
havior of the weld pool under pulsing current is determined
by the joint penetration. To test this hypothesis, a series of
experiments were designed, and the reflection from the
weld pool surface during the peak current period was used
to derive a measurement to quantify the fluctuation. Experi-
mental results showed that the fluctuation of structured
laser reflection during the peak current period, which was
represented by the cover area of laser reflections (A,) in the
fixed window during a peak current period, can reflect the
joint penetration in GMAW-P but with a time delay. The
change in arc voltage during a peak current period (AU) and
the average voltage during a peak current period (U) can
both be used to characterize joint penetration in GMAW-P.
The AU decreases before the weld gets penetrated and
then increases, while U increases before the weld gets
penetrated and then decreases. These two electrical vari-
ables could be fused together to control joint penetration in
GMAW-P in manufacturing plants.
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Introduction

Joint penetration plays an important role in determining
weld quality, and its real-time sensing and control are crucial.
In many demanding applications, such as steel catenary riser
welding in offshore platforms or pressure vessel welding, com-
plete joint penetration of the root pass is strictly required.

In recent years, there have been many progresses in joint
penetration sensing and control in gas tungsten arc welding
(GTAW), in which the process and the weld pool are stable,
and the influence from the arc is relatively weak owing to low
welding current. Visual sensing of joint penetration in GTAW
has been a focus because weld pool images have intuitive and
abundant information, which could be understood and decod-
ed by a skilled human welder. Chen et al. developed an algo-
rithm based on shape from shading (SFS) to process a cap-
tured image of the weld pool, and successfully reconstructed
the surface shape of the weld pool in GTAW (Refs. 1, 2). A
structured-light vision system was developed to measure the
shape of the free weld pool surface (Ref. 3). Song and Zhang
developed an effective system with the use of the laser reflec-
tion and dot-matrix pattern to sense and reconstruct the weld
pool surface in GTAW to mimic the observation of the weld
pool by welders (Refs. 4, 5). Zhang et al. established a real-time
vision-based monitoring system to reconstruct and measure
the weld pool surface in GTAW, and the average time of recon-
struction was 3.22 ms (Ref. 6). The joint penetration can also
be characterized by the boundary geometrical parameters of
the weld pool extracted directly from the captured images of
the weld pool (Refs. 7, 8). The weld pool oscillation frequency
is another important signal to characterize the joint penetra-
tion. The oscillation frequency of the weld pool based on arc
voltage was studied, and results showed that it has a strong re-
lationship with joint penetration (Refs. 9-11). Xiao and den
Ouden measured the oscillation frequency and amplitude by
monitoring the arc voltage and reported that joint penetration
can be in-process controlled by monitoring the oscillation fre-
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Fig. 1 — Experimental setup.

quency during the welding process (Ref. 10). Wang et al. pro-
posed a new way, using a separately excited resonance phe-
nomenon of the weld pool, to detect real-time information of
weld pool size directly from the arc voltage signal, and the real-
time control of bead appearance was realized successfully in
thin steel plate welding (Ref. 12). Shi et al. projected a five-line
laser pattern onto the entire weld pool surface and found the
relationship between the variation of reflected laser lines,
which was captured by a high-speed camera during the base
current period, and weld pool oscillation (Ref. 13). A laser dot-
matrix sensor was used to project laser dots onto the weld
pool surface in GTAW, and the brightness of captured image
of laser dots reflection from the weld pool surface was de-
tected to determine the oscillation state (i.e., a laser dot re-
flected from a more severely oscillating pool surface changes
its reflection direction more significantly within a given
small time interval, resulting in a less clear reflection im-
age), which is correlated to the joint penetration (Ref. 14). A
laser dot-matrix sensor was also used to observe the pool os-
cillation three dimensionally (Ref. 15). The oscillation
modes were revealed and the dynamic real-time evolution
process for pool oscillation under different penetration
states were explored according to the shape variation of sur-
face oscillation of the weld pool under various welding con-
ditions of pulse current and penetration. Aside from the vi-
sion and oscillation frequency sensing above, ultrasonic
(Ref. 16), x-ray (Refs. 17, 18), infrared (Ref. 19), and
acoustic sensing (Ref. 20) were also studied in GTAW.
However, the joint penetration sensing and control in gas
metal arc welding (GMAW) are much more challenging be-
cause of metal transfer in the process. Pulsed GMAW
(GMAW-P) is even more difficult as pulse current introduces
pulse arc pressure on the weld pool surface. Yan et al. estab-
lished a visual sensing system to monitor the weld pool in
GMAW-P and developed image processing algorithms to ex-
tract the weld pool edge from the images acquired at the end
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Fig. 2 — The laser reflection images at the wire feed speed
(WFS) of 4.7 m/min.

of each base current period, and the characteristic informa-
tion of the weld pool boundary profile was obtained in fast
welding of thin plates (Refs. 21, 22). Chen et al. established
a visual sensing system for monitoring weld pool variation
during base current periods and realized the real-time con-
trol of weld width in GMAW-P (Ref. 23). Shi et al. set up a
visual sensing system for acquiring and processing the im-
ages of the weld pool and realized the control of weld pool
width (Ref. 24). Zhang et al. reconstructed the weld pool
surface based on captured laser reflection on an imaging
plane, and the results showed that the method was capable
of reconstructing weld pool surface with acceptable accuracy
in GMAW-P (Refs. 25, 26). Almost all the visual sensing
methods of weld pool in GMAW-P were during the base cur-
rent period to detour the intense arc during peak current pe-
riod. However, it is the heat input and arc force during the
peak current periods that determine the weld shaping, espe-
cially the joint penetration depth. The oscillation frequency,
which works well to characterize the joint penetration in
GTAW, is not applicable in GMAW mainly due to complexity
caused by the metal transfer.

From the analysis above, the present work aims at find-
ing characteristic signals that are capable of characterizing
joint penetration during the peak current period in GMAW-
P by visual sensing or other sensing technologies other than
oscillation frequency of the weld pool. Wang et al. studied
the relationship between a change in weld pool surface
depth and a change in arc voltage, and proposed that the
change in arc voltage during the peak current period can in-
deed provide an accurate prediction for the joint penetration
depth during GMAW-P (Ref. 27). The change in weld pool
surface depth and the change in arc voltage could be recog-
nized as weld pool (surface) fluctuation amplitude, which
would be determined by the weld pool size under the stimu-
lation of pulse and droplet transfer in GMAW-P. When weld-
ing a material with a fixed thickness, the bigger the weld

Table 1— Parameters of the Laser

Model Wavelength/nm Power/mw Fan angle/ Laser Intensity
deg Pattern Distribution
Nanoline Laser™ 675 500 5 9 lines uniformity
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Table 2 — Welding Parameters of GMAW-P

Welding Parameters Values
Peak current (A) 280
Peak current period (ms) 50
Base current (A) 50
Pulse frequency (Hz) 6
Travel speed (mm/s) 2.85
Contact tip to workpiece 15
distance (mm)

Gas flow rate (L/min) 20

Fig. 3 — Flow chart for the image processing algorithm.

pool is, the smaller the fluctuation amplitude is due to the
larger inertia of weld pool. Thus, the present work proposes
the weld pool surface fluctuations during the peak current
period as the target signal to characterize joint penetration.

Experimental Design

To express the weld pool surface fluctuations, visual
sensing is an apparent solution. However, the bright arc
during the peak current period becomes a huge challenge to
obtain the visual information. Referring to the structured
light reflection sensing method (Refs. 25, 26), weld pool
surface information during the peak current period could be
obtained. The main improvements described as following
were done to try to get the clear laser reflection patterns: 1)
a laser with raised power, 500 W, was employed to enhance
the pattern quality; 2) the wavelength of laser, 675 nm, was
chosen by arc spectrum, which showed the arc intensity is
weak between the wavelength of 620 and 730 nm; 3) a band
filter with the wavelength 675 * 5 nm was accordingly used
to further eliminate the arc; 4) a higher frame rate of camera
was employed to try capturing the instantaneous fluctua-
tions with high speed; 5) a larger imaging plane with a di-
mension of 260 X 185 mm was used to collect the laser re-
flection pattern in a larger scale due to the severe fluctua-
tions in GMAW-P. The joint penetration sensing system was
established, as shown in Fig. 1. The laser, whose detailed pa-
rameters are listed in Table 1, projected nine lines onto the
weld pool surface. The high-speed digital camera system,
Photron FASTCAM Super 10 KC with a shot speed of 30 to
10,000 frames/s, was used to capture images of laser reflec-
tion pattern on the imaging plane, and the images were syn-
chronized with welding current and arc voltage signals (the
two electrical signals will be discussed later). The fluctua-
tions of laser reflection patterns obtained during the peak
current period will be related to joint penetration to verify
its effectiveness.

Another expression of weld pool fluctuations is arc volt-
age, because arc length will be varied with the fluctuations
of weld pool, and arc length will affect the arc voltage.
Among joint penetration sensing methods, the electrical sig-
nal sensing is one of the most ideal ones because 1) the
welding current and arc voltage determine the heat input
and arc force in the welding process, further determining

the weld shaping; and 2) electrical signal acquisition and
processing are simple and fast. Although the noises of elec-
trical signals are usually large, they are still attractive and
important signals to characterize the welding process. To
eliminate the influence of welding current on arc voltage
during the peak current period, the peak current and its du-
ration were set as constant in the experiments. The varia-
tion amplitude of arc voltage and the average arc voltage
during the peak current period will be analyzed and dis-
cussed for joint penetration control.

A single variable, wire feed speed (WES), was used to ob-
tain different joint penetrations. Other constant welding pa-
rameters are listed in Table 2. The influence of metal deposi-
tion “WES/TS” (TS is short for travel speed) on joint pene-
tration was ignored in the present work; thus, WES should
be limited to a certain range (Ref. 27). WESs were set at 3.3,
3.5,3.8,3.9,4.0,4.1,4.2,4.3,4.4,4.5,4.7, and 4.8 m/min.
In the experiments, the Fronius TPS-4000 was used as a
welding power supply with the wire feeder VR400. The base
material used was Q235 steel plate of 270 X 50 X 4 mm, and
the filler wire was MG50-6 with a diameter of 1 mm. The
chemical compositions of base material and filler wire are
shown in Table 3. Butt joint welding was conducted where
the “I” groove was employed, and the opening between the
two workpieces was 1 mm.

Experimental Results and Discussion

Visual Sensing Analysis of Different Weld
Penetrations

As shown in Fig. 1, a nine-line laser pattern was projected
onto the weld pool surface, and the laser reflection patterns
were captured by the high-speed camera from the imaging
plane. The shot frequency was adjusted up to 7000 frames/s
with the minimum exposure of camera. (It reached the limit
of camera to get clear images before the droplet ran into the
weld pool. If the shot frequency was more than 7000
frames/s, the exposure should be increased.) The laser re-
flection patterns still became chaos after the droplets ran
into the weld pool, which are similar to images 32-36 in Fig.
2. Thus, another approach to get weld pool fluctuation was
proposed.

The shot frequency was set constant at 3000 frames/s. A
series of laser reflection patterns were obtained from one
pulse, and some of them are shown in Fig. 2. During the
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Fig. 4 — Image processing for laser refection pattern extraction: A — Original image; B — Gaussian band-pass filter; C — erosion;
D — dilation; E — background removal; F — enhancement; G — median filter; H — skeletonization; | — deburr; ] — superposition of
all processed laser reflection patterns during a peak current period.

base current period (images 1-18), laser reflection patterns
were relatively regular and fluctuated in a small range on the
imaging plane, which were related to the stable weld pool
surface owing to the minor base welding current. The posi-
tions of reflected laser patterns mostly distributed at the
top of the images. When the projection angles of the pro-
jected laser lines are fixed, the smaller B, is (B;is the inclina-
tion angle between the weld pool surface front and the
workpiece and is the acute angle here), the higher the posi-
tions of reflected laser lines on the imaging plane are, ac-
cording to the law of reflection. [3; is small during the base
current period, thus the positions of reflected patterns at
the top of the images. The weld pool is relatively stable dur-
ing the base current period, since there is usually no droplet
transferring into the weld pool during it, and the projected
lasers are dense and uniform, therefore the laser concentrat-
ed on the imaging plane during the base current periods.
The discontinuity in the middle of the stripes was caused by
the occlusion of wire or droplets, which can also be observed
in other conditions. Before droplet transfer during the peak
current period (images 19-26), the stripes in the image
transformed from aggregation state to divergent state and
the spacing of stripes gradually became larger. This is be-
cause the depression on the weld pool surface increases with
the increase in current.

The center part of the stripes produced depressions be-
cause of the weld pool surface depression caused by arc
force. After droplet transfer during the peak current period
(images 27-36), the stripes crossed and overlapped each

other. The stripes became more chaotic with the increase
in time. This is because the fluctuation of the weld pool
surface spreads quickly to the other areas of weld pool sur-
face when the droplet enters into the pool, and there was
not enough time for the weld pool surface to return to a
stable state as more droplets ran into the weld pool se-
quentially, so that the stripes chaos remained during the
peak current period. From Fig. 2, the laser reflection pat-
terns were regular during the base current period and early
in the peak current period, but it became irregular later in
the peak current period due to the droplet transfer. Thus,
it is difficult to get accurate weld pool fluctuations during
peak current period under the present conditions. Howev-
er, the weld pool fluctuations during the peak current peri-
od might be estimated from the images by statistical ap-
proaches. Herein, the cover area of laser reflections (4,),
which indicates the weld pool fluctuation amplitude, was
proposed to characterize the joint penetration.

Image Processing of Laser Reflection Patterns

An image processing algorithm was proposed to extract
the laser reflection pattern, whose flow chart is shown in
Fig. 3. The first objective is to segment the laser reflection
pattern from the background arc light. Then the extracted
pattern is linearized to remove the influence of the stripe
width. Finally, the superposition of all processed laser re-
flection patterns during a peak current period was conduct-
ed to obtain A.. An original image captured before droplet

Table 3 — Chemical Compositions of the Base Material and Filler Wire (wt-%)

Elements C Mn P S Si Cu Fe
Q235 018 0.50 =045 =045 =030 - Balance
MG50-6 0.07 1.27 0.015 0.014 0.76 015 Balance
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Fig. 5 — Image processing for cover area of laser reflections: A — Original image and fixed window; B — extracted laser reflection pat-
terns within the fixed window; C — A, during a peak current period. The numbers on the top left corner of the images represent the se-

guence number of the pulse peak period.

transfer during a peak current period is shown in Fig. 4A. A
filtered image, which used the Gaussian band-pass filter (de-
scribed in Equations 1 and 2) to smooth the image and re-
move noise, was obtained, as shown in Fig. 4B

2
D(X:;V)2—Do

1

H(x,y)zl—exp —

D(x,y)=(x-my ) +(y=ny 2)

where D,, D, are band-pass cut-off frequencies, which are set
to 125 and 580, m; and n, are all set to 128, H(x, y) repre-
sents the transfer function of the filter, and D(x, y) is the
distance from point (x, y) to the filter center.

The morphological image processings of erosion and dila-
tion were applied to the filtered image and the results are
shown in Fig. 4C and D. The pattern became wider and more
blurred since the erosion algorithm is used for finding the
local grayscale minimum, and the dilation algorithm is used
for finding local grayscale maximum. Image subtraction op-
eration between Fig. 4B and D was applied to remove arc
light background, and the result is shown in Fig. 4E. Figure
4F is the result of the thresholding algorithm applied to Fig.
4E. From Fig. 4F, there were still some noises in the back-
ground. A median filter algorithm was then used to elimi-
nate the noises in the background, whose result is shown in
Fig. 4G. The morphological image processings of skele-

tonization and deburr were applied to Fig. 4G, and the re-
sults are shown in Fig. 4H and I. The stripes location infor-
mation could be obtained from Fig. 41. It is difficult to ob-
tain every fluctuation of each stripe from Fig. 4, but A,,
which presents the largest fluctuation area or fluctuation
amplitude, could be easily obtained. Figure 4J superimposed
images of extracted laser reflection pattern like Fig. 41 dur-
ing a peak current period and then binarized the superim-
posed image. A, could thus be calculated by the sum of pixels
of binarized superimposition of extracted laser refection
patterns.

A fixed window was selected to eliminate the influence of
image noises, as shown in Fig. 5A. Figure 5B shows the ex-
tracted laser reflection patterns within the fixed window.
Figure 5C shows the results of A, during different peak cur-
rent periods. From Fig. 5C, A during a peak current period
varied in different pulse current cycles, which was related to
the fluctuation amplitudes of the weld pool surface during
different peak current periods.

Visual Characteristic Signal Analysis for Joint
Penetration Sensing

The laser reflection patterns are closely related to the
weld pool surface, and the laser reflection pattern will fluc-
tuate with the weld pool surface, thus A, in the fixed window
can reflect the amplitude of weld pool surface fluctuations
to a certain degree. The information from the peak current
period is stated to be closely related to the joint penetration,
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Fig. 6 — Backside weld appearance — A, B, and C are partial joint penetration welds at different WFSs; D, E, and F are critical pene-
tration welds at different WFSs; G and H are complete joint penetration welds at different WFSs.

as mentioned above; therefore, A, during a peak current pe-
riod was analyzed and discussed in detail.

A series of welds with different joint penetrations were
obtained by changing WES, whose backside appearances are
shown in Fig. 6. Partial joint penetration welds in Fig. 6A-C
were obtained at the WFS of 3.3 and 3.8 m/min, as marked
in the figures. Additionally, the critical penetration welds in
Fig. 6D-F were obtained at the WES of 4.5 and 4.7 m/min,
as marked. The complete joint penetration welds (shown in
Fig. 6G and H) were obtained at the WES of 4.7 and 4.8
m/min, as marked. The average cover area of laser reflec-
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tions in the stabilization stage of the welding process was
obtained for different joint penetrations, as shown in Fig. 7.
The alphabet marked in Fig. 7 corresponds to that in Fig. 6.
From Figs. 6 and 7, A, during a peak current period for criti-
cal penetration welds was the highest, and that for complete
joint penetration welds was the lowest. From partial to criti-
cal penetration, with the joint penetration depth increases,
the volume of weld pool increases and the oscillation ampli-
tude of weld pool surface decreases due to the increased in-
ertia of the weld pool. Thus, the laser reflection pattern
would appear in the fixed window with a higher probability,




b
n

T I
— in ~ n w

A.during a peak current period/Pixels
e
wn

partial penetration

critical penetration

Penetration state

complete joint penetration
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Fig. 8 — Relationship between joint penetration states and A, during a peak cur-
rent period: A — Partial joint penetration weld; B — critical penetration weld; C —
mix penetration weld from partial to complete joint penetration; D — complete
joint penetration weld: (A) the topside of the weld; (B) the backside of the weld.

namely that A_during a peak current period in
the fixed window will increase if the joint pen-
etration depth increases before critical pene-
tration. From critical to complete joint pene-
tration, the melted metal flows downward and
weld pool fluctuation amplitude increases due
to the absence of the backside constraint, thus
the laser reflection will fall out of the fixed
window, making A, during a peak current peri-
od decrease. From the analysis above, when
the weld experiences the transition from par-
tial to critical and then to complete joint pene-
tration, A, during a peak current period tends
to increase firstly and then to decrease.

A series of A, during peak current periods in
different welding processes were obtained in
real time, as shown in Fig. 8, in which the top-
side and backside welds were also presented.
Therefore, the relationship between joint pene-
tration states and A, can be analyzed and inter-
preted in real time. For partial joint penetra-
tion (Fig. 8A), the weld pool grew up at the be-
ginning of welding, the fluctuation amplitude
decreased, and A, during a peak current period
in the fixed window increased. When the weld
pool came into a relative stable state, A, fluctu-
ated near a stable value. Figure 8B shows a weld
experienced the state from partial joint pene-
tration to critical penetration. A, during a peak
current period increased when its states
changed from partial to critical penetration.
Figure 8C shows a weld with the penetration
state changed from partial to complete joint
penetration (as called mix penetration, some
parts of welds are in partial joint penetration
and some parts of them are in complete joint
penetration). When complete joint penetration
was achieved, the weld pool had a depression
from the view of the topside weld, which had a
direct influence on fluctuation amplitude and
further made A, during a peak current period
decrease. Also, the depression had an influence
on arc voltage, which will be discussed in the
next section. For complete joint penetration
(Fig. 8D), A, during a peak current period was
at a relatively low level, around 1.5 X 10* pixels.
The experimental results from Fig. 8 show A,
during a peak current period in the fixed win-
dow can dynamically reflect the fluctuation
amplitude of the weld pool surface and further
be used for real-time sensing of joint penetra-
tion, but with a time delay — Fig. 8C and D.
From Figs. 7 and 8, A, during a peak current pe-
riod will have a sudden drop when the weld
gets penetrated. The complete joint penetra-
tion state is identified when A, falls lower than
1.5 x 10* pixels for the first time from a high
value. But the position of identified turning
point from partial to complete joint penetra-
tion falls behind the visible turning point at the
backside of the weld, so apparent time delay ex-
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Fig. 9 — The topside (A) and backside (B) of weld appearance
at different WFSs.

ists in the system, which is expressed by the time interval be-
tween the two turning points. In Fig. 8C, A, during a peak
current period decreased to a lower level after a time delay of
3.8 s when the joint penetration state changed from partial
to complete joint penetration. In Fig. 8D, the time delay was
4.3 s after the weld got penetrated.

Electrical Signal Sensing Analysis of Different
Joint Penetrations

As previously mentioned, the depression of the weld pool
surface has an influence on arc length further on arc volt-
age. Thus, arc voltage during a peak current period will be
discussed in detail. Weld pool fluctuation amplitude has an
influence on arc length variation, too, and the change in arc
voltage, during a peak current period (Refs. 27, 28), will also
be analyzed.

Figure 9 shows the weld appearances from the top and
bottom side, in which the joint penetration gradually
changed from partial to complete joint penetration with the
increase in WFS. Welding current and arc voltage signals
were acquired for all the experiments in Fig. 9. Bai et al.
(Ref. 29) reported that the average change in arc voltage
during a peak current period (AU) could predict the joint
penetration at the beginning of the GMAW-P process. When
the welding process came into stable state, Wang et al. (Refs.
27, 28) and Bai et al. (Ref. 29) both used AU to characterize
the joint penetration depth before critical penetration in
GMAW-P. The present work extends the aforementioned re-
search to complete joint penetration in GMAW-P. A series of

334-s WELDING JOURNAL / DECEMBER 2018, VOL. 97

SN Partial

penetration .
Mixed

\ N
\ ~ i
10F Se N penetration

AU/V

L L L L L L L
32 34 3.6 3.8 4 4.2 4.4 4.6 4.8
WFS (m/min)

Fig. 10 — The relationship between AU and WFS.

AU in stable state of welding processes at different WESs
were obtained, as shown in Fig. 10.

As shown in Figs. 9 and 10, with the increase in WFS,
AU decreased firstly and then increased after WES was
over 4.0 m/min. For WES below 4.0 m/min, the welds were
almost in partial joint penetration (Fig. 9). When WES was
over 4.0 m/min, the welds were in mixed penetration, or
almost in complete joint penetration (Fig. 9). When WES is
below 4.0 m/min, with the increase in WFS, the heat effi-
ciency of welding processes will increase, the joint penetra-
tion depth (and the size of weld pool) will increase, and the
increase in mass and further in the inertia will decrease
the fluctuation amplitude of weld pool, which will cause
the decrease in fluctuation amplitude of arc length and
further that of the arc voltage. When it comes into the crit-
ical penetration, AU comes into the minimum. When the
workpiece is penetrated (WFS is over 4.0 m/min), the
molten metal in the weld pool will flow downward under
the arc force and the gravity, and fluctuation amplitude of
the weld pool surface will increase owing to the absence of
constraint; further AU will increase again.

Complete joint penetration gradually dominated in the
whole weld with the increase in WFS from 4.0 to 4.8
m/min (Fig. 9), causing the increase in AU (Fig. 10). Two
welds of different penetrations matching with the AU -t
chart are shown in Fig. 11. AU was filtered by the simple
moving average (SMA) with different sample widths (n)
(Ref. 30), which means a moving window of n samplings of
AU is defined firstly and then the mean of the values in the
window is calculated to obtain a series of filtered AU by
moving this window along the original data. From Fig. 11,
AU for critical penetration was at a lower level compared to
partial and complete joint penetration. The positions be-
tween the partial and complete joint penetration or those
with a narrow backside width among complete joint pene-
tration positions, which are marked by red lines in Fig. 11,
were considered as in critical penetration. The waveforms
of AU near the positions in critical penetration have a simi-
lar contour, namely that there is a valley right there or a
time lagged behind. It confirmed the results from Fig. 10
that AU decreases firstly and then increases when the weld
is from partial to complete joint penetration. The wave-
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Fig. 1 — Relationship between AU and joint penetration: TIA and TIB were two joint penetration states at the WFS of 4.3 m/min;
(A) — AU -t when n is equal to 3; (B) — AU -t when n is equal to 10; (C) — backside weld morphology. The number next to the
vertical line in the figure represents the delayed periods of AU sampling.
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Fig. 12 — The relationship between U and WFS.

forms for the critical penetration position among complete
joint penetration positions can also be explained by Fig.
10. From Fig. 11, AU lagged behind the change of joint
penetration, and the time delay of Group A was less than
that of Group B. The time delay was caused by the inertia
thermal welding process and SMA algorithm used. The dif-
ference in the time delay mainly stemmed from the SMA
algorithm. The greater n was set to be, the more high-fre-
quency signal filtered from AU but the greater the time de-
lay was. When n was too low, the AU signal was interfered
by noises and it became difficult to tell joint penetration
from AU, although the delay of AU decreased. A suitable
value of n should be selected when designing the control
strategies of AU in joint penetration control.

As mentioned above, the weld pool had a depression
from the view of the topside weld when complete joint pene-
tration was achieved. The depression is closely related to arc
length and further the arc voltage, thus average arc voltage
during a peak current period (U) was considered to charac-

terize joint penetration. The Uis defined in Equation 3,
U=(Z0i)/n (3)

where U, is the average arc voltage during a peak current pe-
riod, and Uis an average of U, and the default n = 10. The re-
lationship between U, and WES was obtained, as shown in
Fig. 12.

From Figs. 12 and 9, for partial joint penetration, U in-
creased with the increase in WFS; and for the mixed pene-
tration state, U decreased with the increase in WES. This
phenomenon could be explained by the principle of mini-
mum voltage. With the increase in WES, the arc length will
be kept in a new equilibrium point, where the energy for
melting the wire meets the wire feed speed. Due to the peak
current and peak current period were set as constant in the
present work, the arc will change its shape to make the arc
voltage drop for unit length minimum. In such case, 1) if the
weld is in partial joint penetration, the arc length will be-
come shorter (although the weld pool surface will have the
trend to lengthen arc length by deformation, the solid con-
straint from the backside of the workpiece and the larger
variation of WES make the arc length shorter), but the elec-
tric field strength will be much larger, resulting in a raising
U, 2) if the complete joint penetration was achieved, the ab-
sence of solid constraint from the backside of the workpiece
would make the electrical field strength decrease and make
the arc length trend to increase suddenly, but it was coun-
teracted by the arc shortening due to the increase in WES,
thus U will decrease after critical penetration.

The U representing the depression of the weld pool, and
AU representing the fluctuation amplitude of the weld pool,
are both important control variables in joint penetration
control. These two variables could be fused together to con-
trol joint penetration to solve the problem that the electrical
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signals in welding processes are easily affected by the noises.
They are easily measurable and applicable in joint penetra-
tion control in GMAW-P in manufacturing plants.

Conclusions

This paper studied the characteristic information of joint
penetration by monitoring the weld pool surface fluctuation
with the methods of structured laser reflection and electri-
cal signal sensing in pulsed gas metal arc welding (GMAW-
P). The cover area of laser reflections (A,) during a peak cur-
rent period, the change in arc voltage during a peak current
period (AU), as well as the average voltage during a peak cur-
rent period (U) in different joint penetrations were ana-
lyzed. Several conclusions can be drawn:

1) Fluctuation amplitude of the weld pool surface, which
is determined by the weld pool size under the stimulation of
pulse and droplet transfer in GMAW-P, can be used to char-
acterize the joint penetration. The deeper the joint penetra-
tion is and the bigger the weld pool is, the smaller the fluc-
tuation amplitude of the weld pool surface is, due to the
larger inertia of the weld pool.

2) The A, during a peak current period can reflect the
fluctuation amplitude of the weld pool surface and further
can be used to characterize the joint penetration. The rela-
tionship between A, during a peak current period and joint
penetration was analyzed, and the results showed that A,
during a peak current period for critical penetration welds
was the highest, and that for complete joint penetration
welds was the lowest, making that A, during a peak current
period can be used for recognition and control of joint pene-
tration. It provided a new idea for the vision sensing and
control of the joint penetration.

3) The AU is an easily measurable variable to express the
weld pool surface fluctuation. The present work extended
AU from partial to complete joint penetration. From partial
to complete joint penetration, AU decreases firstly then in-
creases. Urepresenting the depression of weld pool was also
analyzed. From partial to complete joint penetration, Uin-
creases firstly then decreases. These two variables could be
fused together to control joint penetration in GMAW-P in
manufacturing plants.
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