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Introduction

Plasma arc welding (PAW), laser beam
welding (LBW), and electron beam weld-
ing (EBW) can operate in keyhole mode,
which is the primary attribute of such high-
power-density welding processes (Ref. 1).
During such processes, a keyhole is
formed inside the weld pool, and the heat
is deposited along the thickness direction,
so that deep penetration is achieved and
thicker plates are welded with a single pass
(Ref. 2). Compared to LBW and EBW,
keyhole PAW, as a variant of gas tungsten
arc welding, is more cost effective and
more tolerant of joint preparation (Refs.
3, 4). Thus, keyhole PAW has found wide
application in industry (Refs. 3, 5, 6).
However, the keyhole stability, which de-
pends on the physical characteristics of the
material to be welded and the welding pa-
rameters to be used, is a critical issue in ap-
plying PAW (Refs. 7, 8). In conventional
keyhole PAW, slight variations in the heat

input may cause keyhole closure or weld
pool collapse (Ref. 9), so that incomplete
penetration or melt-through occur easily.
To widen the applicable welding process
parameter window in the keyhole PAW
process, the “controlled-pulse keyholing”
PAW system was developed (Ref. 10),
which is based on the specially designed
welding current waveform as shown in Fig.
1. At the falling stage of the welding cur-
rent from the peak level to the base level,
two substages of the current falling with
different slopes of K1 and K2 are added.
When the peak current IP is applied, the
system keeps detecting the signal charac-
terizing the keyhole status. As soon as the
keyhole signal reaches a certain magni-
tude (associated with the establishment of
an open keyhole penetrating through the

workpiece), the welding current starts to
decrease with a falling slope K1. Because
of thermal inertia, the keyhole volume re-
mains to expand slowly even though both
heat input and arc force associated with
the welding current start to fall during this
stage. When the keyhole size reaches the
preset value to meet the desired practical
requirements of the weld quality, the
welding current decreases at a steeper
slope K2 (|K2|>|K1|), then the keyhole
stops expansion but starts to contract. At
instant t1, the open keyhole is completely
closed, and a blind keyhole may exist.
After the base current IB is applied for a
preselected period TB, the current is
switched to the peak level IP again to begin
a new cycle, and at instant t2, the open key-
hole starts to form again. In this way, the
keyhole status is actively controlled with
specially designed pulse waveform of the
welding current in each pulse cycle.
Therefore, the controlled pulse keyholing
PAW system can ensure the open keyhole
and complete joint penetration but avoid
melt-through defects. Such novel process
and system have great potential applica-
tion in industry.

However, the controlled-pulse keyhol-
ing strategy involves an increased number
of process parameters. To optimize the
welding process, it is essential to get deep
insight into the dynamic behaviors of the
keyhole and its effect on the welding
process and weld quality. Thus, it is of crit-
ical significance to conduct experimental
sensing and observation of the keyhole be-
haviors in the controlled-pulse keyholing
PAW process.

A few sensing methods, such as the
electrical potential of the efflux plasma
from the keyhole exit (Refs. 10, 11), the
acoustic signal (Ref. 12), the plasma arc
light (Ref. 13), the plasma cloud (Ref. 14),
and the plasma reflection (Ref. 15), have
been tried to sense and monitor the key-
hole status in conventional PAW. How-
ever, all these sensing approaches are in-
direct, which just indicate if an open
keyhole is formed or not, but do not quan-
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titatively characterize the shape and size
of an open keyhole. Vision-based sensing
provides more direct information, and
thus has been used to monitor the weld
pool in various arc welding processes
(Refs. 16–18). The keyhole or weld pool in
laser welding has been observed by vision
sensors (Refs. 19–22). But the underlying
mechanism of keyhole formation and sus-
tainment in PAW is different from that in
LBW, and the keyhole size in PAW is much
larger than that in LBW (Ref. 5). Because
of the relatively larger PAW torch body
and its short distance to the workpiece,
there is a very narrow viewing angle of the
camera for observing the keyhole and/or
weld pool from the front side of the work-
piece when a camera device is employed in
the PAW process. An ultrahigh shutter
speed vision system was used to simulta-

neously image the
keyhole and the
weld pool from the
backside of the
workpiece (Ref. 7).

But such laserStrobe system is compli-
cated and very expensive in practical ap-
plications since the vision system consists
of a strobe-illumination unit (pulse laser),
camera head, and system controller. In a
previous study, a low-cost visual sensor
was developed to observe the keyhole
from the backside of the workpiece in the
conventional PAW process (Refs. 23, 24).
Up to now, the dynamic behaviors of the
keyhole in the controlled-pulse keyholing
PAW process has not yet been monitored
and visualized. 

In this study, a cost-effective vision sys-
tem was employed to monitor and detect
the dynamic keyhole status from the back-
side of the workpiece in the controlled-
pulse keyholing PAW process. The key-
holing process, including keyhole
establishment, expansion, contraction,

and closure in each pulse cycle, was ob-
served. The dynamic variation of the key-
hole size and its position inside the weld
pool were analyzed. The inclination of the
front keyhole wall and its relation with the
keyhole evolution was investigated. The
observation results lay a solid foundation
for implementing process optimization in
controlled-pulse keyholing PAW.

Experimental Setup

Figure 2 shows the developed con-
trolled-pulse keyholing PAW system. The
PAW machine consists of a digital power
source, a plasma generator, and a plasma
torch. A piece of mild-steel bar (the meas-
uring bar) is mounted underneath the
workpiece to be welded and kept insulated
electrically. If an open keyhole is estab-
lished, the plasma jet must exit through
the keyhole channel to form the efflux
plasma at the backside of the workpiece,
as shown in Fig. 3A. The efflux plasma will
establish an electrical potential between
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Fig. 1— The welding current waveform in controlled-pulse keyholing PAW. Fig. 2— Schematic of the controlled-pulse keyholing PAW system.

Fig. 3— The efflux plasma and the electrical signals in controlled-pulse key-
holing PAW. A — The image of the plasma arc and efflux plasma; B — the
detected welding current and efflux plasma voltage.
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the workpiece and the measuring bar due
to the phenomenon of plasma space
charge. If an open keyhole is not estab-
lished (blind keyhole), there will be no ef-
flux plasma between the workpiece and
the measuring bar and thus no electrical
potential exists. A simple sensor consist-
ing of a resistor R and a capacitor C is used
to detect the electrical potential or the
voltage between the workpiece and the
measuring bar. The larger the keyhole
size, the higher the intensity of the efflux
plasma, and the larger the efflux plasma
voltage (VE). There is a correlation of the
keyhole diameter at the backside with the
measured efflux plasma voltage signal
(Ref. 9). Both the transient signals of the
welding current and the efflux plasma
voltage are sampled in-process via the
input/output interfaces (PCI8613 and
ROB5000). The computer controls the
waveform of the welding current and ad-
justs it in real time according to the feed-
back keyhole signal represented by the ef-
flux plasma voltage (VE). Figure 3B shows
the measured welding current and efflux
plasma voltage signals during the con-
trolled-pulse keyholing PAW process.

As shown in Fig. 2, a CCD camera is
aimed at the weld pool from the backside
of the workpiece to capture the keyhole exit
images during the controlled-pulse keyhol-
ing PAW process. For the experimental sys-
tem, both the PAW torch and the CCD
camera are stationary, while the workpiece
travels at the welding speed, which is con-
trolled by the computer. The CCD camera
(Model AM1101A manufactured by Bei-
jing JoinHope Image Technology Ltd.) is
equipped with a narrow-band filter (central
wavelength is 655 nm, bandwidth is 40 nm,
and transparency is 85%) and a neutral fil-
ter. The trigger circuit makes image cap-
turing and electrical signal sampling kept
synchronously. If the workpiece is com-
pletely penetrated and an open keyhole is
formed, the keyhole exit image is captured
by the CCD. The captured keyhole images
are digitized through the image grabber
(OK-M10A). In this study, the observation
is toward the rear of the weld pool, as
shown in Fig. 2, and the viewing angle is set
at 70 deg. The distance from the camera
lens to the object plane is around 150 mm.
By using the algorithms of the developed
image processing and calibration (Ref. 24),

the shape and size of the keyhole exit are
obtained. Figure 4 illustrates the keyhole
image and the extracted boundary from
which the keyhole dimension is 
determined. 

Results and Discussion

Keyhole Sizes and Position Deviations

By using the developed controlled-
pulse keyholing PAW system, bead-on-
plate welding tests were conducted on 8-
mm-thick, Type 304 stainless steel
workpieces. The torch orifice diameter
was 2.8 mm, the throat length was 3 mm,
and the tungsten electrode setback was 2.0
mm. The torch orifice standoff from the
workpiece was 5.0 mm. Both the plasma
gas and shielding gas were pure argon, and
their flow rates were 3.0 L min–1 and 20 L
min–1, respectively. The welding speed was
120 mm/min.
For the study case, the waveform pa-

rameters of the welding current, as de-
fined in Fig. 1, are as follows:
Ip= 185 A, IB = 82 A, TP= 300 ms, TB=
100 ms, TK1 = 225 ms, and TK2 = 100 ms.
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Fig. 4 — The captured image of the keyhole exit. A — Raw image; B — the extracted boundary.

Fig. 5 — The sampled electrical signals and the sequential images of the keyhole in two consecutive pulses. A — The detected welding current and efflux plasma
voltage; B — the sequential images of the keyhole.
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Figure 5 shows the in-process measuring
results of the welding current, the efflux
plasma voltage, and the keyhole images in
two consecutive pulse cycles. Both the ef-
flux plasma voltage and the keyhole image
are related to the shape and size of the
keyhole exit at backside of the workpiece,
so they both vary dynamically with the
welding current in each pulse cycle. Figure
5A demonstrates that each pulse produces
one completely penetrated (open) key-
hole. Figure 5B gives the sequential im-
ages of the keyhole in two pulse cycles. It
is clear that in a pulse cycle from 30.2 to
30.75 s (the first pulse in Fig. 5A), after the
pulse current is exerted for some time, an
open keyhole is established at instant
30.313 s, and then both its shape and posi-
tion change. To control the keyhole size
actively, the pulse current starts to de-
crease at instant 30.39 s when the detected
efflux plasma voltage exceeds a certain
value. When the keyhole size reaches the
preset value to meet the desired practical
requirements of the weld quality, the cur-
rent decreases at a steeper slope, so that
the keyhole stops expansion but starts to
close. At a certain instant (30.58 s), the
open keyhole is completely closed. For the
next pulse, at instant 30.875 s, an open key-
hole appears again, and a similar process
repeats. In this way, it can ensure the key-
hole establishment and complete joint
penetration but avoid melt-through de-
fects. Figure 5B demonstrates the full
cycle for a keyhole in each pulse period,
i.e., keyhole establishment, expansion,
contraction, and closure. 

Based on the sequential images of the
keyhole in Fig. 5B, the keyhole exit sizes can
be determined. Figure 6 shows the dynamic
variation of the width and length of the key-
hole exit in two pulse cycles. For each pulse
cycle, at the start of keyhole establishment,
the keyhole exit looks like an oval, i.e., its
length (along the welding direction) is
longer than its width (perpendicular to the

welding direction).
However, it immedi-
ately changes its
shape from oval to
oblate roundness,
i.e., its length is a lit-
tle bit less than its
width. The keyhole exit takes such a shape
of oblate round for almost the whole pulse
cycle, as the sequential images of the key-
hole demonstrate in Fig. 5B. This phenom-
enon, i.e., the keyhole exit shape is oblate
along the welding direction, was also ob-
served in conventional PAW process (Ref.
23). However, during the controlled-pulse
keyholing PAW process, the keyhole exit in
each pulse cycle has the similar oblate
geometry, i.e., its length along the welding
line is a little bit less than its width perpen-
dicular to the welding direction, except for
the very beginning stage of open keyhole
formation. For welding workpieces with
medium thickness, the moving plasma arc
exerts more energy and pressure along the
welding direction to produce an open key-
hole, so that the keyhole exit looks oblate.
Of course, this is just a preliminary expla-
nation, and further investigation is 
required.

Figure 5B illustrates that the position
of the keyhole exit is not stationary in a
pulse cycle. The up and down displace-
ment of the keyhole images corresponds
to the forward and backward movement of
the keyhole exit inside the weld pool at the
underside along the welding direction, be-
cause the torch and the camera are fixed
while the workpiece is traveling. This
means that there is a deviation of the key-
hole exit from the torch axis. Figure 7
shows the schematic of the deviation dis-
tance and its definition. In this study, the
difference between the centerpoint of the
keyhole exit and the PAW torch axis along
the welding direction (x-coordinate) is de-
fined as the deviation distance of the key-
hole exit.

From the sequential images in Fig. 5B,
the deviation distance of the keyhole exit
is obtained. Figure 8 shows that at the be-
ginning of open keyhole establishment,
the deviation distance of the keyhole exit
is largest. As time goes on, its value de-
creases in a pulse cycle. This means that
when an open keyhole is just formed, it lo-
cates farthest away from the torch axis, but
it continuously moves forward as time
goes on. At the end of each pulse cycle,
there is the least deviation distance just
before the open keyhole closes. 

The Mechanism of the Deviation Distance
of the Keyhole Exit

As shown in Fig. 7, the open keyhole
has an entrance aperture at topside and an
exit aperture at backside, respectively.
Since the keyhole is unsymmetrical and
noncoaxial with the PAW torch, the key-
hole channel is curved, and bending of the
keyhole axis occurs. The keyhole exit is
displaced in the direction opposite to the
welding direction, as illustrated in Fig. 7.
The deviation of the keyhole exit from the
torch axis is due to the motion of the
plasma arc along the welding direction.
Because of the relative motion between
the plasma torch and the workpiece, the
thermal field on the workpiece is dis-
torted, and the weld pool becomes unsym-
metrical with respect to the torch axis.
Taking the torch axis as a reference, the
shape of the weld pool looks like a double
half-ellipsoid, and its front part is less
while its rear part is much larger, which is
caused by the distortion of the thermal
field due to the motion of the heat source
represented by the plasma arc. Therefore,
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Fig. 6— The measured width and length of keyhole exit vs. the current pulse.

Fig. 7— Schematic of the deviation distance of the keyhole exit.
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the plasma arc is mainly deposited at the
front part, most of the molten metal is
pushed toward the rear part of the weld
pool, and the liquid layer at the front wall
of the keyhole is very thin, as schematically
shown in Fig. 7. A previous experiment
proved that the molten layer at the front
keyhole wall has a thickness of about 100
microns (Ref. 25). It can be imaged that
the liquid metal layer enveloping the key-
hole varies its thickness circumferentially,
and the front keyhole wall is nearly the
same as the front edge of the weld pool
(melting line). As shown in Fig. 9, when
the plasma jet strikes the nearly solid front
wall of the keyhole, the minor part of the
plasma jet (part A) will be reflected by the
wall, flow along the rear wall of the key-
hole, and finally may get out through the
keyhole entrance aperture, while most of
the plasma jet (part B) will be bent by the
inclined front wall of the keyhole toward
the rear part of the weld pool, and finally
flow out through the keyhole exit. The
bent plasma jet (part B) gives pressure to
the rear keyhole wall and holds the weld
pool; on the other hand, it heats and melts
the keyhole wall. If the heat input from the
plasma jet is high enough, the front wall
will be completely molten, and produces a
shorter melting line; while if the current is
lower, the heat input to the solid keyhole
wall decreases and the melting line ex-
tends longer. As the liquid layer on the
front keyhole wall is very thin, the front
point of the keyhole exit closely sticks to
the relevant point of the melting line.
Hence the keyhole exit deviation distance
is directly determined by the slope of the
keyhole front wall or the melting line. This
point is discussed in more detail in next
subsection.

The Correlation of the Deviation and the
Inclination of Keyhole Front Wall

For the stainless steel workpieces, the
inclination of the front keyhole wall (and

associated deviation distance of the key-
hole exit) is mainly affected by the welding
process parameters. To demonstrate the
effect of the current waveform on the in-
clination of the front keyhole wall, special
experiments were conducted. The con-
trolled-pulse waveform of the welding cur-
rent in Fig. 10A was used. The peak cur-
rent Ip = 180 A, the base current Ib = 60
A, the plasma gas flow rate 2.8 L min–1,
and the other parameters and conditions
are as aforementioned. The controlled-
pulse keyholing PAW test was repeated a
few times, and the welding processes were
suddenly stopped at different instants
(T1–T5) in a pulse cycle. Sudden stopping
of the welding process remain the most
part of the keyhole at that moment, al-
though the bottom part of the keyhole may
be refilled by some molten metal. After
welding, the weld samples were cut along
the welding direction, and longitudinal
sections of the weld end were obtained. 
Figure 10B is the macrograph of the

longitudinal section weld stopped sud-
denly at instant T1. In pulse (n), an open
keyhole was established at instant T1 after
the peak current was acted for the period
300 ms. The front keyhole wall (almost the
same as the melting line) is from point A
to point B in Fig. 10B. The projection
length L of the curve AB along the longi-
tudinal direction (welding direction) is
4.96 mm. At instant T2, the welding cur-
rent had been lowered by 30% from the
peak value, but an open keyhole still ex-

isted at this moment, and the thermal ac-
cumulation from higher heat input causes
melting at the front keyhole wall. When
the welding process was suddenly stopped
at instant T2, the macrograph of the longi-
tudinal section of the weld was obtained,
as shown in Fig. 10C. The front keyhole
wall is almost an inclined plane with the
projection length L of 3.22 mm. At instant
T3, the welding current had been lowered
by 70% from the peak value, and the open
keyhole was closed at the bottom before
this moment. When the welding process
was suddenly stopped at instant T3, the re-
maining macrograph of the longitudinal
section of the weld is given in Fig. 10D.
Due to a blind keyhole existing at instant
T3, the plasma arc deposits more heat at
the upper part of the keyhole cavity, and
the upper front keyhole wall becomes a lit-
tle bit curved, so that the projection length
L of the melting line is about 4.24 mm. The
instant T4 is the end of the base duration,
the bottom of the blind keyhole gets much
less heat from the plasma arc, and the
melting line is curved backward at the bot-
tom — Fig. 10E. The projection length L
of the melting line is about 4.73 mm at in-
stant T4. The instant T5 is within the initial
stage of the next pulse period, more heat
reaches the bottom of the blind keyhole,
but no open keyhole forms. The projec-
tion line length L of the melting line is
about 5.13 mm at instant T5, as shown in
Fig. 10F. It can be seen that so long as the
open keyhole is closed and a blind keyhole
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Fig. 8— The measured deviation distance of keyhole exit vs. the current pulse. Fig. 9— The schematic of interaction between the plasma arc and front key-
hole wall.

Table 1 — The Combinations of TK1 and TK2

Test TK1 / TK2 TK1(ms) TK2 (ms) K1 (A s 
–1) K2 (A s

–1) Averaged 
Current (A)

Test 1 20:80 70 280 428 143 133.8
Test 2 40:60 140 210 214 190 134.8
Test 3 50:50 175 175 171 229 136.1
Test 4 60:40 210 140 143 286 137.3
Test 5 70:30 245 105 122 381 138.6
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is formed, the bottom part of the work-
piece stops melting forward, the melting
line near the bottom surface is curved to-
ward the rear part of the weld pool, and
the projection length of the front melting
line increases. As the plasma arc heats the
workpiece during the pulse period, melt-
ing occurs forward, the curved extent of
the melting line at the bottom is lowered,
and the projection length of the melting
line decreases. It can be concluded that at
the moment just before the open keyhole

is established during the pulse period
(such as T5), there is the longest melting
line, while the melting line has the short-
est length at the moment just before the
open keyhole is closed (such as T2).

The longer the projection length of the
melting line, the more severe is the melting
line’s incline. As mentioned previously, the
liquid layer on the front keyhole wall is very
thin, the front point of the keyhole exit
nearly coincides with the bottom end of the
melting line. Hence the keyhole exit devia-

tion distance is directly determined by the
slope of the keyhole front wall or the length
of the melting line. As shown in Fig. 8, when
the open keyhole is just established (at in-
stant T5 in Fig. 10A, corresponding to the
most severe incline of the melting line),
there is a large deviation distance of about
2.75 mm, while the deviation distance gets
its minimum (about 0.75 mm) just before
the blind keyhole is formed (at instant T2 in
Fig. 10A, corresponding to the least incline
of the melting line).

DECEMBER 2013, VOL. 92386-s

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Fig. 10— The evolution of the front keyhole wall in a pulse cycle. A — The waveform of the welding current used in the sudden stop test; B — the macrograph
of the longitudinal section of the weld at instant T1; C — the macrograph of the longitudinal section of the weld at instant T2; D — the macrograph of the lon-
gitudinal section of the weld at instant T3; E — the macrograph of the longitudinal section of the weld at instant T4; F — the macrograph of longitudinal sec-
tion weld at instant T5.
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The Keyholing Process in a Pulse Cycle

Comparing Fig. 6 with Fig. 8, one can
see that in a pulse cycle the variation scope
of the keyhole length and width is around
0.3–0.6 mm except for the moment when
the open keyhole is just formed, while the
deviation distance of the keyhole exit
varies with a maximum of around 2.0 mm.
Thus, the deviation distance of the key-
hole exit describes the keyhole dynamic
behaviors more markedly than the key-
hole size in a pulse cycle. The dominating
force to maintain an open keyhole is the
plasma arc pressure. The surface tension
and hydrostatic head are the main forces
to close an open keyhole. Due to the incli-
nation of the front keyhole wall, the heat
and force of the plasma arc mainly act on
the front keyhole wall with a very thin
layer of molten metal. The variation of the
plasma arc force is not so much larger at
the keyhole exit, so the dimension of the
keyhole exit changes within a lesser range
in a pulse cycle. But the inclination of the
front keyhole wall is sensitive to the varia-
tion of the welding current in a pulse, as
demonstrated in Fig. 10. There is a larger
variation extent for the deviation distance
of keyhole exit in a pulse cycle. Therefore,
the variation of the deviation distance of
keyhole exit is more dynamic than the key-
hole size in a pulse cycle.

In a pulse cycle, the heat and pressure
effects on the keyhole inside the weld pool
are different at different moments. Thus,
the keyhole presents different “opening”
and “closing” behaviors. As shown in Fig.
11, the keyholing process may be divided
into four stages in each pulse. These in-
clude prekeyholing, keyhole expansion,
keyhole contraction, and blind keyhole.
During the prekeyholing substage, the
plasma arc heats and melts the workpiece,
and the weld pool expands. The continued
deposition of heat and pressure causes

greater depression of the molten metal,
and eventually the cavity (blind keyhole)
transforms into an open keyhole penetrat-
ing through the workpiece thickness. As
soon as the open keyhole forms, the key-
hole exit at bottom has a larger deviation
away from the torch axis, and it continues
to grow in volume. At this substage of key-
hole expansion, the deviation distance of
the keyhole exit continuously decreases.
When the welding current falls to some ex-
tent, the open keyhole closes at the bot-
tom, and a blind status emerges again. The
same keyholing process repeats again in
the next pulse cycle.

The Effect of the Current Falling Slopes
on the Keyhole Dynamics

As mentioned previously, the con-
trolled-pulse waveform of welding current
as shown in Fig. 1 is able to control the
“opening” and “closing” of the keyhole ac-
tively in a pulse cycle. To examine the ef-
fect of the slopes at the falling edge of a
pulse waveform on the keyholing process,
a group of bead-on-plate welding tests was
conducted using different combinations of
the two slopes K1 and K2. If the first and
second falling stages of the welding cur-
rent take different duration periods TK1
and TK2, then two slopes K1 and K2 will
change correspondingly. As illustrated in
Fig. 12, the pulse current (IP = 160 A) and
base current (IB = 60 A) periods were 500
and 100 ms, respectively. The total time
TK1 + TK2 was constant (350 ms), but they
took different values so that different
combinations are listed in Table 1. 

From Test 1 to Test 5, different combi-
nations of TK1 and TK2 were used. As the
period TK1 lasts longer, the averaged cur-
rent in a pulse cycle increases a little bit
since the period TK1 corresponds to a
higher level of welding current. During the
controlled-pulse keyholing PAW process,

the keyhole exit images were captured.
After image processing and calibration,
the keyhole sizes and deviation distance
were determined. Figure 13 shows the
measured keyhole width, length, and devi-
ation distance of the keyhole exit at dif-
ferent test conditions. For these five test
cases, the keyhole size changes very little
since the averaged current varies within a
range of about 5 A. However, the sustain-
ing period of keyhole in each pulse
changes obviously because of the variation
of both TK1 and TK2. As the period TK1 in-
creases, the slope K1 decreases, and the
sustaining period of the keyhole in each
pulse becomes longer. The variation trend
of the deviation distance is almost the
same for five tests, and it gets the maxi-
mum and minimum when the open key-
hole is established and closed, respec-
tively. As the period TK1 increases, the
deviation distance decreases, as shown in
Fig. 13E. Although the averaged current
does not change much (just 5 A from Test
1 to 5), the deviation distance of the key-
hole exit varies visibly. Thereby, active ad-
justing of the falling slopes of the welding
current is able to control the keyhole dy-
namic behaviors.

Conclusion

A controlled-pulse keyholing system
was developed to implement active control
of the keyhole PAW process and achieve
the ideal mode of one open keyhole per
pulse. By using the specially designed wave-
form with two substages of current de-
creasing at the falling edge in a pulse, the
keyholing dynamic behaviors are intention-
ally adjusted to ensure complete joint pen-
etration and defect-free welds. A cost-
effective vision system was developed to
observe the images of keyhole exit at the
backside of the workpiece in controlled-
pulse keyholing PAW. Sequential images of
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Fig. 11— The substages in the keyholing process. Fig. 12— The pulse waveform with variable TK1 and TK.
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the keyhole exit were captured to charac-
terize the dynamic variation in each pulse
cycle. It was found that the keyholing
process may be divided into the following
stages per pulse: prekey-holing, keyhole ex-
pansion, keyhole contraction, and blind
keyhole. The keyhole exit shape during
each pulse has an oblate geometry, i.e., its
length along the welding line is a little bit
less than its width perpendicular to the
welding direction, except for the very be-
ginning stage of open keyhole formation.
The position of the keyhole exit is not sta-
tionary in a pulse cycle, and there is a devi-
ation of the keyhole exit away from the
torch axis. Under the welding conditions
used in this study, the variation scope of the
keyhole length and width is around 0.3–0.6

mm except for the moment when the open
keyhole is just formed, while the deviation
distance of the keyhole exit varies with a
maximum of around 2.0 mm in each pulse
cycle. The deviation distance takes its max-
imum when the open keyhole is just estab-
lished and its minimum when the open key-
hole is just closed, respectively. As the
welding current varies within a single pulse,
the heating and melting conditions at the
melting-line of the weld pool results in the
change of the inclination extent of the front
keyhole wall, which determines the devia-
tion distance of the keyhole exit. Different
combinations of the two substages of the
current decreasing at the pulse edge are
used to check out the effect of the current
falling slopes on the keyhole dynamics.

These observations lay the foundation for
better understanding of the dynamic
processes occurring in controlled-pulse
PAW.
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Fig. 13— The measured keyhole sizes and positions. D — Test 4; E — Test 5.
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