
Introduction
     Plasma arc welding (PAW) is an ad-
vanced version of the gas tungsten arc
welding (GTAW) process. Plasma arc
welding uses a constricted nozzle and
two separate gas flows, which give rise
to a concentrated plasma arc with a
narrow columnar shape (Ref. 1). Due
to the high temperature and high arc
pressure in the concentrated plasma
arc, a mid-thick metal plate can be
melted through and a keyhole forms
inside the weld pool. This kind of plas-

ma arc welding process operating in
keyhole mode is usually referred as
keyhole PAW (Ref. 2). Keyhole PAW
has larger penetration ability than tra-
ditional GTAW (Ref. 2), and is less ex-
pensive and more tolerant of joint
preparation than laser beam welding
(LBW) and electron beam welding
(EBW) (Ref. 3). Hence, keyhole PAW
has found applications in the welding
of airplanes (Ref. 4), automobiles (Ref.
5), rockets (Ref. 6), shuttles (Ref. 7),
and structural steel (Ref. 8). However,
the quality of the resultant weld was

sensitive to the keyhole behavior dur-
ing the welding process (Ref. 9). To
guarantee weld quality, researchers
have sought to uncover the relation
between keyhole behavior and weld
quality.
     It is supposed that a fully melted
weld would be produced if the keyhole
is fully penetrated, and porosity will
emerge if the keyhole is partially pene-
trated. Hence, keyhole penetration sig-
nals have been identified to distin-
guish whether the keyhole is fully pen-
etrated or not. In the application of
welding an enclosed structure, the in-
tube acoustic signature (Ref. 10) and
the in-tube shielding gas pressure
(Ref. 11) have a sharp transition when
the keyhole state transforms from par-
tial penetration to full penetration or
reverse. However, these two measur-
ing methods cannot be used to reflect
the keyhole state if the welded struc-
ture is not closed. 
     When an open keyhole is estab-
lished, part of the plasma jet will flush
out through the keyhole exit and form
an efflux plasma at the backside of the
workpiece. The light radiation of the
efflux plasma could be sensed by a
photoelectric device (Ref. 12), and the
electrical potential induced by the
plasma space discharge may be meas-
ured by using a metal bar mounted un-
derneath the workpiece (Ref. 13). If
the light density or the efflux plasma
voltage is zero, it indicates that an
open keyhole is not formed yet. More-
over, when the keyhole is closed, the
plasma arc cannot flush out through
the keyhole exit but has to be reflected
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ABSTRACT
     The influencing mechanism of keyhole behaviors in relation to weld quality was ex
perimentally analyzed in keyhole plasma arc welding (PAW). To this end, an image
capturing system with two cameras was developed to observe backside keyhole exit be
havior and front side weld pool behavior concurrently. From the keyhole exit image, not
only the dimensional parameters were extracted, but also the keyhole exit deviation dis
tance, i.e., the distance of the keyhole exit center point deviated to the torch axis along
the welding direction. Pulsed PAW experiments were conducted both for beadonplate
welding and closed butt joint welding. It was found that if the keyhole exit deviation dis
tance was relatively large, the front weld surface raised substantially, formed high rein
forcement in the front weld surface, and induced porosity in the solidified weld. Howev
er, if the keyhole exit deviation distance was relatively small, the weld quality was expect
ed to be sound. This observation result suggests that the keyhole exit deviation distance
is a critical keyhole factor to determine the weld quality. The influence mechanism was
further analyzed. In a keyhole of large deviation distance, the gas flow field was dis
turbed. More liquid metal was pushed to the front pool surface, and the weld pool was
consequently deformed substantially with an inside gas cavity. The demonstrated experi
mental results provided a comprehensive proof that keyhole PAW weld quality is highly
dependent on keyhole behavior, and thus lay a solid foundation to implement the key
hole stability control and process optimization in keyhole PAW.
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from the cavity, and it produces a plas-
ma cloud over the weld pool. On one
hand, the front side plasma cloud dis-
charges and induces an electrical po-
tential between the metal probe and
the workpiece (Ref. 14). On the other
hand, the plasma cloud density will
change the ratio of the hydrogen 656
nm line to the argon 696 nm line in
variable polarity plasma arc welding
(VPPAW) (Ref. 15). A high-level dis-
charge voltage of the plasma cloud or a
high-level spectrum ratio of the hydro-
gen to the argon can both indicate that
the keyhole is closed. Because the cou-
pling mode of the plasma jet to the
weld pool varies when the keyhole
transfers from the partially penetrated
mode to the fully penetrated mode,
the induced sound signal has a differ-
ence in intensity (Refs. 16, 17). The
no-keyhole mode can be easily distin-
guished from the open-keyhole mode
based on the collected sound signal,

but it is difficult to distinguish the cut-
ting mode from the open-keyhole
mode (Ref. 17). All of these sensing
methods, however, set the focus to
identify the changing of these physical
phenomena to reflect the keyhole
state transformation. Unfortunately,
these indirect signals cannot reflect
the keyhole shape and dimension, and
it is hard to distinguish when a weld
defect forms in real time.
     In order to fully understand the
keyhole behavior, a keyhole image was
captured in real time by using vision
sensors to directly observe the welding
process. The keyhole entrance and the
front side weld pool were imaged by
using one camera fixed ahead of the
torch (Ref. 18) or by two cameras fixed
on two sides of the torch (Ref. 19).
Practically, however, it was difficult to
capture the complete boundary of the
keyhole and weld pool from the front
side because the plasma torch has a

very short standoff distance and a
large diameter. An ultra-high shutter
speed camera was used to simultane-
ously image the keyhole and the weld
pool from the underside of the work-
piece (Refs. 20, 21). It was found that
the keyhole width did not change with
an increasing welding current and a
decreasing welding speed once the
keyhole was established. The authors
further developed a cost-effective vi-
sion system to capture the backside
keyhole image (Ref. 22). A keyhole exit
image sample is shown in Fig. 1A. 
     Comprehensive analysis of the key-
hole image was done based on not
only the keyhole dimensional parame-
ters, but also on the keyhole exit posi-
tion parameter (Refs. 22–24). As
shown in Fig. 1B, C, the proposed key-
hole size parameters include keyhole
width (perpendicular to the welding
direction) and keyhole length (along
the welding direction). The keyhole
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Fig. 1 — Keyhole exit image and keyhole parameters. A — Keyhole exit image; B — keyhole exit size; C — keyhole exit deviation distance.

Fig. 2 — Experimental setup. A — Schematic of the overall system; B — schematic of the sided camera (top view).
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position parameter is the keyhole exit
deviation distance, which is the dis-
tance of the keyhole exit deviated to
the torch axis along the welding direc-
tion (Refs. 22, 24, 25). 
     It was observed that keyhole pa-
rameters, including the keyhole size
and keyhole deviation distance, vary
as the plasma arc penetration ability
changes, but the keyhole deviation dis-
tance experiences much larger varia-
tion than the keyhole size does when a
welding parameter has the same vary-
ing amplitude (Refs. 24, 25). It sug-
gests that the keyhole exit deviation
distance is a more appropriate variable
to indicate the keyhole dynamic state
than the keyhole size. However, the
coupling behavior of the keyhole and
the weld pool, and whether the key-
hole exit parameters can be used to in-
dicate weld defects or not, are not yet
investigated.
     In this study, the influence rela-
tionship of the keyhole exit deviation
distance to the weld quality is experi-
mentally analyzed. Pulsed current was
applied to produce different levels of
deviation distance. The backside key-
hole and the liquid flow behavior in
the front weld pool were imaged by
two separate cameras. Rough front
weld surface and porosity appeared in
the regions of a high level of deviation
distance. The coupling behavior be-
tween the plasma flow and the liquid
metal flow in the weld pool was ana-
lyzed to understand the defects’ for-
mation process. Such observation re-
sults lay a solid foundation for fully

understanding the keyhole behavior
and control of the keyhole process in
PAW.

Experimental System 
Setup and Test Condition

System Setup

     Figure 2A shows the experimental
system. The PAW power source is digi-
tally controlled (Model Fronius TPS
5000 + plasma generator and PMW
350 plasma welding torch). During the
welding process, the welding current
output from the power source was
controlled by the host PC. A dedicated
input/output unit, i.e., the ROB inter-
face, connected the control PC and the
welding machine, which was used to
transform the analog variables to digi-
tal signals, and vice versa. When the
welding process started, the control
PC adjusted the welding current wave-
form via the PCI card and ROB inter-
face, and sampled the transient elec-
trical signals (welding current, arc
voltage, and efflux plasma voltage
(VE)) via different sensing units in real
time. Simultaneously, the keyhole be-
havior was imaged by the vision sys-
tem. It included two commercial in-
dustrial cameras (AM1101A).
     Camera A was equipped with a nar-
row band filter (central wavelength
655 nm, bandwidth 40 nm, and trans-
parency 85%) and a neutral filter.
Camera B was equipped with a welder
goggle filter plate (#8). Camera A was

aimed at the backside of the workpiece
with an angle of 70 deg. As the key-
hole was fully penetrated, the efflux
plasma flowed out from the keyhole
exit, and the keyhole exit image was
captured by Camera A. Because the
plasma torch has a large volume and
narrow distance above the test piece’s
upper surface, it was impossible to
capture the full scene of the keyhole
entrance and the front weld pool. As
shown in Fig. 2B, the side camera
(Camera B) was mounted with an an-
gle about 15 deg higher than the work-
piece to observe the liquid flow behav-
ior in the front weld pool. The cap-
tured image signals were digitized by
the image grabber and saved in the
computer disk. During the welding
process, both cameras and welding
torch were stationary, and the test-
piece travelled at the welding speed.

Experimental Procedure

     The welding tests were carried out
on 150 × 60 × 8 mm 304 stainless steel
plates. Both the plasma gas and shield-
ing gas were pure argon, with flow
rates of 3.0 and 20 L/min, respectively.
The torch orifice was 2.8 mm diameter
with a length of 3.0 mm. The tungsten
electrode was 4.0 mm in diameter with
a setback of 2.0 mm. The torch stand-
off was 6 mm. 
     Two groups of pulsed-current weld-
ing tests were conducted. Test 1 was
bead-on-plate welding, and Test 2 was
closed butt joint welding. The welding
current was pulsed, and the pulse pa-
rameters, including the peak value,
base value, and their period were dy-
namic. The welding current pulse pa-
rameters and welding speed are shown
in Table 1. In Test 1, in order to pro-
duce different keyhole parameters in
the same weld, the pulse parameters of
the welding current used in the first
half (part A) and the second half (part
B) were changed. Although the aver-
aged current kept constant along the
whole weld in Test 1, the welding
speed slowed down from 130 to 100
mm/min, and hence, the input energy
per unit length increased.

Results and Discussion
Weld Quality

     Figure 2 shows the resultant weld
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Table 1 — Welding Current and Welding Speed

Test Case Peak Current Base Current Averaged Welding Speed
No. (A) (A) Current (A) (mm/min)

1 (A) 190–210 65 157 130
1 (B) 180–200 90–110 157 100

2 190–220 60 153 130

Fig. 3 — Weld surfaces (Test 1). A — Front surface; B — backside surface.
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surfaces. The surface in the lower line
energy area (part A) has a very rough
front surface, but part B has a very
smooth surface. The backside weld
surface is scarcely different in both.
     In order to explore the inner weld
quality, weld samples were made in
four selected sections. As shown in
Fig. 3, A-A' and D-D' sections are se-
lected along the middle of the weld
separately in Part A and B; and B-B'
and C-C' are cross sections. The
macrographs of the four weld sections

are shown in Fig. 4. It is clear that a
macro porosity forms in the A-A' re-
gion, and the B-B’ section has obvious
humping. By contrast, the C-C' section
has little reinforcement, and the D-D'
region has sound quality.

Keyhole Behavior

     The welding current and arc voltage
during the A-A' and D-D' period are
shown in Fig. 5. During the A-A' peri-
od, the pulses were of relatively wide

width and had a long base period. In
the D-D' region, the base period was
very narrow and the current pulse
waveform was of regular uniformity.
     The captured keyhole behavior dur-
ing the A-A' period is depicted in Fig.
6. The keyhole image observed by
Camera A is shown in Fig. 6A, and the
efflux plasma voltage measured by the
plasma discharge voltage sensor
mounted at the backside of the work is
plotted in Fig. 6B. The first frame in
the first row of the image sequence is
the keyhole exit captured by the same
camera when the welding speed was
zero. The keyhole center position coin-
cided with the intersection point of
the torch axis and the bottom surface
of the workpiece. It was obvious that
when the welding speed was set at 130
mm/min, the keyhole exit deviated
away from the torch axis against the
welding direction. In other words,
when the welding speed was above
zero, the keyhole exit located behind
the torch axis. From 11.2 s to 15.74 s,
three current pulses were applied to
the weld pool, and the keyhole was
continuously fully opened after 11.8 s
even though the current was at the
base period. Yet, efflux plasma voltage
was almost zero during the welding
current base period. The location of
the keyhole exit was not constant but
dynamically changed. Moreover, the
keyhole exit dimensional size was dy-
namically changed as well.
     During the first pulse, the peak cur-
rent melted the workpiece in about
0.66 s, the keyhole fully opened at
11.88 s. When the open keyhole first
appeared, it deviated farthest away
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Fig. 4 — Weld sections (Test 1). A — AA'; B — BB'; C — CC'; D — DD'.

Fig. 5 — Welding current and arc voltage during the AA' and DD' period (Test 1). A — AA'; B — DD'.
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from the torch axis, and the keyhole
was relatively longer along the welding
direction; the efflux plasma voltage
began to increase. As the peak current
was continuously applied to the work-
piece, the keyhole moved forward and
got closer to the torch axis; its shape
transformed from ellipse along the
welding direction to a roughly circular
shape. The efflux plasma voltage kept
on increasing as the keyhole opening
period grew during the peak current
period. At the end of the peak current
period (at 12.61 s), the keyhole located
closest to the torch axis during the
whole pulse; the efflux plasma voltage
also reached its peak point at that
time. During the current falling peri-
od, however, the keyhole deviated far-
ther away, and its shape narrowed
along the welding direction; the efflux
plasma voltage, on the other hand, fell
fast. In the base current period, the

keyhole still opened, yet the efflux
plasma voltage was zero because the
efflux plasma was too weak to induce a
discharge voltage potential in the
measuring sensor. In the following
two current pulses, the keyhole moved
forward during the peak current peri-
od and deviated backward when the
current was falling or during the cur-
rent base period. But the efflux plasma
voltage waveform was not perfectly
stable during the second and the third
current pulse. Its peak value during
one current pulse got smaller.
     After camera calibration (Ref. 22)
and keyhole edge extraction (Ref. 23),
the keyhole size parameters and the
deviation distance were thus calculat-
ed from the captured keyhole image
sequence. The keyhole parameters
during the A-A' period are shown in
Fig. 7. 
     The keyhole size increased during

the peak current period and decreased
as the current fell, but kept relatively
stable during the base current period.
The keyhole deviation distance de-
pends on the slope of the keyhole
front wall, and the slope of the keyhole
front wall was mainly affected by the
keyhole thermal state. Hence, keyhole
deviation distance decreased during
the peak current period and a high lev-
el of heat was deposited to the key-
hole, while it increased during the
falling welding current or when the
base current period for the weld pool
cooled down. 
     During the duration from 11.88 s
to 15.74 s, the keyhole length and
width changed in the range of
0.67~2.03 mm and 0.85~1.65 mm, re-
spectively. The keyhole deviation dis-
tance varied in a much wider range at
about 1.44~4.63 mm during the same
period.
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Fig. 6 — Keyhole behavior in the AA’ region. A — Keyhole image; B — efflux plasma voltage.

Fig. 7 — Keyhole parameters during the AA' period (Test 1). A — Welding current and keyhole size; B — welding current and deviation dis
tance.
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     After 16 s, the averaged current
kept constant at 157 A, the welding
current pulse waveform changed by in-
creasing the base current value and
the pulse frequency. The welding
speed decreased to 100 mm/min. The
heat input per unit length was thus in-
creased by 30%. The keyhole behavior
during the D-D' region is shown in Fig.
8. Keyhole images from 37.625 to
39.954 s are shown in Fig. 8A; the key-
hole was continuously open after
37.69 s in the successive five current
pulses. In the first frame, the torch
axis seemed to coincide with the cen-
ter point of the keyhole because it is
produced in the stationary welding
process. The keyhole exit position and
dimension change dynamically. It was
obvious that the keyhole during the D-
D' period located closer to the torch
axis in a narrower range than during
the A-A' region. 

     The efflux plasma voltage is shown
in Fig. 8B. One current pulse produced
one efflux plasma pulse, and the efflux
plasma voltage pulse waveform was
uniform. The keyhole size and keyhole
exit deviation distance extracted from
the keyhole sequence in the D-D' re-
gion are shown in Fig. 9. The keyhole
length and width increased when the
welding current increased and de-
creased during the welding current
falling stage. During the period from
37.5 to 39.9 s, the keyhole length and
width had the range of 0.43~2.15 mm
and 0.73~1.61 mm, respectively. The
keyhole has the largest deviation dis-
tance in one current pulse since the
keyhole first comes out in that pulse
period. At 36.625 s, the keyhole exit
deviation distance was 2.57 mm, and
at 37.657 s, the keyhole exit deviation
distance was 2.55 mm. Except for
these two instances, the keyhole exit
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Fig. 8 — Keyhole behavior in the DD’ region. A — Keyhole images; B — welding current and efflux plasma voltage.

Fig. 9 — Keyhole parameters during the DD' period (Test 1). A — Keyhole size; B — deviation distance.

Fig. 10 — Schematic of the weld pool and
keyhole in PAW.
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deviation distance was below 2.0 mm
and had the range of 1.0~1.5 mm.
     The distribution ranges of the key-
hole parameters in the A-A' and D-D'
region are shown in Table 2. Keyhole
length and width during the two re-
gions distribute in comparatively simi-
lar ranges; but the keyhole deviation
distance in the the A-A’ region was al-
most three times larger than in the 
D-D'. In other words, the keyhole exit
had similar dimensional size, but the
keyhole channel was much more
curved in the A-A’ region than in the
D-D' region. The weld quality in the A-
A’ region and in the D-D' region was
quite different. It is therefore safe to
assume that, among the two kinds of
keyhole parameters, the high-level
keyhole exit deviation distance, or the
keyhole channel curved degree, was
the main reason for the humping in

the front weld surface and the weld
porosity.

Weld Surface and the Front
Weld Pool Behavior

     The resultant surface humping has
a close relationship to the liquid metal
behavior in the front weld pool during
the welding process. In order to ob-
serve the liquid metal behavior in the
front weld pool surface, a side-mount-
ed camera, i.e., Camera B depicted in

Fig. 2B was employed. As shown in
Fig. 10, during the plasma arc welding
process, plasma heat is mainly deposit-
ed in the keyhole, which locates at the
very front of the weld pool. As the
torch moves forward, the plasma arc
jet melts the leading keyhole wall and
the liquid metal is pushed into the
weld pool trailing the keyhole and the
arc jet. Camera B stayed stationary
with the torch, while the workpiece
traveled at the welding speed. Camera
B focused on the arc jet axis about 
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Table 2 — Ranges of the Keyhole Parameters in AA’ and DD’ Period

Region Length Width Deviation Distance
(mm) (mm) (mm)

AA' 0.67~2.03 0.85~1.65 1.44~4.63
DD' 0.43~2.15 0.73~1.61 1.0~1.5

Fig. 11 — Front weld pool during the AA' and DD' period. A — AA'; B — DD'.
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15 deg higher above the workpiece
surface. The arc jet and weld pool can
all be captured in one image. 
     In Fig. 11, two sections of the front
weld pool image sequence are selected
to illustrate the surface liquid flow
process during the period from 15.67
to 15.94 s (A-A' section) and the 
period from 37.54 to 37.74 s (D-D'
section).
     As shown in Fig. 11, during the pe-
riod from 15.67 to 15.94 s, the weld-
ing current develops from the base pe-
riod of the third current pulse to the
fourth current pulse. 
     The keyhole entrance image during
that period is shown in Fig. 11A. At
the instant of 15.67 s, the welding cur-
rent was in the base period, and the
keyhole was fully opened, with a
length of 1.05 mm, a width of 1.02
mm, and a keyhole exit deviation dis-
tance of 3.29 mm. At 15.77 s, the key-
hole was closed even though the weld-
ing current increased to 212 A. The
front weld pool trailing the arc jet had
a high level liquid surface. As the weld-
ing current increased to 222 A from
15.87 to 15.90 s, the keyhole began to
fully open, with the deviation distance
of the keyhole exit as high as 3.85 mm.
High welding current produced a very
large arc force, and the liquid metal
was pushed from the keyhole bottom
to the front weld pool, forming a com-
paratively large liquid metal billow
shown in the images of 15.87 and
15.90 s. This liquid metal billow
formed humping in the front weld
even though part of the liquid billow
refilled into the keyhole when the
pulse current decreased. During the

falling stage of the current pulse, the
keyhole length and width changed
only slightly and kept stable at 1.4 and
1.5 mm, but the keyhole exit deviation
distance decreased dramatically to be-
low 2.5 mm because the large shear of
heat deposited to the keyhole melted
the solid leading keyhole wall. After
15.94 s, the welding current was too
small to push the liquid metal to form
a liquid wave in the weld pool surface;
therefore, the height of the pool sur-
face decreased.
     Figure 11B shows the development
of the front weld pool during the peri-
od from 37.54 to 37.74 s. As shown in
Fig. 9, the welding current develops
from the fifth current pulse to the
sixth pulse. The keyhole also evolves
from closure to opening. At 37.54 s,
the welding current was in the base
stage, and the keyhole closed. As the
welding current increased from the
base stage to the peak value (201 A),
the keyhole opened at 37.657 s, the
keyhole length was 2.42 mm, the
width was 1.27 mm, and the keyhole
exit deviation distance was 2.55 mm.
During the peak current stage after
the keyhole fully opens, the backside
keyhole exit length and width kept
stable at 1.4 and 1.5 mm, respectively,
but the keyhole exit deviation distance
decreased quickly to 0.9 mm. It was
evident that the keyhole dimensional
size in the A-A' period had little differ-
ence to that in the D-D' period, yet the
keyhole exit deviation distance was
much smaller. During the period, the
weld pool surface height was continu-
ously much smaller than that in the A-
A’ region, and the pool surface was

smooth. The resultant weld surface
was very smooth.
     The weld pool surface height is rea-
sonable related to the arc force, since a
high level of arc pressure will push
more liquid metal when the other con-
ditions are the same. During the peri-
od shown in Fig. 11A, the keyhole exit
deviation distance was all above 3.0
mm, but during the period in Fig. 11B,
except for one point, the keyhole devi-
ation distance was continuously below
1.0 mm. It was supposed that a long-
term, high-level deviation distance
keyhole would induce a relatively high-
level front pool surface, and hence,
produce large humping in the front
weld. The affecting mechanism of the
deviation distance to the front weld
pool surface height should be carefully
discussed based on the distribution
mode of the keyhole and weld pool
when the deviation distance is very
large.

Effect of the Keyhole 
Curve Degree

     In order to obtain the distribution
mode of the keyhole and weld pool
when the deviation distance was large,
closed butt joint welding was carried
out on 8.0-mm-thick 304 stainless
steel plates in Test 2. As observed in
Ref. 24, the keyhole exit deviation dis-
tance was closely related to the in-
clined degree of the leading keyhole
wall. In this test, the welding current
was pulsed and the welding parame-
ters were similar to those used in Test
1A. During the welding process, the
welding current was switched off as
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Fig. 12 — Profile of the seriouscurved keyhole and weld pool (Test 2). A — Welding current and deviation distance; B — profile of the
weld end.
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the keyhole exit deviation distance
was sensed to be nearly 6 mm. The
welding current and the keyhole exit
deviation distance are shown in Fig.
12A. The weld end was the arc extin-
guishing point, and a cut across the
weld end along the middle line of the
weld produced a cross section. The
profile of the weld end is shown in 
Fig. 12B.
     As shown in Fig. 12A, during the
three welding current pulses from 45.7
to 50.1 s, a high level of heat from the
large current pulses made the keyhole
and weld pool overheat, and conse-
quently the keyhole was fully open af-
ter 46.157 s, even during the base pe-
riod. The keyhole exit deviation dis-
tance had the smallest value at 0.81
mm during the falling stage of the cur-
rent pulse from 45.7 to 46.8 s; after
that, the keyhole exit deviation dis-
tance kept increasing, and got its peak
value of 5.9 mm at the end. The cross
section of the weld end is shown in
Fig. 12B. The construction of the key-
hole and liquid weld pool was clear.
The keyhole leading wall line curved
severely toward the welding direction
when the keyhole exit deviation
reached 5.8 mm.
     As the plasma gas jet attacked the
solid leading keyhole wall, it was re-
flected and changed its flow direction.
As marked in Fig. 12B, one part of the
plasma gas (fU) flowed toward the up-
per surface and overflowed through
the keyhole entrance to form the plas-
ma cloud. The left part of the plasma
gas (fB) flowed down along the keyhole
channel and spurted out through the
keyhole exit to form the efflux plasma.

     As illustrated in Fig. 13A, in a regu-
lar mode keyhole, the keyhole exit de-
viation distance is relatively small and
the leading keyhole wall inclines at
small degrees. Part of the fB gas was
guided toward the rear keyhole wall
when the inclined angle was not very
large. However, if the keyhole channel
was seriously curved, or the keyhole
exit deviation distance was very large
(as shown in Fig. 12B), the gas flow
field changed dramatically. Such a se-
verely curved solid front wall notably
guided the plasma gas flow condition.
All of the fB gas moved directly toward
the rear keyhole wall. The gas flow
pressure overcame the surface tension
in the free liquid-gas interface. The
rear keyhole wall deformed and
formed a cavity in the liquid pool. Be-
cause the gas cavity was large, the gas
could not exit before the liquid metal
solidified, and as a result, gas porosity
formed.
     When the weld pool was pressed
heavily by the gas flow fB, the pool
shape deformed, more liquid was ex-
pelled to the front pool, and the upper
surface arose. The fU gas flow also af-
fected the liquid metal flow condition
in the front weld pool surface. As
shown in Fig. 13A, if the keyhole exit
deviation distance is small, the plasma
jet easily passes through the relatively
straightforward keyhole channel. But
if the keyhole exit deviation distance is
too large, the keyhole channel inclined
heavily, and obviously obstructed the
downward flow of the plasma gas. In
other words, it was harder for the plas-
ma gas to go down in the seriously
curved keyhole than in the regular

keyhole. Hence, in a seriously curved
keyhole, the plasma jet gas decreased
the percentage of the down-flowing fB,
and increased the shear of the upper-
flowing fU. The upper-flowing fU gas
pushed the front weld pool surface by
shear force. The shear force was larger
and pushed more liquid metal forward
to gather in the front weld pool sur-
face. This was the cause of the large-
scale wave of liquid metal observed at
15.87 and 15.90 s in Fig. 11A. 
     From the above analysis, it was con-
cluded that the keyhole with a large de-
viation distance can certainly change
the plasma gas flow field in the keyhole
channel. In the seriously curved key-
hole, the down-flowing gas fB was guid-
ed by the solid leading wall to the liq-
uid rear wall in the keyhole channel. It
attacked the liquid-gas interface and
pressed the weld pool to raise the front
surface of the pool. On the other hand,
the heavily-inclined leading keyhole
wall obstructed the plasma gas flow to
the keyhole exit, and increased the
amount of the up-flowing gas, which
induced increasing shear force to the
front weld pool surface, and gathered
more metal to the front weld pool. As a
result of these two aspects, the front
weld pool distributed a large amount 
of liquid metal in the height direction,
and formed a weld with a large rein-
forcement. If the keyhole deviation 
distance was excessively large, the re-
flected plasma gas dashed against the
rear keyhole wall and formed a gas 
cavity in the liquid pool. Gas porosity
remains in the weld if the gas cannot
be expelled from the cavity during 
solidification.
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Fig. 13 — Plasma jet in the keyhole. A — Regular keyhole; B — curved keyhole.
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Conclusions
     In this research, keyhole behavior
was experimentally observed by a vi-
sion system during pulsed-current
plasma arc welding, and the experi-
mental results were analyzed in detail. 
     It was observed that when the dis-
tance of the keyhole exit center severe-
ly deviates from the torch axis for a
relatively long time, a humping front
surface and gas porosity were common
weld defects in the resultant weld. The
keyhole exit dimensional size failed to
give evidence to predict whether
porosity or humping weld surface
would form. This correlation between
the keyhole deviation distance and the
weld quality was clearly analyzed and
explained in detail. The keyhole chan-
nel was seriously curved if the keyhole
exit deviation distance became exces-
sively large. The leading keyhole wall
disturbed the gas flow field in the weld
pool, and not only created porosity in
the weld, but also induced humping in
the front weld surface. It was also ob-
served that if the keyhole exit devia-
tion distance was kept small, the weld
quality was very sound. The observed
experimental results thus lay a solid
foundation to implement keyhole sta-
bility control and process optimization
in keyhole PAW. 

     The authors are grateful for the fi-
nancial support for this research from
the National Natural Science Founda-
tion of China (Key Program Grant No.
50936003). 
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