ikt
itk

B. Zheng'
H. J. Wang®

Q. L. Wang?

R. Kovacevic'

' Southern Methodist University,
Dallas, TX 75275

# Harbin Institute of Technology,

PC -Compt

Imaging the Keyhole in PAW
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This paper presents a technique for front image sensing of the weld pool in vay;
polarity plasma arc welding of aluminum alloys, and describes the determination of h
geometrical size of the keyhole for subsequent real-time feedback control of q 1
penetration weld. Image formation occurs when the arc light reflects off the concays
mirror-like surface of the depressed keyhole weld pool, and passes through a band-p

filter onto the image sensor. The image of the visual keyhole (nominal keyhole) i,
two-dimensional projected picture of the actual keyhole weld pool. The variation in gy
of the nominal keyhole is closely correlated with the variation of the bottom width of
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1 Introduction

Variable polarity plasma arc welding (VPPAW) of aluminum
alloys in the keyhole mode has been successfully used in produc-
tion [1-4]. However, selecting process parameters and providing
control during welding to produce a satisfactory weld remains a
challenge. One effective approach is to monitor the keyhole weld
pool. Recently, it was found that the presence or absence of a
keyhole can be determined by measuring the ratio of hydrogen to
argon in the plasma arc column with an optical spectrometer [5].
However, the size of the keyhole can not be determined. At
present, two difficult problems are associated with top face sensing
of the keyhole weld pool in PAW: inaccessibility of the weld pool
because of the limited torch stand-off distance and the interference
of the arc radiation. PAW technology in the one-keyhole-per-pulse
mode can be fairly well applied to steels, so the arc sound or the
arc efflux light from the backside of the workpiece can be used to
detect the size of the keyhole. Based on this principle, a full
penetration weld bead has been guaranteed in real-time feedback
control [6-9]. However, this type of technology is not applicable
to VPPAW of aluminum alloys. Also, detecting the keyhole from
the backside of the workpiece is not feasible in some cases, such
as in the welding of pressure tanks. To date, constant parameter
open loop control of weld formation is still being used in PAW of
aluminum alloys by the keyhole mode.

In recent years, welding researchers have focused on using
machine vision systems to sense the weld pool for controlling the
full penetration state in gas tungsten arc welding (GTAW) and gas
metal arc welding (GMAW) [10-15]. The arc light filtering solu-
tion has been investigated by Richardson and coworkers through
coaxial viewing of the weld pool in GTAW [16]. These approaches
are based on the principle that the diffuse refiection of arc light
from the mirror-like weld pool surface is weaker than that from the
surrounding area. Thus, in the image, the weld pool produces a
dark area, while the solid part of the workpiece appears as a bright
area. Kovacevic and coworkers used a pulsating laser synchro-
nized with a high-shutter-speed camera to overcome the arc light
interference in GTAW of stainless steel [17-19]. With- this ap-
proach, a clear image of the weld pool is captured and the weld
pool boundary is calculated in real-time using a developed image
processing algorithm. The geometrical appearance of the weld
pool is characterized with the rear angles and the length of the
weld pool. For the full penetration case, the root surface weld bead
width could be determined using the pool area and a ratio of a
surrounding area of the pool to the weld pool area. Chin and
coworkers extensively investigated infrared thermography [20-
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22]. It was found that the interference of the bright arc light coyl
be avoided, and the depth of the joint penetration could be deter.
mined using the characteristics of the temperature profiles-
GTAW of steel. The instantaneous decrease of the welding currey
has also been used to weaken the intensity of the arc light in orde
to capture a clear weld pool image during welding [23]. However
in some cases, this approach may not be acceptable due to the po
weld bead that occurs, such as in PAW of aluminum alloys us;
the keyhole mode. ’

Besides the inaccessibility of the weld pool and the arc radiatiop
interference in PAW, a common problem existing in welding
aluminum alloys is that nearly no color change occurs when
plate is melted. Consequently, the molten weld pool can not b
easily distinguished from the solid base metal using the visible
spectrum range. Thus, processing a weld pool image for the case
of aluminum alloys is much more difficult than in the case of stel
welding. L

Therefore, this study was undertaken to investigate (1) th
feasibility of front image sensing of the keyhole weld pool of
aluminum alloys, (2) the physics of the image formation of the
nominal keyhole, and (3) the relationship between the keyh
geometry and weld bead width. ;
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2 Experimental Procedure
Experimental System. The image sensing system used 3
this investigation is shown in Fig. 1. It consists of a band-p g"’;mmg
filter, a CCD camera, a monitor, an image processing card; Fetem
PC-Pentium computer, and a video recorder. The parameters of
filter are the following: center wave length 658 nm, half wa V:
width 10 nm, transmissivity 27 percent, and background depth o P
field 1/1000. These specific filter parameters are selected becal B

the intensity of the arc light when using argon as the shielding &,
is much weaker within the above spectrum. The welding systf!
shown in Fig. 2 consists of a variable ‘polarity welding po¥
source, programmable sequence controller, plasma gas control
CNC positioning system, wire feeder and plasma arc torch-

camera is attached to and positioned in front of the plasma?
torch with its axis at an angle ¢ from the workpiece surface pll

Experimental Conditions. Variations in the keyhole siz&¢
be induced by changing some of the welding conditions, suc?,
the welding current, the shape of the workpiece plates and the
feeding speed. Bead-on-plate welds are made without wire 1¢%2 ___I"_
ing. Two shapes of 5.0 mm-thick 2024 aluminum plates are sh0¥: :
in Fig. 3. The welding current in the startup segment reaches 0 80
within 5.0 seconds, which increases up to 120 ~ 150 A withh -
5.0 ~ 10.0 seconds from the termination of this segment {0}
beginning of the main body segment. Other parameters ha“’e :
following values: a DCEN (direct current electrode negative) ¢

Fig. 3
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Block diagram of the image sensing system for keyhole weld

p (direct current electrode positive) time ratio of 22 ms to 3.0
DCEN current 120 ~ 150 A, DCEP current 150 ~ 180 A,
TS a gas flow rate 3.0 L/min., shielding gas flow rate 5.0 L/min.,
. e ding speed 100.0 mm/min., torch stand-off distance 5.0 mm,
f the bright arc light Jlo of workpiece surface plane to the horizontal plane equal to
enetration could be de : eo orifice diameter 4.0 mm, orifice length 4.0 mm, and a
¢ temperature profil gsLZn electrode setback 4.0 mm.
aase of the welding cur
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ag welding [23]. Howe!
-acceptable due to the : eyhole Profile. In order to better understand a keyhole im-
" of aluminum alloys u ge, three-dimensional schematic of a keyhole is shown in Fig.
e keyhole is actually a cave through the weld pool, with a
fle resembling a trumpet. The cross section of this cave varies
in diameter and shape (irregular ellipse). The maximum cross
onal diameter occurs at the top surface of the workpiece (top
tion diameter). The-cross section with the smallest diameter is
ated about 1.5 mm ~ 2.5 mm up from the bottom surface of the
prkpiece (throat section diameter). The diameter of the cross
ction on the bottom surface of workpiece is larger than the throat
eter, but less than the top section diameter. In vertical-up
elding without wire feeding, the shape of a backside weld bead
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Fig. 4 Three dimensional schematic of a keyhole

is concave-downwards along the entire weld path (see Fig. 5).
Therefore, the keyhole weld pool is a deformed weld pool, and is
much different from 2 weld pool in GTAW and GMAW [17-19].

Image Features of the Keyhole Weld Pool. Images of a
keyhole weld pool are shown in Fig. 6, the schematic of which is
shown in Fig. 7. The main features of the image are as follows.

(1) - The images are two-dimensional profiles of the keyhole
weld pools projected onto the target plane of the camera, which is
defined in this paper as the visual (nominal) keyhole weld pool.
This means that only a single viewpoint of the keyhole weld pool
can be captured by the camera, and the curves in the image are
generally in different spatial planes. The pattern of the keyhole
weld pool in the image is deformed with respect to the pattern of
the actual keyhole weld pool.

(2) The front periphery S of the nominal keyhole weld pool is
clear, but the portion of it at the location with the largest weld bead
width can not be clearly distinguished from the solid area of the

Convex Top Face Weld Bead

Concave-doamrards Bottom Weld Bead

Fig.5 Schematic of the cross section of weld bead without wire feeding

a. being established b. normal state ]

Welding
Direction

¢. before cutting d. cutting

Fig. 6 Images of the sensed keyhole weld pool with varied welding
current
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Fig. 7 Schematic of the nominal keyhole weld pool viewed from the top
face weld

base metal. The rear periphery of the nominal keyhole weld pool
can not be seen in the image.

(3) The lines L and R are projected lines of the actual periph-
ery of the keyhole. They may be the periphery of the keyhole
throat (at the throat cross section, see Fig. 4). However, the
periphery S is on the workpiece surface. So, actually, the three
curves (L, R and S) are not in the same spatial plane (L and R are
not parallel to the workpiece surface). The area, bounded by lines
L and R and the periphery S, is a type of keyhole area, through
which the plasma arc goes. This area is defined in this paper as the
nominal keyhole.

(4) A highlighted area behind the nominal keyhole exists in
the image during a normal welding process. The highlighted area
is not the image of the bright arc, but the reflected light from the
arc on the rear surface of the weld pool. The area of the nominal
keyhole will increase with an increase in welding current, but the
highlighted area will decrease with an increase in welding current.
This is because the size of the actual keyhole increases. The area
of the nominal keyhole increases to a maximum until the high-
lighted area vanishes (because there is no surface to reflect the arc
light) when the welding process becomes the cutting process.

(5) The bright arc cone can not be seen directly from the
image because of the shielding of the torch gas cup.

4 Reason for the Image Formation of the Keyhole
Weld Pool

The image of a keyhole weld pool is actually a reflecting image.
The concave-downwards and mirror-like surface of the keyhole
weld pool reflects the light from the plasma arc onto the target
plane of the camera. The following factors will influence the
intensity of the image: the arc light strength and its distribution
along the plasma arc column, the surface shape of the keyhole
weld pool, the filtering parameters, and the angle between the
camera and the workpiece surface plane. Because the arc is
strongly constricted when it passes through the orifice of the
nozzle, the portion of the plasma arc cone at the exit of the orifice
is very bright. However, the portion of the plasma arc column
away from the orifice exit is much less intense. Under the condi-
tions of this paper, the outer gas cup of the plasma arc torch blocks
the arc cone portion that could cause image interference.

The formation of the highlighted area in the image is related also
to the position of the arc cone and the deformation of the keyhole
weld pool. Since the torch standoff distance is about 5.0 mm, the
bright arc cone is actually a light source over the keyhole weld
pool. The light is projected onto the rear mirror-like surface of the
deformed keyhole weld pool, and then reflected onto the target
plane of the camera. In order to better understand the formation of
the highlighted area, the hole through the solid crater in the end of
the keyhole weld bead is chosen to approximately represent the
dynamic keyhole since the profile of the keyhole can not be
currently measured during welding. To form a mold and obtain a
profile of the keyhole after welding, the following steps were
taken: (1) fill the hole with liquid glue; (2) cut the workpiece and
remove the solidified glue block; (3) take the image of the solid-
ified glue block using a CCD camera and transfer it into a com-
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Where E equals 2.71828 and x is the coordinate along the thick-
ess of the workpiece.
The four curves based on the above formulas are shown in Fig.
930 pixels in length = 1.0 mm). It can be observed that there are
two breaks, A, and A, in the curve of angle 6,, which are adjacent
{0 the throat of the keyhole. The range of variation in 0, is only 15
deg ~ 25 deg. Hence, the average value of 6, is 20 deg, which is
pearly the same as the angle ¢ (20 deg). It could be deduced that
the area of the keyhole weld pool between A, and A, is actually a
concave mirror-like surface where the arc light is focused. It
' projects the light onto the target plane of the camera at an angle
nearly equal to ¢. The highlighted area in the image of the keyhole
eld pool results from this reflecting arc light.
There is only one large highlighted area in the image when the
_exposure of the camera is intense (Fig. 6). However, there are two
smaller separate highlighted areas in the image, one near the throat
of the keyhole and the other near the top surface of the workpiece,
when the exposure is weak (Fig. 10). This phenomenon was also
confirmed by analyzing the different gray values in the images
“shown in Fig. 6.
The front periphery of the keyhole weld pool in the image is a
smooth surface of pure metal with a very thin layer of melted
8x* — 103E —33 ‘metal. However, the bright arc cone light reflected from it does not
36E~ 7x%)) (1 _4)‘ hit the target plane of the camera because the reflecting angle is
i different from the angle ¢. Thus, its gray level in the image is low.
It can be seen from Fig. 8a that the periphery of the keyhole
throat is a spatial curve (not in the same spatial plane). However,
it ean be assumed to be in the same plane (defined in the paper as
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Fig. 13 Geometrical sizes of the bottom weld bead and the nominal
keyhole versus welding time
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a, front side

b. back side

Fig. 14 Photographs of the weld bead with the ordinary workpiece

reflect the light of the bright arc cone towards the camera. Thus, its
gray level intensity in the image is high, but lower than that of the
highlighted area. The periphery of the rear keyhole throat consists
of two straight lines (L and R) with an acute angle between them,
but not a smooth arc line. The reason for this is that the backside
weld bead is concave-downwards (see Fig. 5).

5 Extracting the Nominal Keyhole Periphery

Since the image of the nominal keyhole weld pool is clear and
the difference in grayness between the periphery of the nominal
keyhole and the other area is large, no image preprocessing is
needed. The characteristic points and the lines of the nominal
keyhole can be directly extracted, as shown in Fig. 11.

The periphery of the nominal keyhole is determined as follows.
(1) Find the vertical centerline of the highlighted area in the image.
(2) Determine the starting point for tracing the periphery of the
nominal keyhole. (3) Trace the periphery of the nominal keyhole.
(4) Determine the front periphery of the nominal weld pool.

One of the processed images of the nominal keyhole is shown in
Fig. 12b.

6 The Geometrical Sizes of the Nominal Keyhole and
Discussion

Based on the results of the processed images, the variations over
time in some of the geometrical features of the nominal keyhole,
such as the area, the width (W), the length (L) and the angle («) of
the periphery of the nominal keyhole (see Fig. 7), are investigated.
In order to determine if the geometrical features of the nominal
keyhole in the image could reflect the variation of the weld
formation during welding, the bottom widths of the weld bead are
measured manually. The corresponding curves are shown in Fig.
13, in which the origin of the time axis represents the instant when
the workpiece movement begins after the keyhole size reaches a
certain value.

(1) The bottom width of the weld bead on the ordinary work-
piece increases with time during the first 40 seconds (Fig. 13a). At
the instant following keyhole formation, it is about 4.3 ~ 4.4 mm
due to the better heat transfer conditions of the workpiece at the
beginning of welding. At 40 seconds, it increases to 5.6 mm, and
remains almost unchanged because of the constant heat sink.
However, at 120 seconds, it slightly increases to 5.9 mm because
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uiring and processing

of the poor heat transfer conditions at the end of the workpiece
yhole should be less th:

Therefore, the bottom weld bead width varied approximately 03
mm and remains almost uniform while the heat sink is constant
(see Fig. 14). When the workpiece with the variable heat transfer
condition is used, the bottom width of the weld bead sharp
increases at 44 seconds due to the poor heat sink. At 70 seconds,
it increases to 7.5 mm. Thus, it varies about 2.0 mm during thi
period. Actually, from the corresponding photos of the weld bead:
in Fig. 15, it can be seen that at about 70 seconds, the welding
process changes into a cutting process. Therefore, the transition
from a normal welding process to a cutting process occurs after 20
seconds, and the corresponding variation in the bottom weld bead.
width is 2.0 mm. I

(2) The variations in the area, width and length of the nominal
keyhole (Fig. 13(b—d), respectively) obtained from the image are
in close agreement with that of the bottom width of the weld bea
However, the above-mentioned geometrical features of the nomt
nal keyhole will remain constant after 48 seconds. The varied
magnitudes of the area, width and length of the nominal keyholé:
with the ordinary workpiece are respectively 400 pixels, 12 pixe
and 14 pixels once the heat sink of the workpiece becomes cO
stant in the welding process. However, for the varied heat sink
warkpiece, the corresponding geometrical features increase fr0
1800 pixels, 104 pixels and 30 pixels at the 40 second mark {0
4800 pixels, 184 pixels and 60 pixels at the 70 second mark whe:
the welding process becomes the cutting process. Therefore, the-
corresponding time interval between the welding process and h
cutting process is about 20 seconds according to the size of the:
nominal keyhole in the image. However, the angle betweeﬂ_m ‘_
line L and the line R (Fig. 13¢) with the varied heat sink workpiecé
does not refiect the variation in the bottom width of the weld bea

(3) The changes in the area, width and length of the nom®
keyhole in the image accurately represent the variations in
bottom width of the weld bead, regardless of the magnitude of
variation or the instant of occurrence. These dimensions of &
nominal keyhole can be used as the characteristic signals fof
avoidance of the cutting process. The area is more sensitivé !
changing welding conditions than the width and length. Thus, %
degree of variation is much greater than the changes observe i
the width and length. ;

(4) The time interval required for the welding process !
become the cutting process shows that the response time for 2

ariation in the bottom w
'(2) The area of the 1
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cquiring and processing of the image and for control of the
eyhole should be less than 20 seconds.

(1) A band-pass filter is used to obtain a clear image of the
keyhole weld pool. The nominal keyhole in the image is a part of
the actual keyhole, the geometrical features of which reflect the

variation in the bottom width of the weld bead.

(2) The area of the nominal keyhole extracted by the devel-
oped image processing algorithm can be used as a characteristic
parameter to monitor and control the weld formation.

(3) The image formation of the actual keyhole is closely

related to the concave-downwards mirror-like surface of the weld

pool, the camera position, and the arc cone light.
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