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Introduction

The sensing of weld joint penetration
is a fundamental  issue in automated
welding. The concern is the measure-
ment of the root surface (backside) bead
width and depth of penetration in the full
and partial penetration modes, respec-
tively. In principle, these parameters can
be monitored by embedding thermocou-
ples into the weldment or by acoustic
emission sensing (Refs. 1, 2). However,
their practical applications are l imited
because of the contact between the ien-
sors and the workpiece. In the case of full
joint penetration, the root face width can
be detected by measuring the light inten-
sity from the backside (Refs. 3-5). How-
ever, it is difficult or impossible to con-
venient ly locate backside sensors for
many configurations, for instance, during
the welding of pressure containers. Also,
the motion match between the torch and
sensor could be di f f icul t  i f  the torch
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moves. Hence, the sensor should beat-
tached to and move with the torch to
conduct the so-called topside sensing of
the weld joint penetration. In this study,
topside sensing is addressed"

Among the many proposed topside
sensing techniques, pool  osci l lat ion
methods have been extensively studied.
The pioneer ing work was done by
Richardson (Ref. 6), Hardt (Ref. 7), and
their coworkers" Wang, et al., found that
for full penetration, the width of a sta-
tionary weld pool can be determined by
the resonance frequency (Ref. 8). An in-
teresting discovery was the distinction
between the partial joint penetration and
full joint penetration frequencies. Xiao
and Ouden (Refs. 9, 10)found that a drop
in the oscil lation frequency occurs as the
penetration state changes from partially
penetrated to sufficiently penetrated.
This frequency drop has also been ob-
served by Richardson and Yoo (Ref. 11).
For the measurement of the pool oscilla-
tion, both arc voltage and arc light fluc-
tuations have been used (Refs. 6,12).

Ultrasonic testing has become a stan-
dard technique for locating cracks, in-
complete fusion, porosity and other dis-
continuities in fusion welds (Ref. 13). For
a single point range measurement, the
problem is to measure the transit t ime for
a single ultrasound pulse to travel to and
from the reflector, which is a discontinu-
ity in material property. Theoretically, if
the dimension of the reflector (for in-
stance, crack, porosity, etc.) is largerthan
the wavelength of  the incident ul t ra-
sound pulse, the reflected pulse contains
informat ion concerning the size and
shape of whatever caused the reflection.
Since the weld pool constitutes a change
in phase and in material:properties rela-
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Fig. 1 - Experimental setup-

that the reflection of the arc light from the
mirror-like pool surface is primarily spec-
ular. The diffuse reflection of the arc light
is weaker from the weld pool than it is
from the surrounding area. The weld
pool is therefore expected to produce a
dark area in the image, whereas the solid
area should appear bright. This does in
fact occur, however, the intensity con-
trast between the pool and the surround-
ing area is not very pronounced, due to
the radiation from the pool.

ln this study, a high-shutter-speed
camera assisted with a pulsed laser (Ref.
23)is used. Clear images of theweld pool
are captured. The pool boundary is ex-
tracted in real-time using the developed
image processing algorithm. The rear
angle is'proposed to describethe shape of
the weld pool. The geometrical appear-
ance of the weld pool is characterized by
the rear angles and length of the weld
pool. To emulate the human operator in
extracting the weld penetration, artificial
neural networks are utilized. The feature
parameters of the weld poolare input into
ih" n"tt"ork and the weld penetration is
calculated as the output. lt is shown that
the geometrical appearance of the weld
pool contains sufficient information on
the weld penetration. A real-time system
has been developed to rnonitor the weld
penetration using the geometrical ap-
pearance of the weld pool.

tt should be pointed outthatthe efforts
in this study have been limited to using
the two-dimensional geometrical infor-
mation from the weld pool. The three'di-
mensional topography of the weld pool
surface may also be used to determine
the weld penetration. Previous investiga-
tors have shown that the pool sag or the
pool depression is correlative to the weld
penetration (Refs. 24, 25). However,
sensing the three-dimensional pool sur-
face was difficult. lt was found that the
sag of the weld behind the pool rear has

Modern in-
frared thermo-
graph equipment
provides a feasible
means tg measure
the temperature
f ie ld.  At  Auburn
Universiry the in-
frared sensing of
a rc  we ld ing
processes has
been extensively
investigated by
Chin and cowork-
ers (Refs. 18-20).
The temperature
distribution is mea-
sured in gas metal

tive to the unmolten weldment, its shape
and size may be measured through its re-
flected ultrasound. Hardt and Katz (Ref'
13) utilized reflection ultrasound meth-
ods to measure the size of the stationary
weld pool. ln their investigation, a sim-
plified weldment geometry (a cylindrical
rod) combined with a ray optics wave
analysis was used. The propagation of
the ultrasound in this cylindrical rod was
studied. The results showed good agree-
ment between the measurements per-
formed on the cylindrical rods and the
geornetric optics prediction. Ultrasonic
measurements of the weld pool were ex-
tensively studied at the ldaho National
Engineering Laboratory (Refs. 14, 15).
Different geometries of welds were dis-
tinguished (Ref. 15). Contact transducers
were used. When the ultrasound was
generated by a pulsed Nd:YAG laser, the
contact transducer could be elirninated
(Ref. 16). However, several new prob-
lems, including the surface damage,
were caused (Ref. 17). For the post mea-
surement of the depth of the weld pool,
excellent results have been acquired by
using laser-phased-array technology
(Ref. 17),

arc welding (Ref. 20). lt was found that
the depth of joint penetration can be de-
termined using the characteristics of the
temperature profi les. Beardsley, et al.,
found that the root surface bead width of
the full joint penetration welds can be de-
termined in gas tungsten arc welding
using the pool area and a ratio between
a surrounding area (600'C isotherm area)
of the weld pool and the weld pool area
(Ref .21) .

Despite the above achievements in
the topside sensing of weld joint pene-
tration, more accurate information can
still be expected from the weld pool it;
self. lt is known that the weld pool con-
tains abundant information on the weld-
ing process. By viewing the weld pool, a
skilled operator can estimate the weld
joint penetration. However, detailed
studies should be done'to verify that the
weld pool does contain sufficient infor-
mation on the weld penetration. lf this is
true, an approach may be developed to
measure the weld penetration using the
parameters of the weld Pool.

The weld pool  has been coaxial lY
viewed by Richardson, et al. (Ref. 22).
The principle behind this technology is

Fig. 2 - Wetd pools for different currents. Arc tenglh = 3 mm, travel speed = 'l .9.mm/s, bead-on-plate, rate of argon flow = 30 ft3/h, 304 stat

steel,3 mm thickness. A-Current=90 A,fultfienetration, backsidebead width 1.8 mm; B-current=95 A, full penetration, backside

width3mm;C-current=l05A,ful!  penetrat ion,backsi iebeadwidth4mm;D-current=110A,ful l  penetrat ion,backsidebeadwidt

mm; E - current = 1l5 A, full penetration, backside bead width 5 mm.
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a good relationship with the root face
bead width (Ref. Z0). Thus, as an alter-
native, a vision-based adaptive system
was developed to monitor and control
the sag geometry for achieving the de-
sired root face bead width (Refs. 27,28).
Recently, the authors have developed a
specular reflection-based vision system
to d irectly mon itor the three-dimensional
topography of the weld pool surface
(Refs. 29-31). Although the pool depres-
sion may be directly controlled to
achieve the desired weld penetration
using this novel technology, the image
processing algorithm for detecting the
three-dimensional weld pool surface is
much more complicated than the algo-
rithm for the two-dimensional boundary
of the weld pool. Hence, as the first step,
this work will focus on the two-dimen-
sional domain.

Experimental Procedure

Experimental Set Up

The experimental system is shown in
Fig. 1. The welds are made using direct
current electrode negative (DCEN) gas
tungsten arc welding. The welding cur-
rent is controlled by the computer (Pen-
tium 90) through a D/A board output to
the power supply ranged from 10 A to
200 A. The torch and camera are attached
to a three-axial manipulator. The motion
of the manipulator is controlled by the
three-axis motion control board, which
receives the commands from the com-
puter. The motion can be preprogrammed
and modified on-line by the computer to
achieve the required torch speed and tra-
jectory including the arc length.

The camera is positioned directly be'
hind the weld pool with its axis at a 45-
deg angle frorn the horizontal. The laser
is projected from the front of the weld
pool with an incident angle of 50 deg,
thus avoiding the bright specular reflec-
tion in the image. The frame grabber dig-
it izes the video signal into 512 x 512 8-
bit digital image matrix. To acquire a
quality image for extracting the pool
boundary a high-shutter-speed camera
assisted with a pulsed laser is used. The
pulse of the laser lasts only 3 ns. The shut-
ter of the camera is synchronized with
the laser pulse. Although the average
power of the laser is only 7 mW, its peak
power reaches 70 kW. During the pulse
duration, the intensity of the laser illumi-
nation is much stronger than those of the
arc and hot metal, Thus, the area illumi-
nated by the laser will be bright in the
image. However, the weld pool will be
dark since the projected laser is specu-
larly reflected from the mirror-like weld

Table 1 - Experimental Conditions

Current
No. (A)

100
100

see Fig. 3C
100
100
100
100
100

Duration
(seconds)

Ar Flow Rate
(fFltrl

30
30
30
25
30
30
35
30

100
100
100
100
65
BO

1 3 0
100

Speed
(mm/s)

Arc Length
(mm)

see Fig.3A
see Fig. 38

3
3
3
3
3
3

1
2
3
4
5
6
7
B

1 . 9
1 . 9
1 . 9
1 . 9
2.92
2.41
'1.43

1.95

i l
i ig

pool surface. Consequently, clear images
a3 shown in Fig. 2 can be acquired.

Experimental Conditions

Variation in weld joint penetration
could be generated by changing weld-
ing parameters, such as the welding
current, arc length, and travel speed,
and welding conditions such as the
root opening or geometry of the
groove, material, th'ickness, workpiece
size, heat transfer condition, electrode
angle, and rate of the shielding gas
flow. In order to form a valid method
to monitor the weld penetration, the
major parameters that may vary during
welding should be considered in the
experiments. Three-m i l l  imeter-thick
stainless steel (304) plates are used
without any specific surface prepara-
tion. The shielding gas is pure argon.
The electrode is 3 mm in diameter with
a 60-deg tip angle. Bead-on-plate
welds are made. The objective is to
monitor the full penetration state
which is described by the root face
bead (backside) width. Varied current,
arc length, and travel speed are se-
lected to make the root face bead width
vary in the range of interest. The de-
tailed experimental conditions can be
seen in Table 1 and Fig. 3.

Observation and Rear Angle

It is known thatwhen the current or
arc length increases, the poolwidth in-
creases. However, the resultant
changes in weld penetration are op-
posite. This implies thatthe poolwidth
alone may not be sufficient for repre-'
senting the weld penetration in some
specific cases. To describe the weld
penetration, additional parameters
must be considered. Figure 2 shows
the weld pools made with different
currents" With the increase of the cur-
rent, the root face bead width in-
creases. lt is seen thatthe length of the
weld pool keeps increasing with the
cLlrrent, whereas the variation in the
pool width is less significant. Also, as

the weld penetration increases, the tail of
the weld pool becomes sharply pointed.
Thus, the length and sharpness of the
weld pool could be used to representthe
weld penetration.

To describe the sharpness of the weld

Fig. 3 - Some experimental parameters. A - Arc
length variation in Experiment 1; B - arc length
vari ation i n Experiment 2. C - current variation i n
Experiment 3.
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rear angle

Fig. 4 - Rear angle and its computation. A - Definition; B -

transverse lines for the computation of rear angles.

nito)

v,(ol

pool, the rear angle is
proposed. Take the rear
of the weld pool as the
reference point - Fig.
44. Draw a l ine along
the transverse direction
to cross the weld pool at
a speci f ic  locat ion
along the length of the
pool. Two intersections
between the boundary
of the weld pool and the
line wil l be generated.
Connect these two in-

tersections with the reference point to
generate two new lines. The angle be-
tween these two lines is defined as the
rear angle of the weld pool (Fig. aA). lt is
apparent that the rear angle depends on
the selected location along the length of
the weld pool.

In order to sufficiently describe the
shape of the weld pool, nine rear angles
are used for each weld pool at nine spe-
cif ic locations along the length of the
weld pool - Fig. 48. lt is found that as
the specific location of thetransverse line
approaches the reference point, i.e., the
weld pool rear, the role of the corre-
sponding rear angle becomes more sig-
nificant in determining the penetration
state. In fact, the shape of the front of the
weld pool does not change much with
varying penetration. Thus, more rear an-
gles should be acquired from the rear
portion of the pool. Denote the length of
the weld pool as L. The distance for l ine
j to l ine j + 1 is d; = dobl (i = 1 ,...,9) where

d6 is the distance from the rear to the first

l ine and b > 1 is the incremental ratio -

Fig. aB. lt can be shown that d; can be

calculated using the following formula:

dj = Lbj (1-b)/(1-b1o) (1)

ln this study, b is selected to be 1.3. The
resultant nine lines for generating the rear
angles are plotted in Fig. 48. Thus, the
nine rear angles can be calculated from
the length and boundaryof theweld pool.

Data Processing

lmage Processing

ln a previous work, a real-time image
processing algorithm was developed to
extract the boundary of the weld pool
(Ref. 32)" To reduce the computation, dy-
namic search procedures were con-
ducted. Although this algorithm can suc-
cessfully extract the boundary of the
weld pool in real-time, its programming
is complicated. For convenience in im-

rough boundary is acquired in order,toi
improve the robustness and processing,
speed. Based on the roug!. bou.ndary, i$rq
fine search can be done to find the ac.u.ifi

f ine search. ln the first three steps,;j: j

rate boundary of the weld pool wit[]iil
sl ight additional computation. r,.g

Assume that the axis of the electrodeli
is xi= x1(0), which can be determined bE$j
fore welding - Fig. 5,{" The weld poolir
l ies under !; = !1(0)- Fig. 5A. In the first: j i
step, the captured image is scanned fronl$.

pression, and windowing, 2) edge detec:,
tion, 3) boundary identification, and 41,

x1 (0) at (xi (0)+i! 's (i =0,1 ,2,...) alongtheii.
x1 direction and at (x1 (0) + iy)'s (i =ji.
-1 ,-2,...) along the negative xi directioffi
respectively - Fig. 5A. The positive in-:l
teger y is the image compression factoff
which is taken as 4 in this study. Duringii
the scanning at xi= xi(0) +iy, the image,l
points at (xi (0) + iy, yi (0) + jfl's (j =.,i:
0,1,2,...) are binarized. The number ofti i
dark pixels are accounted as N(i). lt is ev-
ident that N(i) should be very small when :,

Xi = (Xi (0) +iy) exceeds the pool rdrg€;'
Thus, the range of the weld pool along'
the horizontal direction, i.e., (-N1 ( i<.ti
N2), can be roughly acquired withoutex;ii
cessive computation, in addition to thei','
binarization - Fig. 58. Using the coni:x
pressed binary image within (-Nr < it!.f'
N2), a rough estimate of the range alongi
the vertical direction can also be ob;i;
tained - Fig. 5C. The resultant windowj.i
can be described by the range (-N1 < i < I

N2, Mr, < j < Mz) where N1, N2, M1, anft
M2 are all positive integers. The com.i*.
pressed binary image and resultant
dow are shown in Fig. 5C.

ln the second step, the left and r
edge points of the weld pool are searchel

from i - -Nl and i = N2, resPecti

Fig. 5 - Image compression, binarization,
and windowing. A -Windowing principle;
B - binary image and xi direction window-
ing; C - resultant compression, binarization
and windowing. The compressed binary im-
ages are shown in the lower left corner of im-
ages. The size difference between the origi-
nal and compressed images shows the
compression ratio.
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dark areas during the searches. To ex*

clude possible small dark areas cause0--
by the severe oxidation in the solidifiedi'
region due to the possible imperfecl
shielding, the search is continued for a-

few more pixels once the transition is en:]

countered. lf the succeeding pixels are'

plementation and application, a modl,$
fied algorithm is proposed. Using this al-:f;
gorithm, the robustness, and rpueO .ani$,
also be improved. The boundary of ttr; i:
weld pool can be extracted in 60 ms fror,E:
the acquired image despite the variations+51
in surface and welding conditions. ,;**:

The proposed algorithm consists sflli
four steps: 1) image binarization, .orn_,.$
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,ooint. Otherwise, the transition is con-

iider"das the'edge of a severely oxidized

,reionand the search is continued. Thus,

inJ weta pool edge can be detected de-

spite small severely oxidized regions on

the solidif ied surface'
, lt is observed that in some cases with
l 'extremely poor shielding, a large oxi-
' ' :  

diz"d region could appear- Fig. 6A. In
:such a case, the edge of the oxidized re-
gion will be extract"d I Fig. 6,{. How-

Iver, the horizontal codrrdinates of these

, , ooints are close to -N1 or N2. Thus, if the

Lag. points vary in a small range close to
'-1.1l or N2, oo€ should check whether or

, not any large bright region (in the binary
i image acquired in the first step) exists be-
, tween the extracted left and right edges.
-lf 

such large bright regions do exist, dark
.'regions should be detected. Each dark re-
gion can be one candidate for the weld
pool  region. Thus, for  some j ,  two or
three dark regions may exist as the can-

, didates for the weld pool. The left and
: right edges of the weld pool can be
known - Fig. 68. Based on the width of
the region and how it changes with j, the
weld pool  region can be recognized.
Thus, the edges of the weld pool can be
acquired - Fig" 6C.

Assume that edger( j ) 's  ( j  = M1,M1
+1, . . .M2)  and edge, ( j ) ' s  ( j  -  M1 ,  M1,
+1,...M2) are the acquired horizontal co-
ordinates for: the left and right edge
points.  Both edger( j ) 's  ( j  = M1,M1 +
1,. . .M2) and edge,( j ) 's  ( j  = M1, M1 +
1,. . .M2) may not be cont inuous with j .  In
the thi rd step, edger( j ) 's  ( j  = M1,M1
+1,. . .M2) and edger( j ;  's  ( l  = Mt,  M.,  +1,. . .
M2) are segmented. lf a continuous seg-
ment is short or has a large variation, i.e.,
the magnitude of d edgel (j/dj is large,
this segment may not be caused by the
actuai boundary of the weld pool" To
eliminate possible error, such segments
are deleted. Only the actual pool bound-
ary points remain - Fig. 6D. Because of
the continuity of the weld pool, the num-
ber of  deleted points is much smal ler
than the number of  remaining points.
Thus, if the points are used to fit models,
the corresponding reduction of the fitting
accuracy wil l be very slight.
. Two polynomials can be fitted for the
left and right edges, respectively. The pa-
rameters in the following models, i.e., (a1
(0), ar(' l  ),...,at(p)) and (a,.(0),a,.(1 ),...,,a, (p))
need to be identif ied from the remaining
data:

ease,( i)= a, (o)+ I
iu,1r1l Iri)g",(i)= 

u,(o). I
!.",1rf I
K=r  ) ( ) \

where p is the order which is selected to
be 4 based on modeling experimenta-
tion. The least squares algorithm (Ref. 33)
has been used to identify the parameters.
The fitted edges are i l lustrated in Fig. 6E.
It can be seen that despite the poor con-
dition, correct estimates of the weld pool
edges have been acquired from the com-
pressed image.

The rough edge acquired in the com-
pressed image can be restored to the orig-
inal image - Fig. 7A.ln the fourth step,
the final pool edge is searched around
the rough edge. Thus, the f inal  pool
boundary as shown in Fig. 78 can always
be obtained. Based on this edge, the re-
quired parameters of the weld pool can
be calculated.

The above four steps can be com-
pleted by our equipment in 30 to 60 ms"
To sample the image, 33 ms is required.
Thus, the weld pool boundary can be ac-
quired at  10 Hz.

Coordinate Transformation

The boundary extracted by the image
processing is described using the image
coordinate. To acquire the actual geo-
metrical appearance of the weld pool,
the boundary should be described in the
work coordinate system. The xy plane of
the work coordinate system is the work
surface and the z-axis is the electrode -
Fig" B. A transformation from the image
coordinates to the work coordinates must
be done.

Assume that (xi(j),yi(j)) 's are the image
coordinates of the boundary of the weld

Fig. 6 - Edge detection for the image with
severe oxidation. A - Original image; B -
pool region candidates; C - edge points; D
- remaining edge points; E - fitted edge.
The edge detection is performed on the com-
pressed binary image.

pool. The pool boundary (x(j), y(j),2(j)) 's
musr be calculated from the (xi(j),yi(j)),s

Since the work surface has been selected

and ri

;hould
bright

:s. To ex
1S

pective
rg i for
r that

solidif i
t m p e
ued for:r
t ion is  en Fig. 7 - Fine search for the weld pool boundary. A

the pool boundary.

- Restored rough edge; B - final result of
a l \
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pinhole 8p,Jp,0)

Fig. B - The relationship between the work and image coordinate sys-

tJ.t. The work coord'inate system is xyz. The image coordinate sys-

tem is xi yi"

Fig. 9 - Neural network model for the weld penetration predicti

p(il,s (j = .l 
,...,n1) are the parameters o! tlte weld poolselecfed as the'p)utt 

of tnu network. The output w6 of the netuvork is the backside
width. A - Architecture.; B - neuron structure'

s ion system develoPed in  a  prev

Y ( i ) = Y o - z o / t g  I

l+s"-ts'(v (i)/ d,)l l
* ( i  )=  - r , ( i )  I

l',(;;* ^@l,EE) (3)
where (0, yp, zr) are the Pinhole of the

to be the xy plane, the z(j) 's can be con'

sidered as zero. l t  can be shown that:

camera in the work coordinate system,

d. is the distance from the origin of the

work coordinate system to the pinhole,

and d2 is the distance from the origin of

the camera coordinate system to the pin-

hole. The optical axis of the camera l ies

on the yz plane and the angle between

the optical axis and the y axis is 45 deg.

Thus, using the image processing results,

i .e.,  (xi( j) ,yi( j)) 's, the boundary of the weld

pool (x( j) ,  y( j) ,2(j)) 's can be acquired'

Modeling

ln order to achieve accurate predic-

t ions of the weld penetrat ion, nonl inear

models, rather than I inear models, are

used to correlate the weld pool parame-

ters with the weld penetration. However,

the structure of the nonlinear relat ion-

sh ips  a re  ve ry  d i f f i cu l t  t o  de te rm ine .

Neura l  networks prov ide a un i form

model frame for almost al l  types of non-

l inear relat ionships. Thus, a neural net-

work can be used to relate the pool pa-

rameters to the weld Penetration.
Fo r  mos t  aPP l i ca t i ons ,  one  h idden

layer is suff icient (Ref. 3a). In order to

guarantee the va l id i ty  o f  the resu l tant

model ,  the number  o f  e lements  in  the

hidden layer, denoted as n2, is selected

by the fol lowing equation (Ref. 34):

n2 = N/1 0(n.,+n3)-N/5(n' '+n3) @)

where N is the number of samPles, and

n1 and n3 dr€ the number of elements in

the input and output layer, respectively'
The number of samPles for each net-

work is 7350. Different pool parameters

will be used as the inputs of the network

to calculate the backside bead width,

which is the output of  the neural  net-

work. Thus, the number of elements in

the hidden layer wi l l  depend on the num-

ber of pool parameters used in the net-

work. The general architecture of the re-

sultant network is shown in Fig. 9A" The

sigmoidal function (Ref. 35) is selected as

the  non l inear  func t ion  o f  the  neuron

which is shown in Fig.  98.  l t  is  known as

the following (Ref. 35):

y i , t  =1 / (1+e* i * )  
I

ni-1 |
vik=wik+ 2 w*iyi-, , i )  

(5)

where yi,k is the output of the kth neuron

(elemeni) in layer i ,  n1 is the number of

neurons in laYer i ,  and w;p and w;p; dr€

the weights of the neuron which must be

determined by the training process.

The training was performed using the

commerc ia l  neura l  network sof tware,

Professional l l  (Ref. 34)" The algori thm is

the extended de l ta-bar-de l ta  (EDD),

which can overcome the slow conver-

gence associated with the conventional

6ack-propagat ion a lgor i thm (Ref .  3a) '

The lbarning rat io is automatical ly deter-

m ined  by  t he  a lgo r i t hm"  The ' t r a i n i ng

cycle is selected to be 50,000.

Modeling Results

The pool feature parameters, includ-
ing the length, width, and rear angles of

the weld pool ,  are  measured on- l ine dur-

ing the experiments (Table 1) at the speed

of  10 Hz.  The backs ide width  is  mea-

sured off- l ine using a structured l ight vi-

study (Ref. 36). The data in the first thrr
seconds and last two seconds are del
for each experiment" The resultantdatai
plotted in Fig. 10. It can be seen thatthpii
backs ide bead widths varY in  a  wi
range, from 1 to Z mm. The variat ion:i

caused by the different welding putum&,it
ters or conditions. To monitor the welfi
penetration, this variation must be calcuii,
lated with sufficient accuracy using th$:i
measurements of the pool feature p.ffi'  '  . , . ,1' , i r :

meters. For the thickness of the materiat:+:
used in this study, the required backside':l
bead width may be selected between ii'
and 5 mm so thatthe al lowed error in de' ' '

te rmin ing the backs ide bead width ' ,

should be less than 1 mm- For the con*;

venience of the discussion, 1 mm it t i i ' . :
ferred to as the critical measurementfoitl
the sufficiency of the modeling accurae$'

in this study.
All the pool Parameters have beq,n;

used as the inputs of the 6s1\M61k fdi'i

modeling the backside bead width' Thrg$

number of elements in the hidden laye4ij

is selected to be 45 based on Equation 4;i:ii

-sing the trained network, the backsidq:i

beaiwidth can be calculatea from llig..,
pool feature parameters. Figure 11A.{ji

iustrates the calculated values/ co:Si

pared with the original measurements:

is found that the backside bead width c

be traced with sufficient accuracy lor

ferent welding conditions, judged bv*ln!t,

1-mm cr i t ical  measurement '  In l l i ' i '
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Fig' | 1 - Experiments of neural network m.odeling of weld penetration using different weld pool parameters. A - Length, width and rearB-length;C-width;D-lengthtowidthratio;E-�rearangles;F-teigthandwidth.

represents the visual geometrical charac-
teristics of the pool. Thus, both size and
shape information should be contained
in the geometrical appearance parame-
ters. Ceometrical appearance parame-
ters could consist of the shape and size
parameters.

Size Parameters

The width and length are the size pa-
rameters of the weld pool. To examine
the possibi l i ty  of  using the length or
width of the weld pool to represent the
weld penetration, two networks have
been trained using the length and width
as the input, respectively. The numbers of

elements in the hidden layer in both
cases are 500 because of Equation 4. The
model ing resufts are i l lustrated in Fig.' l1B 

and Fig. 11C, respectively. lt can be
seen that both the length and the width
can provide rough estimates for the full
penetration states. However, the model-
ing errors often exceed the l -mm critical
measurement.

Shape Parameters

It seems that the shape of the weld
pool can be roughly characterized by
using multiple size parameters. The ratio
between the length and width of the pool
provides pure information on the shape.

Using the length-to-width ratio as
input, a network has been trained.
modeling results are plotted in Fig. 11
It is apparent that the ratio cannot
any useful weld penetration in
In order to explore the relationship
tween the pool shape and weld
tion, a more accurate description of
shape of the weld pool must be used.

The proposed rear angles can be
to characterize the shape of the
pool. Nine rear angles can provide
more accurate shape information
the ratio. lf the shape of the weld pool
ally contains sufficient information
the full penetration, an adequate esti
tion of the backside bead width

Fig. 12 - Neural network modeling of futt penetration. The rength and
rear angles of the weld are used as the inputs of the neural network. The
small difference between the measured and network estimated backside
bead width, as observed in the figure, shows thatthe accuracy of the pro-
p,osed monitoring approach for the full penetration is sufficient deipite
the variations in the welding conditions.
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Fig. 13 - The arc appearance and the
pool. The image shows thatthe arc covets
transverse span of the weld pool. The
is captured'by using a slower shutter
than was used for Fig. 2 images.
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,be generated from the rear angles using a
neural  network.  As shown in Fig.  11E, al-
though the observed results are more ac-
,'curate than the ratio's results, the model-
' ing accuracy is st i l l  not  suf f ic ient .
'Furthermore, when both the ratio and ap-
pearance angles are used, the modeling
accuracy is not improved. Thus, it seems
that the shape of the weld pool does not
contain sufficient information on the full
penetration.

Geometrical Appearance Parameters

' The geometrical appearance parame-
ters may be acquired by incorporating

rmultiple size parameters, or by incorpo-
',rating the size and shape parameters. The
width and length of the weld pool char-

-acterize the geometrical appearance of
:the weld pool. However, the description
,is rough. An accurate description of the
'geometrical appearance can be gener-
.ated by combining the rear angles with a
,,stze parameter.
. , , : ,  Using the width and length of  the
rcld pool as the inputs, a network has

pool can also be characterized by the
width and rear angles. But, the most ac-
curate results are provided by the length
and rear angles. Also, compared with Fig.
11A where the width has been used in
addition to the length and rear angles, no
noticeable difference can be observed.
This implies that the length and rear an-
gles of the weld pool contain sufficient
informat ion on the weld penetrat ion.
Extra parameters may not be required for
determining the weld penetration.

Discussions

The roles of most welding parameters
in determining the weld penetration have
been extensively investigated (Refs. 24,
37-39)" lf their roles in determining the
parameters of the weld pool are known,
the above trends of the correlation be-
tween the weld penetration and the weld
pool parameters will be understood.

Current

I t  is  known that
the weld penetra-
t ion is near ly pro-
port ional  to the
welding current.  In
f act, the Lorentz
force is proportional
to the current. Thus,
the stirring of the l iq-
u id  meta l  in  the
weld  poo lw i l lbe  in -
creased with an in-
crease in the weld-
ing current (Ref. 25).

Also, the impact of the plasma jets on the
weld pool is increased with the current
(Ref. a0). As a result, an increase in the
current wil l generate an increase in the
weld penetration. In order to determine
the weld penetration from the geometri-
cal appearance of the weld pool, the cor-
responding change in the shape and size
of the weld pool must be found.

The images in Fig. 2 i l lustrate the ap-
pearance of weld pools made using dif-
ferent welding currents. lt can be seen
that the length of the weld pool is signfi-
cantly increased with the current. How-
ever, the increase in the width of theweld
pool is much less significant.

It is known that the welding current is
one of the crit ical welding parameters
that determines the geometrical appear-
ance of the weld pool. An increase in
welding current produces an increase in
power density (Ref. 41). The size of the
weld pool, for example, the pool width
and length, increases with the current. lt
was shown thatthe magnitude of the heat
flux is dominated by the current (Ref. a2).

Fig. 16 - Arc distribution for different arc lengths. Current, 100 A,
travel speed 1 .9 mm/s, rate of argon flow = 30 ft3/h, arc length from 2
mm to 4.5 mm, no laser illumination.

been irained. The modeling results can
0e seen in Fig.  11 F. A not iceable im-
Frovement in the modeling accuracy, in
comparison with cases using the size or
shape parameters, has been obtained. ln
rq.  12,  the model ing resul ts using the
rear angles and length of the weld pool
are i l lustrated. The improvernent of the
accuracy is s igni f icant.  This improve-
ment is achieved by the more accurate
0escription of the geometrical appear-
ance of the weld pool.

Geometrical appearance of the weld
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Fig. 17 - Weld pools for different arc
Iengths. C,urrent 100 A, travel speed 1 .9
mm/s, bead-on-plate, rate of argon flow = 30
ft3/h. A - Arc length = 2 mm. B - arc length
= 3.5 mm. C - arc leneth = 4.5 mm.

Fig. 1 B - Weld pools for different travel speeds. Current, 100 A, arc
length = 3 mm, rate of argon flow = 30 ft3/h. A - Travel speed =
2.92 mm/s; B -travelspeed = 2.41 mm/s; C-travel speed = 1.95
mm/s; D - travel speed =1.43 mm/s.

Thus, a larger weld pool can be expected
for a larger current. The image in Fig. 13
shows that the span of  the weld pool
along the traverse direction is covered by
the arc. This implies that the surface of
the weld pool is directly made molten by
the arc. The width of the weld pool is pri-
mari ly determined by the arc distr ibu-
tion. When the current increases, the ra-
dial  d imensional  d istr ibut ion parameter
s l igh t ly  inc reases  (Ref .  a2) .  Thus ,  the
width of the weld pool slightly increases
with the current. On the other hand, the
heat intensity significantly increases with
the current (Ref. 42).The temperature on
the surface of the weld pool is therefore
expected to increase with an increased
current. Hence, the length of the weld
poo l  s ign i f i can t ly  inc reases  when the

current increases, whereas the width of
the weld pool only slightly increases.

In addition to the relatively low sensi-
tivity to the current, the width of the weld
pool is also less sensitive to the variations
in other welding parameters or condi-
tions which can change the weld pene-
tration as shown in Ref. 43 - Fig. 10B,
and 10C. Thus, as shown in Fig.  11C, the
pool width alone may not be able to rep-
resent the weld penetration with suffi-
cient accuracy under possible variations
in welding parameters and conditions, as
was expected previously. To further i l lus-
trate this, the top and bottom appear-
ances, acquired from an exper iment,
shown in Fig. 14 are given. lt is apparent
that in this case, no correlation between
the backside bead width and the pool

j

width can be observed. Thus, the lend
of the weld pool, which is more r.nri, i l
to the current and other welding pf
meters and conditions (Fig. 11 B and I
should be a useful parameter for deti
mining the weld penetration. j

Arc Length j
l

An increase in the arc length wil lgJ
erate an increase in the arc voltage. l1j
known thatthe magnitude of the heatfld
is proportional to the arc voltage (Ref, +j
However, the distribution parameter ii
creases nearly l inearly with the arc lensi
(Ref. 42). Also, the arc efficien.V n ru{
stantially decreases when the arc lengg
increases (Ref. aa)" Thus, the relationshi
between the weld penetration and theai
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i t ' ' .  topside and backside weld ap-

oearances of ,Experiment 1 are shown in

iin. lS/. and B, respectively. The arc

i. igth increases from 2 to 4.5 mm during

i6. l*p"t i tent  as shown in Fig.  34.  Be-

,^useoi the step change of the arc length,

the irregularity of the weld can be ob-

served. This irregularity can be more eas-

ily seen from the backside (Fig" 1 5B) than

from the toPside - Fig. 15A.
In the tirst 20 seconds, the arc length

is 2 mrn - Fig. 34. The backside bead
width is about 3.5 mm (Fig.  10A, B).  At
the transition from 2 mm to 2.5 mm, i.e.,
around t  = 20s, there is a peak in the
backside bead width -  Fig.  158. Then
the backside width roughly remains as it
was during the first 20 seconds - Fig.
10A. After the transition from 2.5 to 3.5

, , ,  mm, the backside bead width is about 4

mm. When the arc length is increased by
4 mm, the backside bead width slowly
decreases to  3 .3  mm. When the arc
length becomes 4.5  mm, the backs ide
bead width increases to about 4.5 mm. l t
can be seen that except for the peak at the
t rans i t ion zone caused by the s tep
change of arc length, the weld penetra-
t ion slowly increases with the arc length
before the arc length reaches 3.5 mm.
After 3.5 mm, the weld penetrat ion starts
to slowly decrease with the incremental
arc length. However, when the arc length
becomes 4.5 mm, the weld penetrat ion
increases again. The above observations
are obta ined based on F ig .10A and F ig .
3A and the backside appearance of the
workoiece.

It is expected that the pool width in-
cf€?s€s with the arc length. However, in
:this experiment, the pool width remains
almost unchanged before the arc length
reaches 3.5 mm at t  = 40s -  Figs.  15A

,and 10 C. After the arc length reaches 3.5
mm, although the width of the heat-af-
tected zone sti l l  increases with the incre-'mental  arc length (FiS. 15A),  the pool
,width begins to decrease slowly.  The
pool  width does not increase with in-
creasing arc length. To explain this phe-
nomenon, the arc distribution was ob-
served for different arc lengths - Fig. 1 6.
Itwas found that the arc distribution does
not keep increasing with the arc length.
betore the arc leneth reaches a crit ical
value, the ur. rpr"-ud keeps increasing.
unce the arc length exceeds the crit ical
value, the arc spread begins to concen-
trate. ln the experiment for Fig. 16, the
cr i t icalvalue is 3.5 mm. Thus, despi te the
Increase in the arc length beyond 3.5
ort, the pool width decreases. Also, be-
cause of the concentration of the arc, the
Dackside bead width becomes large
lvhen the arc length is 4.5 mm, i.e., {rim

t  =  B 0  t o  1 0 0 s  -
F i g .  1 5 B .

A l though the
var iat ions of  the
weld penetration in
Exper iment  1  can-
not be predicted by
the pool width, the
weld pool geomet-
r i ca l  appearance
(F ig .  17)  can be
used to  exp la in  i t .
At t = 8s, the back-
side bead width is
3 .5  mm.  The poo l  i s '
b lunt  and short  (Fig.
17  A) .  A t  t  =  55s ,  the
pool  becomes
longer and sharper

F i g .  1 7 8 .  T h e
backside bead
w i d t h  i s  4  m m .
When the  t ime
reaches 95s, the
pool  is  very long -
F ig .  1ZC.  Thus ,  the
backside bead
width becomes 4.5
mm.

Travel Speed

The weld pene-
trat ion increases
wi th  decreas ing
travel speed. As it is
known, at constant
cur ren t  and arc
length ,  a  s lower
travel speed arc wil l
supp ly  more  heat
input  to  the  we ld-
ment and provide a
h igher  peak  tem-
perature on the sur-
face, whereas a
fas ter  one w i l l
cause less heat

Fig. 20 - Real-time monitoring system for full penetration using werd
pool appearance based on neural network.

Fig. 21 - Full penetration real-time monitoring results. Current 100 A,
arc length = 3 mm, travel speed = 1.53 mm/s, bead-on-plate, rate of
argon flow = 30 ft3/h. A - On-line prediction of backside bead width
in comparison wiih off-line measurement; B - top weld appearance;
C - backside weld appearance.

input and a lower peak temperature (Ref.
45). That is, a lower speed arc can be re-
garded as having a higher power density,
since the distr ibution of the arc is not ex-
pected to be significantly affected by the
travel speed. ln order to l ink the geomet-
r ical appearance of the weld pool with
the weld penetrat ion, the inf luence of the
travel speed on the size and shape of the
weld pool should be studied.

The geometrical appearances of the
weld pool  cor responding to  d i f ferent
travel speeds are shown in Fig. 

'18. 
When

the arc travel speed rs 2.92 mmfs, the size
of  the weld pool  is  smal l .  By decreas ing
the travel speed to 2.41 mmfs, the weld
pool is enlarged.-However, the shape of
t he  we ld  poo l  does  no t  s i gn i f i can t l y

change.  Th is  impl ies  that  the s ize o f  the
weld pool is an important parameter to
determine the weld penetrat ion. When
the travel speed decreases to 1.95 mmfs,
the rear of the pool becomes sharper and
the pool length is signif icantly increased.
When the speed decreases to 1.43 mm/s,
a very large increase in the length is ob-
served. The rear of the weld pool be-
comes very sharp. Although the length of
the weld pool may indicate the change in
the travel speed, the accuracy in com-
pletely determining the weld penetrat ion
is st i l l  not suff icient. l t  can be seen that
large modeling errors occur in the data
corresponding to high travel speeds (see
the range from 3800 to 4400 in Fig. 11 B)
if  only the pool length is,used because of
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the complexi ty of  the relat ionship be-
tween the weld pool and weld penetra-
t ion. ,Thus, by adding the rear angles,  s ig-
ni f icant improvement in the model ing
accuracy has been achieved. This im-
provement can be observed by compar-
ing Fig.  11 B with Fig.  12.

Trends

Figure ' l9,\ is generated from the mea-
surements of the backside bead width
given in Fig. 10A by rearranging the data
incrementally. The length, width 4nd a
few rear angles of the weld pool plotted
in Fig. ' l9B-F are the coi'responding re-
arrangement from the original data. Al-
though no exact relat ionship between
the weld penetration and each individual
parameter of the weld pool can be ob-
served because the variations in the weld
penetration are caused by changinS dif-
ferent welding parameters, some rough
trends can be observed.

In the smal l  fu l l  penetrat ion range,
where the serial number is less than 600
in Fig. 19, the pool width and length al-
most do not change with the penetration.
However, the rear angles do decrease
when increasing the penetrat ion.  This
may imply that the weld pool size cannot
be used to predict the penetration varia-
tion when the full penetration is just es-
tablished from the partial state. For exam-
ple, the backside bead width varies from
1 to 2 mm in Experiment 5 (the sample
number is from 3800 to 4400 in Fig. 10).
The predict ion given by the length or
width of the weld pool are almost con-
stant (Fig. 11 B, C). Thus, it seems that the
rear angles play important roles in deter-
mining the smal l  fu l l  penetrat ion.

When the degree of full penetration
further increases, the pool length and the
width begins to increase with the back-
side width. Roughly speaking, the length
of the weld pool almost l inearly increases
with the backside bead width in the mod-
erate full penetration range, i.e., from 2
to 4.9 mm where the ser ia l  number in
Fig.  19 is f rom 800 to 5000. The pool
width also increases with the penetration
in this range. However, the increase is
step-like. ln the serial number range from
800 to 2200, the pool  width var ies
around 5 mm. In the ser ia l  number range
from 2200 to 6000, the pool width fluc-
tuates around 6 mm. No gradual increase
with the penetration can be observed.
This step-like relationship with the back-
side bead width makes it diff icult to ac-
curately predictthe full penetration using
only the pool width in the moderate full
penetration range.

When the full penetration becomes
very pronounced, a I inear relat ionship
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between the backside bead width and
pool width is observed. This can be seen
when the ser ia l  number is larger than
6000 - Fig. 

'19A, 
C. In this range, the re-

lationship between the pool length and
weld penetration becomes complicated
- Fig.  19A, B. Thus, the var iat ion of  the
weld penetration in Experiment 7 can be
much better tracked by the pool width
than by the pool  length -  Fig.  11C, B.
However, by incorporating the rear an-
gles with the pool length, the weld pen-
etration has been well tracked in this full
penetration range.

The relat ionship between the rear
angle 0;( j  = 1 ,  2, . . . ,9)  and weld penetra-
tion tends to become stronger as j de-
creases. For example, in the small serial
number range, less that 600, es does not
significantly change with the weld pene-
tration (FiS. 19D), whereas 02 and 03 do
decrease with weld penetration - Fig.
19E, F.  This is understandable because
the sharpness of the rear portion of the
weld pool plays a more important role.

Before the backside bead width
reaches 4 mm, i.e., when the serial num-
ber is less than 3000, the rbar angles de-
crease when the backside bead width in-
creases. When the ful l  penetrat ion
becomes more significant, the relation-
ship tends to be complicated. However,
this complexity does not mean that the
correlation between the weld penetra-
t ion and pool  geometr ical  appearance
becomes poorer. The weld penetration
can sti l l  be determined with sufficient ac-
curacy as it is in the small full penetration
state -  Fig.  12.  This complexi ty is an in-
herent character ist ic of  the welding
process. Because of this complexity, the
neural network played an important role
in correlating the weld penetration to the
pool geometrical appearance.

Although the irregularity in the rela-
t ionship between the ful l  penetrat ion
state and individual pool parameter, a
rough trend can sti l l  be observed. That is,
no matter how the variation in the weld
penetration is caused, the sharpness and
size,  including the length and width,  of
the weld pool tend to increase with the
weld penetration.

Real-Time Monitoring

The full penetration has been moni-
tored in real-time using the developed
rea l - t ime image proEess ing  a lgor i thm
and trained neural network. The moni-
tor ing system is shown in Fig.  21.  The in-
puts of the neural network are the length
and rear angles of the weld pool. Since
Professional l l  can provide the executive
codes of the trained network as a sub-

routine which can be called by g
gram, the trained network can be loar
into the main program without additio
programming.

The image processing for extracti
the boundary of the weld pool can
completed in 100 ms. The network
putation lasts less than 50 ms. Thus, w
the consideration of the other possi
computation, the weld penetration
been monitored at 5 Hz. fhis speed cajlj
be considered to be real-time for weldi
process control.

An example is  g iven in  F ig .  21.  Th;
current and travel speed are 100 A-l .53 mm/s, respectively. The arc length i
3  mm.  The on- l ine  pred ic t ion  o f  the
backside bead width is plotted in Fiui
21A to examine the accuracy of tnu oi i
l ine predict ion.  ln Figs.  218 and C, the
appearances of the welds are illustratedi
In this case, the variation in the weld pen.
etration is caused by naturally occurrind'i,
process variations, for example, the unl,;l
avoidable variation in heat transfer con;li
dit ion along the weld. lt can be seen th11i
the variation of the backside bead widt|.ili,
which specifies the full penetration hasli
been monitored with sufficient accuracy;i:

Conclusions ,li
,.rf

The stainless steel 304 has been usedi,
to make bead-on-plate welds using direct i
current electrode negative (DCEN) gas
tungsten arc welding (CTAW). The thicki.-
ness of the material was 3 mm. Under:.
these experimental conditions, it can beii
concluded that the geometrical appear.: t
ance of the weld pool, specified by theri
length and rear angles, contains suffi:, i :
cient information on the weld penetraji

t ion, judged by the 1-mm crit ical mea;i
surement  o f  the model ing er

on the weld penetration. r,i,
In  addi t ion,  a  rea l - t ime moni tor ing I

system has been developed to monitor
the full penetration state, i.e., the back';i

side bead width. The high-shutter-speed.:'
camera assisted with the pulsating laseir

the proposed real-time image processingl:

algori thm, the relat ionship between the. '

weld penetrat ion and the geometricalap; '
pearance of  the weld pool ,  and the '

neural network modeling capabil i ty play

crucial roles in this achievement 
' , .

However, pure size or pure shape parai$

meters only contain rough informationl i
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