
WELDING RESEARCH 

SUPPLEMENT TO THE WELDING JOURNAL, MARCH 1990 

Sponsored by the American Welding Society and the Welding Research Council 

All papers published in the Welding Journa/'s Welding Research Supplement undergo Peer Review before 
publication for: 1) originality of the contribution; 2) technical value to the welding community; 3) prior 
publication of the material being reviewed; 4) proper credit to others working in the same area; and 5) 
justification of the conclusions, based on the work performed. 

The names of the more than 170 individuals serving on the AWS Peer Review Panel are published 
periodically. All are experts in specific technical areas, and all are volunteers in the program. 

Computerized Radiographic Sensing and 
Control of an Arc Welding Process 

Real-time radiography is demonstrated to be a means of 
studying the arc welding and a method for adaptive control 

BY S. I. ROKHLIN A N D A. C. GUU 

ABSTRACT. The paper summarizes an ef
fort in which real-time radiography was 
implemented for on-line arc welding pro
cess study and control. X-ray penetrating 
radiation was used for volume observa
tion in the welding pool and the heat-af
fected zone during the weld process. The 
advantages of such a technique are on
line detection and monitoring of defect 
formation in the weld and capability to 
study metal fusion and filler metal/base 
metal interaction and metal transfer in the 
welding pool. This technique may also be 
used for postservice, real-time remote 
testing of weld quality. 

A new concept of arc welding process 
control was developed based on using in
formation on weld quality, received from 
automatic recognition of real-time radio-
graphic images, in feedback for closed-
loop weld control. This distinguishes the 
radiographic approach from more con
ventional methods where indirect infor
mation on weld quality is used. 

The experimental system developed 
during this project integrates the welding 
apparatus and the real-time radiographic 
system together with a digital image pro
cessor unit and appropriate computers 
and software packages. Using this system, 
closed-loop process control was demon
strated through the control of weld pen

etration during submerged arc welding. 
Special attention was given to the evalu
ation of system parameters such as de
tectability and resolution. 

Monitoring the welding process with 
real-time radiography may also provide 
new opportunities for studying arc weld
ing physics. As an example, the metal 
transfer mode and plasma pressure cycle 
for submerged arc welding have been 
determined. Another potential application 
of the system may be for weld pool anal
ysis, where on-line monitoring of the pool 
dimensions can be used for control of 
weld penetration. 
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Introduction 

Two different approaches may be ap
plied to nondestructive evaluation of 
welds. The conventional approach con
sists of the application of nondestructive 
inspection after welding. The second ap
proach, and one that provides more valu
able information on weld quality, is in-
process nondestructive evaluation where 
the production and testing operations are 
integrated into a single procedure. In this 
combined approach, information gath
ered during welding may be used in a 
feedback loop, together with other pro
cess parameters, for process control. Such 
a concept may provide significant cost 
savings (Ref. 1). An additional advantage 
of this approach is that the nondestructive 
system may be included as a part of the 
sensing system in the feedback loop of the 
process control system. This means that 
quality control may be integrated with the 
process itself. 

Traditionally, the radiographic method 
of nondestructive evaluation of welds, 
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Feature^ 

Observation of Metal and Flux 
Transfer and Solidification 

Fig. 1 - Schematic of 
horizontal setup for 

real-time observation 
of welding process. 

which uses x-ray penetrating radiation, 
has been widely used in industry for flaw 
detection. It has been used for both post
weld and in-service inspection. The main 
applications of radiography for character
ization of weld quality may be categorized 
as follows: 

1) Conventional film radiography. This 
technique has been widely used in the 
weld quality evaluation, primarily for post-
manufacturing and in-service inspection 
(Ref. 2). 

2) High-speed radiography (or flash ra
diography). This method is based on im
pulse x-ray tubes and high-speed x-ray 
films on which the image is formed during 

X-Ray 
Tube 

the period of duration of the x-ray pulse. 
Using this technique, a few very interest
ing studies have been conducted for un
derstanding metal transfer in the weld 
pool. The use of flash radiography to 
study the mechanism of metal drop for
mation on the welding electrode was 
originally proposed by Becken (Ref. 3). 
Using an analogous method, Eichhorn 
(Refs. 4, 5) studied the submerged arc 
process. Using flash radiography, Bryant 
(Ref. 6) at Los Alamos National Laboratory, 
studied electron beam welding and re
ported data for weld penetration as a 
function of electron beam energy. Stein-
zel and Thomer (Ref. 7) provided exam-

Fig. 2 — Schematic of 
vertical setup for 

real-time observation 
of welding process. 

Features' 

(1) Monitor of Defect Formation5 

Cracks, Cavities, and Porosity 

(2) Monitor of Lack of Fusion and 
Weld Penetration 

Torch 

Q X-Ray 
Tube 

^ lr^ X-Y Lead 
/ ; ^ ° Shutters 

X-YLead 
Shutters 

X-Ray Image 
Intensifier 

pies of flash radiography applications for 
the arc welding process. These techniques 
have not received wide application be
cause of difficulties related to very short 
times of observation and the long time 
required for film processing. 

3) Real-time radiography. In recent 
years, a renaissance of radiography oc
curred, mainly due to developments in 
real-time radiography. Using this tech
nique, the x-ray image may be observed 
on a TV monitor during exposure of the 
part to x-rays. The success of real-time ra
diography has become possible due to 
the development of high-quality image in-
tensifiers and digital image processing. 
These have resulted in high-quality images 
comparable to high-quality film radiogra
phy. The main industrial application of 
real-time radiography is in the nondestruc
tive evaluation of different structures after 
their manufacture (Ref. 2). 

In this study, real-time radiography was 
implemented to provide in-process ob
servation and control of arc welding. 
X-ray penetrating radiation was used for 
volume observation of the welding pool 
and the heat-affected zone during weld
ing. The advantages of such a technique 
are on-line observation of defect forma
tion in the weld and the study of metal fu
sion and filler metal/base metal interac
tion, metal transfer and mass flow in the 
welding pool. This technique may also be 
used for postservice real-time remote 
testing of weld quality. Finally, the appli
cation of real-time radiography to remote 
weld process control was demonstrated 
using a radiographic system as a vision 
system for manual and automatic recog
nition of the welding quality. 

Experimental Concept 

Two system setups were used for 
real-time observation of the welding pro
cess: a horizontal setup shown in Fig. 1 
and a vertical setup shown in Fig. 2. In the 
horizontal setup, x-rays parallel to the 
welded piece are received by the image 
intensifier from the side. This setup is ap
propriate for studying metal and flux trans
fer and solidification of the weld pool. 
Furthermore, testing in this position usu
ally requires "soft" x-rays (about 30 to 50 
kV) and, therefore, a miniature x-ray unit 
may be used. 

In the vertical setup, the x-ray radiation 
is vertical or at small angles to the welding 
torch. This configuration is appropriate for 
studying discontinuity formation in the 
weld (cracks, cavities and porosities), and 
for monitoring incomplete fusion and joint 
penetration. It will also be shown that pool 
dynamics may be studied and monitored 
in the vertical configuration. The energy 
of the x-ray required in this case is usually 
higher than that for the horizontal orien
tation since complete penetration of the 
welding piece is required. For penetration 
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Fig. 3 — Outline of concept for manual remote control of welding using 
real-time radiography. 
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Fig. 4 — Schematic diagram for intelligent automatic weld quality and 
process control with a radiographic system. 
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cont ro l , a l ower vol tage may be used. As 
s h o w n in Fig. 2, the x-ray unit was m o u n t e d 
above and the image intensifier b e l o w the 
we ld ing piece. 

The main advantage of the vertical 
m e t h o d is that a real-t ime radiographic 
unit may be used as a vision system in 
feedback to the we ld ing p o w e r supply, 
and it can be used simultaneously for o n 
line quality and process cont ro l . The ou t 
line o f this concept for manual remote 
con t ro l is s h o w n in Fig. 3. By using real
t ime radiography, we ld ing is observed on 
a TV moni to r and evaluated by the oper
ator, w h o remote ly controls the we ld ing 
manipulator and the we ld ing p o w e r sup
ply, maintaining appropr ia te we ld ing qual
ity. 

The radiographic m e t h o d is distin
guished f r o m an opt ical vision system in 
t w o ways: 1) there is no ef fect o f the 
we ld ing arc on visibility and , more impor
tantly, 2) internal discontinuities wi th in the 
we ld and the w e l d penetrat ion are visible, 
thus prov id ing in format ion necessary fo r 
we ld quality cont ro l . Automat ic we ld qual
ity and process cont ro l are also possible in 
the f r a m e w o r k o f the radiographic 
m e t h o d . A schematic diagram for such 
cont ro l is represented in Fig. 4. In this ap
proach , the real-t ime radiographic image 
is digit ized and analyzed by computer . 
The we ld ing e lect rode posit ion is clearly 
seen in the image together w i t h the w e l d 
ing poo l and the roo t opening (gap). As a 
result, one m e t h o d o f cont ro l may include 
tracking and we ld ing gun posit ioning al
gor i thms, wh i ch wil l cont ro l the we ld ing 
manipulator. 

W e l d quality cont ro l is also possible, 
w h e r e b y the digit ized image is analyzed 
by di f ferent pat tern recogni t ion algorithms 
for identi f icat ion o f we ld quality and type 
of w e l d discontinuities (if they exist). In
fo rmat ion o n w e l d characteristics is then 
fed to the decision algor i thm, wh ich also 
interfaces w i t h o ther sensors that analyze 
we ld current, vol tage and other parame
ters. The appropr ia te schedule for chang

ing the we ld ing parameters may then be 
established a l lowing, for example, appro
priate current and w e l d speed variations 
t o el iminate incomplete joint penet ra t ion. 
The knowledge-based system for dif fer
ent kinds o f we ld ing should be a major 
part of the decision algor i thm. 

In the w o r k t o date, only part of this 
general ob jec t ive has been accompl ished. 
Decision and pat tern recogni t ion algo
rithms w e r e deve loped for a specific task, 
namely cont ro l o f w e l d penetrat ion. In
corpora t ion of o ther types of discont inu-

EXPOSURE ROOM 

x-Y Lead 
Shutters 

J X- Pay Imag9 
\tntensifier 

\% 
/ T / C&TWV 

ities wil l require major deve lopment for 
automatic recogni t ion of we ld ing discon
tinuities. 

Experimental System and 
Procedure 

Experimental System 

The schematic diagram of the exper i 
mental system is shown in Fig. 5. The real
t ime x-ray and we ld ing units are inte
grated as a single setup in an exposure 

Fig. 5 — Schematic of 
the experimental 
system. 
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Fig. 6 - Vertical 
setup showing the 

160-kV x-ray unit 
(top), image 

intensifier (bottom) 
and welding 

apparatus. 

room. The radiographic system consists of 
exchangeable 160 and 300 kV x-ray 
sources and a Machlett lab image intensi
fier. The x-ray sources and the image 
intensifier have remote control x-y lead 
shutters to reduce the effect of scattered 
radiation on the image. The welding torch 
and workpiece are placed between the 
x-ray source and the image intensifier in a 
vertical or horizontal position depending 
on the mode of operation. The welding 
part is mounted on a 5-axis manipulator. 
The x-ray tube may be translated by the 
independent linear mechanical positioner. 
Both x-ray tube and image intensifier can 
be tilted and aligned relative to the weld
ing part at the required angle of observa
tion. The arc welding unit consists of a 
600-A DC welding power source and a 
continuous wire feeding system. The 
welding power supply, manipulator and 

x-ray source are remotely controlled from 
the control room. 

A TFI Gemini II control unit is used for 
the 160 kV ceramic tube and a Phillips 
control unit is used for the 300 kV tube. 
Radiographic image from the output of 
the image intensifier is picked up by a 
Vidicon television camera for observation 
and recording at the rate of 30 frames per 
second. Simultaneously, the television im
age is fed to a Quantex QX-9000 real-time 
image processor. It is used for image en
hancement and for extraction of quanti
tative information on weld quality. A pho
tograph of the experimental arrangement 
in the exposure room is shown in Fig. 6. 

Real-time data on joint penetration, in
complete fusion and cavities are impor
tant for in-process adjustment of welding 
parameters, such as welding current and 
travel speed for improvement of welding 

Table 1—Unsharpness (mm) 

FOV<a> Pixel 

M'b) dy dz 

1 0.21 0.22 
1.5 0.14 0.15 

Large Spot 

Ug(c> U(d) 

~0<e> 0.4 
1.4 0.5 

Small Spot 

Ug U 

~ 0 0.4 
0.2 0.3 

(a) FOV = Field of view. 
(b) M = Magnification. 
(c) Ug = Calculated geometric unsharpness. 
(d) U = Measured effective system unsharpness. 
(e) —0 indicates negligible unsharpness. 

quality. The digitized image may be ana
lyzed in real time in the computer to make 
decisions about weld quality and subse
quent welding power supply control. Ex
amples of such closed-loop control of 
joint penetration are given in the follow
ing section. 

Evaluation of the Experimental System 

Before performing radiographic mea
surements and radiographic inspection, 
the overall system performance was eval
uated. Important system parameters such 
as detectability (minimal size of the flaw 
that can be found), resolution (minimal 
distance at which two flaws may be seen 
separately) and contrast sensitivity (min
imal detectable thickness change of the 
sample) were selected as the basic system 
parameters. When these parameters are 
determined, it is possible to predict mini
mum flaw size in the weld that is detect
able by a given radiographic system. The 
results of this study are general in nature 
and the methods developed may be ap
plied to any radiographic system. 

Unsharpness, Resolution and Spectrum 
Response 

The system unsharpness is a combina
tion effect of individual unsharpnesses of 
the radiographic channel such as geomet
ric unsharpness, pixel size (only for digital 
images) and screen unsharpness. Cer
tainly, larger individual unsharpnesses will 
yield a larger system unsharpness value. 

A thin lead plate 50 microns thick with 
sharp edges was used to measure the ef
fective system unsharpness. Figure 7 
shows a typical edge spread function ob
tained from the real-time radiographic 
system. An effective unsharpness is calcu
lated at the (1-1/e) level from the bright
ness contrast at the center of an edge 
spread function. The incorporation of this 
value gives good results in exponential fits 
of the real edge spread function. Table 1 
presents the measured effective system 
unsharpness value and the calculated geo
metric unsharpness at different magnifi
cations. 

For the calculated geometric unsharp
ness, Ug, the (full) unsharpness value was 
taken; in contrast, the effective unsharp
nesses were used for measured values. 
The pixel size in terms of field of view 
(FOV) was the area of view correspond
ing to a digitized pixel. 

For magnification equal to one, the 
geometric unsharpness was negligible for 
both the large and small x-ray source 
spots. In this case, the system unsharpness 
was limited by the image-intensifier un
sharpness and the FOV pixel size. For 
higher magnification, the effect of geo
metric unsharpness, Ug, became stronger 
and the corresponding size of the FOV 
pixel became smaller. At a magnification 
of 1.5, the Ug for the large focal spot was 
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the dominating factor and resulted in a 
larger value of system unsharpness. For 
the small spot at a magnification of 1.5, Ug 
is comparable to the pixel size, and the 
overall unsharpness of the system will thus 
be relatively small. 

To have a smaller system unsharpness 
value, each individual unsharpness, includ
ing Ug, FOV pixel size and screen unsharp
ness must be minimized. Usually, a bal
ance between the geometric unsharpness 
and the FOV pixel size can be made by 
adjusting the magnification. The optimal 
system unsharpness is achieved when all 
individual unsharpnesses are of the same 
order. 

The spectrum response is the frequen
cy-domain representation of the unsharp
ness. It is quite intuitive to think that a 
smaller unsharpness value (sharper image) 
will give better response and higher reso
lution. Using a lead pattern of slots with 
different spatial frequencies, spectrum re
sponses of the real-time radiographic sys
tem were measured — Fig. 8. Figure 8 is 
normalized to the response of the slots 
with higher spatial frequency, 10 lines/ 
mm in this case. The spectrum response is 
similar to that of a low pass filter, with 
cutoff at 2.4 lines/mm, which is the sys
tem resolution. 

Signal-to-Noise Ratio and Threshold 
Contrast Sensitivity 

The contrast sensitivity is the major pa
rameter of the radiographic system. It is 
determined by the minimal thickness de

crement (Ah) of the part to be radio
graphed, which directly influences the 
smallest visible changes in the brightness 
(AB) of the screen. It can be calculated 
(Ref. 8) as: 

Ah 

h 
(1 +Is/Id) AB 

jiyh B (1) 

where fj. = absorption in the material; 
l5 = intensity of scattered radiation; 
Id = intensity of direct radiation; 
h = thickness of the part; B = brightness 
level on the TV screen corresponding to 
the given thickness of the sample, h; 
7 = system gamma that characterizes the 
sensitivity of the image intensifier and TV 
system. 

The threshold level of the brightness 
change AB is determined by the noise 
level of the system. Radiographic noise is 
mainly composed of two parts, quantum 
noise and noise from the radiographic im
aging system (called device noise). Each 
possesses both spatial and temporal com
ponents. The statistical characteristics of 
noise can be expressed by the mean value 
and the standard deviation of the bright
ness level. For a perfect radiographic 
channel, every pixel will have the same 
gray level, and hence, the standard devi
ation will be zero. 

A small change in the sample thickness 
leads to a small change in screen bright
ness, AB. This change of brightness may 
be considered a signal since it carries use
ful information (an existing defect changes 
the thickness of the sample). Such a defect 

may be simulated by a shim with calibra
tion thickness, Ah = t. The mean value 
and the standard deviation are regarded 
as the signal level and the noise level, re
spectively. The signal level of a shim on a 
plate can be obtained as follows: 

S/N = ( p - s ) /a (2) 

where p = mean brightness of the back
ground plate; s = mean brightness of the 
background plate with shim; S = p — s, 
brightness change due to shim (signal); 
cr = standard deviation. 

It is expected that maximum tube cur
rent would give the best S/N ratio and 
hence, the best minimum visible contrast 
sensitivity because the S/N ratio is pro
portional to the square root of the num
ber of incident photons. The highest S/N 
ratio for a 2% shim on 6.35-mm-thick 
(0.25-in.) steel plate was obtained using 
110 kV and 25 mA. The 2% shim was se
lected to find the opitmal current because 
it can be observed easily by the operator. 
Averaging of 20 frames was used to 
reduce the noise level. 

Using the x-ray tube voltage and cur
rent selected, the signal and noise level for 
several shims were obtained. The data are 
presented in Table 2. For a small range of 
shim thickness change, the ratio of the 
brightness variation, AB, to the shim thick
ness, t, is approximately constant (see last 
column in Table 2), where 

t/AB = constant = 0.012 (3) 

If one takes the threshold level for visible 

PROFILE 
Level 

140 

120 

100 

80 

60 

40 

20 

U 

260 265 270 275 
Horizontal position 

280 

3E + 2 

1E + 2-

1E+ h 

1E + 0 
IE-1 1E + 0 5E + 0 

SPATIAL FREQUENCY, lines/mm 

Fig. 8 - Experimental data for system frequency response. Cutoff fre
quency on right side characterizes extreme resolution of system in lines/ 
mm. 

Fig. 7 - Typical edge spread function obtained from the experimental 
setup. Brightness level on vertical axis, distance (in pixels) perpendicular 
to edge on horizontal axis. 
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Fig. 9 —Effect of unsharpness on edge image and unsharpness-induced reduction of contrast for slot. 

brightness, AB, equal to 2a, then the cor
responding threshold shim thickness may 
be found as follows: 

t*/2o = t/AB = 0.012 (4) 

This gives the value 1?6 for contrast sen
sitivity, t * / h , where h is the thickness of 
the background plate. 

The shim threshold thickness, t*, was 
also found directly by decreasing the shim 
thickness up to a value at which it became 
invisible on the screen to the human eye. 
The 1% value was confirmed by such di
rect measurements. 

Detectability 

Detectability may be defined as the size 
of the smallest visible defect. In particular, 
this size may be less than the pixel size. In 
this case, only the existence of the dis
continuity may be determined from the 

Fig. 10-
Detectability curve 

for narrow slot. 
Theoretical curve is 
represented by the 

solid line. 

- O \3 

= 2 

image while its actual size cannot be 
found. Detectability depends not only on 
the size of the flaw in the plane of the im
age, but also on its thickness. Therefore, 
detectability and contrast are interrelated. 

The contrast sensitivity, as discussed in 
the previous section, is a radiographic 
characteristic for a large-area flaw (for ex
ample a shim). For a small flaw, the effect 
of unsharpness will reduce the contrast 
sensitivity, as illustrated in Figure 9, where 
it is shown that the contrast of a narrow 
slot was decreased due to system un
sharpness (so-called unsharpness-induced 
contrast reduction, Ref. 8.) In Fig. 9, the 
edge-spread function is drawn as a straight 
line for simplicity. 

The dependence of the minimal visible 
size in an image plane of the flaw on the 
defect contrast is called the detectability 
curve (the defect contrast is defined 
below). The detectability curve of the 

0 : Seen 
Q : Lnseen 
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3 
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0.1 0.2 0.3 

Detail Size ( A )° ). mm 

Contrast Detail Detectability 

Table 2—Signal-to-Noise Ratio of Shims on 
6.35 Steel Plate 

Thickness 

0.025 mm 
0.076 mm 
0.127 mm 

t / h % 

0.4 
1.2 
2 

<r 
Levels 

2.3 
2.3 
2.5 

AB 
Levels 

2 
7 

10 

t/AB 

0.013 
0.01 
0.013 

long, narrow slot can be derived theoret
ically. As seen from Fig. 9, the brightness 
reduction due to unsharpness is: 

AB 
ABo 

Ay 
U (5) 

where Ay is gap width and all other values 
are clear from Fig. 9. Therefore, the actual 
contrast of the flaw, C, will be less than 
expected value C0 = Ah/h for a given 
flaw thickness Ah. 

C = C ^ (6) 

To see a small flaw, the actual contrast, C, 
has to be equal to or greater than the 
threshold contrast sensitivity, C*: 

AhAy Ah* 
C = , . . > —T— = constant (7) 

hU — h w 

where Ay = width of gap; Ah/h = 
expected contrast; Ah * /h = threshold 
contrast (contrast sensitivity); U = system 
unsharpness. 

It is necessary to distinguish clearly be
tween contrast sensitivity, C*, (threshold 
contrast level corresponding to the mini
mal thickness of a large-area flaw, which 
is still visible on a screen) and contrast of 
the given flaw, C, determined by Equation 
6. Using the equals sign, the threshold de
tectability curve can be drawn on a con
trast-detail diagram taking the experimen
tally measured threshold contrast sensitiv
ity, Ah* /h , as a parameter Ay against A h / 
h. 

Detectability was experimentally mea
sured and compared with the estimated 
detectability curve —Fig. 10. The mea
surements were taken using calibrated 
shims —Fig. 11. For a given penetrameter 
thickness, Ah/h, the width of the gap be
tween shims was reduced up to the point 
at which the gap became invisible on the 
image. The width of the narrowest visible 
gap is shown in Fig. 10 as a solid point. In
visible gaps are shown by open circles, 
apparent gaps by solid circles, and inter
mediate cases by half-solid circles. The 
detectability curve is the threshold con
trast sensitivity for defects of different 
sizes. Above the detectability curve is the 
visible region; below it is the nonvisible 
region. 

When the detail is larger than the 
system unsharpness, there is no contrast 
reduction. This is the point on the right 
end of the detectability curve. Physically, 
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when the detail is smaller than the system 
unsharpness value, higher object contrast 
is needed for its observation on an image. 
This explains why the detectability curve 
for small detail rises to higher object con
trast. 

Using a detectability curve, evaluation 
of the quality of radiographic images is 
much more precise than using a penet-
rameter. The detectability curve gives the 
contrast sensitivity for different detail sizes 
and different thicknesses. The penetram-
eter represents only one point on this 
curve. 

Experimental Procedure for Manual 
Radiographic Monitoring of Submerged Arc 
Weld Penetration 

The experiments were performed on 
groove welds made in the flat position by 
using the mechanized submerged arc 
welding (SAW) process. The weld was si
multaneously monitored or controlled 
with the real-time radiography system. 
Prior to welding, the welding flux was 
placed at the top and bottom of the base 
metal —Fig. 12. All the samples were pre
pared from 356 X 50 X 6.35-mm (14 X 2 
X 0.25-in.) mild steel. The welding wire 
was a continuous bare steel electrode 
2.38 mm (V32 in.) in diameter. A granular 
compound with a density of about 1.38 
g/cm3 was used as the welding flux. The 
density of the welding slag, which is 
melted and resolidified flux, was about 
2.89 g/cm3 . 

Complete joint penetration was re
quired in this series of experiments. Dur
ing welding, the welding current was var
ied between 340 and 390 A to obtain dif
ferent depths of weld penetration. The 
arc voltage was held constant at 30 V and 
the welding travel speed was 6 mm/s 
(14.2 in./min). The depth of penetration 
was determined from the radiographic 
images. To determine the actual weld 
penetration, the welds were sectioned 
after welding. The width and thickness of 
the weld reinforcement and the depth of 
weld penetration were measured and 
compared with radiographic data. During 
the experiments, the radiographic expo
sure was initiated prior to welding to ad
just the radiographic parameters (tube 
voltage and current) for optimal contrast. 
After the tube parameters were set, the 
welding was begun and radiographic im
ages of the welding process were ob
served and recorded. The 160-kV x-ray 
tube was used for these experiments with 
150-kV tube voltage and 5-mA tube cur
rent selected for process observation. 
The x-ray source and object were kept at 
a distance of about 180 cm (71 in.). 
Distance between the object and the im
age intensifier was about 19 cm (7.5 in.). 

The real-time radiographic images were 
digitized and analyzed. Space averaging, 
histograms and image profiling techniques 

steel shims AY 

• CD 
steel plate 

were used for image processing. An im
age profile is a distribution of the radiance 
value (value of gray level of the pixel) 
along a particular horizontal line of the 
image. For the image profiles of a weld in 
different cross-sections, the following 
weld geometries were calculated: the 
width and thickness of reinforcement of 
the weld, and the width and depth of in
adequate weld penetration. The calcu
lated weld geometries measured from the 
image profile were compared, as men
tioned before, with the actual weld ge
ometries measured from the weld cross-
section. 

Configuration of the System for 
Closed-Loop Process Control 

One of the objectives of the study was 
to demonstrate the possibility of using 
real-time information from radiographic 
images for on-line feedback computer 
control of the welding power supply to 
maintain weld quality. The IBM AT com
puter with analog-to-digital (A/D) and 
digital-to-analog (D/A) boards was added 
to the system in Fig. 5 to control the 
welding power supply. 

The schematic diagram of the measure
ment and control system is shown in Fig. 
13. The image from the image intensifier 
is fed to the digital image processor, 
where the image is digitized and analyzed 
in real time. Specific features are extracted 
from the image and decisions on weld 
quality are made (for example complete 
or incomplete weld penetration). A packet 
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Intensifier 
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600A DC Power Supply 

Strip 
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Signal Conditioning 
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D/A 
Converter 

n n 
Welding Controlle 
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T> ' 
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Controlled 
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Ah 
Fig. 11—Schematic 
of experimental 
sample for 
detectability 
measurements 
(calibrated steel 
shims and plate). 

DEPOSITED 
METAL 

PLASMA 

MOLTEN 

* * * L • 

Fig 12 —Schematic illustration of the submerged 
arc welding (SA W) process. 

of special programs was developed to 
operate the image processor for this pur
pose. Details of the algorithms are given in 
the next section. 

The decision on weld quality is sent 
through an IEEE-488 interface equipped 
with A / D and D/A boards and used as a 
welding power supply controller. To con
trol the welding power supply, the dial 
potentiometer used for manual remote 
control was replaced by a voltage-con
trolled potentiometer. This potentiometer 
was integrated on a special board con
trolled through a D/A converter by com
puter. The current and the voltage from 
the welding power supply were fed 
through a specially made signal condition
ing and isolation board to the computer. 
The signals were digitized by using a 12-bit 
A / D converter. In addition, voltage and 
current were registered by the strip-chart 
recorder. In the computer, the current 
and voltage were smoothed to extract the 
DC component. 

Fig. 13 —Schematic 
diagram of the 
experimental 
arrangement for 
intelligent process 
control of welding. 
Several elements 
shown in Fig. 5 not 
included for 
simplicity. 
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Fig. 14-A 
pseudocolor image 

for flux cored arc 
(FCA) welding. 

!*5 •. > 

Results and Discussion 

Metal Transfer and Pool Observation 

Several experiments for observation of 
the metal transfer and pool dynamics 
were performed using the horizontal sys
tem configuration described in a previous 
section —Fig. 1. 

As an example, a pseudocolor image 
for flux cored arc welding deposition is 
shown in Fig. 14. The cross-section of the 
weld deposition, which was done on a 
single plate, is seen as the dark-blue por
tion at the bottom of the figure. On the 
left side of the photograph are the torch 
and welding electrode. The drop on the 
electrode is the metal drop, which is ready 
to be transferred to the welding pool. 
There is also a drop from the electrode 

that bridges the electrode and the weld 
plate. Blue sparks of semicircular shape are 
flux transfers, and the flux (thin blue layer) 
covers the lower part of the electrode and 
the liquid pool (red). The red bulge on the 
right side is the metal buildup on the plate, 
which is still not completely solidified. The 
gaseous plasma is completely invisible in 
the image, but this is not so for submerged 
arc welding, as discussed below. 

Most of the experiments were con
ducted using submerged arc welding. In 
this process, the welding pool is covered 
by a visually opaque powdered flux and, 
thus, other visualization techniques are of 
limited applicability. The submerged arc 
pool and the plasma bubble that surround 
the electrode are pulsating. A typical se
quence of six images is shown in Fig. 15. 

Fig. 15 — Typical successive sequence of six images for submerged arc welding. 

On the left sides of the images, the end of 
the welding gun (upper-left corner) and 
the welding electrode (black) can be seen 
with the base metal in black at the bottom. 
The plasma bubble area may be observed 
for submerged arc welding since it has less 
absorption of x-rays than liquid flux and 
powdered flux, and it appears as a bright 
area close to the end of the electrode — 
Fig. 15A (in contrast to film radiography, it 
is shown as a positive image). 

In the first image (Fig. 15A), the metal 
drop is beginning to form on the elec
trode. It is interesting to note that the 
melted region (on the right side of the 
electrode) has a soliton-type shape and 
the plasma area extends behind the soli-
ton maximum. In Fig. 15B, the metal drop 
is more developed and the distance be
tween the electrode and the melted area 
is becoming smaller. In the next image (Fig. 
15C), the transfer of the drop from the 
electrode to the molten area has oc
curred. In the next stage (Fig. 15D), plasma 
pressure has built up in the electrode area 
leading to an increase of the distance be
tween the electrode and the molten metal. 
This is clearer in the next image (Fig. 15E) 
where the shape of the edge of the mol
ten area is becoming very shallow and the 
soliton-type shape has disappeared. At 
this stage, the cycle is complete and the 
next image (Fig. 15F) is similar to the first 
(Fig. 15A), which corresponds to the be
ginning of the formation of the metal 
drop. It is also evident that the plasma 
pressure had decreased since the distance 
between the electrode and the edge of 
the molten metal has decreased. 

Experiments were also carried out in the 
vertical configuration (Fig. 2 and 6) for 
study of the pool dynamics. The corre
sponding results are described in a follow
ing section. 

It is difficult to convey by a frozen im
age the actual visual impression that arises 
from the real-time radiographic weld im
age taken at 30 frames/s. This is the stan
dard TV rate and is close to optimal for 
human visual perception. Integration of 
the high-speed TV camera with an image 
intensifier may be useful for this applica
tion, but it is not currently available in our 
laboratory. 

Manual Remote Control of Submerged Arc 
Weld Penetration by Radiographic Means 

Change of welding conditions such as 
current, voltage, and/or speed of welding 
can affect the thickness and width of the 
weld reinforcement and penetration. In 
addition, these parameters influence the 
existence and degree of incomplete joint 
penetration. Incomplete penetration low
ers the weld bearing capacity, and hence, 
is considered a weld defect. From the 
weld cross-section, dimensions of both 
the welding reinforcement and the inade
quate joint penetration were actually mea-
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sured. They w e r e c o m p a r e d w i t h the cal
culated values determined f r o m the real
t ime radiographic images. 

A n example of a f rozen image (one 
frame) f r o m sequences of real-t ime radio-
graphic images taken dur ing submerged 
arc we ld ing is s h o w n in Fig. 16. The image 
is represented in posit ive f o r m oppos i te t o 
a fi lm image. The base metal , the w e l d 
ment and the mel ted poo l are shown in 
the image. The w e l d and the poo l are 
cove red by the we ld ing flux and by mo l 
ten flux (slag). Howeve r , the flux affects an 
image only slightly because of its l o w 
density. The center dark region in the im
age is the w e l d . The upper part o f this re
gion corresponds to the w e l d w i t h c o m 
pete penet ra t ion. The lower part corre
sponds to the w e l d w i t h inadequate 
penet ra t ion, wh i ch is seen as a long light 
strip along the joint. The lower dark area 
w i t h the semicircular shape is the we ld ing 
gun; the we ld ing w i re can also be seen. In 
f ront o f the we ld ing gun is the roo t open 
ing, wh ich is a totally wh i te area. The sur
round ing gray area of w e l d is the base 
metal . The radiographic images w e r e dig
it ized in real t ime at the speed of 30 
f rames/s . 

To establish a relationship b e t w e e n a 
gray level value of a pixel and the actual 
thickness of the material, the transfer 
funct ion of the comple te measuring sys
tem was de termined by taking radio-
graphic images of steel plates w i th slots of 
various depths and shims of various thick
nesses. Steel plates of the same thickness 
as the base metal of the we ldments w e r e 
used. The slots simulate insufficient we ld 
penet ra t ion, and the shims simulate we ld 
re inforcements. The results of the mea-

Comple te we ld 
pene t ra t i on 

Lack of 
p e n e t r a t i o n 

Weld ing 
e l ec t r ode 

Weld ing 
t o r c h 

surements are summarized in Fig. 17, 
w h e r e the logar i thm of the normal ized 
value of the gray level is p lo t ted versus slot 
dep th or shim thickness, wh ich are given 
in the deviat ions, Ah , f r o m the original 
plate thickness, h. B2 represents the value 
of the gray level in the images of the slot 
or shim, and BT is the gray level in the im
age of the plate. The data in Fig. 17 are 
wel l - f i t ted by a straight line that indicates 

Joint gap 

Fig. 16— Example 
showing one frame 
of the real-time 
radiographic image 
for submerged arc 
welding. 

a high dynamic range. 

A n example of data f r o m a real-t ime ra
diographic image (as in Fig. 16) is shown in 
Fig. 18. The points corresponding to the 
we ld re in forcement are in the upper part 
of the f igure 
data for incomplete penetrat ion are in the 
lower part o 
ness). The st 
square fit o 

Si ° 
m 

-1 _ 

- 2 _ 

X-ray | 
150KV 

5mA S* 

y ^ \ i—i-A 
J\ I I 

" j^h-^-V*7 I h=.635Cm 

1 , 1 

increasing thickness) and the 

the f igure (decreasing thick-
aight line in Fig. 18 is the least 
the exper imental data f r o m 

- . 5 - . 2 5 0 . 2 5 . 5 

D e v i a t i o n f r o m p l a t e t h i c k n e s s ( ^ h ) , c m 

Fig. 17 — Logarithm of the normalized gray level value versus slot depth 
and shim thickness (Ah). 

- . 5 - . 2 5 0 .25 . 5 

D e v i a t i o n f r o m p l a t e t h i c k n e s s ( A h ) , c m 

( M e t a l l o g r a p h i c m e a s u r e m e n t s ) 

Fig. 18 — Logarithm of the normalized gray level versus weld penetration 
and reinforcement (Ah) for actual weldments. The straight line is the least 
square fit of the experimental data from Fig. 17. 
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Fig. 19-Example 
illustrating process 

control. Using 
information received 
from image profiles, 
the welding current 

is readjusted in such 
a way that full 

penetration occurs. 

Complete weld 
Penetration 

Incomplete weld 
penetration 

Complete weld 
penetrat ion 

WELD CROSS SECTIONS 

Fig. 17 (sample with slot and shims). The 
data from the actual weld are quite well 
fitted by this calibration curve. This exam
ple illustrates that the depth of joint pen
etration and thickness of weld reinforce
ment may easily be measured in real time. 

Visual observation of real-time radio-
graphic images and the digital information 
on depth of weld penetration received 
from these images were used for process 
control of the weld. For this, the welding 
current was adjusted in such a way that 
full penetration occurred. A typical exam

ple of the results of such an experiment is 
summarized in Fig. 19. Image profiles, in 
the middle portion of Fig. 19, show the 
changes of the values of the gray levels 
along a particular horizontal line of the 
digitized image. The deep, wide minimum 
of the profile corresponds to the in
creased thickness of the weld due to weld 
reinforcement. Units for the horizontal 
position in the image profiles are in pixels. 
One pixel is 0.2 mm for the selected field 
of view. 

The lower part of the figure shows the 

Fig. 20 —Schematic 
diagram of the weld 

image showing the 
position of the 

window for image 
analysis. 

WELD 

120 pixels 
23mm 

M Plates moving 
direction 

Four Consecutive 
TV raster lines 

KEY H O L E 

electrode 

stationary 

Welding Gun 

photomicrographs of the weld cross-sec
tions corresponding to the image profiles 
in the middle part. At a welding current of 
about 390 A, full weld penetration is ob
served. This follows from the image pro
file and is supported by the photograph of 
the weld cross-section, both shown in the 
right column. When the current is reduced 
to 340 A, there is incomplete joint pene
tration, indicated by the peak A on the 
center image profile. The depth of the 
joint penetration was calculated from the 
height of this peak, as discussed earlier. 
The information on incomplete joint pen
etration can be extracted from the ap
pearance and height of peak A by com
puter. When incomplete penetration oc
curs, the welding current must be 
increased, as illustrated in the left column 
of Fig. 19. When the current is increased 
above 360 A, the peak A disappears, indi
cating full penetration, as is shown in the 
corresponding weld cross-section. 

Real-Time Computer Control of 
Weld Penetration 

Processing of Data and Outline of 
Algorithm for Computer Control of Weld 
Penetration 

As was discussed previously, the infor
mation on incomplete weld penetration, 
which is visible as a bright line in Fig. 16, 
may be extracted from the shape of the 
pixel value (brightness profile, Fig. 19). In 
this section, an on-line computerized de
cision-making process for this feature is 
described. The difficulties of doing this lie 
in requirements for high-speed processing 
and noise reduction. 

Brightness profiles were analyzed from 
the image at a distance of about 25 mm (1 
in.) behind the welding gun to avoid the 
molten area, which is "noisy" due to pool 
oscillations. This distance is still small 
enough for a quick response on the weld 
quality and for corrections. One of the 
problems revealed in this early stage of 
the development was a high noise level in 
the profile traces. The noise complicates 
the finding of the profile maximum (Fig. 
19), which should be done automatically 
by computer. 

To reduce the noise level, significant 
space averaging and smoothing (low-pass 
filter) were done. First, four consecutive 
TV raster lines (Fig. 20) were digitized and 
averaged. The width of the digitized lines 
(window) was 120 pixels, which is equiv
alent to a line width about 23 mm (0.91 in.) 
across the weld. The sequence of averag
ing and smoothing is illustrated in Fig. 21, 
where the solid points correspond to one 
line of pixels (middle row in Fig. 21). Sec
ond, five neighboring pixels were aver
aged with the smooth profile shown by 
lowest line of 20 pixels in Fig. 21. 

The profile represents smoothed bright
ness changes through the weld image. An 
example of such a profile in the part of the 
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weld lacking penetration is shown in Fig. 
22A. The value Bo corresponds to an 
increase of weld thickness relative to base 
metal area. The brightness B-i character
izes the value of incomplete penetration. 
The value of the ratio B1/B0 is taken as one 
of the criteria for computer recognition of 
lack of weld penetration. It is compared to 
the threshold level, which is determined 
by the value of background noise. Full 
penetration occurs when B1/B0 is less than 
the threshold level. A typical image profile 
for complete weld penetration, after the 
above averaging procedure, is shown in 
Fig. 22B. 

The second criterion selected for de
termination of joint penetration is based 
on the ratio of the area of the cross-sec
tions A-i. and Ao as shown schematically in 
Fig. 23. This value characterizes the cross-
sectional area of the incomplete weld 
penetration. Based on these data, the 
thickness and width of weld reinforce
ment, and depth and width of incomplete 
joint penetration may be calculated from 
the radiographic image. Both the ampli
tude and the area criteria give information 
on depth and width of incomplete joint 
penetration. 

The algorithms for decisions on the 
depth of penetration are schematically 
outlined in Fig. 24. The threshold levels 
were set either by radiographically exam
ining previously made fully penetrated 
and incompletely penetrated welds or by 
calculation from the brightness-thickness 
ratio and pixel size. In this experiment, the 
threshold values were set to 0.1 for the 
brightness ratio, 18 mm2 for the minimum 
reinforcement area and 0.1 for the area 
ratio. When any one of the above criteria 
was fulfilled, the joint penetration was 
judged incomplete. 

Computer Control of Welding Experiment 

The main distinguishing feature of the 
system is that information on weld quality 
extracted from the radiographic images is 
used in feedback for welding power sup
ply control. Therefore, the first part of the 
system to be checked is the stability and 
effectiveness of the algorithm for mea
suring joint penetration. This was done by 
analyzing images recorded on a VCR dur
ing a typical experiment on monitoring 
joint penetration, described previously. 
The results of the decision on complete or 
incomplete penetration done by the com
puter program were superimposed on the 
recorded image and may be observed by 
the experimenter. 

Thus, the validity of the computer deci
sion may be compared with the visual 
perception of the operator. In such a way, 
the algorithm was debugged and the cor
rectness of the threshold levels in its deci
sion-making was checked. This is illus
trated in Fig. 25, where the weld image is 
shown together with an overlay of the 

Location of pixels r 
Four windowed, digitized 

raster lines, 120 pixels in length. 

n 
<^y sum 

1 2 3 4 5 6 7 

II 

2 

Averaging and data compression fig. 21 Schematic 
II diagram showing 

pixel arrangement in 
*ir the window and the 

, „ r . , . . . .. r. order of data 
20 Final smoothed weld profile. , . 
. smoothing and 

20 pixels in length. compression. 

computer decision. In Fig. 25A, where the 
penetration is visibly incomplete, the com
puter decision is shown as "incomplete," 
as highlighted by a box. Figure 25B repre
sents complete joint penetration. The de
cisions were based on a profile distribu
tion taken along the white line shown 
across the weld. 

The channels for measuring current and 
voltage were checked independently. Dif
ficulties arose due to large random 
changes of current. In addition, signal 
filtering and smoothing were not a trivial 
problem. The effectiveness of the com
puter control of the power supply was 
studied separately. 

To demonstrate the capability of the 
complete system, the following approach 
was taken. It was decided to force the 
system into the region of incomplete joint 
penetration and afterwards to lock it on 
automatic control and observe its recov
ery to the region of full penetration. For 
this purpose, in the initial stage of welding, 
the change of welding current was pre
programmed in the computer. Welding 
started in normal conditions. Then, the 
computer decreased the current and 
when an indication was received from 
image analysis of incomplete joint pene
tration, the feedback locked on and the 
computer began to increase the current in 
the power supply until the message "full 
penetration" was received. 

Figure 26 illustrates the signal that con
trols the welding current, the actual mea
sured welding current and a photograph 
of the weld sample with both top and 
bottom views. The welding current started 
at about 385 A (the command signal was 
0.7 V), the welding voltage was about 30 
V and the welding speed was 5 mm/s (12 
in./min). Shortly after starting the welding 
arc, the welding current was rapidly de
creased to about 350 A (command signal 
was about 0.55 V) to obtain simulated in
complete penetration. The feedback 
welding current command signal was in
creased by 0.05 V (roughly about 10 A in 
current) with each detection of incom-

(a) Incomplete penetration 
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(b) Complete penetration 
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Fig. 22 - Brightness profile across the image of 
the weld. Bo is the difference in brightness lev
els between base metal and weld reinforce
ment. Bi is the brightness difference between 
brightness levels of complete and incomplete 
penetration. 
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Fig. 23 —Schematic 
showing the 

cross-sectional area 
of profiles taken into 

account in the 
second joint 

penetration criterion. 
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(b) Incomplete penetration weld profile. 

plete penetration until fuil joint penetra
tion was obtained. 

Figure 27 in the bottom row shows 
three typical cross-sections of the weld 
sample. In the top row, the corresponding 
brightness profiles of the image are shown. 
The decision on joint penetration was 
made by analyzing these profiles, as dis

cussed earlier. Cross-section No. 85, a full 
penetration weld, was taken shortly after 
starting the welding with welding current 
about 385 A. Cross-section No. 106 was 
at the point where the incomplete joint 
penetration was detected with welding 
current about 350 A. Cross-section No. 
124, a full penetration weld again, was the 

Table 3—Area, Area Ratio and Brightness Ratio 

Profile Area 

Threshold 
No. 85 
No. 106 
No. 124 

(1)(a) 

400 
543 
590 
700 

(2)(b) 

18 
24 
24 
32.8 

(3)W 

23.2 
25.7 
26.7 

Ai 

41 

Area 
Ratio 

0.1 

0.065 

Brightness 
Ratio 

0.1 

0.476 

(a) Column 1 shows area in threshold level pixel. 
(b) Column 2 shows calculated area from data in Column 1 in mm2. 
(c) Column 3 shows actual measured area in weld cross-section in mm2 

weld cross-section after welding current 
increased. The actual data for the above 
mentioned points With which the decision 
algorithm operated are summarized in 
Table 3, where brightness ratios, area, 
area ratio and the predetermined thresh
old values are given. 

Because of noise in the radiographic 
images, the threshold values of area, area 
ratio and brightness ratio are important in 
detecting weld quality by this method. 
They are related to the detectability of a 
radiographic system as discussed previ
ously. To have optimal control of weld 
quality, they must be selected carefully. It 
will be difficult to detect a small incom
plete penetration using a very high thresh
old value. But, a very low threshold will 
make the penetration-control system very 
sensitive to radiographic noise. Several 
carefully controlled trial tests of joint pen
etration were needed to determine these 
threshold values. 

As previously discussed, the system un
sharpness value is another important fac
tor, in addition to the noise level, in 
detecting small discontinuities. When in
complete penetration is very narrow and 
similar to or less than the system unsharp
ness value, the system unsharpness be
comes vital. This is especially important for 
a weld joint with a narrow root opening. 
The linear compression of weld profiles 
may also decrease the resolution of the 
weld discontinuities, although it increases 
the processing speed. 

The window of the image was selected 
at a distance (25 mm for the above case) 
behind the welding gun to avoid the 
"noisy" weld pool region. At this distance, 
the weld may be near to solidification. The 
effect of increasing welding current may 
not be able to recover the joint penetra
tion, although it may decrease the incom
plete penetration. A closer distance will 
help to give better control of joint pene
tration, but the effect of the noise from 
weld pool motions and gas bubbles must 
be considered. Another solution that over
came this disadvantage is discussed be
low. 

Preliminary Results on Control of Weld 
Penetration Based on Weld Pool 
Dimensions 

The possibility of using information on 
dimensions of a depressed molten pool 
for radiographic control of a groove weld 
penetration was studied. The submerged 
arc welding process was used. The weld
ing system and material were the same as 
in the experiments discussed previously. 

The dimensions of the depressed pool 
surface of the groove weld were moni
tored by using the real-time radiographic 
system described in the previous sections. 
Using different welding currents and root 
openings, the resulting joint penetrations 
were changed. A greater welding current 
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Fig. 24 — Outline of the algorithm for deciding on the depth of joint pen
etration. 

Fig. 26—A— Signal that controls welding current; B — actual measured 
welding current; C-photograph of weld sample (top and bottom view). 
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Fig. 25 —Real-time radiographic image and computer decision overlay: 
A — incomplete (highlighted by box); B — complete. 

Fig. 27-A-
Brightness profiles of 
images with computer 
decision complete (left 
and right) and incomplete 
(middle); 
B — corresponding 
photographs of weld 
cross-sections. 
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Fig. 28— Three-dimensional image of depressed pool of groove weld. 
A —Incomplete penetration groove weld; B — full penetration groove 
weld. 

Fig. 29 —A— Example of two real-time radiographic images of the pool 
depression for complete (right) and incomplete (left) weld; B — computer 
profile of brightness level through the middle of pool. (Units for the hor
izontal position in the radiographic profiles are in pixels. One pixel is 0.2 
mm for the selected field of view); C — metallographs of the correspond
ing groove weld cross-sections showing complete (right) and incomplete 
(left) joint penetration. 

resulted in a larger pool diameter and full 
weld penetration. 

Examples of two three-dimensional ra
diographic images are shown in Fig. 28. 
The light peak areas are images of de
pressed pools. It should be remembered 

that light areas correspond to reduced 
thickness of the material. The brightness 
of the weld pool means that the base 
metal melted and was pushed by plasma 
pressure away from the electrode, which 
may also be seen in these images. When 

the welding current is insufficient, melting 
of the base metal is less intense and the 
light area becomes narrower. In Fig. 28A, 
the incomplete penetration, shown as a 
white stripe, is visible. A groove weld with 
incomplete joint penetration shows the 
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Fig. 30 —A —Root width W and B—penetration depth h of groove weld obtained from cross-sections versus depressed pool diameter measured from 
real-time radiographic images. 
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pool diameter as approximately the width 
of the root opening. 

In Fig. 29, radiographic images (top) 
taken in the vicinity of the welding pool, 
and the metallographs of the correspond
ing weld cross-sections for full and par
tially penetrated welds are shown. The 
computer profiles (tracings) of the 3-D 
digitized images (Fig. 28) from the middle 
of the pool are shown. These may be used 
for quantitative measurement of the pool 
dimensions by the computer. Weld cross-
sections (Fig. 29 C) clearly show that the 
left weld has incomplete penetration. 

The results of the experiments are sum
marized in Fig. 30. In Fig. 30, the root width 
" W , " incomplete joint penetration (—h), 
and the thickness of root penetration (+h) 
of the welds measured from metallo
graphic cross-sections are plotted against 
depressed pool diameters measured from 
radiographs. 

A preliminary study of the relationship 
between pool diameter and joint pene
tration has shown promising results. This 
method may be used to control weld re
inforcement and penetration at the posi
tion immediately behind the welding elec
trode, eliminating delay in the control of 
the joint penetration. Conceptually, it is 
more effective to ensure the reinforce
ment of a weld and prevent incomplete
ness of joint penetration than to change 
welding parameters to their proper values 
after incomplete penetration occurs. A 
relationship between pool size and heat 
input may be established and will help to 
maintain the proper joint penetration. This 
concept can be used for control of joint 
penetration (Ref. 9). This type of measure

ment is also important for understanding 
arc-plasma pressure on the welding pool. 

Summary 

The feasibility of real-time radiography 
has been demonstrated for on-line arc 
welding process study and control. An 
experimental system was developed that 
integrates the welding apparatus, 
x-ray, and image-intensifier units with a 
mechanical manipulator. A digital image 
processor and a variety of image storage 
and hard copy devices were used for im
age analysis and archiving. 

A new concept of arc weld process 
control was developed for on-line control 
and maintenance of the appropriate weld 
quality. According to this concept, weld 
quality information extracted from real
time radiographic images and supple
mented by sensor data on weld current 
and voltage is used for weld power sup
ply control. The major differences from 
other welding control approaches is that 
closed-loop radiographic control, based 
on direct information on weld quality, is 
used. The concept was demonstrated for 
closed-loop process control of weld pen
etration is submerged arc welding. 

Special software packages for on-line 
pattern recognition of incomplete joint 
penetration and control of the welding 
power supply were developed in the 
framework of this project. The capabilities 
of the method for the study of metal 
transfer and pool dynamics of arc welding 
were also demonstrated. In particular, it 
was shown that weld pool dimensions 
may be measured on-line. 
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