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Automatic Single V-Groove Welding 
Utilizing Infrared Images for Error Detection 

and Correction 

An experimental thermal measuring device offers promise 
as a joint tracker with adaptive capabilities 

BY K. N. GROOM, S. NAGARAJAN AND B. A. CHIN 

ABSTRACT. Robotic arc welding, as prac
ticed in industry today, is accomplished by 
programming a robot to move its welding 
torch through a set of spatial coordinates 
that coincide with the position of a part's 
joint. Joint tracking systems are currently 
used to reduce the costs of part prepara
tion and fixturing. In this investigation, in
frared thermography was used to joint 
track in gas tungsten arc welding. An 
infrared camera was used to record the 
temperature gradients surrounding the 
welding torch and transmit the images to 
a central computer. There, using an ex
perimentally derived image processing 
technique, the computer determined the 
distance of the torch from the joint and 
transmitted corrective action to control 
the torch path. 

Introduction 

The modern robotic welding machine, 
in its many shapes and forms, has become 
commonplace in the American manufac
turing scene. Utilizing the latest computer 
and machine technology, today's welding 
robots provide efficiency. Despite these 

significant achievements, the modern 
welding robot is ultimately a limited mech
anism, handicapped by its inability to per
ceive its surroundings. To teach an indus
trial robot to weld, for example, a human 
operator must move the robot's torch 
along the path of a joint. The robot 
records the motions of the torch and can 
repeat them when so commanded by the 
operator (Ref. 1). Theoretically, if all the 
conditions encountered on an assembly 
line are taught during the training session, 
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the robot will carry out the task flawlessly. 
In practice, however, quality welds are 
difficult to achieve. 

A major drawback of robotic welding is 
that custom-built fixtures must be used to 
position parts during an industrial welding 
operation (Ref. 1). If the fixturing fails to 
place a part's joint in the exact position 
and orientation expected, the robot will 
weld in the wrong place, resulting in a re
jected part (Ref. 1). Additionally, if a new 
part is to be produced, new fixtures must 
be designed and installed. As a result, ro
botic welding isn't economically feasible 
unless a large number of identical parts are 
to be produced. 

Several sensing techniques have been 
investigated to overcome these limita
tions. These sensors track dynamic varia
tions in the position of the joint from the 
preprogrammed path. Torch path is then 
altered to position the weld on the joint. 
Currently, joint tracking systems with laser 
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Fig. 1 — Optical feedback welding system. 

Fig. 2 — X-Y positioning table. 

stripping (Ref. 2) and through-the-arc sens
ing (Ref. 3) techniques are commercially 
available. Our research team investigated 
a joint tracking concept that uses an infra
red sensor for on-line monitoring and 
control of the weld process. The infrared 
system determines positioning imperfec
tions by sensing changes in the thermal 
distribution surrounding the weld pool 
(Refs 4-7). Additionally, the infrared sen
sor allows for the simultaneous monitor
ing and control of joint penetration depth 

Fig. 3-Size and 
shape of single 

V-groove. 

and contaminants during the welding pro
cess (Refs. 6, 7). 

Equipment Description 

Figure 1 illustrates the operational con
figuration of the infrared feedback or 
closed-loop welding system. As shown in 
the figure, infrared radiation, which char
acterizes the thermal distribution sur
rounding the weld pool, is recorded by an 
Inframetrics Model 525 infrared scanner 

or camera. Equipped with a liquid-nitrogen-
cooled mercury, cadmium, telluride de
tector, the Model 525 scanner samples in
frared radiation in the 8- to 12-microme-
ter range, and is capable of distinguishing 
temperatures between —20° and 1500°C 
( -4° and 2732°F) with a published accu
racy of 0.2°C (0.4°F) (Ref. 5). Once de
tected by the scanner, an infrared image 
is digitized into 48,000 bytes of data and 
transferred at 30 frames per second to an 
HP 320 computer. Robotic manipulation 
of the weld torch is provided by an Esab 
X-Y positioning table, Model No. ICD/ 
600-MODFD. The camera-torch mount, 
used to position the camera and torch 
during the welding process, can be seen in 
Fig. 2. By reflecting the infrared radiation 
with a gold first-surface mirror, the cam
era-torch mount allows the camera to 
view the weld temperature distributions 
ahead of the torch's path without directly 
exposing the camera to the hazards of the 
arc. Power for the welding torch was 
provided by a Miller Syncrowave 500/W 
Pulser power supply. 

Torch-Joint Relationship Experiment 

A key component of the infrared feed
back joint tracking system is the image 
processing program, which determines 
the torch-joint tracking error from the in
frared images. Before this program can be 
developed, a relationship between dis
tance of the torch from the joint and the 
resulting thermal profiles must be deter
mined. Mathematical models of the weld 
process were not considered immediately 
useful for determining this relationship 
because factors such as emissivity, atmo
spheric attenuation and intense radiation 
reflection were considered sufficient to 
distort any detailed temperature informa
tion derived from infrared thermography. 
A relationship based on experimental data 
was considered the best alternative. To 
develop the relationships to be used in 
joint tracking, five weld runs were made 
in the cross-joint experiments. These de
veloped relationships were further tested 
with 25 step error correction experiments. 
A description of both these experiments is 
presented below. 

Figure 3 illustrates the size and shape of 
the V-groove used in our experiments. As 
seen in the figure, the groove is cut at a 45-
deg included angle and is V32 in. (2.4 mm) 
wide. This 3/32-in.-wide groove was cho
sen to prove the system's ability to detect 
and track the worst-case scenario. No 
sequential investigation of V-groove size 
effects were conducted, but as the V-
groove size increases, the tracking effi
ciency increases. The cross-joint experi
ment used to develop a relationship be
tween the distance of the torch from a V-
groove and the resulting thermal profiles 
is illustrated in Fig. 4. As seen in part A of 
the figure, two 12 X 6-in. (305 X 152-
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Table 1—Weld Parameters for Experimental 
Data<a> 

Torch speed 
Current/voltage 
Polarity 
Gas —flow rate 
Nozzle 
Electrode 
Electrode diameter 
Electrode extension 
Electrode taper 

angle 
Electrode tip 

shape 
Arc length 
Weld penetration 

6.3 in./min. 
125 A /60 VDC 
Electrode negative 
A r g o n - 3 5 f t3 /h 
No. 6 ceramic 
EWTh-2 
V32 in. 
V32 in. 
45 deg 

Flat, V32 in. 
diameter 

Vs in. 
40% 

(a) All weld parameters conform to GTAW standards as set 
forth by ASM International (Ref. 8). 

mm) AISI 1040 steel plates, each VA in. (6.4 
mm) thick, were held together to produce 
a 12-in. (305-mm) joint. A straight weld 
was then run so that the torch crossed the 
joint at the center of the plate and the 
weld started and stopped at the same dis
tance (X) off joint. Refer to Table 1 for the 
weld parameters used. During the weld 
run, 50 infrared pictures or frames were 
acquired and stored by the computer in 
the order of Fig. 4B. If a quantitative rela
tionship between observed thermal dis
tribution and torch-joint error exists, then 
there will be discernible changes in the in
frared frames acquired during this type of 
experiment (Ref. 5). 

Experimental Data Analysis 

Using the cross-joint experiment, weld 
runs were made in the V-groove. Subse
quent analysis of this data revealed a dis
tinctive thermal pattern which was unique 
to the joint type. To illustrate this pattern, 
Fig. 5 displays infrared data Frames 25 
(torch on-joint) and 50 (torch 0.25 in. off-
joint) of a typical V-groove weld run. The 
data frames shown are presented in a 
computer-generated isotherm format 
where each color represents a small con
tiguous band of temperatures. Colored 
zones toward the center of the frame 
represent progressively hotter tempera
ture bands while the cross hairs represent 
the calibrated location of the electrode 
tip. As seen in the figure, sharp distortions 
in the temperature isotherms are seen to 
occur in the vicinity of the V-groove, indi
cated by the vertical white line. The 
distortions are the result of reflected arc 
radiation along the groove plate edges. 
This reflected radiation combined with the 
surface-emitted radiation to produce a lo
calized high-temperature reading in the 
joint area —Fig. 6. To obtain a torch-joint 
position error signal from this pattern, two 
separate isotherm distortions are located 
and a line is projected through them. The 
line (Fig. 5) is then used to indicate the lo
cation of the V-groove, and the horizon-

- S e a m 
Fig. 4 — Illustration of cross-joint experiment. A — Path of the welding torch; B — torch position dur
ing infrared image acquisition. 

Fig. 5 - Isotherm patterns of single V-groove weld run. Direction of the torch motion is toward bot
tom of the figure. A —Frame 25; B — Frame 50. 

Fig. 6 — Local maxima 
in the thermal profile 
at the joint. 
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Fig. 7 —Position of isotherm distortion relative to the electrode (cross hairs). 

tal distance of the line from the electrode 
tip (cross hairs) is used as the torch-to-joint 
distance or error signal. 

Using the data from a single cross-joint 
weld run, Fig. 7 displays the results of cal
culating the torch-joint error using the 
method discussed above. As seen in the 
figure, the plot behaves in a linear manner 
indicating that an error signal determined 
in this way is proportional to the torch-
joint distance. Also, the method correctly 
determines zero error or on-joint in Frame 
25. The nonlinear portion of the graph, 
Frames 0 to 6, is caused by the small size 
of the isotherm distortions in the early 
phase of welding. 

Closed-Loop Welding 

Using the image processing technique 
discussed in the previous section, our ro-

( a . ) 

botic welding system can analytically de
termine if its welding torch is in an opti
mum location, but the dynamics of the 
robot's arm must be taken into consider
ation (Ref. 9). The device responsible for 
updating the welding torch position is the 
robot controller. 

Figure 8 displays the logic used by the 
system computer when automatically 
tracking a joint. As seen in the figure, the 
computer first acquires a frame of infrared 
data from the scanner. Then, using the 
image processing technique described 
earlier, the computer determines the 
torch-joint error signal (E1). This error sig
nal is subsequently used as input to a con
trol equation that determines the torch 
heading change (ATheta) necessary to 
bring the torch back onto the joint. A new 
torch heading (Theta) is then calculated 
and used to determine the X-motor and 
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Fig. 9-Simulated weld joint. A —Step error in weld joint; B- acceptable system performance. 
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Fig. 8 —Flow chart of joint tracking program. 

Y-motor voltages necessary to attain the 
new heading at constant speed. Finally, 
voltages are transmitted to the appropri
ate motors aboard the X-Y positioning ta
ble and the process begins again. As seen 
in Fig. 8, the form of the control equation 
has a marked effect on how the welding 
robot will respond to torch-joint errors. 
The feedback control equation used in 
our system has the form 

-VTheta = A[E1] + B[E1-E2] (1) 

where E2 is the torch-joint error signal 
prior to E1, and A and B are constant co
efficients that reflect the dynamics of the 
X-Y positioning table. These constant co
efficients were determined by observing 
the robot's reactions under simulated 
welding conditions. To establish these 
conditions, the joint was replaced by an 
electrically heated wire. The robot, which 
was modified to track the wire, was then 
run on this simulated step joint and the 
constants A and B were varied until ac
ceptable overshoot, rise time and settling 
times were attained as shown in Fig. 9B. 
Note that due to a shorter image process
ing time, wait states were added to the 
modified joint tracking program in order 
to obtain the error sampling interval of 
0.05 s required by the single V-groove 
tracking program. With torch speed fixed 
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at 6.3 in./min (2.7 mm/s), the sampling in
terval corresponds to 190 torch position 
corrections per inch of weld. 

Using the experimentally derived con
trol coefficients, Fig. 10 displays the auto
matic joint tracking system's performance 
when encountering a step error in the 
step-error correction experiment. To pro
duce the step error, the weld, which be
gins at the left of the figure, was inten
tionally initiated at 0.25 inch off the joint. 
The robot was programmed to weld a 
straight path for eight seconds and then 
begin sensor-controlled welding. As seen 
in the figure, the robot quickly corrects for 
the torch-joint error after feedback weld
ing was initiated. The welding system's 
performance in a curved V-groove is illus
trated in Fig. 11. As seen in the figure, the 
robot precisely tracks the joint with little 
difficulty. Efficient tracking requires that 
the initial position of the torch be within 
the V-groove. This position needs to be 
preprogrammed to begin joint tracking. In 
developing this system, no specific indus
trial considerations were taken into ac
count. The method developed is appro
priate for only single V-groove configura
tions. The future direction of this project 
is to investigate the effects of surface 
condition imperfections that occur in real-
world welds. 

Conclusions 

The following conclusions regarding the 
use of infrared feedback for the automatic 
tracking of single V-groove prepared butt 
joints can be made: 

1) Reliable and repeatable thermal pat
terns are obtained by the infrared mea-

I .... .jtjta 

Fig. 10 - Welding system performance in cor
rection of step error position. 

surement of surface temperature distribu
tions during the welding process. 

2) V-groove position can be identified 
by the location of a distortion in the infra
red surface temperature distributions. 

3) An error correction rate of 190/in. 
of weld is adequate to allow automatic 
joint tracking using the Esab X-Y position
ing table. 
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Assessing Fracture Toughness and Cracking Susceptibility of Steel Weldments—A Review 

By J. A. Davidson, P. J. Konkol and J. F. Sovak 

The l i terature survey reviews the domestic and foreign l i terature to determine, document and evalu
ate: 1) the parameters of welding that control weld-metal and HAZ cracking; 2) tests for assessing the 
susceptibil ity of structural steel to weld-metal and HAZ cracking; 3) the parameters of welding that con
trol HAZ toughness; and 4) tests for measuring the toughness of weld metal and HAZ. The work was per
formed at the United States Steel Corporat ion Technical Center in Monroeville, Pa., and was sponsored 
by the Offices of Research and Development, Federal Highway Administrat ion, U.S. Department of 
Transportat ion, Washington, D.C. 

Publication of this bulletin was sponsored by the Weldability Commit tee of the Welding Research 
Council. The price of WRC Bulletin 345 is $30.00 per copy, plus $5.00 for U.S. and $10.00 for overseas, 
postage and handling. Orders should be sent with payment to the Welding Research Council, Room 1301 , 
345 E. 47th St., New York, NY 10017. 
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