
Technique for Simultaneous Real-Time 
Measurements of Weld Pool Surface 

Geometry and Arc Force 

A measuring device for determining arc force has proven accurate to 0.05 g 

BY A. C. G U U A N D S. I. ROKHLIN 

ABSTRACT. This paper describes a new 
technique for simultaneous real-time 
measurement of weld pool surface ge
ometry and arc force. The weld pool sur
face profile is measured using real-time 
radiography by vertical x-ray transmis
sion through the weld. The information 
is received at a rate of 30 frames per sec
ond in the form of two-dimensional im
ages which are digitized and processed 
in real time by computer. The surface to
pography is determined from the images 
using the experimentally found relation 
between image brightness and material 
thickness wi th an accuracy of 0.2 mm 
(0.008 in.). Pool depression and hump
ing on the pool periphery have been re
constructed from radiographic images. 
The volumes of the depressed and 
humped areas were calculated and con
servation of pool mass was verified. The 
thickness of the liquid layer between the 
arc plasma-liquid interface and the l iq
uid-solid interface was determined by 
measuring the pool depression and weld 
penetration. Computer simulations have 
been performed to determine the bright
ness correction to the radiographic mea
surement which arises from temperature-
related material density changes. It was 
found that for most cases this correction 
is negligible. 

The arc force was measured using a 
precision digital scale. To eliminate the 
effect of x-ray beam shielding by the 
force-measuring cell, the apparatus was 
designed in the form of a balance, where 
the cell was on the opposite side from 
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the x-ray beam. The accuracy and re
peatability of the force measurement ap
paratus have been found to be about 
0.05 g. This has been achieved by spe
cial design of the balance beam and by 
using a floating electrical contact be
tween the welding part and the ground. 
A linear relation between arc force and 
current squared was found experimen
tally, which is consistent with theory. 

Introduction 

In this paper we describe a radio-
graphic method for real-time measure
ment of weld pool surface geometry with 
simultaneous recording of the arc plasma 
force acting on the pool. It is a continu
ation of our previous work in develop
ment of real-time radiographic tech
niques for in-process weld quality con
trol (Ref. 1) and for in-process control of 
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weld penetration based on direct mea
surement of weld pool depression (Ref. 
2). 

Quantitative measurements of the 
weld pool surface and arc plasma force, 
which are related to the welding condi
tions and which determine weld forma
tion, are fundamental to arc welding and 
can improve our understanding of the 
basics of weld pool formation. The weld
ing environment creates difficulties in 
making such measurements resulting in 
the absence of a proper method to mon
itor the depressed pool surface. As a re
sult, most quantitative experimental 
studies of the arc plasma pool interac
tion have been restricted to a flat pool 
surface, while in reality, the pool surface 
is clearly depressed at high currents. 

Several recent theoretical studies 
have also demonstrated the importance 
of pool surface depression to the arc 
plasma-pool interaction (Refs. 3-5). In a 
computer model of weld penetration 
(Ref. 4), pool depression was found to 
have a major effect on weld penetration. 
The distribution of the welding arc cur
rent density, which is a primary welding 
parameter, was calculated by Choo, et 
al. (Ref. 5), and found to be significantly 
affected by the shape of the depressed 
pool surface. Further, the plasma col
umn shape and the current distribution 
affect the geometry of the pool surface. 
Thus, the arc plasma-weld pool interac
tion has nonlinear boundary conditions. 
Virtually all other physical quantities as
sociated with the welding arc and the 
molten pool are affected by the current 
density distribution. Obviously, convec
tion in the pool is also influenced by the 
shape of the welding pool surface. 

The shape of the pool surface is de-
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Fig. 1 — A — Illustration of plasma jet interaction with welding pool; B — an example of a frame from a sequence of radiographic images of the 
molten pool taken during stationary GTA welding. 

termined by the balance of forces that 
act on the molten pool. These include 
arc plasma, electromagnetic, surface 
tension and hydrodynamic forces. The 
welding arc force has been directly mea
sured by several authors (Refs. 6-8). Due 
to experimental difficulties and since the 
measured values are possibly apparatus 
dependent, there are significant differ
ences among the data published by dif
ferent authors. This is due partially to 
the fact that the arc plasma force is only 
about 30% of the total force, depending 
on the experimental arrangement. It is 
necessary to subtract the electromag
netic force from the total force to obtain 
the arc plasma force, thus increasing the 
error in its estimation. 

The objective of this work was to de
velop a real-time technique for simulta
neous measurement of the weld pool de
pression and the arc force acting on the 
pool. For this purpose, a balanced force 
measurement device, combined with a 
real-time radiographic system and other 
welding sensors, has been developed. 
All measured parameters, including ra
diographic images, are digit ized, com
puter analyzed and processed in real 
t ime. An improved technique for arc 
force measurement and a technique for 
reconstruction of the weld pool depres
sion are described below. We also dis
cuss the effect of material density and 
thermal expansion on radiographic mea
surement of pool depression. 

Experimental Concept 

The arc-pool interaction involves 
electromagnetic and arc jet-liquid metal 
interactions and depends on the mutual 
interaction between the current density 
and heat flux distributions and the shape 

of the depressed pool surface. Thus, this 
interaction has a major effect on weld 
formation at high currents. Welding pa
rameters such as arc current, voltage and 
welding speed are related to weld for
mation through their effects on arc cur
rent density distribution, arc force, metal 
melting, pool depression, pool convec
tion and material properties. In this sec
tion, real-time measurement of the weld
ing arc-weld pool interaction are dis
cussed. 

Figure 1 A illustrates the interaction 
between the plasma jet and the welding 
pool. A bead-on-plate weld with a non-
consumable electrode is shown. The 
pool is depressed during welding, due 
partly to the arc pressure on the molten 
pool. D is the depression depth and W 
is the depression width. As the welding 
current increases, the depressed pool 
surface becomes deeper and wider be
cause of the increase of the arc force. 
The position of the liquid-solid interface, 
which is related to the pool depression, 
partly determines weld penetration as 
shown. 

Because of the difference in material 
thickness and density, the depressed 
pool surface can be measured by radio
graphy. Radiography is based on the at
tenuation of x-rays penetrating a mate
rial to image the distribution of material 
thickness and density. As an example, 
one frame from a sequence of radio-
graphic images of the molten pool taken 
during stationary GTA welding is shown 
in Fig. 1 B. The x-ray is transmitted ver
tically through the weld. The welding 
torch is seen as a dark semicircle in the 
bottom of the image and the tip of the 
tungsten electrode is seen as a dark spot 
in front of the torch. The circular white 
area in front of the tungsten electrode is 

a depressed welding pool. The image is 
positive, so thinner sections of the de
pressed weld pool (reduced thickness of 
the material) are represented by lighter 
areas. The dark circle surrounding the 
white area corresponds to increased 
thickness and shows that the base metal 
is melted and pushed away due to the 
plasma jet forming a humped region on 
the periphery of the pool as shown in 
Fig. 1 B. The gray area surrounding the 
pool is the base metal. When the weld
ing current is high enough, melting of 
the base metal is intense and the light 
area becomes larger and lighter. Real
time radiographic information on the 
molten welding pool is provided in dig
ital form and is used to reconstruct the 
depressed pool surface. 

Experimental Apparatus 

Apparatus Description 

This section describes the experi
mental apparatus for simultaneous mea
surement of the welding pool depres
sion by radiography and the arc force 
by a balanced force measurement de
vice. Figure 2 shows a schematic of the 
experimental apparatus. A force mea
surement apparatus using a digital scale 
was built for arc force measurement. The 
real-time radiographic apparatus is at 
the left, and the force sensor is at the 
right. To eliminate the effect of x-ray 
beam shielding by the force-measuring 
cell, the apparatus was designed in the 
form of a balance, where the cell was 
on the side opposite the x-ray beam. 

The real-time radiographic imaging 
apparatus consists of x-ray source, image 
intensifier and camera, image process
ing board and digital computer. The x-
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ray tube, shown on the top, produces 
coll imated radiation, which penetrates 
the material. The modulated x-ray field 
is acquired using an image intensifier 
and a video camera at 30 frames per sec
ond. The image is digitized by the image 
processing board and processed by com
puter. X-ray shutters are used to reduce 
radiographic noise. 

The arc force measurement appara
tus consists of force sensor (a digital 
scale), balance beam, pivot, bearing 
agate and pivot supporters, as shown in 
Fig. 2 for the measurement of both the 
arc force and electromagnetic force, and 
in Fig. 3 for the measurement of electro
magnetic force alone (no welding arc). 
The workpiece was placed at one end 
of the beam and the balance weight at 
the other end to prevent scale overload. 
A photograph of the experimental ar
rangement is shown in Fig. 4. The digi
tal scale is at the left and the welding 
torches are at the right. 

The balance beam is made of a hol
low square aluminum bar about one 
meter long. A luminum was used be
cause it is light and nonmagnetic. The 
pivot is made of stainless steel wi th a 
sharp knife edge at one end, the other 
end being circular. The pivot is mounted 
on the balance beam approximately in 
the middle. The balance beam with the 
sharp knife edge of the pivot sits on the 
bearing agate, which is a hard stone. The 
sharp edge used reduced the fr ict ion 
force between the pivot and the pivot 
supporter. 

Processing of Data for 
Force Measurement 

The balance weight, wh ich is posi
tioned on the right side of the balance 
beam (Fig. 2), was selected to produce 
a positive net force on the digital scale, 
about 50 to 100 g. During welding, the 
net force measured by the digital scale 
decreased because of the arc and elec
tromagnetic forces which acted on the 
left side of the balance beam. When pre
senting these data, we plotted the actual 
welding force acting on the left end of 
the balance beam. 

The scale was set to continuous out
put data mode. The force readout from 
the scale was fed to the computer in dig
ital format through the RS232 serial port 
— Fig. 2. The scale precision is 0.01 g. 
Each set of data consists of 6 bytes. A 6-
digit hexadecimal value is obtained from 
the least-significant nibble of each byte. 
A computer program converts the hex
adecimal value to a decimal value that 
corresponds to the actual force. The 
force data acquisition rate on the scale 
is about 4 to 5 data points per second, 
limited by the internal averaging mech
anism built into the scale. Including the 
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Fig. 4 — Photograph of 
the balanced force mea
surement device. Digital 
scale is at left, and weld

ing torches are at right. 
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Fig. 5 —Left — Summary of the results for accuracy determination of the balanced force measurement device; right — zeroing error of the bal
anced force measuring device (found to be within 0.05 g). 

time of taking radiographic image 
frames, the overall data acquisition rate 
is about 2 times per second. 

Test of the Balanced Force 
Measurement Apparatus 

Zeroing error, accuracy and linearity 
of the balanced force measurement de
vice are crit ical to force measurement. 
Before welding, these were tested by 
using combinations of precision weights 
placed at the location where a welding 
arc would later be positioned on the test 
plate. 

The accuracy and zeroing error of the 
balanced force measurement device 
were determined to be wi th in 0.05 g 
from the data shown in Fig. 5. The de
viation from linearity of the apparatus 
was less than 0.01 g. Figure 6 shows as 
an example the measured force of the 
precision weights is 20 g. The scale takes 
about one second to reach a steady 
value. 

Floating Liquid Gallium Contact 

Because the measured arc force is ex
pected to be very small and the electro

magnetic i nteraction due to current f low 
through the workpiece strong, the effect 
of the mechanical contact of the elec
tric cables connecting to the test sam
ple must be minimized. A floating elec
tric contact using l iquid gall ium was 
used to connect the cable from the pos
itive terminal of the welding power 
source to the test plate, as shown in Figs. 
2 and 3. For the nonwelding case (ref
erence measurement), an additional liq
uid gallium contact was used at the same 
location a welding arc would later be 
positioned. The arc force may be ob
tained by subtracting the electromag-
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netic force measured in the same exper
imental configuration. 

During welding, the welding current 
was conducted from the positive termi
nal of the power source through the elec
tric cable, the l iquid gal l ium pool , the 
test plate and the welding arc, then back 
to the negative terminal of the welding 
power source (Fig. 2). Thus, on the test 
plate, both electrical contacts have un
constrained mechanical (floating) con
tact wi th the workpiece. The current 

path is through the welding electrode, 
arc plasma co lumn, workpiece, l iquid 
gallium terminal, and ground. 

This arrangement for welding force 
measurement has advantages over those 
previously reported in the literature: The 
ground cable was made of a f lexible, 
f lat-woven Cu cable (Ref. 6), and the 
ground cable was held in place by sev
eral springs (Ref. 8). 

For reference measurements, the ex
perimental arrangement shown in Fig. 

3 was used. Here both contacts on the 
test plate were made using the l iquid 
gall ium. Substitution of the arc-plasma 
by a liquid gallium contact has been sug
gested previously (Ref. 7). The purpose 
of this reference test is to measure the 
electromagnetic force without the effect 
of the arc plasma. 

Liquid gallium melts at 30°C (86°F) 
and boils at 2403°C (4357°F) (Ref. 1 0). 
The wide temperature range of gallium 
in the liquid state makes gallium a good 
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Table 1 — Measured Total and Reference 
Forces at Different Current Levels 

Current 

100 A 

150 A 

175 A 
200 A 

225 A 

250 A 

275 A 

300 A 

325 A 

350 A 

Exp. 
No. 

f274 
f275 
f276 
f277 
f279 
f265 

— 
— 
— 

f280 

— 
f254 
f263 

— 
f252 
f284 

— 
f260 
f261 
f248 
f286 

— 
f247 
f258 
f259 

Total 
Force (g) 

0.78 
0.79 
1.75 
1.89 
2.49 
3.31 

— 
— 
— 

4.07 

— 
5.03 
4.98 

— 
5.98 
6.00 

— 
6.91 
6.99 
8.36 
8.41 

— 
9.63 
9.53 
9.59 

Exp. 
No. 

— 
— 
— 
— 
— 

f225 
f226 
f227 
f228 
f244 
f245 
f229 
f230 
f231 
f241 
f242 
f243 
f233 

— 
f238 
f239 
f240 
f235 
f236 
f237 

Reference 
Force (g) 

— 
— 
— 
— 
— 

2.96 
3.00 
2.95 
2.98 
3.63 
3.60 
4.55 
4.53 
4.54 
5.41 
5.40 
5.36 
6.26 

— 
7.6 
7.57 
7.58 
8.64 
8.70 
8.70 

liquid electric conductor in a high-tem
perature environment. Gallium ordinar
ily is not toxic and no special precau
tions are required. The gall ium holder 
is a hollow cylinder, thus the liquid gal
lium contacts the test plate directly. The 
gallium holderwas madeof ceramic ma
terial about 10 mm (0.4 in.) in height 
and 12 mm (0.5 in.) in diameter. The 
electrode-to-workpiece distance was 4 
mm (0.1 6 in.) and the electrode diame

ter 3.1 78 mm (0.125 in.). 
The effect of the interfacial force be

tween the electrode and the liquid gal
l ium must also be considered. Recall 
that there is one gallium contact for the 
welding case and two for the nonweld
ing reference case. Figure 7 shows the 
difference in force between that mea
sured whi le the electrode is in the l iq
uid gallium and that measured while the 
electrode is free. The difference is about 
1.1 2 g, which is of the same order as the 
arc plasma force. Thus, stability of the 
interfacial force during measurements 
is important to accuracy. To keep the in
terfacial force constant, the gall ium 
should be prevented from overheating. 
In these experiments, the absolute force 
was measured before and immediately 
after welding to check that the effect of 
the interfacial force on the arc force 
measurement is negligible. 

The effect of change of the electrode 
position in the gall ium pool was also 
tested. Whi le the electrode was in the 
liquid gallium, the electrode was shaken 
to observe the effect on the force. The 
result is shown in Fig. 8. The force dif
ference is about 0.18 g and the zeroing 
error is about 0.08 g, both small com
pared to the arc force. In actual arc force 
measurements, the electrode position in 
the gallium pool was fixed. 

Experimental Procedure 

The system described above, com
bining the balanced force measurement 
device with the real-time radiographic 
apparatus, was used for simultaneous 
measurement of arc force and pool de

pression. To separate the arc plasma 
force and the electromagnetic force (ex
isting during welding), two independent 
tests were made, one wi th the welding 
arc (Fig. 2), the other with a l iquid gal
l ium contact replacing the arc (Fig. 3). 
For both cases, the electric contacts, arc 
or gal l ium, were well wi th in the test 
plate (more than one inch from the 
edges) so that the uneven electromag
netic interaction at the plate edges was 
minimized. To check the influence of 
the edge effect, the force measurements 
were also performed at a different posi
tion on the test sample (discussion 
below). 

The stationary gas tungsten arc (GTA) 
welding process was studied using a 
Mil ler Intel l iweld 650 welding power 
source wi th a capacity of 100% duty 
cycle at 650 A and 44 V. The f luctua
tion of its output current was found to 
be within one ampere, thus its effect on 
the arc force measurement is negligible. 

Two GTA welding torches were used, 
one for maintaining the welding arc and 
the other bridging the positive polarity 
to a pool of l iquid gall ium on the test 
plate (to be mechanically floating). The 
first torch was a Heliarc HVV-27 GTAW 
torch with a capacity of 1 00% duty cycle 
at 500 A. The second was a Heliarc HW-
18 GTAW torch with a capacity of 100% 
duty cycle at 300 A. Because of the low 
capacity of the second electrode, a short 
electrode extension was used to prevent 
overheating, which is crit ical to the 
maintenance of a constant interfacial 
force between liquid gallium and elec
trode. Both torches were water cooled. 

A 2% thorium tungsten electrode, 

T0RCH-T0-W0RKPIECE DISTANCE, m m 

Fig. 12 — Relation between torch-to-workpiece distance and arc 
plasma force. 
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3.1 75 mm (0.1 25 in.) in diameter with 
electrode tip angle ground to about 30 
deg, was used. At 30-deg tip angle, the 
length of the ground area on the elec
trode is about 6 mm (0.24 in.). The elec
trode extension was set at about 57 mm 
(2.24 in.) and a torch angle of 70 deg 
was selected. The unusual 57-mm-long 
electrode extension was used to avoid 
shielding the radiographic image of the 
welding pool . A precise 4-mm elec-
trode-to-workpiece distance was set 
using a precision gauge. The 4-mm elec-
trode-to-workpiece distance was used 
to compare the welding force to that re
ported in other work (Refs. 6-8). 

Welding-grade argon shielding gas 
was used with flow rate of about 60 ft3/h 
(2.2 L/min). At 60 ft3/h the force contri
bution of the shielding gas flow is small, 
less than 0.20 g, compared to the total 
force. Reference measurements were 
also made with the argon flowing. 

Experimental Investigation 
of Arc Force 

The welding arc plasma force is one 
of several factors important to pool for
mation and pool surface stability. The 
most important factor affecting the arc 
force is the welding current. The rela
tion between arc force and current is dis
cussed below. 

Measurement of Arc Force 

Figure 9 shows a typical example of 
the forces measured at 350 A for the 
welding arc and nonarc (gallium con
tact) cases. The force is measured as the 
excess of the force over that at zero cur
rent. Thus, the effect of the surface ten
sion force is eliminated. The results for 
both forces as functions of time are 
shown in the figure for comparison. They 
reach steady values wi th in 1.5 s (com
pare wi th Fig. 6). For the welding arc 
case, the force was measured to be about 
9.63 g (about 8.70 g for the nonarc case). 

Because of the identical geometric 
experimental configuration, the distri
bution of the electromagnetic force is 
similar for both cases. Therefore, the arc 
plasma force can be obtained by sub
tracting the electromagnetic force from 
the total force measured. For the case 
shown in Fig. 9, the arc force is about 
0.93 gat 350 A. 

During power-on, the second tungs
ten electrode (l iquid gall ium contact) 
gradually becomes hot due to resistance 
heating. The increase of electrode tem
perature affects the interfacial force be
tween the tungsten electrode and the liq
uid gall ium pool and is possibly char
acteristic of the electrode. A small 
change of the measured force, less than 
0.20 g, was found for a longer time of 
welding. A similar change of the inter

facial force was also found by measur
ing directly on the scale, which e l imi 
nates the possible effect of the balanced 
beam. In order to minimize electrode 
overheating and keep the interfacial 
force constant, a 3-s welding time was 
used to study the current-arc force rela
t ion. The results of these measurements 
are reported below. 

An addit ional effect is that al loying 
elements like thorium in the first tungs
ten electrode (used to maintain the arc) 
may be lost from the surface during 
welding, so that the arc characteristics 
may change slightly. This is the reason 
for seasoning (welding with) the tungs
ten electrode several times before mak
ing the actual test (Ref. 6). Unfortunately 
during seasoning, the shape of the elec
trode tip changed. In the present study, 
a newly ground tungsten electrode was 
used in each test to keep the electrode 
tip shape as constant as possible, thus 
minimizing the effect of shape change 
on force measurement. 

Before and after each experiment, the 
zeroing error of the balanced force mea
surement device was determined and 
found to average less than 0.1 g for both 
the welding arc and,nonarc cases. This 
indicates the accuracy of the force mea
surement. For the cases shown in Fig. 9, 
the zeroing error was 0.046 g for the 
welding case and 0.10 g for the refer
ence case. 
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The arc force measurement should 
be independent of the experimental con
figuration. The test plate was chosen rel
atively large compared to the distance 
between the electrodes. In this way, the 
welding current and the electromagnetic 
field are more uniformly distributed (Ref. 
11). As a result, no arc blow was ob
served during welding due to the edge 
effect. The welding arc plasma force was 
also measured at different locations on 
the test plate and at different distances 
between electrodes, and 1 to 2% differ
ence in the total force (measured during 
welding) was obtained at different elec
trode positions, indicating negligible de
pendence on testing plate configuration. 
No effect of the cable position on the 
force measurement was found. This was 
tested by varying the position of the ca
bles at a distance of about half a meter 
away from the arc. 

Relation between Current 
and Arc Force 

The total arc welding and referenced 
electromagnetic forces were measured 
at different current levels. The results are 
shown in Table 1. In all cases the forces 
were measured at 3 s after power-on and 
at torch-to-workpiece distance of 4 mm. 
The reference measurements were made 
wi th argon f lowing. The effect of the 
argon f low on the arc force measure
ment was eliminated by subtraction. 

Figure 10 shows the total and refer
ence forces vs. current squared. "Weld
ing" indicates the total force measured 
during arc welding and "reference" in
dicates the reference electromagnetic 
force. The solid lines shown are least 
square fits to the experimental data. We 
found almost perfect linear behavior of 
the forces vs. current squared. The stan
dard deviations of the experimental data 
from the linear fits are 0.10 and 0.046 
g, respectively, which are small com
pared to the measured force. 

The difference between these two 
measured forces is the arc force, which 
is plotted vs. current squared in Fig. 11. 
A linear relation between the arc plasma 
force and the welding current J squared 
is in agreement with theoretical predic
tion (Ref. 12). 

20 

Lr .c,r (1) 

The proportionality factor Q is 7.4 X 1 CH'g/A2. 
The standard deviation of the experimental 
data is about 0.04 g. 

In this series of experiments, the 
torch-to-workpiece distance was kept 
constant at 4 mm before welding by 
using a precision gauge. During weld
ing, the arc length is a function of the 
torch-to-workpiece distance and the 
depth of pool depression. Thus, the re-
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Fig. 16 — Experimental 
cross-sectional profiles of 

the welding pool. Pool 
surface profile measured 

from radiographic images. 
Weld penetration 

measured from metallog
raphy of weld cross-sec

tions. Welding current 
was 344 A and welding 

time 4 s. 
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lationship between arc force and arc 
length for a depressed pool is more com
plicated than for a flat pool. A prelimi
nary study of the sensitivity of the arc 
plasma force to the change of the torch-
to-workpiece distance has been made. 
The result is shown in Fig. 12. It was 
found that at a 4-mm arc length work
ing point the arc force was not sensitive 
to a small torch-to-workpiece distance 
change; therefore, the effect of the small 
distance variations on the arc force mea
surement is negligible. The reader may 
find more detail about the torch-to-
workpiece distance effect on the arc 
force in Refs. 6, 8 and 1. 

Measurement of We ld Pool 
Surface Topography 

In this section, the work on weld pool 
surface depression measurement from 
radiographic images is described. The 
relations between material thickness, 
density, and radiographic image bright
ness levels were investigated. The weld
ing pool surface depression was also re
lated to the weld penetration obtained 
from weld cross-sections made after 
welding. 

Image Brightness-Material Thickness 
Relation 

The relation between the radio-
graphic image brightness level and the 
thickness of the steel was found from ra
diographic images of steel step wedges. 
Figure 13 shows image brightness vs. 
material thickness. Image brightness lev
els ranging from 255 (saturation level) 
to about 35 were obtained correspond

ing to steel thicknesses ranging from 
about 1.6 to 1 2.7 mm (0.06 to 0.5 in.). 
Higher brightness levels were obtained 
for thinner materials because more pen
etrating radiation was received (positive 
image). Since the material thickness in 
the pool region should be less than the 
plate thickness, the radiographic param
eters were adjusted to greater contrast 
sensitivity for pool surface measure
ment. It can be seen in Figure 13 that 
the slope of the curve is greater (higher 
contrast) for material thickness less than 
the plate thickness. The data presented 
in Fig. 1 3 were taken at 1 50 kV tube volt
age and 10 mA tube current. 

The above radiographic measure
ment of the brightness-thickness relation 
was made at room temperature. During 
welding, because of the high tempera
ture of the pool and the heat-affected 
zone, the material density changed, and 
this effect on the radiographic measure
ment has to be considered. 

Computer Simulation of the Effect 
of Material Properties and Welding 
Pool Parameters on Radiographic 
Measurements 

In this section, the effect of metal den
sity change with temperature on radio-
graphic measurement wi l l be estimated 
by simulating radiographic attenuation 
in the weld . Figure 14 shows three re
gions: pool cavity (above the depressed 
pool surface), liquid layer, and solid base 
metal. The pool cavity has no radio-
graphic attenuation. The other two re
gions are modeled by multilayered sys
tems. Each layer has a different temper
ature and hence a different density. The 
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POOL SURFACE 

Fig. 17 — Sequence of five radiographic images of the welding pool. 
A — Made at 225 A where a small depressed pool surface can be 
seen as a small white circle in front of the electrode; B — made at 
200 A where no pool depression can be observed. 

LIQUID 
METAL 

LIQUID-SOLID 
INTERFACE 

Fig. 18 — Schematic of section through middle of weld pool. Ele
mental volume rings with width AX = I pixel are introduced for vol
ume conservation calculation. 

effect of thermal expansion on radio-
graphic measurement was also in
cluded. The overall radiographic atten
uation was obtained by summing the at
tenuation in all the discrete layers. 

To describe the temperature effect on 
the image brightness level, a brightness 
ratio R and a correction factor k are in
troduced. The brightness ratio R relates 
the image brightness level B^, at elevated 
temperature to the image brightness 
level B2 at normal temperature. 

*M= m 
B2(y) 

(2) 

R is location dependent because of the 
cross-weld temperature distribution. The 
correction factor, k, relates the bright
ness in the pool to the brightness of the 
pool boundary where the surface tem
perature is near the melting point: 

k(y)-. *(.v) 
R(v„) 

exp 

exp 

-j[Y>,(y)^^)-pMy)) 

-£(I;,AWA*,(>O-PA) 
(3) 

where x is the coordinate along the x-
ray beam direction, Ax, is the thickness 
of the discrete layer, y is the cross-weld 
coordinate, D(y) is pool profi le, D0 is 
plate thickness, IU is radiographic linear 
attenuation coefficient, p0 is material 
density at room temperature, p, is den
sity of the discrete layer, i is index of the 
discrete layer, n is number of discrete 
layers in the pool, and m is number of 
discrete layers in the base metal. 

The k value is location dependent be
cause of the cross-weld temperature dis

tribution (hence density temperature de
pendence) and pool depression. The ef
fect of thermal expansion is also in
cluded in Equation 3 through the change 
of discrete layer thickness, Ax f. When 
the temperature is constant, the bright
ness ratio (R) and correction factor (k) 
equal one everywhere. 

The pool surface temperature is as
sumed to be maximum at the pool cen
ter and to decrease exponentially toward 
the pool boundary and heat-affected 
zone (the region below the liquid metal 
whose temperature is below the melting 
point of steel, about 1 532°C (2790°F) 
for low-carbon (0.26%) steel used here). 
A peak pool surface temperature of 
2300°C (4172°F) was assumed at the 
pool center, which is about the same 
value used in Ref. 14 and slightly higher 
than the value assumed in Ref. 5. Plate 
thickness of 10 mm and maximum pool 
depression of 2 mm at pool center are 
assumed. In the calculation, experimen
tal data on temperature-density (Ref. 1 5) 
and temperature thermal expansion (Ref. 
16) relations were used. Radiographic 
attenuation coefficient of 1.25/cm was 
assumed. From these values, the effect 
of temperature on radiographic mea
surement was calculated using Equation 
3. 

Figure 1 5 shows the correction fac
tor. Correction factor values ranging 
from 0.97 at the pool center to 1 at the 
pool boundary were obtained. The cor
rection factor is minimum at the pool 
center because the temperature is high
est and the liquid layer is thickest at that 
location. The maximum difference of the 
correction (at pool center) is about 3%, 
which is in the range of the noise level 
of the radiographic images. Thus, be
cause of the small difference of k val
ues, the effect of temperature on radio-

graphic measurement is practically neg
ligible. 

Experimental Determination 
of Welding Pool Surface 
Topography and Pool Depression 

Based on the experimentally ob
tained image brightness-thickness rela
tion (Fig. 1 3), welding pool surface to
pography was determined from radio-
graphic images. The material thickness 
was linearly interpolated between the 
data points in Fig. 1 3. An example of 
pool depression measured from radio
graphs is shown in Fig. 16 together with 
the weld penetration measured metal-
lographically from the weld cross-sec
t ion. The liquid metal layer in the pool 
is contained between these two lines. 
For this particular case with welding cur
rent 344 A and welding time 4 sec, the 
thickness of this liquid layer was found 
to be less than 1 mm. The contrast sen
sitivity of the radiographic system was 
measured to be about 2%, which corre
sponds to 0.2-mm accuracy of the ra
diographic thickness measurement for a 
9.5-mm-thick steel plate. 

The value of the minimum detectable 
pool depression is important at lower 
currents. Figure 1 7 gives an example of 
the threshold of pool depression detec
t ion, showing images taken from 0 to 
about 3 s of welding t ime (from left to 
right). The image brightness has been 
expanded to increase the image con
trast. Figure 1 7A shows radiographic im
ages of the welding pool made at 225 A 
where a small depressed pool surface 
can be seen as a small white circle in 
front of the electrode. Figure 1 7B shows 
radiographic images of the welding pool 
made at 200 A where no pool depres
sion can be detected and the weld pen-
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Fig. 19 — Experimentally 
measured elemental ring 

volume distribution for 
pool cavity and hump. 
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vice. 
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etrat ion was f o u n d (by cu t t i ng the sam
p l e af ter w e l d i n g ) to be a b o u t 1.5 m m 
(0.06 in.) . In a d d i t i o n , the heat-af fected 
zone , w h i c h is at a relat ively higher t e m 
perature than the base meta l , c o u l d not 
be d i f ferent ia ted f rom the base metal — 
Fig. 1 B. This ver i f ies t he prev ious s i m u 
la t i on resul t tha t the e f fec t o f ma te r ia l 
dens i t y c h a n g e o n r a d i o g r a p h i c m e a 
surement is negl ig ib le . 

A t h ree -d imens iona l v i e w of the de
pressed w e l d i n g poo l is s h o w n schemat
ica l ly in Fig. 18. Due to mass conserva
t i o n , t he v o l u m e of t he c a v i t y (emp ty 
space b e l o w the undepressed poo l (zero) 
level) and the v o l u m e of the poo l h u m p 
( v o l u m e o f t h e l i q u i d me ta l a b o v e the 
z e r o level ) s h o u l d be e q u a l . To c h e c k 
the prec is ion of the poo l depress ion re
c o n s t r u c t i o n p r o c e d u r e , w e ca l cu la ted 
the mass conservat ion ba lance. The poo l 
v o l u m e is d iscret ized in the f o r m of rings 
as shown in Fig. 1 8. Each r ing has a c o n 
stant o n e - p i x e l w i d t h (Ax) bu t is d i f fe r 
ent in height and d iameter . The v o l u m e 
of each r ing can be ca l cu la ted f r o m the 
c ross -sec t iona l p r o f i l e o f t h e p o o l d e 
p ress ion , assum ing ax ia l s y m m e t r y . In 
Fig. 1 8, V B is the r ing at the poo l cav i ty 
center and V A is a r ing at the pool h u m p 
region. 

Figure 19 shows the r ing v o l u m e d is
t r ibu t ion p lot ted vs. c ross-weld loca t ion . 
Since the radi i of the e lementa l rings de
creases t o w a r d the cen te r o f the p o o l , 
this corresponds to reduc t ion of r ing v o l 
ume, appear ing as a cent ra l spike in Fig. 
1 9. The h u m p and cav i ty vo lumes we re 
ob ta ined by s u m m a t i o n of the r ing v o l 
umes in the depressed a n d h u m p re
g ions. For the par t i cu la r case s h o w n in 
Fig. 19, the v o l u m e of the poo l cav i ty is 
32 m m 3 , 1.26 i n . 3 ' w h i c h is close to the 
v o l u m e of the poo l h u m p (31.5 m m 3 , 

1.24 in . 3 ) , i nd ica t ing that the poo l mass 
is conserved. 

Conc lus ions 

A n e w t e c h n i q u e fo r s i m u l t a n e o u s 
m e a s u r e m e n t o f w e l d p o o l sur face t o 
pography and arc force has been deve l 
o p e d and e v a l u a t e d . The arc f o rce has 
been measured us ing a b a l a n c e d fo rce 
measur ing dev ice w i t h accuracy and ze
ro ing error w i t h i n 0.05 g. Th is accuracy 
has been ach ieved using a f loa t ing elec
t r ica l con tac t be tween the par t and the 
g r o u n d . A l i near re l a t i on b e t w e e n arc 
fo rce and c u r r e n t squa red was f o u n d , 
w h i c h is in agreement w i t h prev ious ex
per imenta l and theoret ica l results. 

The poo l surface topography , i n c l ud 
ing h u m p i n g on the poo l per iphery , has 
been recons t ruc ted us ing rea l - t ime ra
d i o g r a p h y . T h e p r e c i s i o n o f p o o l d e 
pression measurements was f ound to be 
a b o u t 0.2 m m . The e f fec t o f t e m p e r a 
ture- re la ted mater ia l dens i ty change o n 
rad iog raph i c measu remen t was s h o w n 
to be negl ig ib le by compu te r s imu la t ion 
of the rad iographic images. The vo lumes 
of the poo l depression (empty space) and 
the h u m p area of the l i qu id metal a round 
the poo l we re ca lcu la ted and conserva
t i on o f poo l mass w a s ver i f i ed , s h o w i n g 
consistency of the measur ing and recon
s t ruc t i on t e c h n i q u e s . The th i ckness o f 
the l i q u i d layer in the depressed w e l d 
ing p o o l w a s d e t e r m i n e d by c o m p a r i 
son o f the poo l depression w i t h the w e l d 
penet ra t ion. 

Acknowledgment 

T h a n k s to R. G a i n e s a n d L. H e c k 
e n d o r n o f the T o l e d o Scale Co . for the 
dona ted d ig i ta l scale and techn i ca l a d -

1. Rokhlin, S. I., and Guu, A. C. 1990. 
Computerized radiographic control of arc 
welding process. Welding journal 69(3): 83-
s to 97-s. 

2. Guu, A. C , and Rokhl in, S. I. 1989. 
Computerized radiographic weld penetration 
control wi th feedback on weld pool depres
sion. Materials Evaluation 47(10): 
1204-1210. 

3. Lin, M. L , and Eagar, T. W. 1983. In
fluence of surface depression and convection 
on arc weld pool geometry. Transport Phe
nomena in Materials Processing, ASME PED-
10 (11):63-69. 

4. Friedman E. 1978. Analysis of weld 
puddle distort ion and its effect on penetra
tion. Welding Journal 57(6): 161 -s to 166-s. 

5. Choo, R. T. C , Szekely, J., and West
hoff, R. C. 1 990. Model ing of high-current 
arcs with emphasis on free surface phenom
ena in the weld pool . Welding Journal 
69(9):346-sto361-s. 

6. Savage, W. F., Nippes, E. F., and Agusa, 
K. 1 979. Effect of arc force on defect forma
tion in GTA weld ing. Welding Journal 
58(7):212-sto224-s. 

7. Burleigh, T. D „ and Eagar, T. W. 1983. 
Measurement of the force exerted by a weld
ing arc. Metal lurgical Transactions A 
14A(6):1223-1224. 

8. Adonv i , Y., Baeslack, W. A. I l l , and 
Richardson, R. W. 1989. An investigation of 
arc force effects in submerged-arc gas tungs
ten-arc weld ing. Edison Weld ing Institute, 
Report No. MR 9010. Columbus, Ohio. 

9. Rokhl in, S. I., and Guu, A. C. 1992 
Study of arc force and weld pool depression, 
penetration, and stability for gas-tungsten-arc 
welding. Edison Welding Institute, Report No. 
MR9208, Columbus, Ohio. 

1 0. Ross, R. B. 1 980. Metal l ic Materials 
Specification Handbook, 3rd. Edition. 

1 1 . Nomura, H., Sugitani, Y., and Naka
gawa, H. 1979. Magnetic force in multi-elec
trode submerged-arc weld ing. Arc Physics 
and Weld Pool Behavior, The Welding Insti
tute, Cambridge, England, pp. 311-323. 

12. Converti , J. 1 9 8 1 . Plasma-jets in arc 
welding. Ph.D. Thesis, Mechanical Engineer
ing, M.I.T., Cambridge, Mass. 

13.Seeger,G., and Tiller, W. 1979. Laser 
diagnostics on the TIG arc. Arc Physics and 
Weld Pool Behavior, The Welding Institute, 
Cambridge, England, pp. 215-226. 

14. Eagar, T. W. 1990. An iconoclast's 
view of the physics of welding — rethinking 
o ld ideas. Proc. of International, Recent 
Trends in Welding Science and Technology, 
ASM International, Materials Park, Ohio, pp. 
341-346. 

15. Kirshenbaum, A. D., and Cahil l , J. A. 
1962. The density of liquid iron from the melt
ing point to 2500 K. Transaction of The Met
allurgical Society of AIME, 224(8):816-819. 

1 6. Brazing Handbook, 3rd Edition. 1 976. 
American Weld ing Society, M iami , Fla., p. 
82. 

4 8 2 - s I D E C E M B E R 1 9 9 2 


