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ABSTRACT. Weld pool depression, arc 
force, weld penetration, and their inter
relations have been studied as a func
tion of welding current. Pool depression 
and welding arc force have been mea
sured simultaneously using a recently 
developed technique. We found 
quadratic dependence of arc force on 
current, conf irming similar findings in 
previous studies. Pool depression is 
essentially zero below a threshold level 
of current (200 A in this experiment) and 
then increases quadratically with cur
rent. A perfectly linear relation between 
arc force and pool depression was found 
in the current range from 200 to 350 A, 
wi th pool depression onset at about 
0.35 g force (0.34 • 10- 2 N) . The total 
surface tension and gravitational forces 
were calculated, from the measured sur
face topography, and found to be about 
five times that required to balance the 
arc force at 300 A. Thus electromagnetic 
and hydrodynamic forces must be taken 
into account to explain the measured 
levels of pool depression. 

The relation between weld penetra
tion and pool depression for different 
welding currents has been established. 
Three distinct regimes of weld penetra
tion on weld current were found. First, 
for small currents the weld penetration 
increases rapidly with current. In the 
second regime, the weld penetration 
dependence on current saturates 
because of the thermal isolation of the 
base metal from the arc plasma heat 
source caused by the welding pool . At 
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the onset of weld pool depression (at 
about 200 A), a transition occurs in the 
third regime, in which weld penetration 
increases more rapidly with current due 
to pool depression. Weld penetration 
and pool depression in this regime are 
closely related, and thus, the weld pool 
depression value is potentially useful for 
controlling weld penetration. 

Introduction 

The interaction of the welding arc 
with the molten pool is fundamental to 
weld pool behavior and weld penetra
t ion. At high welding current, which is 
used to increase weld productivity, the 
molten pool surface becomes depressed 
and its shape affects weld formation. This 
paper describes an experimental inves
tigation of the arc plasma-weld pool 
interaction, focusing on the relations 
between welding current, arc force, weld 
pool depression, and weld penetration. 
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We used a recently developed apparatus 
which integrates real-time radiography 
and force sensors into a system for real
time simultaneous measurement of the 
weld pool surface geometry and the arc 
force. 

Weld formation depends on base 
metal melting and thus on the heat input, 
which is determined by the welding 
parameters. Heat input to the weld pool 
occurs partially via heat transfer from the 
arc plasma and partially via energy loss 
by high-speed electrons incident from 
the plasma onto the l iquid pool. Since 
both mechanisms occur at the pool 
surface, the interaction between the arc 
plasma and the pool surface is funda
mental for the weld process. A signifi
cant number of experimental studies 
(Refs. 1-1 7) have been done to increase 
the understanding of welding pool 
dynamics and the effect of arc and sur
face tension forces on weld formation. 
Most quantitative studies of the arc 
plasma-pool interaction have been done 
for a flat pool surface, but in reality the 
pool surface is depressed at high cur
rents. The importance of the effects of 
pool surface depression on the arc 
plasma-pool interaction and weld pene
tration have been addressed theoreti
cally by Friedman (Ref. 6), Eagar and 
co-workers (Refs. 7, 9, 10) and Szekely 
and co-workers (Ref. 12). The authors 
have shown experimentally (Ref. 1 7) that 
the pool surface at high current is signif
icantly depressed in the center and 
humped at the pool boundary. The elec-
trodynamic and arc forces that change 
the pool shape are dependent on the cur
rent density distribution, which is itself 
affected by the shape of the pool surface 
(Ref. 12); therefore the interaction is 
strongly nonlinear. 
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A schematic illustration of the plasma 
jet interaction with the depressed weld 
pool is given in Fig. 1 for a partially pene
trated bead-on-plate weld wi th a non-
consumable electrode. The pool surface 
profile and the l iquid-solid interface 
position are shown. The liquid metal is 
pushed aside from the depressed cavity 
by the arc force. The depressed pool sur
face becomes deeper with an increase 
in welding current and wider because 
of the increase of the arc force. For a 
depressed pool, the heat source (plasma 
column) is nearer the liquid-solid inter
face; therefore, melting is more efficient 
and weld penetration depends on pool 
depression. One should also note that 
arc length and current distribution (Ref. 
12) wi l l vary with pool depression. 

The objective of this work was to 
relate experimentally the arc force, weld 
pool depression, and penetration using 
a real-time radiographic system com
bined with a balanced force measuring 
device. First the technique and experi
mental methodology wi l l be briefly dis
cussed and then the relationship 
between welding current, arc force, and 
pool depression wil l be given. The rela
tion between pool depression and weld 
penetration wi l l be addressed next, and 
then the calculation of the surface ten
sion and gravitational pressures, which 
are based on measurements of the weld 
pool surface depression. 

The experimental results presented 
may help in future computer modeling 
of the arc plasma jet-liquid metal inter
face and weld formation. This work 
could also lay the foundation for devel
opment of new algorithms for welding 
penetration control and in-process weld 
quality control. 

Experimental Apparatus and 
Procedure 

Apparatus 

Figure 2 shows the concept of the 
experimental apparatus for simulta
neous measurement of weld pool 
depression and arc force (Ref. 1 7). The 
real-time radiographic apparatus is 
shown on the left and the digital force 
sensor on the right side of the balance 
beam. The configuration eliminates 
x-ray beam blockage by the force mea
suring device. 

The real-time radiographic imaging 
apparatus shown in the figure consists 
of an x-ray source, image intensifier, TV 
camera, and IBM-AT™ microcomputer 
with image processing board (Ref. 1 7). 
The x-ray tube, shown at the top of the 
figure, produces a col l imated beam 
which penetrates the material. The x-ray 
field modulated by the weld pool is 
acquired using an image intensifier and 

a video camera at 30 frames/s. The 
image is further digitized and processed 
by computer. X-ray shutters are used 
to reduce radiographic noise. The ac
curacy of the radiographic thickness 
measurement is about ±0.2 mm for a 
9.5-mm thick steel plate based on the 
2% contrast sensitivity measured for the 
radiographic system. 

The force measurement apparatus 
consists of a force sensor (digital scale), 
balance beam, pivot, bearing agate, and 
pivot supports (Ref. 1 7). It measures both 

arc and electromagnetic forces. The 
welding workpiece was placed at the 
left end of the balance beam, under the 
x-ray beam. The balance weight was at 
the right end (on the scale) to prevent 
scale overload. The force measured by 
the scale is fed to the computer in digi
tal format. The precision and zeroing 
error of the balanced force measure
ment device were found to be wi th in 
+0.05 g (0.049 • 10-2N). 

Because the measured welding force 
was expected to be very small, the effect 
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Fig. 1 — Illustration of arc plasma interaction with weld pool: D is the depression depth and 
W the depression width. 
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Fig. 2 — Schematic of the experimental apparatus lor simultaneous measurement of arc force 
and pool depression. 
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of the mechanical contact of the elec
tric cables connecting the welding part 
and ground was minimized by using a 
floating electric contact (liquid gallium). 
An additional liquid gallium contact was 
placed where a welding arc would later 
be positioned to obtain a reference mea
surement of the electromagnetic force 
(Ref. 17). The arc force was obtained by 
subtracting the electromagnetic force 
(reference measurement) from the 
overall force measured. 

The stationary gas tungsten arc 
welding (GTAW) process was used in 
this study. The welding power supply 
was a DC source with a capacity of 
100% duty cycle at 650 A and 44 V. A 
2% thorium tungsten electrode was used 
(3.1 75 mm in diameter with electrode 
tip angle ground to about 30 deg). The 
electrode extension was set at about 57 
mm. To eliminate obscuring of the radio-
graphic image by the welding torch, the 
torch was fixed at 20 deg to the work-
piece surface normal (Ref. 1 7). An elec-
trode-to-workpiece distance of precisely 
4 mm was set using a precision gauge. 
Welding grade argon shielding gas was 
used with about a 60 ft3/h flow rate. After 
welding, the test plate was cut to mea
sure the weld penetration corresponding 
to the depressed pool surface measured 
from radiographic images. The measure
ments reported were performed on low-
carbon steel. 

Weld Pool Depression 

During welding, when a high-cur
rent-carrying plasma jet impinges on the 
weld surface, the surface undergoes 
rapid pulsation. Each radiographic frame 
in our measurements is averaged over 
1/30 s. Thus, the measured pool depres
sion is an averaged pool depression over 

this interval. One can view this as a 
quasistatic change of the pool surface 
topography during welding. 

Pool depression and arc force were 
simultaneously measured at different 
current levels to investigate the arc/pool 
interaction. As an example, Fig. 3 shows 
one frame from a sequence of radio-
graphic images of the molten pool taken 
during stationary GTAW. The image is 
positive (thinner sections are lighter than 
thicker ones). The circular white area in 
front of the tungsten electrode is a 
depressed weld pool. The dark circle 
surrounding the white area is a humped 
region on the periphery of the pool. A 
quantitative technique for recon
structing the surface of the depressed 
pool from the radiographic images was 
discussed in previous work (Ref. 17). 

Arc Force/Current Relation 

Electrical current f low generates 
magnetic fields that interact with cur
rent carriers and produce body Lorentz 
forces. These forces have only a radial 
component for a cyl indrical arc, in
ducing higher pressure in the arc. If the 
arc has a variable radius, as welding arcs 
do, the pressure wi l l have a gradient 
along the arc axis. Since the diameter of 
the arc column increases toward the 
workpiece, the pressure decreases along 
the length of the arc. The arc plasma 
flows from the high-pressure region to 
the adjacent low-pressure regions. High 
current w i l l l ikely result in a more 
intense plasma jet and a higher arc force. 
This plasma jet impinges on the weld 
pool, and at high welding currents may 
produce a depressed pool surface. 

Halmoy (Ref. 13) formulated a simple 
approximate relation between arc force 
and current from the magnetohydro-

dynamic theory of an ideal conducting 
liquid with a homogeneous distribution 
of current across the arc 

arc 
8TT 

(1) 

where ti0 = the magnetic permeability 
of vacuum. 

The theoretical proportionality factor 
(/U0/8/T) is about a third of the propor
tionality factor obtained from direct arc 
force measurement. The major weak
ness of this model is that it does not 
address the dependence of the arc force 
on the arc shape. 

A welding arc was modeled by Con-
verti (Ref. 14) using a cone geometry, 
which is a better approximation to the 
real arc shape. The conical shape is 
caused by the constriction of the current 
at the cathode and the arc expansion at 
the anode. The arc expansion is related 
to the welding current distribution, and 
therefore to the arc force. The relation 
between arc force, current, and arc 
expansion [R2/R-\) is given by Converti 
(Ref. 14) as 

F - Vo'~ 1 + 2/n 
V* i 

(2) 

where R, is the radius of the arc at the 
welding electrode, and R2 is the radius 
of the arc at the base plate. 

In this experiment, the arc force, 
which reached steady values wi th in 
about 1.5 s, was measured 3 s after 
power-on with a torch-to-workpiece dis
tance of 4 mm. The effect of the argon 
flow on the arc force measurement was 
less than 0.05 g, and was eliminated by 
subtraction. 

The results of the arc force measure
ment (solid triangles) are summarized 
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Fig. 3 —An example of a frame from a sequence of radiographic images 
of the molten pool taken during stationary GTA welding. 
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Fig. 4 — Welding arc force (solid triangles) vs. current squared for 
low-carbon steel. The solid line is the least-squares fit to the experi
mental data. Data from Burleigh and Eagar (Ref. 8) (solid squares) are 
also shown for comparison. 
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vs. current squared in Fig. 4. Data 
obtained by Burleigh and Eagar (Ref. 8) 
(solid squares) are also shown for com
parison. The slight difference in the mea
sured arc force can be attributed to the 
difference in welding electrodes. The 
results show linear dependence of the 
measured arc force on the arc current 
squared 

-c,i2 (3) 

where Fafc is the arc plasma force in 
grams and / is the welding arc current 
in amperes. The proportionality factor 
Qbetween the arc plasma force and the 
current squared is 7.4 • 1 0~6 g-f/A2 = 
7.25 -10-8 N/A2. Details of the arc force 
measurement are given in Ref. 1 7. 

From Fig. 4 and Equation 1, one can 
estimate the ratio f?2/Ri to be about 3; 
Burleigh and Eagar's data (Ref. 8) place 
it at about 4. The electrode diameter 
used in the current work, 3.175 mm, 
specifies the maximum possible value 
of Rv R2/R\ = 3 gives the maximum arc 
radius (R2) at the base metal equal to 
about 9.6 mm. With argon shielding and 
4 mm torch-to-workpiece distance, the 
maximum R2 value obtained is less than 
the maximum weld pool width and 
greater than the measured pool depres
sion width, which is reasonable. 

The arc force also depends on the arc 
length, the electrode tip angle, and the 
shielding gas type (Refs. 1 7, 1, 1 5, 16). 
These effects are not accounted for in 
Equation 2. The effect of pool depres
sion on current density distribution, and 
therefore on the arc force, needs to be 
considered in the model. 

Results 

Pool Depression/Current Relation 

Weld pool surface topography was 
determined from radiographic images 
(Ref. 17) using an experimentally 
obtained image brightness-to-thickness 
relation. An example of pool depression 
measured from one frame of a real-time 
radiographic image for low-carbon steel 
is shown in Fig. 5 with the weld pene
tration measured from a photomicro
graph of the weld cross-section. The 
l iquid metal in the pool is contained 
between these two lines. For this case, 
with a welding current of 344 A and 
welding time of 4 s, the thickness of the 
liquid layer in the center of the pool was 
less than 1 mm. 

Figure 6 shows typical pool depres
sion shapes measured at different cur
rent levels using real-time radiography. 
A shallow, narrow pool depression at 
225 A is evident in Fig. 6A. As the cur
rent increases, the pool depression 
deepens, as can be seen in Fig. 6B-F for 

currents from 250 to 350 A. The data 
show that the pool depression depth 
increases faster than the width. 

Pool depression measurements at dif
ferent current levels are summarized in 
Fig. 7. A clear linear dependence of pool 
depression on current squared was 
found in the 200 to 350 A range. Figure 
7 shows that the pool surface begins to 
be depressed at currents of about 200 A. 
Since the arc force depends on the elec
trode tip angle, arc length, shielding gas 
type, and surface tension, this current 
level should depend on the actual exper
imental condit ions. The fo l lowing 
empirical equation for a range of 200 -
350 A was determined from experi
mental data on pool depression depths 

D pool -p + ql' 4) 

where Dp o o ; is the depth of pool depres
sion in millimeters, p = 1.7 mm, and q 
= 4.1- 10-5 mm/A2. 

The pool depression width vs. cur
rent squared is also shown in Fig. 7. The 
depression width increases relatively 
rapidly at low current and saturates at 
high current. Based on this, the authors 
suggest that the width of the arc plasma 
jet also saturates at higher current. 

To check conservation of the l iquid 
mass of the pool, the volumes of the pool 
depression (pool cavity) and the hump 
area (liquid metal) around the pool have 
been calculated (Ref. 1 7) by integration 
of digitized images. The cavity volume 
was shown to be equal (within the pre
cision of the measurements) to the 
amount of liquid metal pushed aside in 
the hump area. The correction factor to 
include the effect of thermal expansion 
and melting was calculated and shown 
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Fig. 5 — Experimental profiles of the weld 
pool depression and penetration. Weld pen
etration measured by weld cross-sectioning 
after solidification. Welding current was 
344 A, welding time 4 s, and torch-to-work
piece distance 4 mm. 

to have a negligible effect (Ref. 1 7). We 
find that a simple approximation to the 
cavity volume can be obtained by 
modeling the cavity as a truncated cone 
with the same depth and width as the 
actual pool depression. The results for 
cavity (pool depression) volume are 
shown in Fig. 8. 

Arc Force/Pool Depression Relation 

Since arc force and pool depression 
were proportional to the current squared 
in the 200 to 350 A range, a linear 
relation between arc force and pool 
depression was observed (Fig. 9). An 
empirical least-square approximation to 
the experimental data in the range 
200-350 A gives 

^nool ~ ^- j + *-dJarc (5) 
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Fig. 6 — Typical shapes of pool depression 
measured for low-carbon steel at different 
current levels (3 s welding time). 

a 
a 
z 
£ 6 

0 

DEPRESSION 
WIDTH \ j ) g_ 

o 

\ DEPRESSION 
DEPTH 

0 l 0 0 z 200 ' 300" 400 

CURRENT SQUARED, AMP SQ 
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where Dpooj is the maximum pool 
depression depth in mm, Cs = 1.8 mm 
is a constant for a given material, Q/ = 
5.5 mm/g-f = 5.6 • 1 0 2 mm/N is a pro
portionality factor. The pool surface 
begins to be depressed at an arc force 
of about 0.35 gram force (0.343 • 1 0"2 

N). The init ial arc force and the slope 
depend on surface tension and density. 

The almost perfect linearity of the arc 
force to pool depression relation is phys
ically surprising considering that the size 
of the weld pool and the arc plasma dis
tribution do not remain constant in the 
range of linearity. Friedman (Ref. 6) pre
dicted a linear arc pressure-to-pool 
depression relation (for small depres
sions) in computer simulations. Pool 
depression begins at vanishingly small 
force (the constant Cs in Equation 5 is 
zero) in his calculations. Thus onset of 
pool depression cannot be predicted 
correctly without accounting for hydro-

CURRENT SQUARED, AMP SQ 

Fig. 8 — Volume of the pool cavity vs. cur
rent squared. Cavity corresponds to the 
volume of the liquid metal in the pool humps. 
The solid triangle represents numerical 
calculation. The squares correspond to the 
truncated cone approximation. 
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dynamic effects, which were neglected 
in Friedman's approach (Ref. 6). Lin and 
Eagar's vortex model (Refs. 7, 9) predicts 
such an onset of pool depression at finite 
force, but also leads to hysteresis in the 
current/depression relation due to vortex 
inertia. Hysteresis was not observed in 
the authors' experiments during quasi-
static cycling changes of current. 

Pool depression formation at different 
current levels is shown schematically in 
Fig. 10 to illustrate init ial ization and 
growth. A slightly convex pool surface 
is formed at small currents (Fig. 10A). 
This occurs because the metal has a 
greater volume in the liquid phase than 
in the solid. This phenomenon cannot 
be observed in the radiographic image 
because overall attenuation through the 
x-ray path does not change. A finite arc 
force is required to produce pool depres
sion (Fig. 10B). In the previous section, 
the threshold current for pool depres
sion was found to be about 200 A for 
steel, which corresponds to an arc force 
of about 0.35 g-f (Fig. 9). Arc force and 
its distribution depend on electrode tip 
angle, arc length, and shielding gas type, 
so the threshold arc current for pool 
depression varies for different welding 
conditions and materials. As current 
increases, the pool surface depresses 
(Fig. 10C) with greater arc forces. 

This discussion is based mainly on 
the assumption that the arc force is the 
dominant factor in pool depression. But 
pool depression formation depends on 
other factors as wel l . For example, a 
depression of the l iquid gal l ium pool 
was observed with an immersed welding 
electrode tip at currents above 300 A, 
demonstrating the electromagnetic force 
on pool depression. Liquid gallium has 
a surface tension equal to about 40% of 
the surface tension of liquid iron at their 
respective melting temperatures (Refs. 
1, 18). Therefore, a gallium pool is more 
easily depressed than a steel pool. The 
electromagnetic force acts on a much 
larger area than the weld pool (which is 
what the arc force acts on), and to clarify 

its effect on weld pool depression, it is 
necessary to perform the relevant calcu
lations. Pool convection also contributes 
to pool depression (Refs. 1, 1 8). A com
parison of the measured arc force and 
the counter-balancing surface tension 
force required to sustain the observed 
pool depression is discussed later. 

Determination of Surface Tension and 
Gravitational Forces from Pool Depression 
Surface Shape 

In addit ion to the arc pressure and 
electromagnetic forces, the surface ten
sion, gravitational, and hydrodynamic 
forces take part in shaping the pool sur
face. Surface tension and gravitational 
forces can be uniquely determined from 
the surface topography and material 
characteristics (surface tension coeffi
cient and density). This was done using 
pool surface profiles. Conclusions about 
the contributions of surface tension and 
gravitational forces can be drawn by 
comparing reconstructions of each with 
the directly measured arc force. 

Typical experimental pool depres
sions are shown in Figs. 5 and 6. Sur
face tension gravitational pressure dis
tributions were calculated from the 
experimentally obtained pool topog
raphy and the estimated surface tension 
coefficient. The hump area must also be 
included in the calculations. 

In previous calculations of the sur
face tension force (Refs. 7, 1), the pool 
depression was assumed to have a hemi
spherical shape, but a hemisphere of 
constant surface curvature certainly 
oversimplifies the actual shape of the 
pool surface. 

When a liquid surface is curved (Fig. 
11), the pressure is greater on the con
cave side (P-,) than on the convex (P2). 
The difference (P, - P2) is the surface 
tension pressure, which depends on the 
surface tension and the principal surface 
curvatures (Ref. 19) 

The surface free energy and the work 
produced by the pressure difference to 
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Fig. 9 — Relation between pool depression 
and arc force. 

Fig 10 — Illustration of initialization and growth of pool depression at different current levels. 
A — A slightly convex pool appears because the liquid metal has greater volume in the liquid 
than in the solid phase; B — The depression of a surface, produced at a finite arc force. The 
threshold for pool depression was found to be at a current of about 200 to 225 A on steel. C 
— The depressed pool surface becomes deeper as current increases further. 
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form additional area attributable to 
surface deformation can be equated as 
(Ref. 19) 

Ps(x,y,T)=Pi-P2 

= y(T)(K1(x,y)+K2(x,y)) (6) 

where Ps is the surface tension pressure 
(formed by forces normal to the surface); 
xand yare the coordinates in the cross-
weld and along-weld directions, respec
tively; Kf = 1/R-| and K2 = 1/R2

 a r e 'he 
principal curvatures of the surface 
( R ^ n d R2 are the curvature radii); y is 
the surface tension coefficient; and T is 
the temperature. The reference plane 
x,y, Fig. 11 , is the surface of the base 
metal at z = 0. 

The gravitational pressure, P„, can be 
calculated from the shape of the pool 
surface profile fa(x,y) (see Appendix A1) 

P,(x) ••pg{a(x,y) (7) 

where p is the density and g is the accel
eration of gravity. Because of the high 
surface tension of the liquid metal pool 
the gravitational pressure, P„, is less than 
the surface tension pressure, Ps. 

The calculations were performed at 
various nodes on the pool surface. The 
two principal surface curvatures, K"-j {X, 
y) and K2(x,y), were calculated as 
described in Appendix 1 for each node 
point on a two-dimensional pool sur
face reconstructed from the image. The 
surface was approximated in each node 
by a quadratic form using a moving 
window of 11 by 11 pixels. The window 
size was chosen to minimize the nor
malized squared errors (Equation A1 3). 

The overall force F acting on the pool 
(the surface tension and gravitational 
forces) was calculated by integrating the 
surface tension Psand gravitational pres
sure Pg over the reference surface 5 
(x,y,z=0) 

F = j[y(T)(K^(x,y)+K2(x,y))cos 6 

+pgfa(x,y JJdxdy (8) 

where 0 is the angle, determined in 
Appendix A, between the surface normal 
(n) and the vertical (z) axis. 

The temperature distribution in the 
pool must be known to determine the 
surface tension at different points of the 
pool. Dependence of the surface tension 
coefficient on temperature and material 
was reported by Keene and co-workers 
(Ref. 20). Wen and Lundin (Ref 21) found 
that the surface tension measured during 
welding was similar to that measured in 
experiments with liquid metals. Details 
on the selection of surface tension coef
ficients are given in Appendix B. 

As an example, the measured pool 
surface profile for a weld current of 
350 A is shown in Fig. 1 2 (concave taken 
to be positive). To calculate the surface 
tension force the sum of the principal 
curvatures ( ^ + K2) is required, which 
is shown in Fig. 12 for the same pool 
cross-section. In Region I, the center of 
the pool cavity, jq + K2 is positive (indi
cating concave pool shape) with max
imum at the pool center. In Region II, 
the boundary of the pool cavity, jq + K2 

varies from positive (concave) to nega
tive (convex). In Region III, the pool 
hump, «"1 + K2 is negative (convex 
shape). The curvature is nearly symmet
rical except for small irregularities. The 
symmetry of the pool depression was 
also verified by examining the corre
sponding profiles at each side of the 
pool. 

The surface tension pressure Ps and 
the gravitational pressure P„, calculated 
from the surface shape, are shown in Fig. 
1 3. The surface tension pressure has a 
greater (by several times) amplitude than 
the gravitational pressure. The half-value 
of the surface tension pressure is plotted 
to simplify comparison. In the pool 
hump region (regions A and C), both sur
face tension and gravitational pressures 
are negative. This means both pressures 
tend to flatten the pool hump region. 

The total force was calculated by 
integrating the surface tension and grav-

y s-—S 

0/ 

p , / 
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Fig. 11 — Illustration of surface profile and coordinate and normal orientations. 
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itational force distributions over the 
pool. Results for uniformly distributed 
surface tension are shown in Fig. 14 as 
a function of the surface tension coeffi
cient. The calculated sum of surface ten
sion and gravitational forces was about 
4.2 to 4.8 g-f (4.1 to 4.7 10"2N), 
depending on the surface tension. The 
force increases with surface tension 
since the temperature coefficient of sur
face tension is positive, because steel 
has a high sulfur content (Ref. 20). The 
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CROSS-WELD LOCATION, m m 

Fig. 12 — Pool depression profile with cor
responding sum of the principal surface 
curvatures (welding current is 350 A; torch-
to-workpiece distance is 4 mm). 
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Fig. 13 — Calculated distributions of surface 
tension and gravitational pressures. Surface 
tension values are scaled down by one-half. 
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total force calculated was about 4.4 g-f 
for a bimodal surface tension distribu
tion (Appendix B), which shows that 
approximation with a uniform distribu
tion gives very reasonable results. 

Also shown in Fig. 14 is the arc force 
measured at the same current (350 A), 
0.9 g-f (0.88 • 102N). The arc force is 
about one-fifth of that required to bal
ance the surface tension forces and 
maintain pool depression (note that sur
face tension and gravitational forces 
tend to flatten the weld pool). Lin and 
Eagar (Refs. 7, 9) arrived earlier at a sim
ilar conclusion. They proposed the exis
tence of a hydrodynamic vortex, which 
is excited by the electromagnetic force 
and may lead to large pool-depression. 
Their model also predicted the existence 
of hysteresis in the current/depression 
relation, which was absent in our exper
iments. Another explanation of large 
pool depression is the direct effect of the 
electromagnetic force on the pool. The 
force acting on the weld piece at 350 A 
is about 9 g-f (9 -10"2N) (Ref. 1 7). As dis
cussed, this force was subtracted from 
the total measured force to find the arc 
force. The electromagnetic force is dis
tributed over a larger area than the 
plasma jet force, but since it has a sig
nif icantly higher ampli tude, it may be 
important in forming pool depression. 
Addit ional experiments are needed to 
understand this interesting phenomenon 
better. 

Relation Between Pool Depression and 
Weld Geometry 

Stationary GTAW took about 3 s to 
fully develop the depressed pool. Vari
ous current levels were applied with a 
4 mm torch-to-workpiece distance. 
Measured maximum pool depression 
and weld penetration depth vs. welding 
current squared are shown in Fig. 15. 
The area between the two curves repre

sents the thickness of the l iquid at the 
point of maximum pool depression. 
Three different regions are evident in the 
dependence of the weld penetration on 
current squared, each with a different 
dominant weld penetration mechanism. 

In the first region, corresponding to 
a small liquid metal pool, the base metal 
is exposed directly to the welding arc 
plasma at currents below 100 A. Sharp 
increases in weld penetration and weld 
pool mass occur because of the direct 
arc heating of the base metal (Region I). 
In Region II, conduction and convection 
are the dominant mechanisms of heat 
transfer from the pool surface to the base 
metal. In this case, a l iquid metal layer 
acts as an insulator between the welding 
arc and the workpiece, base metal 
heating is inefficient compared to direct 
arc heating, and the weld penetration 
increases slowly with current. Region II 
(Fig. 15) appears at currents between 
I 00 and 200 A. Weld penetration in this 
region is less than 1.5 mm. Similar 
behavior of the weld penetration was 
found in the same current range in Refs. 
22 and 23. 

The pool is depressed at higher cur
rents, and the base metal at the pool 
bottom is exposed to almost direct arc 
heating, as in Region I. A more rapid 
increase of weld penetration with cur
rent is therefore observed. In assessing 
this phenomenon, one must take into 
account that the arc length and the cur
rent distribution depend on the pool 
depression (Ref. 12). Thus, the situation 
is very complicated. Region III (Fig. 1 5) 
shows this effect, where a slope of weld 
penetration steeper than that in Region 
II is seen. As the current increases, the 
liquid layer becomes thinner, with thick
nesses less than 0.5 mm at currents 
above 300 A. Note that the transition 
from Region II to Region III occurs in 
the vicinity of pool depression onset 
(Fig. 15). 

1 0 0 ' 2 0 0 ' 3 0 0 ' 

CURRENT SQUARED, AMP SQ 

Fig. 15 — Depth of the pool depression and 
penetration vs. weld current squared (data 
for low carbon steel and stationary GTA 
weld). 
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Fig. 16 — Relation between weld penetra
tion and pool depression depth. Diagonal 
solid line corresponds to equality between 
pool depression depth and weld penetration. 

The pool depression/weld penetra
tion relation is important to weld pene
tration control methods based on pool 
depression — Fig. 16. The diagonal solid 
line represents equality between pool 
depression and weld penetration. The 
separation between this line and the loci 
of experimental points represents the 
l iquid layer thickness, which corre
sponds to the l iquid layer thickness in 
Fig. 15. The pool depression depth 
asymptotically approaches the weld 
penetration depth as the current 
increases and the liquid layer at the pool 
bottom becomes thinner. The pool 
depression to weld penetration depths 
should be even more similar for trav
eling arc welding, because the l iquid 
layer for this case is thinner. In addition 
to current, other welding parameters, 
such as electrode tip angle, arc voltage, 
and welding speed, can affect the 
behavior of the pool depression to pene
tration curves. 

The weld penetration width and the 
depth/width ratios are shown vs. current 
squared in Figs. 1 7 and 1 8. Weld width 
does not show the distinct regions found 
for weld penetration — Fig. 15. The sat
uration region at high currents is similar 
to that for the depression width shown 
in Fig 7. 

0 l 0 0 ' 2 0 0 ' 3 0 0 ' 4 0 0 ' 
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Fig. 17— Width of weld penetration vs. cur
rent squared. 
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Fig. 18 — Aspect ratios of pool depression 
and weld penetration for low-carbon steel 
vs. current squared. Note change in weld 
penetration aspect ratio behavior due to pool 
depression. 
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The effect of pool depression at high 
current on the weld shape (depth/width 
ratio) is demonstrated in Figs. 1 7 and 18. 
In the low current range (100 to 250 A), 
in other words, before the pool is signif
icantly depressed, the weld depth/width 
ratio decreases vs. current. This occurs 
because as current increases, the 
welding arc expands, followed by weld 
width expansion. Note that the weld 
depth increases only slowly in this cur
rent range (Region II in Fig. 1 5). In addi
t ion, the outward pool surface f low 
driven by the negative surface tension 
gradient (Ref. 3) also contributes to 
decreasing the weld depth/width ratio. 
Burgardt and Heiple (Ref. 5) found a sim
ilar value of the depth/width ratio (about 
0.2), and a decrease with increasing 
current was found in the current range 
below 250 A. 

As the current increases above 250 A, 
the effect of pool depression in 
increasing the weld pool depth/width 
ratio can be clearly seen — Fig. 1 8. As 
discussed, the l iquid metal is partly 
pushed aside by the arc plasma jet and 
the underlying base metal is more 
directly exposed to direct arc plasma 
heating, leading to deeper weld pene
tration. 

Pool depression at high current is the 
dominant mechanism in weld penetra
tion. Since the pool depression and weld 
penetration are closely related, pool 
depression can be utilized for weld pen
etration control (Ref. 24). 

Pool convection is another important 
factor affecting the weld shape. For a flat 
pool, simple inward or outward surface 
flows (depending on the surface tension 
gradient) and their effects on weld shape 
have been studied (Refs. 3, 5). For a 
depressed pool , heat flux distribution 
changed due to changes in the current 
density distribution (Ref. 12), modifying 
the surface-tension driven flow. In fact, 
in a computer simulation performed by 
Choo and co-workers (Ref. 12), different 
pool convection patterns were found for 
flat and depressed weld pools. 

Conclusions 

A new technique recently developed 
for simultaneously measuring weld pool 
depression by radiography and arc force 
by a balance device was used to study 
weld pool depression, arc force, and 
weld penetration. A quadratic depen
dence of arc force on welding current 
was found, similar to that reported by 
Burleigh and Eagar (Ref. 8). The pool 
depression is zero at low current levels, 
becoming finite at higher current levels. 
Onset of weld pool depression occurred 
at 200 A. After it appeared, the pool 
depression was quadratically dependent 
on welding current. Due to the quadratic 

relation of both arc force and pool 
depression on current, their interrelation 
is linear, wi th onset of pool depression 
at a finite arc force. 

The surface tension and gravitational 
forces were calculated using the weld 
pool depression topography measured 
in the experiment. These forces tend to 
flatten the surface, thus countering the 
forces producing pool depression. The 
measured arc force was found to be 
about 20% of the sum of the surface ten
sion and gravitational forces; thus arc 
force alone cannot explain the observed 
pool depression. While Lin and Eagar's 
vortex model may explain the excess 
depression, our results do not conclu
sively support it and additional experi
ments in this direction are needed. The 
electromagnetic force may also play an 
important role in the formation of weld 
pool depression. 

The relation between pool depres
sion and weld penetration for different 
currents was studied. It was shown that: 

• Pool depression has a strong effect 
on weld penetration 

• The slope of weld penetration 
depth versus current increases sharply 
at the onset of pool depression 

• For high currents, weld penetra
tion is closely related to pool depression 
and thus can be monitored by measuring 
pool depression. 
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Appendix A 

Calculation Procedure for Surface 
Curvatures and Surface Tension Force 

As discussed in this paper, each frame 
of the radiographic image is an average 
over 1/30 s of the dynamic image of the 
weld. The change of this gray level of 
the image corresponds to the changes 
in the weld thickness due to pool depres
sion. The image of the weld pool is rep
resented in digital form as a matrix of 
gray levels. This is transformed into data 
on weld thickness change which repre
sent the weld pool surface topography. 
The effect of volume change of the metal 
due to thermal expansion and transfor
mation to the l iquid state is corrected 
for, as described in (Ref. 1 7) (the overall 
effect of this correction is negligible). 
Each element of this data matrix repre
sents pool surface heights relative to the 
selected base level. The pool surface is 
approximated locally by a quadratic 
polynomial using the least-squares 
method in a window 11 pixels square. 
As long as the pool surface is locally 
analytic the surface curvatures may be 
determined. 

Thus the pool surface z = f(x,y) was 
approximated locally by a quadratic 
function fa{x,y) 

f(x,Y)=fa(X,y)-Coo +C10X + C0l) / 

+Cuxy+C20x
2 

(A1) 

where f(x,y) is the pool surface geom
etry; fa{x,y) is the least-squares approxi
mation to f(x,y), and C00, C,10, ..., C02 

are the coefficients. 
For a quadratic funct ion, the prin

cipal surface curvatures are determined 
by the eigenvalues of the matrix formed 
by the coefficients of the second order 
terms (Ref. 25) 

' 20 (A2) 

i r \ — 
The two eigenvalues of this matrix are 

\x = 2° ~ °2 ±y(C2o-C02)2 +C,2, 

(A3) 

The eigenvector corresponding to each 
eigenvalue provides the direction of an 
extremal curvature of the surface. The 
curvature in this direction is double the 
corresponding eigenvalue 

One should note that the surface tension 
pressure depends on the sum K} + K2 

only (Equations A6 and A8). For its cal
culation we have 

K^(x,y)+ K2(x,y) ••2(C20+C02) 

(A5) 

The curvatures are independent of sur
face orientation, which is determined by 
the linear terms. The direction of the sur
face normal is needed in the integration 
of the surface tension and gravitational 
pressures to obtain the total force. The 
vertical (to the workpiece) component 
of the surface tension force depends on 
the surface normal direction angle 

cos (9)--
1 

VfCfo+CoV+l 
(A6) 

To calculate the needed curvatures 
and the surface normal angle, one needs 
to determine the coefficients in qua
dratic function fa(x,y) in the moving 
windows of this image (A1). The six co
efficients for the quadratic function fa 

were found using an orthonormal basis 
with six linearly independent unit vec
tors, um 

(,f^'=Ie» u„ (A7) 

where um is a six-dimensional ortho-
normal unit vector. 

The coefficients in Equation A7 are 
given by the inner product of f(x,y) and 

n n 

em =< f,um >= X X f < ' ' J ) " » . (>' J> 
i=-n j=-n 

(A8) 

Finding the orthonormal basis functions 
um is critical to the least squares fit. They 
are obtained by the Gram-Schmidt 
orthogonalization process (Refs. 26, 27). 
For a square region centered about the 
origin let 

w , = 1 ; w2 •• 

w4 = x1 +y2 

:x2-y2, w3 = xy 

• x; wh=y 

(A9) 

where c is a constant needed for orthog
onal izat ion. This is a system of six 
orthogonal basis functions. 

For the discrete case, the orthogo
nality was verified numerically with the 
constant c given by Equation A10 

^ . n ^ - i n 

-Zw/=_n ZL I (r + r) 
(2n + 1 / 

(A10) 

c 1 2 = 2 A ^ (A4) 

where (2n + 1) is the w indow size (in 
number of pixels) along the x and y 
directions. The denominator in Equation 

A1 0 is for normal 
tors u„, become 

zation. The unit vec-

U,„ = 
w 
k. 

—^ m = l,2...6 ( A l l ) 

where Wf, w2, ..., wb are the orthogonal 
basis functions (Equation A9) and km = 
l l w m l l is the norm of wm. By substi
tuting the u m and em from Equations A8 
and A11 into Equation A7, the function 
fa(x,y) may be written as 

+ ^ x -f.(*>yHf- k. 

e2 eA xy+\ -r^ + -r- \x 

- e , e 

; k 

y 

2 "M 

2 

4 J 

(A12) 

The coefficients of fa(x,y) were calcu
lated for the pool surface, yielding the 
two principal curvatures in the set of 
nodes giving the distribution of the sur
face tension pressure Ps(x,y,T) (Equation 
A6). The window size of the image was 
chosen to minimize the normalized 
squared error in the surface approxima
tion, defined as 

, l|2 YLoY^(n>i>-uu>r 
(2/7 + 1 / 

(A13) 

To calculate the reconstructed force, the 
surface tension and gravitational pres
sures were integrated over the whole 
pool surface. 

Further information on the recon
struction of curvature from images is 
available (Refs. 28, 29). 

Appendix B 

Estimation of the Surface Tension 
Coefficient 

A constant surface tension coefficient 
(uniform distribution) in the weld pool 
corresponding to an average tempera
ture was selected as a first approxima
t ion. The surface tension force was 
studied for different values of the coeffi
cient — Fig. 14. 

In the second model, a pool surface 
temperature distribution similar to that 
of the current density is assumed. The 
effect of pool depression on the arc 
current density distribution has been 
studied (Ref. 1 2). Previous sections have 
shown that the pool surface is flat below 
the threshold for pool depression 
(200 A). For a flat pool we assume Gaus
sian current density and surface temper
ature distributions. The current density 
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distribution becomes bimodal because 
of the depressed pool surface at high 
current (Ref. 12). For the bimodal distri
bution, the maximum current density at 
300 A weld current is at the pool hump 
(Ref. 1 2) (which is also the hottest region) 
and is lower at the pool center and the 
pool boundaries (which are the coolest 

regions). For the depressed pool at 300 
A weld current, the current density (at 
the pool center) may be even smaller 
than the maximum current density in the 
center at 200 A weld current (Ref. 1 2). 

Maximum surface temperature was 
2500°C at maximum current density 
(5.5 A/mm2) for both Gaussian and 

bimodal temperature distributions. 
Melting point temperature was assumed 
at the pool boundaries with current den
sity about 0.04 A/mm2 . The surface tem
perature across the pool was assumed 
to vary proportionally to the current den
sity variations. 
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