
Motion in the Weld Pool in Arc Welding 
Motion that occurs in weld pools is primarily caused 
by the action of the Lorentz force which decreases in 
intensity away from the constriction at the arc root 

BY R. A. W O O D S A N D D. R. M I L N E R 

ABSTRACT. The motion which occurs in 
pools of metal melted beneath a tung
sten arc has been studied, by an exami
nation of the mixing of dissimilar metal 
droplets in the pools, and by direct 
observation and cine photography of the 
underside of arc melted pools. The ob
served flow behavior of liquid metal 
within the pools has then been simu
lated in model experiments with pools 
of mercury. 

The motion in the weld pool is caused 
primarily by the action of Lorentz forces. 
A subsidiary cause of motion is the ac
tion of the arc plasma jet on the surface 
of the weld pool. 

The Lorentz force stirring results from 
the current constriction at the arc root 
which causes fluid flow away from this 
high current density region to other parts 
of the pool. If the current path is sym
metric the form of the motion within the 
pool is a double circulation. With an 
asymmetric current path one half of the 
double circulation pattern becomes domi
nant, giving rise to a pure rotation. The 
intensity of motion increases both with 
the square of the arc current and with 
the melting point of the weld pool ma
terial. The latter effect is probably be
cause there is a higher current density 
at the arc root of high melting point 
materials such as iron and nickel than 
with lower melting point materials such 
as aluminum. 

The stirring forces are not always suf
ficiently intense to overcome basic in
compatibilities in the physical and chem
ical properties of the weld pool and 
additive metals. Thus, when an addition 
is made to a weld pool, the extent to 
which mixing occurs is influenced by 
the relative melting points (higher melt
ing point additives tends to solidify), the 
relative density (lower density additives 
tend to "float" on the surface and vice 
versa), and the relative miscibility of 
the materials involved. 
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Introduction 
Motion in the weld pool in arc 

welding plays an important part in: 
1. Determining the degree of ho

mogeneity of the weld bead where 
filler and base metals differ in com
position. 

2. Heat transfer within the weld 
pool. 

3. Gas-metal and slag-metal reac
tions in that it determines the distribu
tion and interaction of reacting constit
uents. 

Evidence for motion and its effect 
on weld homogeneity comes from 
Houldcroft et al.1 and Pumphrey2, 
who have shown that for a number of 
arc welding techniques, and over a 
range of welding conditions, aluminum 
alloys welded with a filler metal of 
different composition to the base met
al give rise to substantially uniform 
weld beads. The well known Shaeffler 
diagram3 implicitly assumes complete 
and perfect mixing of filler metals and 
base metal plates of different composi
tion and is found to work out well in 
practice. Erokhin4 made a weld bead 
from a composite mild steel-stainless 
steel electrode and showed that the 
composition of the resulting bead con
formed with the assumption of com
plete mixing. However, marked inho-
mogeneity has been found by D'An-
nessa and Willner5 in the gas tung
sten-arc welding of thin magnesium 
alloy sheet with a-c around 35 amp, 
while examples of gross inhomogenei-
ty have been described by Stout et 
al.6'7 and Muir8, associated with the 
"finger" type of penetration found at 
the base of the weld bead in gas 
metal-arc welding. 

On the subject of heat transfer 
Apps and Milner9 determined the 
"effective thermal conductivity" of 
molten lead under an arc and found it 
to be considerably greater than that of 
static molten metal, showing the exist
ence of forced convection and fluid 
flow. The same authors,10 and also 

Christensen,11 attributed the shape of 
the weld pool, at least in part, to the 
effect of heat transfer due to the 
motion in the molten metal. Conflict
ing general patterns for the fluid flow 
within the weld pool have been 
deduced by Ishizaki12 and Brad-
street.13 

In the field of gas-metal re
actions, Salter, Howden, Pollard and 
Milner14"17 have shown that the rate 
of reaction and the distribution of the 
reacting constituents are determined 
by transport processes within the weld 
pool. Belton, Moore and Tankins18 

have likewise attributed the distribu
tion of silicon in the weld bead, arising 
from flux-metal interactions, to very 
rapid motion in the weld pool. There 
is also some evidence that motion in a 
molten metal affects the solidifying 
structure 1922. 

Despite the significance of motion 
in the weld pool very little is known 
about it and the object of the present 
work has been to investigate the ex
tent to which it occurs, the cause of 
the motion, and the effect it has on 
the mixing action in the weld pool. 

First, mixing experiments are de
scribed which show qualitatively the 
extent to which motion occurs under 
the arc. Then the mixing action is 
evaluated for a number of base met
al/additive combinations. Next the 
motion is observed directly by cine 
photography, and then simulative ex
periments with a mercury pool as a 
model system are described which aim 
to show how the motion arises and the 
form which it takes. 

Experimental 
The investigation has been con

cerned with the mixing action and 
motion in a pool of molten metal 
under an arc in the nonconsumable 
tungsten electrode system. In the first 
place the effect of the arc on the 
degree of mixing that occurs has been 
established by comparing the behavior 
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Fig. 1—Demonstrating the slow rate of 
mixing of dissimilar metals added to a 
pool of metal melted with an oxyacety
lene flame. A (top)—indium on the sur
face of bismuth-tin eutectic; B (bottom) 
—lead rich zone at the base of a copper 
pool, both after 20 sec had been allowed 
for mixing, X6 (reduced 40% on repro
duction) 

of arc heated pools with that of pools 
heated by an oxyacetylene flame. The 
extent of mixing was determined by 
adding a drop of a different molten 
metal (comprising about 5% of the 
pool volume) to a molten pool of the 
base metal allowing a certain time for 
mixing to occur, then freezing the 
pool and examining for non-
homogeneity. A survey is then made 
of the mixing behavior of a range of 
base metal/additive combinations. 

For these experiments the base 
metal has been melted in thin cruci
bles of copper or steel, so that a water 
jet could be positioned underneath to 
give a rapid quench. Where the cruci
ble would melt through or interact 
with the liquid metal, a molten pool 
was formed by melting part of a block 
of the metal being investigated (ideal
ly a V 2 in. diameter pool in a 2 in. x 
2 in. x V 2 in. block). In this case the 
water quench took longer to act. It 
was found that mixing times de
creased rapidly with increasing cur
rent and that it was therefore difficult 
to make quantitative determinations 
on high melting point materials since 
these required a high current to keep 
them molten. 

Thus for more detailed and quanti
tative evaluations a low melting point 
system has been used. Desirable char
acteristics of such a system were simi
lar melting points and densities of the 
base metal and the additive, com
plete miscibility of the components 
and etching characteristics that clearly 
showed up the distribution of the ad
ditive. The most satisfactory combina
tion found was the bismuth-tin eutec
tic (58% bismuth/42% tin), melting 
point 138° C (280° F ) , density 8.8 
gm. c m - 3 for the base metal, with 
idium, melting point 156° C (315° 

Table X—Mixi 

Base metal 

Copper 
Iron 
Titanium 
Nickel 
Aluminum 
Tin 

ng Behavior Under a 150 Amp D-C Argon Arc 

Low or compar. Highm.pt. 
Mixed m.pt. addition addition 

Pb, (Sn, Sb)» Ag, Au, Al, Mg Mo, Ni, Fe 
Ni, Cu, Al, Cr Mo 
Fe, Cu, Sn 
Cu, Al, Fe Mo 

Mg, Sn, Zn Fe 
Bi, Pb, In, Al Cu 

Unmixed 
(immiscible 
addition) 

Ag 

Ag 
Pb 

* A very slight trace of inhomogeneity. 

F ) , density 7.3 gm. c m - 3 , as the 
additive. 

Metallographic examination of sec
tions of partially mixed systems gave 
indications of the type of motion tak
ing place in the molten metal. More 
direct observation of weld pool mo
tion was made by cine photography of 
the circulation at the underside of 
pools in thin sheet, where the move
ment of small oxide particles showed 
the flow taking place. These experi
ments lead to the hypothesis that mo
tion occurs primarily as a result of 
electro-magnetic forces within the 
pool and this concept was tested by 
setting up simulative systems using 
mercury pool models. For these tests 
the mercury was held in a suitable 
container with electrodes inserted to 
give the required current flow through 
the pool. Motion induced within the 
pool was then traced by following 
particles on the mercury surface. 

Results 
Qualitative Experiments on Mixing 

Mixing in Non-Arc Pools of Molten 
Metal. These experiments were con
cerned with establishing the degree of 
mixing that occurs in a non-arc 
melted pool, for subsequent compari
son with mixing in arc melted pools. 

Initially, the bismuth-tin system 
with indium additions was investigated 
for conditions approximating to a 
stagnant pool. To achieve this the 
alloy was heated from below with an 
oxyacetylene torch to well above its 
melting point. The heat source was 
then removed and 20 sec allowed for 

Fig. 2—Example of incomplete mixing 
due to solidification of the higher melt
ing point addition. Iron added to alumi
num after 5 sec mixing time with a 150 
amp arc. X5 (reduced 38% on repro
duction) 

the system to stabilize before addition 
of the indium drop. It was found that 
after 20 sec mixing time the indium 
drop spread out on the surface of the 
molten pool to form an indium rich 
surface layer, with no dispersion of 
the indium into the body of the pool. 
When the bottom of the pool was 
heated throughout the 20 sec mixing 
period so that natural convection cur
rents were operative, the same result 
was still obtained (Fig. 1A). Further
more, when the pool was heated by 
the flame impinging on the surface, 
thereby determining any effect of fluid 
motion produced by the impinging gas 
stream, the same result was again 
obtained. 

Mixing under oxyacetylene torch 
heating conditions was next extended 
to copper, a higher melting point base 
metal, with the more intense flame 
that this required. Tin, lead and silver 
additions were made to the molten 
copper heated from the bottom, and it 
was found that after 20 sec, the den
ser silver (10.5 gm c m - 3 , compared 
to copper 8.9 gm c m - 3 ) and lead 
(11.3 gm c m - 3 ) had segregated to the 
base of the pool as silver and lead rich 
layers (Fig. IB) . The less dense tin 
(7.3 gm c m - 3 ) showed significantly 
more mixing, and there was no sur
face segregation as such, although the 
pool as a whole was still relatively 
inhomogeneous after 20 sec mixing 
time. 

When the melt was heated from the 
top, so that natural convection was 
eliminated, but the force due to the 
flame impinging on the surface 
brought into play, the rate of mixing 
was considerably increased. Tin was 
uniformly dispersed throughout the 
pool within 5 sec, while although the 
silver still showed some segregation at 
the base of the pool after 20 sec, this 
was much less pronounced than with 
the base heated pool. 

Mixing in Arc Melted Pools. The 
mixing action under arc heating was 
determined for six base metals at a 
fixed direct current of 150 amp and 
the effect of the use of a-c and a 
dissociable gas atmosphere also ascer
tained. The six base metals were iron, 
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nickel, titanium, copper, tin and 
aluminum to which drops of metal 
were added covering a range of melt
ing points, densities and intersolubili-
ties. It was found that mixing was 
considerably more rapid than under 
oxyacetylene heating so that mixing 
times were shortened to 5 sec before 
the pool was quenched. 

The results of this survey are 
summarized in Table 1, where the 
behavior of each additive is classified 
as mixed, partially mixed or complete
ly unmixed, in the base metal. As 
would be expected, where the addi
tive and base metal were completely 
immiscible there was no mixing. Thus 
with silver in iron and in nickel the 
silver drop was pushed to one side of 
the pool and remained there, while 
with lead in aluminum some of the 
drop sank to the base of the pool, with 
a smaller quantity remaining on the 
surface. The addition of a drop of 
high melting point metal to a pool of 
lower melting point resulted in only 
partial mixing as the higher melting 
point material solidified—Fig. 2. This 
effect was apparent in the iron plus 
molybdenum system, where the melt
ing point difference is 1100° C and 
also in nickel/molybdenum (1150° 
C, 2102° F ) , copper/molybdenum 
(1500° C, 2732° F ) , copper/nickel 
(370° C, 698° F ) , copper/iron (450° 
C, 842° F ) , aluminum/ iron (840° C, 
1544° F) and tin/copper (850° C, 
1562° F ) . The remaining combina
tions show marked differences in the 
rate of mixing depending on the base 
metal. 

In one group are the rapid mixing 
metals, iron, titanium and nickel 
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Fig. 3—The time required for complete 
mixing of a molten indium droplet into 
bismuth-tin eutectic as a function of 
arc current; 1.2 cm arc 

which showed complete mixing in 5 
sec. In a second group are aluminum 
and tin in which mixing took place 
much more slowly. Copper formed 
somewhat of an intermediate case 
since with most additions it behaved 
as a slow mixer, yet the low melting 
point additions, tin and lead, dispersed 
rapidly. Since tin had also mixed rap
idly into copper under oxyacetylene 
heating, a further experiment was car
ried out in which tin was first added 
to molten copper followed by silver, 
which otherwise was a poor mixer. 
With this prior addition of tin the 
silver dispersed completely in the 5 sec 
period, suggesting that the addition of 
tin effects a basic improvement in the 
mixing action of the copper. 

Under otherwise similar experimen
tal conditions the mixing behavior 
using a-c arcs was determined for a 
selection of combinations. The results 
were generally similar to those ob

tained with d-c arcs. The most signifi
cant difference was an improvement 
in the degree of mixing of additions to 
aluminum pools. Here more intermix
ing occurred, but there was still not 
complete dispersion of additions with
in the 5 sec period. There was also 
some evidence for slightly reduced 
mixing in the iron pools. The im
proved mixing with aluminum ap
peared to be associated with the clear
ing of surface oxide when using a-c. 

To determine whether such an ox
ide would affect mixing in the weld 
pool, some experiments were carried 
out with d-c in which an aluminum 
drop was first added to a copper pool, 
and then a further addition of the 
rapid mixing tin or lead was made. 
The aluminum spread out on the sur
face of the copper and formed an 
oxide film and inhibited the mixing 
action, since a lead rich layer segre
gated at the bottom of the weld pool, 
while the tin segregated as a tin rich 
layer between the copper and alumi
num. Without the aluminum addition 
both tin and lead had completely dis
persed in copper under otherwise sim
ilar conditions. 

Two systems in dissociable gases 
were investigated. First, the mixing 
of silver added to copper melted under 
a nitrogen arc, and secondly copper in 
4% silicon-iron under a COo arc. The 
silver drops mixed much more effec
tively into the copper under a nitrogen 
arc (han under an argon arc, complete 
homogeneity being obtained in the 5 
sec period. With the CO., arc, howev
er, the situation was reversed; whereas 
under argon complete mixing oc
curred, under a COo arc there was 

o 
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ARC LENGTH 
x 1.2 cm. 
° 0.1 - 0.2 cm. 

ARC CURRENT, amp. 

WELD POOL WEIGHT 

11.5 gm. 
7.0 gm. 

60 100 140 
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180 

Fig. 4—The effect on the time required for complete mixing of an indium droplet into a pool of molten bismuth-tin eutectic: 
A (left)—reducing the arc length from 1.2 to 0.28 cm; B (right)—reducing the pool size from 11.5 to 7 gm 
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Fig. 5—The mixing of an indium droplet 
into bismuth-tin eutectic after 1 second 
under a 120 amp arc (compare with 
Fig. 1A for mixing under an oxyacety
lene flame). A (top)—the rotational flow 
pattern observed on a horizontal sec
tion, X6 (reduced 17% on reproduction); 
B (bottom)—the sweeping of the indium 
into the depths of the pool, X8 (re
duced 45% on reproduction) 

gross heterogeneity. 

Quantitative Experiments on Mixing in 
a Low Melting Point System 

The aim of this part of the investi
gation was to quantitatively evaluate 
the mixing process. The low melting 
point bismuth-tin system, with indium 
additions, was used as this allowed 
experiments to be made with low, 50 
amp, as well as moderate (200 amp) 
currents and the lower pool temera-
tures meant that the system could be 
more readily controlled and manipu
lated. 

The Rate of Mixing. The effects of 
changes in arc current, arc length and 
size of molten pool on mixing were 
determined by adding drops of indium 
to many specimens, allowing various 
times for mixing, then quenching and 
examining metallographically to de
termine whether the indium was uni
formly dispersed throughout the so
lidified pool. The type of result ob
tained with variation in current is 
shown for a 1.2 cm arc with tungsten 
electrode negative in Fig. 3. 

In Fig. 3. it can be seen that the 
time for complete mixing at currents 
below about 100 amp is very long, 
compared with the life of a weld pool, 
and that the mixing action increases 
very rapidly with increasing current 
until at about 120 amp only a few 
seconds are required for complete dis
persion. Reducing the arc length to 

0.2 cm resulted in slightly more rapid 
mixing; complete dispersion occurred 
in appreciably shorter times with 
smaller pools—Fig. 4. 

The Mixing Pattern. Observation of 
the surface of pools and of sections of 
tin-bismuth pools in which the indium 
drop had not completely dispersed 
yielded some information on the pat
tern of fluid flow that was taking 
place. The motion appeared to be of a 
three dimensional rotational nature— 
Fig. 5, circulating the lighter indium 
and at the same time carrying it pro
gressively into the depths of the pool. 

The Cause of Motion. There ap
peared to be two possible causes of 
the motion in the weld pool. First, it is 
known that high velocity plasma jets 
exist in welding arcs, and the initial 
experiments had shown that the oxya
cetylene flame used for melting cop
per caused motion in the pool, pre
sumably due to the momentum im
parted by the impinging gas stream. 
Second, the current flowing through 
the pool could induce motion by elec
tromagnetic forces. Both of these pos
sibilities were investigated. 

The contribution due to momentum 
imparted by the gas stream was evalu
ated by measuring the gas flow pres
sure created at the anode by the arc 
jet and then imparting a similar de
gree of momentum by a nitrogen jet 
acting on a super-heated pool. The 
character of the arc jet was deter
mined by a technique due to Wilkin
son,-3 in which a water-cooled copper 
anode containing a small hole con
nected to a manometer is traversed 
beneath the arc. The variation in pres
sure across the anode at currents of 
100 and 145 amp, and the maximum 
pressure over the current range 40 
and 200 amp were determined. Then, 
by a process of trial and error, it was 
found that nitrogen at suitable veloci
ty passed through a 1 mm. diameter 
capillary tube would simulate the 
pressure distribution of the arc jet— 
Fig. 6. When the nitrogen jet was 
directed perpendicularly onto the mol
ten metal it produced mixing currents, 
but complete dispersion of the indium 
drop took very much longer than un
der the action of the arc—Fig. 7. 
When the jet was angled to the sur
face it was much more effective in 
creating mixing currents and produced 
complete dispersion in times compara
ble with those of the vertical arc— 
Fig. 7. 

The effect of current flow through 
the melt was simulated by an elec
trode touching the surface of the 
molten pool.24 Nestor has shown that 
for the arc length used for determin
ing mixing times in Fig. 3, i.e., 1.2 cm, 
the largest proportion of the current 
enters the anode over an area approx-
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Fig. 6—The pressure distribution under 
an arc as measured by traversing a 
water cooled copper anode containing 
a 0.015 in. hole connected to a manom
eter. A (top)—for a 145 amp arc; B 
(bottom)—as a function of current, with 
similar data for a comparable nitrogen 
jet 

imately 1 cm in diameter. Therefore, a 
1 cm diam tungsten electrode was used 
to carry the current into the pool. It 
was found that rapid mixing resulted, 
more rapid in fact than had been 
obtained under arc conditions—Fig. 8, 
and that the mixing pattern, as might 
be expected from more rapid motion, 
was more well defined. 

It therefore appeared that, while 
the plasma jet can cause motion, par
ticularly if inclined at an angle to the 
surface, the primary source of motion 
arose from the passage of the current 
through the molten pool. It had not 
been possible to determine the effect 
of changing the electrode polarity 
using an arc, as considerable fuming 
resulted from the low melting point 
bismuth-tin base metal when the tung
sten electrode was positive, or when 
a-c was used. However, with the short 
circuit conditions these experiments 
could be carried out and it was found 
that the mixing times for complete 
dispersion were the same whether the 
molten pool was the anode or the 
cathode or when a-c was used. 
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» 60° 
.. 450 

-—VERTICAL ARC MIXING 
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Fig. 7—The time required for the complete mixing of an indium 
droplet into bismuth-tin eutectic with a nitrogen jet, simulating 
an arc plasma jet, directed into the surface of the pool. Vertical 
and angled nitrogen jets are compared with the time required 
for mixing under an arc 

LU 

2 cm. ARC 

0 cm. DIA. SHORT CIRCUITED 
ELECTRODE 

ARC CURRENT, amp. 

Fig. 8—The time required for complete mixing of an 
indium droplet into bismuth-tin eutectic with a tungsten 
electrode touching the molten pool. This simulates the 
effect of the arc current flowing through the pool axis, 
and is compared with the time required for mixing under 
an arc 

Motion in Various Metals 

The experiments described so far 
have provided general information on 
the mixing behavior of various sys
tems and detailed data for the low 
melting point bismuth-tin indium sys
tem. To obtain more specific informa
tion for high melting point materials, 
the pattern of fluid flow was studied 
by cine photography of the underside 
of static molten pools formed in 0.075 
in. thick sheet by a conventional argon 
arc welding torch. Specimens were 
mounted in a water-cooled jig so that 
a stable pool could be established and 
the rear of the specimen was protect
ed by a flow of argon. Under these 
conditions sufficient oxide particles 
were usually present on the underside 
of the pool to make the flow visible. 
In addition dissimilar metal drops 
were added to the pool immediately 

prior to a rapid quench so that mixing 
patterns could be correlated with the 
observed motion. 

The behavior of nine base metals 
was studied together with the effect of 
changing the polarity, using a-c, an
gling the electrode and using a dis
sociable gas instead of argon for the 
arc atmosphere. In addition to observ
ing the motion in the base of a static 
pool, the motion on the underside of a 
moving weld pool was observed and 
found to yield an important clue to 
factors determining the pattern of 
fluid flow. 

Motion with Tungsten Electrode 
Negative and an Argon Atmosphere. 
All the metals conformed to a general 
pattern of behavior. At low currents, 
of the order of 30 amp, a double 
circulation was observed on the bot
tom of the molten pool—Fig. 9; the 
pattern often rotated as a whole or 

Fig. 9—A print from a 16 mm cine film 
showing double circulation on the un
derside of a silver pool melted under a 
90 amp arc 

Fig. 10—Section showing a rotational 
flow pattern in a 150 amp arc melted 
copper pool to which a droplet of silver 
was added immediately prior to solidi
fication. X4 

moved erratically around the pool. As 
the current was increased to the order 
of 100 amp the double circulation 
gave way to a pure rotation—Fig. 10, 
which became more rapid at higher 
currents. 

There was a considerable difference 
in the intensity of the motion with 
different metals. Those which had 
shown rapid mixing, i.e., iron, titani
um and nickel, and also mild steel, 
stainless steel and cobalt, which were 
not included in the mixing tests, 
showed very rapid motion and more 
erratic changes in flow pattern. The 
motion was particularly intense with 
iron and mild steel. With these metals 
there also appeared to be an area of 
super-heated metal, or "hot spot" 
which changed in shape and position 
very rapidly—Fig. 11. 

The remaining metals, copper and 
aluminum (which had shown slow 

Fig. 11—The appearance of the rapidly 
moving "hot spot" on the underside of 
an Armco iron specimen melted under 
a 100 amp arc. X4 (reduced 32% on re
production) 
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mixing) and silver exhibited much 
slower and more well defined, although 
not reproducible, motion and it was 
apparent that the rotation arose by 
the one half of the double circulation 
growing at the expense of the other 
half. Both clockwise and counter
clockwise rotation were observed on 
the bottom of the pool. In some cases 
when there was rotation on the bot
tom of the pool, double circulation still 
remained on the top despite the pool 
being only 0.75 in. thick. When the 
torch was angled, the dual motion 
effect became more frequent with rap
id double circulation in the direction 
in which the welding electrode pointed 
on the upper surface. When the direc
tion of the torch was reversed the 
direction of the double circulation also 
reversed, but the rotation on the un
derside did not change direction. 

The Effect of Reverse Polarity, A-C 
and a Dissociable Gas Atmosphere. 
With the tungsten electrode positive 
the arc was very unstable; some speci
mens were, however, successfully ob
tained at high currents in Armco iron 
and those showed that the basic mo
tion consisted of a very fast rotation 
similar to that observed with the tung
sten electrode negative. 

There were also difficulties in ob
taining results with a-c. With Armco 
iron at currents below 100 amp the 
behavior on the underside of the pools 
was very similar to that observed with 
the d-c arc. At higher currents the 
metal tended to vibrate fiercely and 
the pool frequently dropped through, 
so that only a few results were ob
tained: these indicated a more diffuse 
rotation than occurred with d-c. Some 
results were obtained with copper; 
these again indicated slower, but oth
erwise the same flow pattern as the 
motion observed with d-c. 

The effect of using a nitrogen atmos
phere with copper was that an area 
of apparently very hot metal was 
formed, similar to that observed with 
iron in an argon atmosphere, but 
there was no obvious change in the 
form and intensity of the motion on 
the underside of the pool. 

Motion in a Moving Weld Pool. It 
will be apparent that the pattern of 
fluid flow is a variable phenomenon 
and that under the conditions in which 
a well defined flow pattern was ob
served this could be a double circula
tion, or a pure rotation in either the 
clockwise or counter-clockwise direc
tion. A major variable influencing this 
situation was observed during experi
ments in which the motion on the 
underside of molten pools in thin strip 
was examined for a fused zone run. A 
length of copper strip was traversed 
under a 120 amp arc with the current 
off-take point perpendicular to the 

+VE 

DIRECTION OF TRAVERSE 

Fig. 12—The relation between the mo
tion in a copper pool and its position 
relative to the positive contact 

center of the strip, as shown in Fig. 
12. At the commencement of traverse 
there was clear counter-clockwise ro
tation. As the pool moved past the 
current off-take this changed to dou
ble circulation, and then when the 
pool moved further away from this 
point the fluid motion changed to 
clockwise rotation. 

Thus, as the pool moved past the 
position of the off-take contact the 
motion changed from rotation in one 
direction through a double circula
tion, to rotation in the other direction, 
showing that the type of motion was 
dependent upon the geometry of the 
welding current path. 

Simulation Experiments To Deter
mine the Mechanism of Motion 
Using a Mercury Pool Model 

The work described in previous sec
tions has shown that the motion with
in arc melted pools of metal varies in 
intensity and form, depending on the 
metal, the current, the angle of the 
welding torch and the position of the 
current off-take contact. It has also 
been demonstrated that the passage 
of the current through the pool is 
mainly responsible for the mixing ac
tion, and that this is largely unaffected 
by the polarity of the current, and by 

w 

Fig. 13—The flow pattern in a hori
zontal mercury bath with a current of 
100 amp flowing from a small (3 mm 
diam) pointed copper electrode to a 
larger (1.5 cm diam) electrode 

decreasing the arc length. 
It is well known in the welding field 

that the passage of an electric current 
through a fluid can cause fluid flow 
due to the action of the Lorentz 
force.23- 2r> When a current flows 
through a fluid conductor, a magnetic 
field is set up around the current and 
the current and magnetic field interact 
to produce a self compressive force on 
the conductor. In a fluid this leads to a 
pressure build-up with the increase in 
pressure greatest where the current 
density is highest. A pressure gradient 
is therefore set up which leads to a 
flow of the conducting fluid from 
regions of high to regions of low 
current density. In the tungsten arc, 
for example, the highest current densi
ty is at the narrowest part of the 
conducting column formed by the 
cathode spot. Away from the cathode 
spot the arc gradually becomes broad
er so that the current density, and 
hence pressure, decreases and gas 
flows along the arc to form a plasma 
jet. 

A similar flow would be expected to 
occur in the molten pool, as there is a 
region of high current density at the 
pool surface bounded by the limits of 
the conducting area of the arc root, 
after which the current flow path 
broadens out in the conducting metal 
pool. Simulative experiments were 
therefore carried out with mercury 
pools, first to determine the extent 
of Lorentz force streaming in a liquid 
metal when current flows from a high 
to a low current density region, and 
second, to determine whether the 
Lorentz force could also be responsi
ble for the various types of motion 
which had been observed in weld 
pools. 

Lorentz Force Streaming in Mercury 

The apparatus for this aspect of the 
investigation comprised a bath of 
mercury into which a 3 mm diam 
pointed copper electrode insulated up 
to its tip projected horizontally. Oppo
site to this was set a larger, 1.5 cm 
diam, flat ended copper electrode. 
When a current was passed through 
the bath, turbulence could be seen in 
the mercury; but in order to show up 
any movement it was found necessary 
to clean the surface of the pool and 
cover it with a layer of 50% hydro
chloric acid. Particles of silicon car
bide powder, which floated on the 
surface of the mercury, were very 
effective in showing up the flow pat
tern clearly. 

Under these conditions the motion 
caused by the passage of current 
through the bath could be clearly seen 
and was of the form shown in Fig. 13. 
This consisted of a fast streaming of 
mercury away from the smaller elec-
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Fig. 15—The effect of electrode size and polarity upon mercury 
streaming velocity 

trode tip towards the larger electrode, 
with continuity of flow maintained by 
a more general flow of roughly double 
circulation around the bath. The veloc
ity of particles traveling down he 
central zone of this main stream was 
measured by filming the motion at 64 
frames per sec. This showed that the 
metal accelerated at the electrode tip 
and that the velocity thereafter re
mained practically constant down the 
length of the flow stream while the 
velocity increased with current at a 
greater than linear rate—Fig. 14. 

Changing to reverse polarity or a-c 
did not affect the flow pattern and the 
variation in maximum velocity with 
current was substantially the same as 
with the small electrode negative— 
Fig. 15. 

When the smaller, 0.3 cm diam, 
electrode was replaced by a larger one 
of 0.6 cm diam, the maximum veloci
ty of flow at any given current was 
about halved—Fig. 15. The central 
stream was wider and the general 
circulation throughout the bath more 

Fig. 16—The dependence of streaming 
on the direction in which the smaller 
electrode is pointing, current 100 amp 

diffuse. 
When changes were made in the 

direction in which the small, 0.3 cm 
diam electrode pointed in the bath it 
was found that the streaming always 
occurred in a direction away from the 
electrode tip—Fig. 16. 

Experiments on the Pattern of 
Fluid Flow 

In the previous section Lorentz 
force streaming was examined with 
two electrodes in line with each other 
and lying in the same plane. In welding, 
however, the arc impinges vertically 
onto the weld pool and the current 
then flows through the weld pool and 
the base plate to the current take-off 
contact which would usually be lying 
at right angles to the arc. To simulate 
this type of geometry a cylindrical 
crucible was constructed from a non
conducting material and the current 
passed into a pool of mercury held in 
the crucible, through a long vertical 
length of 1 cm diam copper bar. 
Provisions were made so that the sec
ond contact could be made in one of 
three ways; first, through another 
length of 1 cm diam copper bar fitting 
into the base of the crucible; second, 
through a length of 5 cm diam bar 
which formed the complete base of 
the crucible; and third, through a 2 
cm wide copper strip which was bent 
over the side of the crucible to dip 
into the mercury. 

When the current was taken from 
the smaller, 1 cm base connection, it 
was found that there was turbulence 
in the pool, but no clearly defined flow 
pattern, with currents up to 200 amp. 
On substituting the larger 5 cm elec
trode for the smaller one at the base 
the mercury flow took on a rotational 
form at around 100 amp. More in

tense rotation occurred, however, 
when the current was taken out 
through the 2 cm side contact strip. 
The direction of this rotation was 
determined by the path of current 
flow leaving the pool. Thus when the 
connecting bar was in position AB— 
(Fig. 17), very fast clockwise rotation 
occurred at currents of the order of 
70 amp. As the connecting bar was 
rotated towards AC the clockwise ro
tation became gradually less intense 
until, at position AC, there was turbu
lence in the pool, but no evidence of 
rotation up to currents of 200 amp. 
As the bar was moved further towards 
position AD, counter-clockwise rota
tion was set up in the pool, which 
became gradually more intense as 
position AD was approached. Similar
ly if the current off-take were 
maintained in the central position AC 
and the smaller electrode angled to 
the pool from either side then rota
tional flow occurred, the direction of 
which was determined by the side 
from which the smaller electrode was 
inserted—Fig. 18. 

Double circulation and a transition 

U c 

Fig. 17—The relation between the di
rection of the current off-take connec
tion and the motion in a mercury pool 

W E L D I N G R E S E A R C H S U P P L E M E N T ! 169-s 



from double circulation to rotation 
was observed when the smaller elec
trode was angled in line with the 
current off-take from the mercury 
pool, with the connection outside the 
bath made at right angles. (In this 
case the current was taken out of the 
mercury pool by a flat ended 2.5 cm 
diam bar cemented into the side of the 
crucible, instead of the strip bent over 
the side.) When the smaller electrode 
was lowered, i.e., at about 20 deg 
from the horizontal—Fig. 19, there 
was a well defined double circulation. 
As the electrode was raised, one half 
of the pattern grew at the expense of 
the other half until pure rotation was 
obtained—Fig. 19. 

A Note on the Effect of Motion on the 
Form of the Weld Pool 

It was mentioned in the introduc
tion that the fluid flow within the weld 
pool determines the heat transfer in 
the liquid metal. While the technique 
of melting stationary pools in thin 
metal specimens was being used, a 
correlation was observed between the 
type of motion within the pool and the 
pool shape. To correlate motion with 
pool shape specimens were produced 
in iron, nickel and copper with 130 
amp vertical and inclined arcs. 

In iron the weld pools were circular 
under both the vertical and inclined 
arcs, corresponding to a rotational 
flow pattern. The pools in nickel were 
circular under a vertical arc with rota
tional motion observed in the pool. 
Under the inclined arc the pools were 
pear shaped during the early stages of 
their development, but on becoming 
larger, they gradually became circu
lar. To begin with, an area of double 
circulation existed on the upper sur
face at the front of the pool, which 
caused the formation of the nose to 
the pool. This area of double circula
tion gradually became absorbed by 

Fig. 18—The effect of angling the elec
trode dipping into a mercury pool on 
the motion within the pool. A (top)— 
clockwise rotation; B (bottom)—coun
ter-clockwise rotation 

the rotational movement and, al
though some double circulation still 
existed, it was not strong enough to 
affect the pool shape. With copper the 
pools were circular under a vertical 
arc, with clockwise rotation observed 
on the underside. When the arc was 
inclined the pools became ovoid—Fig. 
20, with double circulation apparent 

on the upper surface in the direction 
of the major pool axis away from the 
electrode tip. 

Discussion 
It has been demonstrated that mo

tion in a molten pool arises primarily 
due to the current flowing through the 
molten metal, although a significant 
degree of motion can be produced by 
the plasma jet acting on the surface of 
the weld pool if the torch is angled. 
The motion is largely independent of 
current polarity, occurs to the same 
extent with a-c and is more intense 
with a greater degree of constriction 
at the current entry point. These 
features point to the motion being 
induced by the Lorentz force. Maeck-
er has shown how fluid motion arises 
from the action of the Lorentz force.26 

Consider in the first place a current 
following a cylindrical path through a 
fluid—Fig. 21 A. Then the flow of 
current creates a magnetic field and 
the magnetic field and current interact 
to produce an inwards acting force so 
that an excess pressure develops in the 
fluid which is equal and opposite to 
the Lorentz force. The force, and 
hence also the pressure increase, is 
proportional to the product of the 
current density and field strength, i.e., 

j - H (1) 

or, since the field strength is propor
tional to the current: 

J (2) 

When, instead of following a cylin
drical path, the current broadens out, 
then the current density decreases and 
hence a pressure gradient is set up 
away from the region of highest cur
rent density so that fluid flows away 
from this region—Fig. 21B. Since for 
laminar fluid flow the velocity is pro
portional to the pressure: 

Fig. 19—The effect of the angle of the electrode on the motion in a mercury pool: A (left)-
B (center)—45 deg; C (right)—nearly vertical. Current 120 amp 

-electrode at 20 deg to the horizontal; 
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Fig. 20—The effect of inclining the arc 
and thereby getting a double circula
tion flow pattern, on the shape of a 
molten pool in copper strip: A (top)— 
vertical arc; B (bottom)—inclined arc. 
Current 130 amp. XI 

v a I j 

or, for a fixed area of constriction, 
i.e., fixed diameter of electrode in a 
mercury pool, or fixed size of arc root 
with a weld pool, then: 

v cc P (3) 

The velocity of the central stream 
of mercury for the configuration 
shown in Fig. 13 (and plotted in Fig. 

14) is re-plotted as a function of the 
square of the current (Fig. 22), and 
conforms well with this law. 

Where mixing of dissimilar materi
als is involved, it would be expected 
that the mixing rate would be related 
to the force/velocity relationships out
lined above. And, in fact, when the 
mixing rate (i.e., mixing time), for 
both arc mixing and short circuit elec
trode mixing, in the indium-tin-
bismuth system is plotted as a function 
of the square of the current, linear 
proportionality is found—Fig. 23. 

While the motion would thus ap
pear to be Lorentz force induced it 
remains to explain how the different 
forms of double circulation and pure 
rotation arise. The classifical form of 
motion is that shown in Fig. 13 where 
there is a streaming away from a 
s m a l l e r , c o n s t r i c t i n g , e l e c t r o d e 
towards a larger diameter electrode, 
and this gives rise to a double circula
tion. The experimental data showed 
that rotation occurred when there was 
asymmetry in the current flow. This 
was particularly clear with the moving 
weld pool, depicted in Fig. 12, where 
rotation occurred in either a clockwise 
or a counter-clockwise direction de
pending on the direction of current 
off-take. Additionally, in many in
stances it was observed that rotation 
arose by one half of a basically double 
circulation flow pattern growing at the 
expense of the other half. When the 
current flow is asymmetric the mag
netic field is stronger on one side (Fig. 
24) , so that, from eq (1) , the Lorentz 
force is greater on the side of high 
field strength and asymmetry is intro
duced into the fluid flow. 

A further feature of the experimen
tal results was that more rapid motion 
occurred with some metals, and that 
the metals which showed the most 
intense motion also showed more er-

Fig. 21—The action of the Lorentz force 
to produce fluid flow: A (left)—the cur
rent follows a cylindrical path and the 
Lorentz force creates a cylindrical re-
geon of excess pressure P; B (right)— 
the current path broadens out and the 
pressure in front of the smaller elec
trode diminishes with the current den
sity thereby giving rise to fluid flow 

ratic behavior. The metals showing 
the most intense and erratic motion 
were iron and steel; stainless steel, 
nickel, titanium and cobalt showed 
similar but less intense characteristics, 
while the motion was comparatively 
slow and regular with copper, silver 
and aluminum. The intensity of the 
motion is related to the degree of 
constriction of current at the anode 
spot. 

The essential feature of the anode 
region is that current has to be carried 
from the arc column, where charge 
carriers are readily available as a re
sult of ionization at the high tempera
tures involved, to the much lower 
temperature metal electrode. The 
mechanisms by which this is accom
plished are not entirely clear, but it is 

Fig 
14) 
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22—The velocity of the central stream of mercury (Figs. 13 and 
replotted against the square of the current 
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Fig. 23—The mixing rate for an indium droplet 
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known that it is facilitated by high 
temperatures and the associated ther
mal ionization.27-28 It may be sig
nificant that the metals showing the 
most rapid motion, indicative of the 
greatest degree of constriction, have 
the highest melting point and could 
thus favor a high current density. 
Similarly, the current density at the 
arc root would be expected to be 
different when the weld pool was 
made the cathode or when dissociable 
gases were used and could account for 
the experimental differences observed. 

The existence of double circulation 
on the top surface, and pure rotation 
on the bottom surface, of a pool only 
0.075 in. thick shows that marked 
changes in the flow pattern can occur 
over very short distances. It was ob
served that one half of a double circu
lation pattern can dominate the other 
half, so that one half only may pene
trate through to the bottom of the 
pool to give rotation. When the elec
trode was angled and the double cir
culation flow on the top surface 
changed according to the direction in 
which the electrode pointed, the rota
tion on the bottom was unaffected. It 
would appear that the rotation was 
caused by current flow through the 
pool and the double circulation by the 
plasma jet acting on the top. Where 
the current enters the weld pool, resist
ance heating occurs; if the current 
path is restricted by a small anode 
spot, the resistance heating in the 
immediately adjacent molten metal is 
greater. This could be the origin of 
the "hot spot" observed in the molten 
pools in thin sheet. The resistance 
heating creates a local increase in 
temperature of the molten metal. 
Since the resistance of molten metal 
increases with temperature it becomes 
increasingly more difficult for the cur
rent to follow this path. Thus the 
current is continually seeking out 
fresh paths, the "hot spot" moves 
around, and the motion associated 
with the concentration of current be
comes erratic. 

This research has been concerned 
with attempting to obtain greater un
derstanding of the extent and cause of 
motion in weld pools. It has not been 
possible to look into the practical 
implications of the results, so that only 
a few unsubstantiated comments can 
be made about such possibilities. As 
pointed out in the Introduction, it is 
generally accepted that rapid mixing 
occurs where electrode and base met
al differ in composition. The rate of 
mixing has been shown to increase 
with the square of the current, so 
that, as DAnnessa and Willner found, 
inhomogeneity is more likely to occur 
at low currents.5 In addition, D'An-
nessa and Willner were working with 

Fig. 24—The effect of asymmetry of the 
current path to produce rotational fluid 
flow 

magnesium which is a low melting 
point material and thus probably ex
hibits slow mixing anyway. 

The present authors examined an 
electroslag weld made with dissimilar 
compositions of base and filler metals 
and found gross inhomogeneity; this is 
very likely to occur because the mo
tion arises from expansion of current 
flow away from a constriction. While 
this occurs in weld pools in arc weld
ing, it takes place in the flux in elec
troslag melting with the current enter
ing the molten metal surface over a 
much larger area. Grain refinement is 
known to result from motion in the 
solidifying metal1 9 2 2 and electroslag 
welds tend to exhibit large grain sizes. 
Additionally arc welding is notorious 
for the lack of reproducibility under 
apparently rigorously controlled con
ditions. It may be that fluid motion, 
which in itself is affected by factors 
such as the position of the current 
off-take connection, and which in turn 
affects the heat transfer and thus the 
penetration, is one of the unresolved 
parameters involved. 

Conclusions 
1. The motion that occurs in weld 

pools is primarily caused by the action 
of the Lorentz force which decreases 
in intensity away from the constriction 
at the arc root thus giving rise to fluid 
flow away from this region. If the 
current path is symmetrical the flow 
pattern is a double circulation, but if 
the current path is markedly asymmet
ric one half of the double circulation 
dominates the fluid flow to give a pure 
rotation. 

2. The motion is more rapid with 
the higher melting point materials, 
such as iron, steel, stainless steel, etc., 
than with lower melting point materi
als such as aluminum, silver and cop
per. This is probably due to the arc 
root being smaller with the former 

group giving rise to a greater degree 
of constriction at the arc root. 

3. An additional, secondary cause of 
motion is the action of the arc plasma 
jet on the surface of the weld pool. 

4. As a result of the rapid motion 
any dissimilar metal additives are rap
idly mixed into the weld pool. The 
rate of motion, and hence the rate of 
mixing, increases with the square of 
the current, so that inhomogeneity is 
more likely to arise at low currents. 

5. The extent to which mixing oc
curs when an additive is made to a 
weld pool depends on the relative melt
ing points (higher melting point addi
tives solidify), the relative density 
(lower density materials "float" on the 
surface and vice versa), and the rela
tive miscibility. 
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Errata for WRC Bulletin 107 
"Local Stresses in Spherical and Cylindrical Shells 

Due to External Loadings" 

By K. R. Wichman, A. G. Hopper and J. L. Mershon 

It will be recalled that this report 
summarizes, modifies and extends the 
work carried out by Prof. P. P. Bijlaard 
and his associates at Cornell University 
for the Pressure Vessel Research Com
mittee. The information is presented in 
a "cook-book" form to facilitate its 
use by design engineers. 

A number of minor errors in the 
report were found by the authors and 
others since it was originally published 
in August 1965. Because of continued 
interest, the report was reprinted with 
corrections in December 1968 and again 
in July 1970. A list of the corrections is 
presented below: 

p. i, right-hand column, para. 2, 
line 11: . . . the test data indicate that 
the calculated data . . . 

p. 6, Table 2, row 6 under column 
BL: minus sign inserted. 

p. 6, Table 2, row 9 under column 
Du: plus sign changed to minus sign. 

p. 6, Table 2: change formula for 
Combined Stress Intensity as follows— 
When ax & a,, have like signs, S = 
larger of V>[o-x + <ry + y/(<rx - c„)2 

+ 4r2] or A/(°V - °"»)2 + 4T2 (this was 
not in the first revised printing,. 

p. 7, Table 3, row 2 under column 
Bu: plus sign changed to minus sign. 

p. 7, Table 3: change formula for 
Combined Stress Intensity as follows— 
When o> and cr,, have like signs, S = 
larger of y,[qx + ay + V(crx - ayf 
+ 4r2] or -v/frx - cryf + 4r2 (this was 

not in the first revised printing). 
p. 10, Table 5: change formula for 

Combined Stress Intensity as follows— 
When a* & az have like signs, S = 
larger of Y^o-j, + o> + VQr* - <rxf 
+ 4r2J or V(o> — <rxf + 4r2 (this was 
not in the first revised printing). 

p. 11, Table 7: right-hand column 
should read Cr for Nx instead of Cc 

for Mx (this was not in the first revised 
printing). 

p. 12, par. 4.3.3.1, eqn. for 6MJT2:^ 
in first bracket should be MA (this was 
not in the first revised printing). 

p. 25: Fig. SP-8 revised. 
pp. 28 and 29: formula for T changed 
r-m 

to - «= 5 
t 

p. 32: T = 5 changed to T = 1 5 . 
p. 54, Fig. A-l : Dm/T = 4 - 161/ 

changed to 4 + 16U. 
p. 57, Table A-3, last column: super

script a in rows 2 and 3 changed to d; 
superscript b in rows 10 and 11 changed 
to a; superscript h in row 15 changed 
to c; footnotes added—c Based on 
S.C.F. of 1.20; d Based onS.C.F. of 1.15. 

r 
p. 68, Fig. B-2: ratio r i n legend on 

h 

abcissa changed to 
IT 

p. 69, right-hand column, line 5: 
. . . point B, . . . changed to . . . point 
C, . . . 

It should be noted that the plus 
and minus signs in Table 4 on page 9 

were very light and barely legible. In 
the interest of clarity, the signs for 
Table 4 are also shown below: 
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+ 
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+ 
-
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+ 
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+ 
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Copies of the Revised Printing of 
Bulletin 107 are still available at $3.00 
a copy. Orders should be sent to the 
Welding Research Council, 345 E. 47th 
Street, New York, N.Y. 10017. 
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