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Fig. 1— Sketch of electrochemical cell: (1) alumina electrode sheaths,
(2) alumina tube, (3) O-ring flange, (4) copper cooling coil,
(5) HASTELLOY C-276 coil, (6) INCO 182 weld metal, (7) steel
crucible, (8) alumina metal collection crucible, and (9) insulation.

This produced a material which had a water content of
about 1 to 1.5 pct with negligible (0.4 pct) oxychloride
formation.

Seon et al.®! have shown that a cathode current density
of 1.15 A/cm’ is best. In experiments performed at Dow
Chemical Company, Freeport, TX, it was found that
current densities above 1.55 A/cm’ were detrimental;
neodymium was won faster than it could alloy with the
cathode.

The ability of a cathode to form the eutectic with the
electrodeposited neodymium is dependent on the impu-
rity levels in the cathode, the most important impurity
being carbon. Since the steel cathode will decarburize at
the temperatures employed during electrowinning, it is
hypothesized that formation of a neodymium carbide on
the surface passivates the cathode.

Neodymium forms two carbides, NdC, and Nd,C,,"
that appear to be stable at the temperature at which the
cell is operated. Commercial steels are readily available
with carbon levels as low as 0.03 pct. For an electrolytic
process to be viable, the cost of the raw materials must
be minimized. A steel of sufficient purity is necessary
for a successful electrowinning process; as carbon levels
fall, the cost of cathodes increases. Commercial AISI
1003 steel is readily available and relatively inexpen-
sive. Metallurgical iron flake, which must be consoli-
dated, has a cost of about $4.4/kg, while high-purity
iron cost is much higher, on the order of $0.45/g, which
would be prohibitively expensive. Transformer cores may
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Table I. Carbon Level and Current
Yield at 770 °C and NdCl;/LiF/LiCl Bath

Cathode Carbon Level Current Yield
A36 0.30 pet 0
AISI 1010 0.10 pet 0
AISI 1003 0.03 pct 0
AISI 1001 0.09 pct 0
Electrolytic flake 0.0060 pct 6.9 pct
ESPI pure iron 0.0020 pct 50 to 90 pct
ESPI pure iron 0.0010 pct 50 to 90 pct

U.S. GOVERNMENT WORK

offer the required levels of carbon at a somewhat low
cost. Cathodes of differing carbon levels were tested
consumable cathodes. The data are presented in Table
Consumable cathodes used in the formation
neodymium-iron alloys must have carbon levels n¢
0.002 pct, which are an order of magnitude lower th
commercially available steels. This affects the econo
ics of the route for eutectic manufacture since very k
carbon steel cathodes would have been specifically mz:
for this purpose.
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Modeling of Interfacial
Phenomena in Welding

T. ZACHARIA, S.A. DAVID,
J.M. VITEK, and T. DEBROY

Variable depth of penetration during the welding
different heats of the same material (compositions wit
the specified allowable range) is a significant probl
that has received much attention over a number
years.["7! Previous work!®'?! by the authors as well
other investigators has shown that knowledge of
interfacial phenomena that occur during welding is
key to understanding and ultimately controlling the p:
etration behavior. Often, the critical variable that c¢
trols the variation in the weld pool size and shape is
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amount of surface active elements that is present in com-
mercially available alloys. Several mechanisms have been
proposed by which the surface active elements present
in the molten metal could influence the depth of pene-
tration during welding.!'™> Of the various models pro-
posed, the most widely accepted explanation is credited
to Heiple and Roper® and Heiple et al.®! They showed
that surface active elements can significantly influence
the development of the weld bead by altering the surface
tension of the molten metal, thereby altering the surface
tension gradient driven flow within the weld pool.

The development of the weld pool is controlled by the
convective heat transfer in the weld pool during welding.
In most cases, weld pool convection is influenced, and
to a large extent controlled, by the spatial variation of
surface tension (surface tension gradient) on the weld
pool surface. Surface tension gradients are generated on
the weld pool surface because surface tension is
temperature- and composition-dependent, and large tem-
perature gradients are generated on the weld pool surface
during welding. The spatial variation of surface tension
causes the molten metal to be drawn along the surface
from a region of lower surface tension to that of a higher
surface tension, resulting in large surface flows. Ex-
perimental investigations of surface tension gradient driven
flows in the weld pool are extremely difficult and limited
in scope. Computational modeling is an alternative ap-
proach that can provide an insight into the weld pool
fluid flow and heat transfer. A serious limitation, how-
ever, in computationally studying the interfacial phe-
nomena is the lack of adequate surface tension data.

For pure metals and alloys, surface tension decreases
with increasing temperature. However, surface active
impurities present in the molten metal segregate pref-
erentially to the weld pool surface, altering the temper-
ature dependence of surface tension. In iron-base alloys,
sulfur and oxygen are the most important surface active
elements commonly found. The surface tension of these
alloys is a function of the oxygen and sulfur content and
may increase or decrease with temperature depending on
the thermodynamics of the segregation process. Belton
combined Gibbs and Langmuir adsorption isotherms to
describe the effect of surface active elements on the
interfacial tension of liquid metal:!"*!

Yo— v=RTI,In[1 + Ka,] [1]

where 7y and 7, are the surface tensions of the solution
and the pure metal, respectively, at the temperature of
interest T; R is the gas constant, I, is the surface excess
at saturation; K is the adsorption coefficient of the solute;
and g, is the activity of the solute. This equation has been
widely used to represent the surface tension of liquid iron

as a function of sulfur and oxygen content. Recently,

Sahoo et al.'¥ expressed vy, in Eq. [1] explicitly as a
function of temperature to obtain the following relation
between surface tension of solution and temperature:

y(I)=1v,—AT—-T, —RTT;In[1 + Ka] [2]

—AH®
K=klexp< RT > [3]

where A is a constant, v, is the surface tension of the
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pure metal at the melting point T, &, is a constant which
is related to the entropy of segregation, and AH°® is the
standard heat of adsorption.

The equation described above (Eq. [2]) was used to
represent the surface tension of molten Type 304 stain-
less steel as a function of temperature and sulfur content,
and the results are presented in Figure 1. The values used
for the calculations are presented in Reference 11. The
results indicate that in the absence of sulfur in the weld
pool, the surface tension of the molten metal, as would
be expected, decreases with increasing temperature. In
this case, surface tension would be highest near the pe-
riphery of the weld pool, thereby drawing liquid metal
from the center to the sides and resulting in a recircu-
lating outward flow. On the other hand, when the metal
contains small quantities of surface active elements, the
temperature dependency of surface tension of the ma-
terial is drastically altered. Surface active elements pres-
ent in the molten metal segregate preferentially to the
weld pool surface causing the surface tension to be low-
ered. As the temperature of the melt increases, these ele-
ments desorb from the melt surface causing the surface
tension to increase. Consequently, under certain condi-
tions during welding, the surface tension of the liquid
metal may be higher at the center of the pool due to the
higher temperature directly below the heat source, there-
by drawing liquid metal from the sides to the center of
the pool and resulting in an inward recirculating flow.
This phenomenon has been experimentally observed™
using AL,O; particles floating on the surface of the weld
pool. However, the calculated surface tension data clearly
show that this phenomenon can occur only within a par-
ticular temperature regime. As the surface temperature
increases beyond a particular temperature, the temper-
ature coefficient of surface tension reverses and the sur-
face tension tends to decrease with increasing temperature,
as shown in Figure 1.

1.1 2.00
Y

SURFACE TENSION. W/
1.0

Fig. 1—Calculated surface tension as a function of temperature and
sulfur content.
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Previous computational studies®*% of weld pool fluid
flow implicitly assumed that the surface tension of the
molten metal continuously increased with increasing
temperature for metals containing surface active impuri-
ties, thereby overestimating the effect of surface active
impurities on the interfacial phenomena that occur. The
results presented in Figure 1 indicate that surface tension
gradients of opposing signs can exist on the weld pool
surface depending on the weld pool surface tempera-
tures. Therefore, the fluid flow in the weld pool is likely
to be more complicated than a simple recirculation, as
predicted by earlier investigations, since the peak sur-
face tension is likely to be somewhere between the cen-
ter and the periphery of the weld pool. The surface tension
model described here was used to study interfacial phe-
nomena and their effect on convective heat transfer dur-
ing stationary gas tungsten-arc (GTA) and laser welding
of Type 304 stainless steel.[''12] The study showed that
even when an alloy contained significant levels of sulfur,
the flow field need not necessarily be a simple, recir-
culating, inward flow as suggested by previous investi-
gations.’®*!% On the contrary, for the conditions
investigated, it was shown that the weld pool fluid flow
was predominantly outward, resulting in relatively shal-
low penetration. The higher surface temperatures and the
associated melt surface tension gradient present during
stationary GTA and laser beam welding resulted in an
outward flow even though the molten metal contained
significant levels of sulfur. The resuits of the study are
presented in detail in References 11 and 12.

At the same time, previous experimental observa-
tions?-¥ of weld pool fluid flow during GTA welding
have conclusively shown that surface active elements in
the weld pool can result in an inward flow producing
increased depth of penetration. However, these results
were obtained for linear (moving) GTA welding. It was
speculated that the lower power density and associated
lower surface temperatures that occur during moving arc
welds may have caused a positive surface tension gra-
dient to exist on the weld pool surface, resulting in the
observed inward flow during welding.!"*'?! In order to
confirm this premise, the fluid flow and heat transfer that
occur during moving arc welds were computationally
modeled for the two heats of 304 SS containing 90 and
240 ppm sulfur that were examined earlier.!!!-1?

The flow field and the temperature fields during linear
GTA welding were calculated in a two-dimensional plane
along the welding direction for the heats containing 90
and 240 ppm sulfur. The welding parameters used were
a welding current of 150 A, an arc voltage of 14 V, and
a welding speed of 2.5 mm/s. The detailed information
on the computational scheme and the thermophysical
properties are given in Reference 11. The calculations
of minor element effects on weld pool fluid flow and
heat transfer were based on the initial sulfur content in
the base metal and assumed no significant loss of sulfur
due to vaporization. The sulfur loss in the fusion zone
of GTA weld deposits of the two heats of 304 SS was
evaluated in order to verify this assumption. The results
confirmed there was no significant loss of sulfur during
welding.

The calculated flow field and temperature field for the
heat containing 90 ppm are presented in Figure 2.
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Fig. 2— Calculated heat flow and fluid flow during linear GTA we
ing of Type 304 SS containing 90 ppm sulfur: (g) flow field ¢
(b) temperature field.

Figure 2(a) shows a complex flow field in the weld pc
with an inward flow at the leading and trailing edges
the weld pool and an outward flow near the center belc
the welding arc. It must be noted that for the heat cc
taining 90 ppm sulfur, surface tension increases with i
creasing temperature until 2200 K and subsequent
decreases with further increase in temperature. Thel
fore, at the trailing edge of the weld pool where the ter
perature of the weld pool is below 2200 K, a positi
dy/dT prevails on the weld pool surface and, con.
quently, the flow field is radially inward. Also, at t
leading edge of the weld pool, there is a narrow regi
where the surface temperature is below 2200 K ar
consequently, a small inward loop which appears to ha
a minimal effect on the overall flow and temperature fic
exists at the leading edge. In the middie of the weld po
the temperature is marginally above 2200 K and t
negative dy/dT causes a radially outward flow. T
calculated flow field is not a simple recirculating flc
as one would have expected based on previous studi
The maximum calculated velocities are of the order
0.1 m/s. The calculated velocities agree qualitatively w
previous theoretical investigations. Figure 2(b) shows i
significant influence of fluid flow on the temperatu
distribution in the weld pool. The inward flow at t
trailing edge of the weld pool results in an increased deg
of penetration at the trailing edge of the pool.

The calculated flow field and temperature field for t
heat containing 240 ppm sulfur are presented in Figure
Figure 3(a) shows a radially inward flow in the weld pc
as suggested by previous experimental investigations. T
higher sulfur content causes the surface tension to
crease with temperature until 2450 K (Figure 1). Sir
most of the weld pool surface is below 2450K, t
positive dy/dT over much of the weld pool surface p
vails, producing an inward recirculating flow. The ma
mum calculated velocities are once again of the order
0.1 m/s. Figure 3(b) shows the calculated temperatu
distribution in the weld pool. The inward flow transpo
hot liquid metal from directly below the arc to the b
tom of the weld pool, causing an increased weld per
tration directly below the arc.
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Fig. 3— Calculated heat flow and fluid flow during linear GTA weld-
ing of Type 304 SS containing 240 ppm sulfur: (a) flow field and
(b) temperature field.

The results presented here clearly show the significant
influence of interfacial phenomena on the development
of the weld pool. The results confirmed the modifying
effect of surface active elements on the weld pool fluid
flow and heat transfer. It has also been demonstrated that
the effect of surface active elements on interfacial phe-
nomena is a strong function of surface temperature and,
hence, the welding parameters.
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