
WELDING RESEARCH 

SUPPLEMENT TO THE WELDING JOURNAL. APRIL, 1982 

Sponsored by the Amer ican W e l d i n g Societv and the W e l d i n g Research Counc i l I V D I , 

Mechanism for Minor Element Effect on 
GTA Fusion Zone Geometry 

Surface active impurities alter surface tension gradients in 
the molten weld pool thereby changing fluid flow patterns 

and fusion zone geometry 

BY C. R. HEIPLE AND J. R. ROPER 

ABSTRACT. The presence of certain 
impurities in the base metal has been 
known for some time to affect the fusion 
zone geometry of CTA bead-on-plate 
welds, sometimes dramatically. High
speed motion pictures of the weld pool 
during and after the addition of aluminum 
and sulfur suggested that the change in 
pool shape occurs because of a change in 
fluid flow patterns in the weld pool. 

It is proposed that surface tension 
driven fluid flow (Marangoni convection) 
is responsible in many cases for the fluid 
flow pattern produced in weld pools and 
that minor elements change fluid flow 
patterns by altering the surface tension 
gradient. A surface tension gradient (and 
thus surface tension driven fluid flow) 
exists because the surface tension is tem
perature dependent, and large tempera
ture gradients occur on the weld pool 
surface. 

The presence of low concentrations of 
surface active impurities can substantially 
alter the temperature dependence of the 
surface tension (including changing its 
sign) as well as changing the magnitude of 
the surface tension. The change in magni
tude and direction of surface tension 
gradients on the weld pool surface 
changes fluid flow patterns and changes 
the fusion zone geometry. Evidence in 
support of the model is presented. 

Introduction 

A number of studies have been report
ed in which the geometry of GTA weld 
fusion zones in stainless steel and other 
materials was found to vary with the 
concentration of one or more impurities 
in the base metal (Ref. 1-10). Several 

Fig, I-Arrangement of holes for filming weld 
pool interaction with Al, Al20}, and FeS 

mechanisms have been proposed by 
which the impurities could influence weld 
shape, including interaction with and con
sequent alteration of the arc, (Ref. 5,11-
15) changes in the liquid-vapor or solid-
liquid interfacial energy, (Ref. 16-20) and 
alteration of fluid flow patterns in the 
weld pool (Ref. 3,21-23). 

Experiments have been reported pre
viously in which the addition of aluminum 
to several austenitic stainless steels 
resulted in wider and shallower welds 
(Ref. 3). The magnitude of the change in 
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depth/width (D/W) ratio varied for the 
same aluminum addition among the vari
ous steels studied, and this variation in 
sensitivity to added aluminum was corre
lated with the sulfur content of the steel. 
Steels with higher sulfur content were 
less sensitive to added aluminum, and the 
addition of sulfur improved the depth/ 
width ratio in a steel with a high (140 
ppm) residual aluminum content having 
an initially poor D / W ratio. 

An investigation to determine how alu
minum and sulfur affect the weld pool 
shape is reported here, and a mechanism 
is proposed. 

Experimental 

Sets of holes 0.94 mm (0.04 in.) in 
diameter and about 2.5 mm (0.1 in.) deep 
were drilled in 2.5 cm (1 in.) thick plates 
of 21-6-9* stainless steel, as indicated in 
Fig. 1. This steel is an austenitic stainless 
steel of nominal composition 21% Cr, 6% 
Ni, and 9°o Mn, solid solution strength
ened with 0.15 to 0.40% nitrogen. The 
actual composition of the 21-6-9 plate is 
given in Table 1. One third of the holes 
were filled with —80 mesh aluminum 
oxide powder, another third were filled 
with 99.8% aluminum wire, and the last 
third were filled with iron sulfide powder. 
Aluminum oxide particles (—80 mesh) 
were then sprinkled on the plate surface 
around the filled holes and glued to the 
surface with Nicrobraz** cement. 

Prior work (and the motion pictures 

*2 7-6-9 is a trademark of Armco Steel Corpo
ration, Middletown. Ohio. 
**Nicrobraz is a trademark of Wall Colmonoy 
Corporation, Detroit, Michigan. 
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taken in this study) indicated that neither 
aluminum oxide nor the cement affected 
weld pool motion or fusion zone shape in 
21-6-9 stainless steel. The aluminum oxide 
particles which floated on the weld pool 
surface could, therefore, be used to 
define surface fluid flow in the weld 
pool. 

Bead-on-plate GTA welds were passed 
over the filled holes and high speed 
motion pictures were taken of the weld 
pool The front, side, and back of the 
weld pools were photographed sepa
rately. The GTA welding parameters 
were: welding current—150 A DCSP, 
travel speed — 127 mm/min (5 ipm), elec
trode-to-work distance-0.152 cm (0.06 
in.), and argon cover gas flow rate — 
0.566 m3 /h (20 ft3/h). Film was exposed 
at a rate of 2000 frames per second using 
Kodak Ektachrome high speed type VNX 
16 mm film. 

Results 

The pattern of AI2O3 particles floating 
on the surface of the weld pool prior to 
the pool hitting a filled hole is indicated 
schematically in Fig. 2. The ring of parti
cles was essentially stationary, and there 
was little relative motion of the individual 
particles within the ring. Additionally, 
there was no general rotation of the ring 
around the pool. There was a clear parti
cle-free band around the edge of the 
weld pool, and no particles were 
observed in the central region of the 
weld pool. Particles entering the pool as 
the weld advanced crossed the outer 
particle-free band rapidly. Occasionally, a 
particle from the ring would touch the 
edge of the pool and stick. When the 
weld passed over a hole filled with alumi
num oxide, the particles entered the pool 
as molten droplets which floated on the 
pool surface. These droplets solidified 
and contributed to the ring of particles 
described above. 

There was a sharp change in the distri
bution of the particles as the weld pool 
hit an aluminum filled hole; however, the 
pool quickly regained the appearance of 
Fig. 2. Some of the aluminum apparently 
oxidized and formed a scum that was 

Table 1—Composition of 21-6-9 Base Metal, 
Wt-% 

Cr 
Ni 
Mn 
N2 

C 
Al 
0 2 

s 
Fe 

20.1 
6.8 
8.7 
0.27 
0.025 
0.0058 
0.0058 
0.0024 

Balance 

Fig. 2 —Pattern of AI2Oj particles on weld pool 
surface prior to hitting a filled hole 

incorporated into the ring of particles. 
There was no lasting effect on pool 
shape, because the base metal already 
had a poor D /W ratio prior to the 
addition of aluminum. 

The effect of iron sulfide on the weld 
pool was quite different. As the iron 
sulfide entered the pool, a substantial 
depression of the pool surface formed 
under the arc. The pool narrowed, and 
metal was pushed out the back of the 
weld over previously solidified metal. All 
the AI2O3 particles floating in the pool 
were pushed to the trailing edge of the 
weld. As welding continued, the sulfur 
concentration decreased by dilution and 
the depression in the surface under the 
arc disappeared as did the raised area 
toward the back of the weld pool. The 
sulfur level stayed high enough, howev
er, for the pool to remain narrow for the 
duration of the test (8 s or 1.7 cm of weld 

bead). 
The second substantial difference was 

that the ring of particles did not re-form 
after the transient changes caused by 
contact with the FeS-filled hole had died 
out. Instead, new particles entering the 
pool moved rapidly to near the center of 
the pool. One flattened droplet of mol
ten aluminum oxide quickly formed near 
the center, and it grew with time as new 
particles entered the pool and moved 
toward and were assimilated by the cen
tral droplet. (It remained molten because, 
being near the center of the pool, it was 
nearly under the center of the arc.) For
mation of a growing molten oxide drop
let near the center of a weld pool has also 
been observed by Bradstreet (Ref. 17) 
with GMA welds on mild steel. 

Discussion 

Marangoni Convection Mechanism for Effect 
of Minor Elements on Weld Pool Shape 

The photographic evidence described 
previously indicates that the fluid flow 
pattern in GTA weld pools in 21-6-9 
stainless high in residual aluminum is 
changed substantially when sulfur is add
ed to the weld pool. The location of the 
aluminum oxide floating on the weld pool 
surface appears to mark approximately 
the place where the flow of molten metal 
along the pool surface turns and 
descends into the pool. 

The indicated surface flow patterns are 
shown schematically in Fig. 3. For the 
high-aluminum welds, the metal flows 
radially outward from the center of the 
weld pool, descends, and returns 
beneath the surface to the center of the 
weld. This motion efficiently transfers 
heat to the toe (edge) of the weld and 
produces wide, shallow welds. When 
sulfur is added, the flow direction is 
reversed, with metal flowing inward to 
the center and then down. This flow 
pattern efficiently transfers heat to the 
weld root and produces deep, narrow 
welds. 

Subsurface flow patterns consistent 
with the observed surface flow are also 
shown in Fig. 3. These flow patterns are 
idealized; the actual surface flow patterns 

WELDING 
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Fig. 3 — Apparent fluid flow pattern on weld pool surface and proposed 
subsurface flow pattern: A — high-aluminum welds; B —high-sulfur 
welds 
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are unlikely to be exactly radial, and the 
velocities almost certainly differ in differ
ent directions. 

We propose that fluid flow in the weld 
pool generally determines weld pool 
shape and that the dominant force driv
ing fluid f low under the conditions of 
these tests is a surface tension gradient. 
Surface tension driven fluid flow, or 
Marangoni convection, was first investi
gated by C. G. M. Marangoni in the 19th 
Century. It arises from the fact that, if a 
surface tension gradient exists on the 
surface of a liquid, then fluid will be 
drawn along the surface from the 
region(s) of lower surface tension to the 
region(s) of higher surface tension. 

A good introduction to the subject of 
surface tension driven fluid flow is given 
by Velarde and Normand (Ref. 24). The 
possible importance of surface tension 
driven flow in weld pools was suggested 
by Ishizaki, et al. (Ref. 25), and Andersson 
(Ref. 26) a number of years ago, although 
Andersson concluded that Marangoni 
convection was probably not important 
in weld pools. More recently, surface 
rippling during laser surface melting has 
been attributed to surface tension gradi
ents (Ref. 27). 

A surface tension gradient with conse
quent fluid flow can be imposed on the 
surface of a fluid for at least two rea
sons: 

1. If there is a temperature gradient 
along the surface, there will be a surface 
tension gradient because the surface ten
sion is temperature-dependent. Temper
ature gradients clearly occur in weld 
pools, with the portion of the pool under 
the axis of the arc being hottest. 

2. If there is a composition gradient 
along the surface there will be a surface 
tension gradient because the surface ten
sion is (generally) composition-depen
dent. This situation may also occur in 
weld pools through increased vaporiza
tion or reduced surface segregation of 
certain impurities on the hotter portion of 
the weld pool surface. 

The magnitude of the force generated 
by surface tension gradients can be large 
and can, therefore, dominate other 
forces. For example, the fluid flow pat
tern formed in a thin layer of fluid heated 
uniformly from below (Benard convec
tion) is determined by surface tension 
driven fluid flow, not convection from 
buoyancy effects (Ref. 24). Brimacombe 
and Weinberg (Ref. 28) produced radially 
outward surface motion velocities of 80-
150 cm/s (32-60 in./s) in liquid tin by 
blowing a low velocity jet of oxygen 
vertically onto the center of a pool of tin 
in a crucible. The surface tension of liquid 
tin is dependent on oxygen content, and 
the oxygen concentration gradient pro
duced a surface tension gradient. When 
the experiment was repeated using argon 
rather than oxygen, surface motion of 
less than 5 cm/s (2 in./s) was pro
duced. 

We, therefore, propose that small con
centrations of residual impurities affect 
fluid flow in the weld pool (and thereby 
weld pool shape) by altering surface 
tension gradients on the weld pool sur
face. Specifically, a significant concentra
tion of surface active elements (i.e., ele
ments which segregate preferentially on 
the surface) creates a positive tempera
ture coefficient of surface tension —as 
indicated by curves B and C in Fig. 4. In 
this case, the surface tension will be 
greatest near the center (hotter) portion 
of the weld pool and will produce inward 
fluid flow and a deep, narrow weld. 
Sulfur (Ref. 29-32), oxygen (Ref. 29,31) 
and selenium (Ref. 31,31-35) are known 
to be highly surface active in iron. 

In the absence of significant concentra
tions of surface active impurities, the melt 
exhibits the normal negative surface ten
sion temperature coefficient for pure 
materials (like curve A, Fig. 4). In this case, 
surface tension is highest near the toe of 
the weld and outward fluid flow with a 
wide, shallow weld results. There is abun
dant evidence in the literature that the 
changes in the temperature dependence 
of the surface tension described above 
are indeed produced by small concentra
tions of sulfur and oxygen. This evidence 
is summarized briefly below. The effect 
of aluminum is more complex and is also 
discussed below. 

There are forces other than surface 
tension gradients which can and do influ
ence fluid flow patterns in weld pools. 
The electromagnetic or Lorentz force 
arises from electric current flow in the arc 
and weld pool and tends to drive fluid 
downward under the arc (Ref. 21,36,37) 
and produce surface fluid f low like that 
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Fig. 4 — Schematic surface tension-temperature 
behavior for iron: curve A —high purity mate
rial; curve B — containing added sulfur; curve 
C — containing added oxygen 

shown in Fig. 3B. On the other hand, 
radially outward flow (Fig. 3A) is promot
ed both by the plasma and gas motion 
over the pool surface, and by thermal 
convection. These forces are dependent 
on the arc energy and the distribution of 
the deposition of that energy over the 
weld pool surface. It is known, most 
notably from GTA weld studies using 
different Ar-He cover gas mixtures, that 
changes in the arc energy distribution 
result in changes in weld pool shape 
(Ref. 36). 

Changes in the arc will have effects on 
the weld pool other than altering fluid 
f low patterns, but some evidence is avail
able that changes induced in fluid flow 
patterns are the major influence on 
changes in fusion zone shape. Mills (Ref. 
36) has shown that the addition of He to 
argon shielding gas produces a wider arc 
current distribution than pure argon; 
however, the Ar-He mixture produces a 
weld with a higher depth/width ratio. 
The weld shape change was thus oppo
site to the change in arc energy distribu
tion, and the result was interpreted in 
terms of a change in fluid flow patterns in 
the weld pool. 

These other forces are clearly impor
tant in determining weld pool shape. 
However, it is not evident how the addi
tion of as little as 50 ppm sulfur to a steel 
could so alter the balance of these forces 
and the heat transfer in the weld pool 
that the fusion zone depth/width ratio 
would be increased by over 80%, as 
observed previously (Ref. 3). An addition
al force, such as a surface tension gradi
ent, which is sensitive to small concentra
tions of certain elements in the weld pool 
would appear to be required. 

Surface Tension of Iron and Steel Melts 

For the surface tension driven fluid 
flow model proposed here to be valid, 
surface active elements must alter the 
temperature dependence of the surface 
tension. Unfortunately, no data are avail
able on the temperature dependence of 
the surface tension for the 21-6-9 stain
less steel used in the experiments report
ed here. The surface tension behavior of 
21-6-9 can, however, be estimated from 
data available for iron. This is possible 
because none of the intentional alloying 
elements in 21-6-9 are more than slightly 
surface active in iron —Cr (Ref. 38), Ni 
(Ref. 39,40), Mn (Ref. 30,41) and N (Ref. 
29,42,43); also see Allen (Ref. 44). Even 
nitrogen, which is slightly surface active, 
has been found to be surface inactive 
when nickel is present as a third compo
nent (Ref. 45). Nitrogen, however, has 
been shown to enhance the surface 
activity of sulfur in iron (Ref. 43). Because 
of the absence of substantial surface 
activity from the alloying elements in 
21-6-9, it would be expected that the 
surface tension behavior of 21-6-9 would 
be similar to iron, since iron is the major 
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alloying element. 
A number of measurements of the 

surface tension temperature coefficient 
dy/dT are available for both the iron-
sulfur and iron-oxygen systems. All inves
tigators agree that the surface tension of 
Fe-S melts increases with increasing tem
perature above the melting point for at 
least 200°C (392°F) when the sulfur con
centration exceeds approximately 40 
ppm (Ref. 30,46-48). The behavior of the 
Fe-O system is similar, but it appears to 
have a smaller temperature coefficient 
(Ref. 46,48,49). A positive dy/dT, as 
observed for Fe-S and Fe-O systems, is 
expected for any system having signifi
cant concentrations of highly surface 
active substances. 

The surface active elements lower the 
surface tension of the base metal at the 
melting point (the surface tension of liq
uid iron, for example, is reduced by more 
than a factor of two near 1570°C 
(2858°F) by 1 wt-% sulfur per Ref. 29-32). 
However, as the temperature is 
increased, the resulting increase in entro
py favors reduced segregation of the 
surface active element(s) on the surface, 
thereby increasing the surface tension. As 
the temperature is raised, a point will be 
reached at which the species are no 
longer concentrated on the surface and 
thus are no longer surface-active. Gogi-
beridze et al. (Ref. 50) determined this 
temperature by extrapolation to be 
2025°C (3677°F) for sulfur and 2370°C 
(4298°F) for oxygen in a ball-bearing steel 
(ShKh15; 1.02 C, 0.32 Si, 0.31 Mn, 1.46 
Cr, 0.018 P, 0.14 Ni, 0.10 Cu, 0.007-0.013 
S). 

Pure iron has a negative dy /dT (Ref. 
39, 51-53) as expected for a pure metal 
(Ref. 44). (One positive d y / d t has been 
reported —see Ref. 54; however, the 
positive value was attributed to hydro
gen contamination — see Ref. 54, 55.) The 
surface tension for pure iron is indicated 
schematically by curve A in Fig. 4, iron 
containing sulfur by curve B, and iron 
containing oxygen by curve C. The 
slopes and surface depression at the 
melting point will, of course, depend on 
the actual concentrations of sulfur and 
oxygen. 

Effect of Aluminum on Surface Tension and 
Weld Pool Shape 

The addition of aluminum has been 
shown to reduce the depth/width ratio 
in several stainless steels (Ref. 2,3), imply
ing that aluminum additions produce a 
more negative dy/dT in these steels. 
However, for pure iron, Ayushina et al. 
(Ref. 56) found little change in dy /dT for 
small aluminum additions. Nevertheless, a 
possible mechanism exists by which alu
minum can produce a more negative 
dy /dT in steels as opposed to pure 
iron. 

Aluminum reacts with oxygen in steels 
to form inert aluminum oxide, thereby 

preventing oxygen from helping to 
produce a positive dy/dT. Indirect evi
dence in support of this mechanism is 
available, lodkovskii et al. (Ref. 57) 
observed in a Russian chrome-nickel steel 
(Kh18N12) that the first additions of alu
minum—up to 0.1% —raised the surface 
tension of the melt, while subsequent 
additions lowered the surface tension. 
Shitikov et al. (Ref. 58) observed the same 
behavior in a structural steel and corre
lated the increase in surface tension for 
small amounts of added aluminum with 
the measured reduction in oxygen con
centration in the steel. 

The proposed indirect effect of alumi
num (removal of oxygen from solution) is 
also consistent with several observations 
of the effect of aluminum on weld pool 
shape. If the sulfur level in a steel is 
relatively high, then the surface tension 
gradient and fluid f low pattern are deter
mined primarily by the sulfur and are 
nearly independent of oxygen concentra
tion. Thus, removal of the oxygen by 
aluminum should have little effect on 
weld shape. Weld bead geometry on an 
air-melted Type 304N stainless steel with 
290 ppm sulfur was nearly unaffected by 
adding aluminum to the weld pool (Ref. 
3). Conversely, if the sulfur level is low, 
oxygen contributes significantly to the 
surface tension gradient established on 
the weld pool and removal of the oxygen 
would affect fusion zone shape. 

The depth/width ratio of welds on a 
high purity electroslag remelted Type 304 
stainless steel was reduced 50% by add
ing aluminum to the weld pool (Ref. 3). 
Bennett and Mills (Ref. 1) correlated 
decreasing depth/width ratios with 
increasing aluminum content for a num
ber of 21-6-9 heats, particularly for elec
troslag remelted material which is known 
to be low in sulfur. In contrast, Metcalfe 
and Quigley (Ref. 12) found little correla
tion between aluminum and depth/width 
ratios for a series of Type 304L stainless 
steel heats. The sulfur content of these 
heats was not specified, so it is not 
known if their results are consistent with 
the proposed effect of aluminum. 

Predictions of the Marangoni Convection 
Model 

The model correctly predicts that sul
fur increases penetration, as observed 
(Ref. 3). It also predicts that oxygen 
increases penetration, as has been 
observed for some steels after oxidation 
of the metal surface before welding (Ref. 
59,60). 

The temperature dependence of the 
surface tension of iron containing seleni
um has not been measured. However, 
small additions of selenium are known to 
sharply reduce the surface tension of iron 
(Ref. 31,33-35). The magnitude of the 
surface tension reduction with selenium 
additions is similar to that for sulfur addi
tions. Selenium would, therefore, be 

expected to produce a positive surface 
tension temperature coefficient and 
deep, narrow welds. Small additions of 
selenium were made to 21-6-9 stainless 
steel, and there was a dramatic increase 
in the depth/width ratio of GTA bead-
on-plate welds (Ref. 61). The addition of 
140 ppm selenium increased the depth/ 
width ratio by over 160%. 

The proposed model also predicts that 
very high purity iron or high purity stain
less steel will have a poor depth/width 
ratio. Evidence that this is indeed true is 
also available. A special, high purity elec
troslag remelted heat of Type 304 stain
less steel with less than 30 ppm aluminum 
and 60 ppm sulfur had a D / W ratio of 
0.38, compared to 0.53 for air melt 304 
with the same welding parameters (Ref. 
3). Inadequate and variable GTA weld 
penetration occurred in vacuum arc 
remelted Type 304 stainless steel with 
less than about 30 ppm sulfur and 10 
ppm aluminum, while reliable and ade
quate penetration occurred at the same 
aluminum level when the sulfur content 
was above about 50 ppm (Ref. 62). 
Bead-on-plate GTA welds have also been 
made on samples of electroslag remelted 
Type 316 stainless steel containing 40 
ppm sulfur, 38 ppm oxygen, and 230 
ppm aluminum. These welds had depth/ 
width ratios of 0.28, about half that 
expected in 316 of normal purity. 

Conclusion 

Any model which seeks to explain the 
influence of minor elements on the shape 
of GTA fusion zones must account for a 
number of observations, including at least 
the following. 

1. The high speed motion pictures of 
GTA welds reported here, which show 
approximately radial outward surface flu
id flow for weld pools in 21-6-9 which are 
high in aluminum and radially inward 
surface fluid flow when sulfur is added to 
the weld pool. 

2. Substantial changes in fusion zone 
shape are produced by the addition of 
small amounts of certain elements to a 
weld pool, including sulfur, selenium, alu
minum, and possibly oxygen. (For exam
ple, the addition of 50 ppm sulfur 
increased the depth/width ratio of a GTA 
weld in 21-6-9 stainless steel by over 
80%, and aluminum additions of the same 
magnitude have produced significant 
decreases in depth/width ratio.) 

3. Broadening the arc energy distribu
tion by adding helium to the cover gas 
improves the depth/width ratio, rather 
than broadening the weld. 

4. High purity metals and alloys appear 
to have poorer depth/width ratios than 
less highly refined material. 

We propose that fluid flow in the weld 
pool is generally the major factor deter
mining GTA fusion zone shape Several 
forces interact to determine the flow 
pattern in the weld pool, including sur-
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face tension gradients, the Lorentz fo rce, 
and thermal convec t ion . W h e n the con
centrat ion of surface act ive elements — 
such as sulfur, selenium, or oxygen —is 
high enough in the w e l d poo l t o p roduce 
a posit ive surface tension tempera ture 
coeff ic ient, then the surface tension gra
dient and the Lorentz fo rce combine to 
p roduce strong inward surface f luid f l ow , 
eff icient heat transfer t o the w e l d roo t , 
and t o f o r m a nar row, deep w e l d poo l . 
W h e n surface act ive elements are lacking 
(or w h e n they are comb ined w i t h other 
elements into inert compounds , such as 
oxygen in a luminum oxide), then the 
surface tension gradient wi l l be in the 
oppos i te d i rect ion and wil l oppose the 
Lorentz fo rce. 

Current ev idence indicates that the 
surface tension fo rce dominates the 
Lorentz fo rce for very high purity 
materials w i t h l o w concentrat ions of sur
face active elements in the w e l d poo l . 
This results in o u t w a r d surface f luid f l ow , 
eff icient heat transfer t o the w e l d toe , 
and a w ide , shal low w e l d poo l . The 
surface tension gradient in the w e l d poo l 
depends strongly, b o t h in magni tude and 
d i rect ion, o n the concentrat ion of surface 
active elements common l y present in 
stainless steels as impurit ies; thus, the 
GTA fusion zone shape in these steels is 
o f ten sensitive t o compos i t ion . 

The impor tance of surface tension 
dr iven fluid f l o w in determin ing the fusion 
zone shape of GTA welds is not restrict
ed to stainless steels. Since the chromium 
and nickel have little ef fect o n the estab
lishment o f surface tension gradients in 
the w e l d p o o l , the response o f fusion 
zone shape t o surface act ive elements in 
steels, in general, is expected to be very 
similar to the response of stainless steels. 
Comparab le effects are ant icipated in 
o ther alloy systems. 
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