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o n  

Experiments on 304 stainless steel indicate a change in temperature coefficient 
of surface tension from negative to positive values with 

sulfur contents above 50 ppm 

BY P. R. SCHELLER, R. F. BROOKS AND K. C. MILLS 

ABSTRACT. Welding trials and surface 
tension measurements have been carried 
out on 304 stainless steels with sulfur (S) 
contents between 20 and 100 ppm. Sur- 
face tension measurements, determined 
by the levitated drop method, indicated 
that the temperature coefficient of sur- 
face tension (dT/dT) changed from nega- 
tive to positive values at S contents ex- 
ceeding approximately 50 ppm. Strips 
with a thickness of approximately 1 mm 
were GTA welded on both single-elec- 
trode, small-scale and multi-electrode in- 
dustrial-scale units. Welding speeds of 1 
to 2 m min -I were used on the small- 
scale unit and up to 5 m min -1 on the in- 
dustrial unit. The weld penetration was 
found to increase, for both full and par- 
tial penetration welds, with 1 ) increasing 
sulfur contents; and 2) increasing linear 
energy (i.e., current x voltage/welding 
speed). On the small scale-unit markedly 
higher penetration was observed in heats 
with S contents > 60 ppm. But the influ- 
ence of S contents was only of minor im- 
portance for welds obtained on the in- 
dustrial unit. It was found that the similar 
weld geometry could be obtained for 
both low (< 60 ppm) and high (> 60 ppm) 
sulfur contents by careful adjustment of 
welding parameters. The observed 
changes in weld geometry are consistent 
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with the proposition that the fluid flow in 
the weld pool is dominated by thermo- 
capillary (Marangoni) forces during the 
GTA welding of thin strips. 

Introduction 

Tubes with wall thicknesses of less 
than 3 mm (0.12 in.) are widely used in 
the chemical and nuclear industries for 
the construction of reactors, heat ex- 
changers, etc. In these applications it is 
essential that any welded joints be of 
high quality with regard to mechanical 
strength, ductility and corrosion resis- 
tance. Usually, the production of 
austenitic steel tubes is carried out in two 
steps: 1) the continuous forming of strip 
into tubes by rolls; and then 2) GTA weld- 
ing of the seam in the tube. In order to ob- 
tain both high productivity and low pro- 
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duction costs, it is customary to aim for 
high welding speeds. At the same time, it 
is necessary to ensure that the full pene- 
tration welds are of high quality and in- 
tegrity. The capacity of the welding plant 
is determined by the welding speed but 
this and other welding parameters must 
be adjusted to account for differences in 
both the material and the geometry of the 
tubes. 

The weld penetration is determined by 
the chemical composition of the weld 
metal and by the welding conditions 
since these parameters control the fluid 
flow patterns and subsequently, the 
geometry of the weld bead. Conse- 
quently, failure to optimize the welding 
conditions can cause a reduction in weld- 
ing capacity. Additional problems may be 
caused by the slag precipitation on the 
weld surface, but this behavior was not 
studied in the present investigation. 

in autogenous GTA welding of steel it 
is essential to obtain good weld penetra- 
tion. However, recent investigations (Ref. 
1) have shown that apparently small 
changes in S content of the metal can re- 
sult in appreciable variations in weld 
penetration. Heiple and Roper (Ref. 1) 
proposed that variable weld penetration 
resulted from the following: 

1) Changes in the direction and mag- 
nitude of the fluid flow in the weld pool. 

2) These changes in fluid flow were 
controlled by the thermocapillary 
(Marangoni) flow arising from tempera- 
ture (and consequently surface tension) 
gradients over the surface of the weld 
pool. 
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Fig. 2 - -  Schematic representations o f  various forces on the motion o f  the l iquid in the weld pool. 
A - -  Thermocapillary (Marangoni) forces; B - -  electromagnetic (Lorentz) forces; C - -  buoyancy; 
D - -  aerodynamic drag forces (Ref. 2). 

3) The surface flows triggering off cir- 
culatory flows within the weld pool - -  
Fig. 1. 

4) The fact that the controlling factor 
was the temperature coefficient of the 
surface tension (dT/dT) which, in turn, 
was dependent upon the concentration 
of surface active species (such as O and 
S) in fusion zone. 

When the soluble O or S (denoted O 
or S) concentration is below a certain 
critical concentration (Fig. 1A), the sur- 
face tension is highest at the edges of the 
pool, and the thermocapillary flow oc- 
curs in a radially outward direction from 
low to high surface tension and results in 
melt-back at the edge of the pool, and 
hence, a shallow weld. However, for O 
and S concentrations above the critical 
value (approximately 50 ppm) surface 
flow is reversed (i.e., radially inward, Fig. 
1 B), and hot liquid is swept to the bottom 
of the pool where melt-back produces a 
deeper weld. Implicit in this theory is the 
proposition that weld penetration is con- 

trolled by the fluid flow in the weld pool 
and not by the thermal conduction in the 
workpiece (Ref. 2). 

In practice there are factors other than 
thermocapillary forces affecting the fluid 
flow viz.  Lorentz (electromagnetic), 
buoyancy and aerodynamic drag forces, 
which are determined by welding condi- 
tions. The effect of these and thermocap- 
illary forces on the fluid flow are sum- 
marized in Fig. 2. The situation is further 
complicated by the front-to-back motion 
resulting from the motion of the torch rel- 
ative to the workpiece. 

Welding trials (Refs. 3-5) have shown 
that better penetration was obtained with 
heats containing high sulfur contents. 
However, Lambert (Ref. 3) pointed out 
that penetration was not solely deter- 
mined by S content and proposed that the 
concentration of heat at the center of the 
weld pool was also an important factor. 
Pollard (Ref. 4) produced partial penetra- 
tion welds on both laboratory and pro- 
duction heats of 304 steel strips (0.7 to 

2.7 mm). It was found that increasing S 
content had no apparent effect on labo- 
ratory heats (O, 150-200 ppm, AI <40 
ppm) but did improve penetration in pro- 
duction heats (O, 40-80 ppm, AI <40 
ppm). These results are not surprising 
since there would be a strong radially-in- 
ward flow in the high-O, laboratory heats 
regardless of S contents, but this would 
not be the case for the lower O produc- 
tion heats. Marya and Olson (Ref. 5) 
found that although weld penetration 
was higher in heats with higher S content 
there was no correlation between weld 
morphology and S content for steels con- 
taining elements such as AI and Ca. It 
should be noted that it is the soluble S not 
the total S content that affects the surface 
tension and dy/dT. It has been pointed out 
(Ref. 2) that AI in steels wil l  normally 
hold the soluble O levels to about 5 ppm 
but the soluble S content is not affected 
unless the steel contains Ca, Mg or Ce. It 
has been recommended (Ref. 6) that the 
soluble S should be >60 ppm to ensure 
good weld penetration (Equation I). 

_S(ppm) = S to ta  I - 1.3 M g -  
0.8 Ca - 0.22 (Ca+Ce) (1) 

A recent study (Ref. 7) has shown that al- 
though the Heiple-Roper theory applies 
for thick-plate (i.e., penetration increases 
with (dT/dT)) there are departures from a 
linear relationship with sheet (<3 mm). 
This behavior was attributed to devia- 
tions from three-dimensional heat con- 
duction and to possible increases in the 
relative importance of Lorentz forces. 

Consequently, the objectives of this 
investigation were as follows: 

I ) Determine the effects of sulfur con- 
tent on the weld penetration in thin-sheet 
(approximately l-ram-thick) 18 Cr I 0 Ni 
stainless steels. 

2) Compare the results of trials using 
small-scale units with those obtained in 
industrial practice. 

3) Determine the surface tension on 
samples from industrial production with 
different S contents. 

4) Determine whether the Heiple- 

Table 1 - -  Chemical Composition of SteeI-Slrip Used in this Investigation 

Strip 
~eel Thickness 
Type No. Heat No. mm C Si 

304 I 844 678 1.15 .035 0.58 
304 2 844 512 0.97 .038 0.58 
304 3 861 918/1 0.94 .036 0.59 
304 4 861 914/1 1.15 .035 0.53 
304 5 861 914/2 1.10 .035 0.53 
304 6 861 918/2 0.95 .036 0.59 

Composition, Mass % 

Mn Cr Mo Ni AI Ti 

1.05 18.21 0.36 9.02 <0.003 0.011 
1.06 18.35 0.19 9.04 <0.003 0.010 
1.12 18.19 0.22 9.18 <0.003 0.011 
1.07 18.18 0.19 8.67 <0.003 0.014 
1.07 18.18 0.19 8.67 <0.003 O.014 
1.12 18.19 0.22 9.18 <0.003 0.011 

(a) Accuracy of chemical analysis = _ 5 ppm. 

Composition, Mass ppm (a) 

Ca N O t o  t S P 

<10 340 50-70 20 260 
<10 360 50-70 30 210 
<10 300 50-70 100 240 
<10 330 50-70 60 210 
<10 330 50-70 40 210 
<10 300 50-70 70 240 
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Roper theory  is app l i cab le  for th in plate. 

E x p e r i m e n t a l  

Materials 

The steels were  80- ton A O D  (argon- 
oxygen decarbur iza t ion)  heats of  18 Cr, 
10 Ni, 304 type stainless steels ro l led to 
a p p r o x i m a t e l y  1 m m  (0.04) th ickness.  
Detai ls inc lud ing  chemica l  compos i t i on  
and strip thickness are g iven in Table 1. 
The S contents of  these steels were  var- 
ied be tween 20 and 100 ppm,  all o ther  
e lements were  kept reasonably  constant.  

Surface Tension Measurement 

The surface tensions of  the steels were  
measured  us ing the l ev i t a ted  d rop  
method  (Ref. 8). In this techn ique,  a sam- 
ple of  k n o w n  mass (m) is lev i tated in an 
e lec t romagnet ic  coi l  and the natural  os- 
c i l la t ion  f requency  (w) is mon i to red  con-  
t inuously .  The surface tension can be cal- 
cu la ted f rom the Rayleigh fo rmu la  g iven 
in Equat ion 2. 

Y = 3 x m o)2/8 (2) 

A sample (approx imate ly  0.4 g) was lev- 
i tated in an e lec t romagnet ic  coi l ,  wh i ch  
was connec ted  to a 15 kW, Radyne RF 
generator  opera t ing  at 450  Hz. The fre- 
quency  of  the natural  osc i l la t ion was de- 
te rm ined  by pro jec t ing  the image of  the 
mol ten,  osc i l la t ing d rop  on to  a pho tode-  
tector  and ana lyz ing  the f requency  spec- 
t rum by means of  a Wavetek  wave fo rm  
ana lyzer .  The tempera tu re  of  the d rop  
was measured by a two -co l o r  pyrometer .  

The sample was prevented f rom ox i -  
da t ion  by ma in ta in ing  a con t inuous  f l ow  
of  pur i f ied gas (Ar, He and H 2) f l ow ing  
through a si l ica tube that ran th rough the 
in ter ior  of  the coi l .  The tempera tu re  of  
the d rop  was adjusted by a l ter ing e i ther  
the rat io of  these gases or the p o w e r  sup- 
p l ied to the coi l .  

It has been found in pract ice that a fre- 
quency  spectrum conta in ing  3 or 5 peaks 
is ob ta ined  and not the single (Rayleigh) 
f requency  ((o R ) predic ted by Equat ion 2. 
The spl i t t ing is due to the effect of  e lec- 
t romagnet ic  pressure, wh i ch  results in an 
apparent  increase in surface tension. The 
results ob ta ined  in this study were  de- 
r ived f rom Equat ion 2, using the central  
f r e q u e n c y  of  the spec t rum as the 
Rayle igh f requency.  Howeve r ,  recent ly  
an expression has been proposed (Ref. 9) 
for separat ing the effect of  e lec t romag-  
netic pressure f rom the surface tension;  
the t rue surface tension be ing der ived by 
Equat ion 3 whe re  the subscripts 1 to 5 
represent the var ious peaks and 0> r the 
t ransi t ional  f requency  at about  5 Hz. 

Table 2 - -  Welding Conditions Used in Trials and Results of Welding Penetration or Full 
Penetration 

Weld Bead Shape 
S- Strip Front Back Welding Linear 

Content Thick- Width Width Depth Speed Current Energy (a) 
mass % ness Wf Wb d Sw I E 

No (ppm) mm mm mm mm d/Wf  W b / W  f mm/s Amp Jmm -1 

1-1 3.10 1.05 0.33 16.7 100 90 
2 2.15 -- 0.72 0.33 25 100 60 
3 1.90 -- 0.52 0.27 33.3 100 45 
4 0.002 1.15 4.08 2.67 0.65 16.7 150 135 
5 (20) 2.88 0.72 0.25 25 150 90 
6 2.44 -- 0.80 0.33 33.3 150 68 
7 5.32 4.51 0.85 16.7 200 180 
8 3.59 1.73 0.50 25 200 120 
9 2.70 -- 0.95 0.35 -- 33.3 200 90 

2-I 3.23 2.20 0.68 16.7 100 90 
2 2.06 -- 0.97 0.47 25 100 60 
3 1.95 -- 0.68 0.35 33.3 100 45 
4 0.003 0.97 4.32 3.82 0.88 16.7 150 135 
5 (30) 2.94 2.05 0.70 25 150 90 
6 2.70 0.76 0.28 33.3 150 68 
7 4.61 4.56 0.99 16.7 200 153 
8 3.59 3.38 0.94 25 200 120 
9 3.15 1.76 0.54 33.3 200 90 

3-1 3.03 2.50 0.83 16.7 100 90 
2 2.26 1.20 0.53 25 100 60 
3 1.82 -- 0.94 0.52 33.3 100 45 
4 0.010 0.94 4.02 3.97 0.99 16.7 150 135 
5 (100) 3.17 1.97 0.62 25 150 90 
6 2.61 1.26 0.48 33.3 150 68 
7 5.73 5.46 0.95 16.7 200 180 
8 3.91 3.61 0.92 25 200 120 
9 2.96 2.79 0.94 33.3 200 90 

4-1 2.50 1.15 -- 0.45 16.7 100 90 
2 1.81 -- 0.75 0.41 25 100 60 
3 1.58 -- 0.58 0.37 33.3 100 45 
4 0.006 1.15 3.65 2.45 -- 0.67 16.7 150 135 
5 (60) 2.73 0.50 -- 0.18 25 150 90 
6 2.13 -- 0.72 0.34 33.3 150 68 
7 7.33 7.04 -- 0.96 16.7 200 180 
8 3.34 1.67 -- 0.50 25 200 120 
9 2.90 1.01 -- 0.35 33.3 200 90 

5-1 2.77 0.41 -- 0.15 16.7 100 90 
2 1.86 -- 0.68 0.37 25 100 60 
3 1.75 -- 0.51 0.29 33.3 100 45 
4 0.004 1.13 4.01 2.83 -- 0.71 16.7 150 135 
5 (40) 2.74 -- 1.04 0.38 25 150 90 
6 2.34 -- 0.76 0.32 33.3 150 68 
7 7.57 7.01 -- 0.94 16.7 200 153 
8 4.07 2.54 -- 0.62 25 200 120 
9 3.25 1.41 -- 0.43 33.3 200 90 

6-1 3.35 2.67 -- 0.80 16.7 100 90 
2 1.87 0.63 -- 0.34 25 100 60 
3 1.57 -- 0.60 0.38 33.3 100 45 
4 0.007 0.95 4.36 4.22 -- 0.97 16.7 150 135 
5 (70) 2.73 1.84 -- 0.67 25 150 90 
6 2.20 0.89 -- 0.40 33.3 150 68 
7 7.18 6.98 -- 0.97 16.7 200 180 
8 4.28 3.92 -- 0.93 25 200 120 
9 3.21 2.46 -- 0.77 33.3 200 90 

(a) Linear energy E is defined as [current (I)xvoltage (u)/welding speed (Sw)]. 
Other welding parameters: Voltage = 15 V; Arc Length = 0.5 mm; Electrode W 2% ThO2, diam 2.4 mm, tip angle = 60-deg. 

1 1 Torch gas: Ar  + 2% H2: Flow Rates, front 10 L m in -  , back 16 Lmin- , ceramic torch nozzle 10-mm diam. 

W E L D I N G  RESEARCH S U P P L E M E N T  I 71-s  



Fig. 3 - -  Surface 
tensions of  18 Cr 8 
Ni 304-type stain- 

less steels with: 
A - -  I00 ppm S; 

B - -  60 ppm S; 
C - -  20-30 ppm S; 

-x, this investiga- 
tion, --, calculated 

values (Ref. 10);--, 
calculated values 

(Ref. 10) using cor- 
rected values for 
surface tension. 
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Fig. 4 - -  Surface tensions of  18 Cr 8 Ni 304- 
type steels at 1800°C as a function of  5 con- 
tent; - -, curve based on data for other 18 Cr 8 
Ni stainless steels; x, this investigation. 
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Fig. 5 - -  Temperature coefficients of surface 
tension (c~/dT) of  18 Cr 8 Ni stainless steels for 
the temperature interval (1550-1800°0  as a 
function of  total S content. 

(3) 
Typically the application of this ex- 

pression results in a decrease of 2 to 3% 
to the surface tensions derived from the 
central frequency; consequently, the sur- 
face tension results were subjected to a 
correction of -2 .5%.  

Weld ing  Trials 

Full penetration, bead-on-plate welds 
were carried out on strips from 304 stain- 
less steel using a single electrode, small- 
scale unit using linear energies of 40 to 
180 J mm -1. Details of welding condi- 
tions are given in Table 2. 

The strip samples had dimensions of 
1200 x 100 x 1 mm (48 x 4 x 0.04 in.) 
and were held in rigid, brass fixtures. The 
strips were cleaned before welding. The 
welding was always carried out in the 

same direction and the length of the weld 
run was about 1000 mm (40 in.). Pene- 
tration was measured by sectioning the 
weld run at a position about 450 mm 
from the start to ensure that all welding 
parameters were uniform. Since the weld 
surface was very regular, only one sec- 
tion per weld was taken. Although the 
(depth/width), i.e., (D/W) partial penetra- 
tion, welds provide a more reliable mea- 
sure of weld penetration, it is more cus- 
tomary to carry out full-penetration 
welds on thin plate and thus the ratio of 
(back-to-front) widths (Wb/W f) has been 
primarily used in this study. 

Penetration was determined by mea- 
suring the widths of the front and back 
welds for full-penetration welds and by 
etching sections of the weld with 1:1 
HNO 3 and measuring the depth/width 
(D/W) ratio of partial penetration welds 
in an optical microscope. 

Welding trials were also carried out 
with high-efficiency industrial units with 
1 to 3 electrodes. Strips of the same heat 
were formed into tubes and welded at 
speeds of up to 5 m min n. The effect of 

welding conditions on penetration for 
these industrial trials was not investi- 
gated in detail, but the weld pool profiles 
obtained were compared with those ob- 
tained in investigations using small scale 
units. 

R e s u l t s  a n d  D i s c u s s i o n  

Surface Tension 

Surface tensions were obtained for all 
the steels. Typical results for surface ten- 
sion as a function of temperature are 
shown in Fig. 3 for steels with S contents 
smaller and greater than the critical com- 
position where dy/dT = 0. The surface 
tensions at 1800°C (3272°F) of all steels 1 
are shown as a function of total S content 
in Fig. 4, and it can be seen that surface 
tension decreases markedly with S con- 
tent. It can also be seen that the depen- 
dence of surface tensions of 18 Cr 8 Ni 
austenitic steels upon S content, derived 
by McNallan and Debroy (Ref. 10) from 
thermodynamic calculations, are in ex- 
cellent agreement with the experimental 
values when allowance is made for the 
fact that the calculated values are based 
on surface tension data (Refs. 11, 12), 
which were not corrected for the transi- 
tional frequency term in Equation 3. 

There are insufficient number of ex- 
perimental points in Fig. 3 to derive ac- 
curate values of the temperature coeffi- 
cient dy/dT, which can only be derived 
with >20 measurements of surface ten- 
sion. However, accurate values of dy/dT 
have been obtained in our laboratory for 
other heats of 18 Cr 8 Ni 304 and 316 
type austenitic stainless steels and these 
are shown as a function of S content in 
Fig. 5. It can be seen that the values of 
dT/dT for the temperature range 1550 ° 
-1800°C calculated by McNallan and 
Debroy (Ref. 10) are in excellent agree- 
ment with the values recorded experi- 
mentally, especially when probable un- 
certainties for S analyses (+5 ppm) are 
taken into account. It should be noted 
that dy/dT is a function of both S content 
and temperature and the calculated val- 
ues cited in Fig. 5 refer to a mean tem- 
perature of 1680°C (3056°F). It can be 
seen from Fig. 5 that the crossover point 
where (dy/dT) -- 0 occurs at about 40 to 
50 ppm S. This is consistent with the re- 
sults of welding trials on thick plate, 
which suggest that good penetration is 
associated with S >50 ppm (Refs. 1, 6). 

Welding Trials 

The micrographs showing the full 
penetration welds obtained when weld- 
ing steels 1 and 3 (with 20 and 100 ppm 
S, respectively) under identical condi- 
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tions are shown in Fig. 6. It can be seen 
that better weld penetration is obtained 
for the steel with high S content. 
The ratio (Wb/W f) for full-penetration 
welds was also found to increase with in- 
creasing S content when welding with 
constant linear energies of 90 J mm q - -  
Fig. 7. The improvement in the Wb/W f 
ratio was clearly evident in heats with S 
contents higher than 60 ppm. Thus, the 
results obtained are in general agreement 
with previous investigations (Refs. 1,3, 4, 
13-15) in that penetration was found to 
be dependent upon S content and thus 
upon the temperature coefficients of the 
surface tension (dT/dT) for the weld pool. 
The latter affects the velocities and di- 
rection of the surface flows, which are 
typically between 0.5 and 2 ms q (Refs. 
15, 16). 

It can be seen from Fig. 8 that the 
Wb/W f ratio not only increases with in- 
creasing S content, but also with increas- 
ing linear energy 2. However, the width of 
the weld also increases at the same time. 
Although there are insufficient measure- 
ments to establish a reliable dependency 
on linear energy, the curves shown in Fig. 
8 clearly reveal the stated tendency. Re- 
sults for the ratio Wb/Wf for steels with S 
< 60 ppm welded with constant linear 
energies show (Fig. 9): 1 ) a large amount 
of scatter and 2) no visible relationship 
with S content. The small variation in 
strip thickness is also contributed to the 
scatter in Wb/W f. However, as can be 
seen from Fig. 9, recorded values for 
Wb/W f with S contents of 70 and 100 
ppm are clearly higher than for those 
with S < 60 ppm, especially at low linear 
energies. Furthermore, it is shown that 
Wb/W f ratios are very sensitive to minor 
variations in energy input. 

In the welding trials, the energy input 
was increased to very high levels (180 J 
mm4). However, for most practical ap- 
plications, reasonable weld geometries 
could be obtained with 120 J mm 4 for 
samples with S < 60 ppm and 90 J mm -1 
for heats with S contents between 70 to 
100 ppm. The three micrographs in Fig. 
10 show profiles of welds carried out on 
steel strips with 20, 60 and 100 ppm S. 
The geometry of these welds is similar. 
The linear energy used in these tests was 
90 J mm q for the 20 and 60 ppm S heats 
and 67.5 J mm q for the 100 ppm S sam- 
ple. Welds obtained using higher linear 
energies were found to be very wide and 
the cross-sections showed irregularities 
in depth. 

Since thermocapillary forces appear 
to be predominant for the forces affecting 
the fluid flow in the weld pool, Burghardt 

1. The mean temperature o f  the weld poo l  is 
probably  around 1800°C. 

and Heiple (Ref. 13) proposed that 
changes in welding parameters on weld 
penetration could be construed in terms 
of their effect on temperature gradient 
dT/dx across the weld pool surface. Thus, 
increases in dT/dx would cause de- 
creases and increases, respectively, in 
penetration for Iow-S and high-S heats. 
Other investigations have been in essen- 
tial agreement with this proposition, but 
a recent study (Ref. 7) has shown that 
there are deviations from the Heiple- 
Roper theory when dealing with th in (<3- 
mm) sheet. This behavior could be at- 
tributed to deviations from three-toward 
two-dimensional heat conduction and 
possibly to an increase in the relative 
magnitude of the Lorentz forces. 

The increased penetration with in- 
creased linear energy recorded in this in- 
vestigation has also been observed by 
Burghardt and Heiple (Ref. 13) but only 
for high-S heats. Their investigations 
were, however, carried out 1) at much 
higher (5X) linear energies, 2) with 20- 
mm (0.8-in.) thick plate, 3) with very low 
welding speeds (2.5 mms -1) and 4) for 
partial penetration welds. The increase in 
Wb/W~ with increasing linear energy 
recorded in this investigation probably 
reflects changes in the geometry of the 
circulation vortices in the weld pool. The 
change from partial to full penetration is 
probably very sensitive to the geometry 
of the circulation flow and could result in 
the departure from three-dimensional 

Fig. 6 - -  Comparison o f  micrographs ot welds 
in steels with: A - -  20 ppm S; B - -  100 ppm S 
carr ied out  under  ident ical  weld ing condi -  
tions. 

heat conduction. It is also possible that 
the high welding speeds used in this in- 
vestigation could have affected the re- 
sults by creating marked asymmetry in 
both the flow patterns and the weld pool 
shape, i.e., in the direction of welding. 

Mathematical modeling of the fluid 
flow in the weld pool (Ref. 17) has es- 
tablished that it is possible to obtain deep 
penetration by using high currents and a 
sharply focused heat input even when 
the thermocapillary forces produce a ra- 
dially outward surface flow. The strong 

2. Linear energy is def ined as the heat suppl ied 
per unit  length o f  weld and is given by (cur- 
rent x vohage)/welding speed. 
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Fig. 9 - -  (Wb/W~ ratio 
as a funct ion o f  l inear 

energies. Curves repre- 
sent welding results 

f rom small-scale unit. 
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dependence of Wb/Wf upon linear en- 
ergy for low S heats in this investigation 
suggests that for the short arc length used 
in this study, high currents and low weld- 
ing speeds appear to have a strong affect 
on the circulation flows. For a focused 
arc, the high surface velocities associated 
with thermocapillary flow extends to a 
relatively small region, according to Kou 
and Wang (Ref. 18). Thus, the balance 
between thermocapillary (Marangoni) 
and electromagnetic forces is sensitive 
and depends upon the precise nature of 
the welding conditions. 

Another series of trials was carried out 
using high-speed industrial welding 
units. In this welding process, the weld 
solidifies under compressive stress and 
the surface is smoothed by a roll. Differ- 
ent welding conditions were used in the 
welding of tubes of the materials under 

investigation without adjustment for the 
S content of each heat. Micrographs of 
two butt joints are shown in Fig. 11 and 
indicated that Wb/W f ratios were similar 
despite the difference in S contents of the 
steels. The Wb/W f ratios for the industrial 
welding of approximately I-ram-thick 
tubes are compared with values obtained 
in the small scale welding trials in Fig. 
12. It can be seen that (Wb/W f) values in 
industrial trials were virtually constant 
and independent of linear energy and 
that any differences in the ratio due to dif- 
ferences in S content were small. These 
findings differ from those recorded for the 
small scale trials, the differences in be- 
havior can be attributed to the use of one 
to three electrodes with various energy 
inputs to each one, and higher (2 to 3X) 
welding speeds in the industrial trials. 
This clearly demonstrates that in the 

Fig. 10 - -  Micrographs o f  butt 
jo ints on tubes from 

industrial welding trials. 
A - -  Pipe diameter 30 ram, 

wal l  thickness 0.98 ram, S 
content 30 ppm;  

B - -  Pipe diameter 40 ram, 
wal l  thickness 0.96 ram, 

S content 100 ppm. 

I l l  

welding of sheet it is possible to alter the 
penetration by changes in welding con- 
ditions. 

The Wb/W f ratio is one of several pa- 
rameters that are important in industrial 
welding• On the basis of the results ob- 
tained in this investigation, the welding 
speed can be increased and the weld 
geometry maintained constant providing 
the S content of the steel is greater than 
60 ppm. Consequently, in order to main- 
tain maximum throughput (i.e., welding 
speed), the welding parameters must be 
adjusted to individual S contents, taking 
into account the concentrations of inter- 
acting elements such as Ca, AI, etc. 
(Equation 1). However, the S content 
does not affect the optimum welding 
condition for steel heats with S < 60 ppm, 
and thus, welding parameters need not 
be adjusted for each heat. No cracks 
were detected in the welds produced 
with both the small scale and industrial 
units. This is due to the primary ferritic 
solidification of 304 stainless steel. 

If a material with a high S content is 
welded without compressive stress on a 
one-electrode plant, an indent may 
occur in the middle of the joint. Further- 
more, high S contents have a deleterious 
effect on hot and cold workability and 
corrosion resistance. Consequently, any 
gains in throughput (i.e., welding speed) 
derived by using heats with high S con- 
tents must be balanced against the resul- 
tant losses in workability and corrosion 
resistance. Thus, the final selection of the 
composition will depend upon the final 
application of the tubes. 

Conclusions 

It was the aim of this investigation to 
determine the effects that the S content of 
a steel has upon both the temperature co- 
efficient of the surface tension (dy/dT) 
and the weld penetration of steel strips, 
and also how the welding parameters in- 
fluence the weld profile. The following 
conclusions can be drawn from the re- 
sults obtained in this investigation: 

1 ) The temperature coefficient of sur- 
face tension (d'),/dT) changes from nega- 
tive to positive values when the S content 
exceeds 50 ppm, i.e., in essential agree- 
ment with the observed changes in weld- 
ing behavior. 

2) The weld penetration in thin strip 
increases with increasing S content and 
increasing linear energies on small-scale 
units, and for heats with S < 60 ppm, a 
similar weld geometry to that obtained 
for high S casts can be maintained for 
higher welding speeds by an increase in 
the linear energy. 

3) On industrial multi-electrode 
plants, the geometry of the weld can be 
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Fig. 11 - -  Comparison of W/, 
/Wf  ratios obtained for butt 

joint welds obtained on 
industrial units with those 

obtained on small-scale units 
denoted as curves (taken from 

Fig. 9); (Ref. 2) number ot 
cathodes used. 

in f luenced markedly by we ld ing  para- 
meters. The inf luence of S was found to 
be on ly  of  m inor  impor tance in tr ials 
where the weld ing parameters were not 
tai lored to the specific S contents of the 
casts. Higher S contents do permit higher 
we ld ing  speeds to be achieved, espe- 
c ial ly on one-electrode plants. However, 
any gains from increased th roughput  
(i.e., weld ing speed), must be balanced 
against the inferior hot and cold worka- 
bi l i ty and corrosion resistance of high-S 
casts. 
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CLARIFICATION: Puckering Phenomenon and its Prevention in GMA Welding of  A luminum Alloys by H. Miyazaki, et al., 
pp. 277-s to 284-s, 12/94. Information that did not appear in the original printing of the article has been added to the figures 
below. 
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Fig. 4 - -  Effect of welding current and filler metal wire addition 
on puckering phenomenon for bead-on-plate experiments. 
Welding gun angle: 20 deg. 
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Fig. 5 - -  Oscillograms of welding current and arc voltage during puck- 
ering. Filler metal wire deposition rate: 0.78 g/s. 
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of the DW GMA process. 
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Fig. 9 - -  Temperature change in the molten pool when changing the 
welding process from DW GMA to conventional GMA welding. 
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Fig. 10 - -  Effect of preheating temperature of the base metal on 
puckering phenomenon. 
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