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ABSTRACT. In Part 1 of the paper, the re
sults of the heat flow and the fluid flow 
analysis are presented. Here, in Part II of 
the paper, predictions of the computa
tional model are verified by comparing 
the numerically predicted and experimen
tally observed fusion zone size and shape. 
Stationary gas tungsten arc and laser beam 
welds were made on Type 304 stainless 
steel for different times to provide a vari
ety of solidification conditions such as 
cooling rate and temperature gradient. 
Calculated temperatures and cooling rates 
are correlated with the experimentally 
observed fusion zone structure. In addi
tion, the effect of sulfur on GTA weld 
penetration was quantitatively evaluated 
by considering two heats of 304 stainless 
steel containing 90 and 240 ppm sulfur. 
Sulfur, as expected, increased the depth/ 
width ratio by altering the surface tension 
gradient driven flow in the weld pool. 

Following conventional welding, the 
weld metal solidified with a duplex y + 5 
structure. The rapid solidification of the 
metal after laser beam welding resulted in 
a fully austenitic structure. A few of the 
laser beam welds that were made used 
argon shielding gas that was contaminated 
with oxygen. The effect of oxygen was to 
increase the depth, the width and the 
depth/width ratio considerably. The fu
sion zone structure showed a continuous 
oxide layer within the fusion zone that 
was later identified as O2O3. All of the ef
fects can be better understood based on 
the modeling results in Part I. 

Introduction 

Welding is a complex process that 
involves many variables, any of which 
may have an important effect on the final 
solidification structure and properties of 
the welded joint. The intense heat source 
used in the welding process implies that 
very steep temperature gradients and 
high cooling rates can be generated in the 
weld zone, which can affect the ultimate 
properties of the weldment. The heat 

flow and the fluid f low in the weld pool 
can significantly influence the tempera
ture gradients, the cooling rates and the 
solidification structure. In addition, the 
fluid flow and the convective heat trans
fer in the weld pool are known to control 
the penetration and shape of the weld 
pool. The depth of penetration achieved 
during welding can significantly influence 
the ultimate mechanical properties of the 
weldment. Often, the critical variable that 
controls variation in the pool geometry is 
the amount of surface active minor ele
ments that are present in commercially 
available material. In iron-base alloys, sul
fur and oxygen are the surface active 
elements most commonly present. 

A surface tension gradient driven fluid 
flow model has been proposed by Heiple, 
ef al. (Refs. 1-5), to explain the effect of 
surface active elements on gas tungsten 
arc (CTA) weld penetration. He proposed 
that the observed variation in weld pene
tration is due to an altered flow field in the 
weld pool caused by surface active ele
ments. Additions of sulfur can cause 
changes in the spatial variation of surface 
tension, thereby altering the surface ten
sion gradient driven flow. While the sur
face tension model has been supported 
by several theoretical and experimental 
investigations, there has been no coordi
nated attempt to correlate the findings of 
a numerical study with the experimental 
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observations. Such comparisons can yield 
a quantitative understanding of the effect 
of fluid flow and heat transfer on the de
velopment of the weld pool. 

The present investigation has been con
cerned with the heat transfer and fluid 
flow that occur during and after GTA and 
laser beam welding and their effects on 
the weld pool shape and the final solidifi
cation structure. Consequently, GTA and 
laser beam welds were made on the same 
material in order to evaluate the relative 
effect of the two processes on the ob
served shape of the weld and the solidifi
cation structure. In addition, the investiga
tion focused on quantitatively evaluating 
the effect of sulfur on GTA weld penetra
tion. Therefore, two heats of Type 304 
stainless steel containing 90 and 240 ppm 
sulfur were utilized. The detailed informa
tion on the temperature distribution, the 
flow field and the cooling rates that a ma
terial experiences during welding is of 
considerable metallurgical importance. 
The theoretical investigation presented in 
Part I (Ref. 6) has dealt in detail with the 
fluid flow and heat transfer that occur 
during welding and the possible conse
quences on the weld pool shape, size and 
structure. Here in Part II, the predictions of 
the model are verified by comparing the 
predicted and experimentally observed 
weld pool shape and size. Finally, the cal
culated temperatures and cooling rates 
are correlated with the experimentally 
observed solidification structure. 

Experimental Procedure 

The materials used in this study consist 
of two heats of Type 304 stainless steel, 
and their compositions are given in Table 
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1. Stationary welds were made on 
30 X 30 X 6-mm (1.2 X 1.2 X 0.24-in.) 
samples at the center of the specimen us
ing conventional GTA and laser beam 
welding processes. The welding parame
ters used in this investigation are given in 
Table 2. The GTA welds were made with 
an Astro Arc, Astromatic E-300-P welding 
unit. The welding current and duration are 
entered through digital switches, enabling 
accurate programming. In addition, the 
arc current, the arc voltage and the cover 
gas flow were monitored using a CRC-
Evans arc data monitor system to verify 
the welding parameters. The weld dura
tion timer, Eagle Signal, is a digital system 
that bases its time reference on the fre
quency of the AC line. The timer starts 
once the arc is initiated and maintains the 
current at the selected current level. The 
specimens were held firmly by four bolts 
at the center of each of their lateral faces 
to provide a symmetrical current and 
magnetic field in the specimen. In addition, 
the fixture allowed convective and radia
tive heat transfer from all surfaces of the 
specimen. 

Laser beam welds were made using a 
carbon dioxide laser, Coherent Model Ev-
erlase 525-1, capable of producing a max
imum output of 575 W in the continuous 
wave mode. Welding was carried out in
side a Plexiglass box under a controlled 
atmosphere using a 2.54-cm-diameter, 
12.7-cm-focal-length Zn-Se lens with an 
antireflection coating. 

The fusion zone size, shape and struc
ture were examined by light microscopy. 
Particular care was taken to ensure that 
the samples were sectioned along the 
center of the weld. The specimens were 
prepared using standard procedures and 
then etched using HNO3 and H2O. 

Results and Discussion 

Macrostructure 
CTA welds 

First, the experimental results for the 
heat containing 90 ppm sulfur are pre

sented in Fig. 1. Figure 1A shows the 
transverse section of the stationary GTA 
weld after 2 s. The macrograph shows a 
relatively shallow weld with a depth/ 
width ratio of 0.27. The shape of the weld 
indicates that the weld pool experienced 
a radially outward flow during welding. 
The observed depth/width ratio is signif
icantly lower than the values reported in 
the literature for Type 304 stainless steels 
with comparable sulfur content (Refs. 1 -
5). This discrepancy may be explained by 
the fact that the welds considered here 
are stationary welds. Under these condi
tions, the weld pool temperature is higher, 

. . . . dy 
resulting in a negative - = over a larger 
area causing a predominantly outward 
flow. An outward flow would transport 
heat from the center to the periphery of 
the weld, which can explain the low 
depth/width ratio. The transverse section 
of the stationary GTA weld, after 5 s, is 
shown in Fig. 1B. There are no observable 
changes in the overall shape of the weld 
pool or the depth/width ratio with con
tinued welding beyond 2 s. It must be 
pointed out that at temperatures close to 
the boiling point, the temperature coeffi-

dy 
cient of surface tension (-3=.) is not very 

sensitive to changes in temperature (Ref. 
dy 

7). Any increase in the magnitude of - ~ 

(due to increased surface temperature) 
may have been compensated by a reduc
tion in the temperature gradients that ex
ist on the weld pool surface (due to an in
crease in the width of the pool). This is 
consistent with the fluid flow calculations 
that showed that the maximum velocities 
at the weld pool surface and the weld 
pool depth to width ratio were the same 
after 2 and 5 s of welding (Ref. 6). 

The results indicate that the develop
ment of the weld pool is essentially sym
metrical about the axis of the electrode. 
However, at particular locations (far away 
from the weld pool surface) a lack of 
symmetry is observed, suggesting an un-

Table 1—Alloy Composition (wt-%) 

Element Heat A Heat B 

Cr 
Ni 

Mn 
C 
Si 
P 
S 

Mo 
V 

Cb 
Ti 
Co 
Cu 

18.27 
8.73 
1.71 

0.025 
0.35 
0.026 
0.009 
0.27 
0.10 
0.01 

<0.01 
0.14 
0.19 

18.28 
9.46 
1.88 
0.031 
0.50 
0.022 
0.024 
0.31 
0.08 
0.01 

<0.01 
0.15 
0.15 

Table 2—Welding Parameters (Stationary 
Welds) 

GTA process 

Current 
Voltage 
Weld duration 
Shielding gas 

Laser beam process 
Power 

Weld duration 
Shielding gas 

150 A 
14 V 
2, 5 s 
20 f t 3 /h argon 

500 W, continuous 
wave mode 

2, 5 s 
20 f t 3 /h argon 

steady flow field in the weld pool. Indeed, 
such flows are to be expected due to the 
presence of two strong and opposing 
forces, namely, the electromagnetic and 
the surface tension gradient forces. As a 
result, any local perturbation in the weld 
pool can cause the flow field to change 
dramatically, resulting in the observed lack 
of local symmetry. The results show in
flections in the fusion zone interface (indi
cated by arrows) at locations where the 
electromagnetic force may have over
come the surface tension force, thereby, 
influencing convective heat transfer. 

The second heat of Type 304 stainless 
steel considered in this investigation con-

Fig. 1 — Transverse macrograph of the GTA weld indicating the fusion zone shape and size (Heat A containing 90 ppm sulfur). A — After 2 s; B — after 
5 s. Arrows indicate inflection in the fusion zone geometry. 
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Fig. 2- Transverse macrograph of the GTA weld indicating the fusion zone shape and size (Heat B containing 240 ppm sulfur). A -After 2 s; B— 
after 5 s. 

(A) -• : , BO„m , 

Fig. 3- Transverse macrograph of the laser beam weld indicating the fusion zone shape and size (Heat A containing 90 ppm sulfur). A- After 2 s; B — 
after 5 s. 

tains 240 ppm sulfur. This concentration of 
sulfur can be expected to be sufficient to 
alter the surface tension gradient and 
cause flow reversal (inward flow), even 
during stationary welding. Consequently, 
greater depth/width ratios can be ex
pected for the welds deposited in this heat 
compared to the first heat of Type 304 
steel. The transverse macrostructures of 
the stationary GTA welds after 2 and 5 s 
are presented in Fig. 2. Even though it is 
clear that after 2 s the depth of penetra
tion is greater (Fig. 2A), it is not evident 
from the macrograph that there is a 
significant reversal of the flow field in the 
weld pool due to the high sulfur content. 
The weld pool shape is somewhat similar 
to that observed for the weld deposited 
in the lower sulfur heat (Heat A) (Fig. 1A). 
The macrograph shows a relatively shal
low weld with a nearly comparable depth 
of penetration. The weld in Fig. 2A is nar
rower though, so that the depth/width 
ratio that is close to 0.3 is higher than the 
values obtained from Heat A. The com
putational modeling study predicted two 
convective loops at the surface: a large 
outward flow loop at the center of the 
pool and another small inward flow loop 
at the periphery of the pool. Therefore, 
there seems to be a qualitative agreement 

between theoretical predictions and ex
perimental observations. 

Figure 2B shows the transverse cross-
section of the stationary GTA weld after 5 
s. In this case, the shape of the weld is sig
nificantly different (Figs. 1-2), with a con
siderable increase in the penetration 
depth. Examination of the weld cross-
section indicates the weld pool is almost 
cylindrical. A simple inward flow as re
ported by prior investigations cannot ex
plain the observed shape of the pool, 
suggesting that the development of the 
weld pool was influenced by a complex 
flow field. The weld depth/width ratio in 
this case is 0.47. While the depth/width 
ratio increased with higher sulfur content, 
the observed values are considerably 
lower than those reported by previous 
experimental investigations (Refs. 1-5). 
Once again, this is likely due to the higher 
surface temperatures experienced by the 
stationary weld compared to the moving 
arc welds for which the earlier values 
were reported. 

Laser Beam Welds 

Stationary laser beam welds were made 
on Heat A inside a Plexiglas box under a 
controlled ultrahigh purity (UHP) argon at

mosphere. The transverse sections of the 
welds after 2 and 5 s are presented in Figs. 
3A and B, respectively. Examination of 
these figures shows that there are no sig
nificant changes in the size or shape 
between the two laser beam welds, sug
gesting that the weld has completely 
evolved in 2 s. This is consistent with the 
predictions of the computational model. It 
was shown (Ref. 6) that during laser beam 
welding, a quasisteady state is achieved 
rapidly and continued heating beyond 2 s 
did not result in any significant change in 
the size or shape of the weld. 

The depth/width ratio for both laser 
beam welds was close to 0.28. Interest
ingly, this is very close to the depth/width 
ratio obtained for GTA welds. In contrast 
to the GTA welds, the fusion zone inter
face is a smooth curve that has no inflec
tions. In addition, the weld pool is exactly 
symmetrical about the axis of the laser 
beam. The smooth and symmetrical fusion 
zone interface (no inflections) suggests 
that the driving forces for fluid flow in the 
weld pool, buoyancy and surface tension 
gradient, augment each other, resulting in 
a coherent flow field. This is in agreement 
with the theoretical predictions for laser 
beam welding presented in Part I. 

Some of the laser beam welds were 
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made using a different source of argon 
shielding gas producing significantly dif
ferent fusion zone structures and shapes 
from the results presented above. Typical 
transverse macrostructures of these welds 
after 2 and 5 s are presented in Figs. 4A 
and B, respectively. The results clearly 
show a significant difference in the pene
tration depth and width of the pool. The 
depth/width ratios for these welds are 
higher (close to 0.38). The macrographs 
show finely dispersed dark particles within 
the fusion zone (indicated by arrows A). 
Electron microprobe analysis identified 
these particles as chromium oxide inclu
sions, suggesting that the shielding gas was 
contaminated with oxygen (probably 
water). 

Oxygen is surface active and can alter 
the surface tension gradient, thereby al
tering the flow field. If oxygen is readily 
available at the surface of the melt through 
the shielding gas, it is expected that there 
would be a sufficient concentration of 
oxygen at the melt surface to produce a 

dy 
positive -jj.even at the high temperatures 

encountered during laser beam welding. 
dy 

The positive —rz. at the weld pool surface 

can cause flow reversal resulting in the in
creased depth of penetration. Further, the 
simultaneous increase in the width of the 
pool suggests an increased melting effi
ciency, probably due to enhanced ab
sorptivity. Sundell, et al. (Ref. 8), has re
ported in a previous study that oxygen 
added to the metal tends to increase both 
the depth and the width of the pool. 

The weld macrostructure, shown in 
Figs. 4A and B, provides several clues 
about the fluid flow and heat transfer ex
perienced by the weld during laser beam 
welding. Evaluation of the weld macro-
structures reveals an oxide layer on the 
surface of the specimen toward the two 
edges of the fusion zone (indicated by ar
rows B). The presence of this oxide layer 
on the surface affects the surface tension 

gradient driven flow at these locations. In 
the center of the pool (at the surface), 
where the temperature is considerably 
greater than the melting point (2500 K) of 
&2O3, the oxide layer melts. Therefore, at 

dy 
these locations, the positive - ~ due to the 

presence of oxygen, can overcome the 
buoyancy force and cause a downward 
flow at the center of the pool. Such a flow 
would transport hot liquid melt at the 
center of the weld pool from the surface 
to the bottom, causing increased depth of 
penetration. At the same time, toward the 
edges the buoyancy driven flow at the 
periphery of the weld transports hot liquid 
metal from the interior to the periphery 
enhancing the width of the pool. These 
opposing flows produce an inflection that 
was not observed in welds without the 
presence of oxygen. 

Comparison of the weld macrostruc
tures after 2 and 5 s shows negligible dif
ferences in the penetration depth and 
width of the pool. However, after 5 s of 
welding, the macrograph shows distinct 
changes in the fusion zone shape. The 
pronounced inflection in the fusion zone 
interface observed after 2 s of welding is 
not as apparent after 5 s. The most 
unusual feature of the weld is the contin
uous oxide layer within the fusion zone. 
Theoretical analysis of the heat flow in the 
weld pool indicates that this continuous 
layer of oxide roughly represents the 2500 
K isotherm in the weld pool, which is the 
melting point of 0 2 0 3 . This is supported 
by the actual experimental observations. 
The weld macrostructure clearly shows 
that this oxide layer extends to the surface 
of the weld pool and joins the extremity 
of the oxide layer at the surface of the 
weld pool established after only 2 s. This 
continuous layer divides the molten pool 
into two sections. The top section (above 
the oxide layer) has a free surface, and 
therefore, the surface tension gradient is 
the predominant driving force for fluid 
flow in this region. In the bottom section 

(below the oxide layer), since liquid metal 
in this section is isolated from the free sur
face effects, the flow is driven predomi
nantly by buoyancy together with the ef
fects of momentum transport at the inter
face of the two region through viscous 
effects. The oxide layer can significantly 
influence the fluid flow in the weld pool, 
thereby influencing the fusion zone 
shape. 

Comparison with Theoretical Predictions 

A computational model based on the 
work of Paul and DebRoy (Ref. 9) was 
used to calculate the weld size and shape. 
Details of the model and the results are 
presented in Part I. The weld macrostruc
tures presented in the previous section 
show good agreement with the predic
tions of the model. The overall shape, and 
in some instances particular features of 
the weld, agreed well with the calculated 
flow and temperature field in the weld 
pool. Experimental measurements of ve
locities and temperature profiles are diffi
cult due to the small size of the weld pool 
and the presence of the arc. Hence, val
idation of the calculated velocities and 
temperatures are extremely difficult. How
ever, the cumulative effect of the flow 
field and the temperature field on the 
weld geometry can be readily obtained by 
light microscopy of the transverse section 
of the weld. In this section, the predictions 
of the computational model are verified 
by comparing in detail the calculated and 
observed fusion zone shape and size. 
Further, the results of the theoretical anal
ysis are used to interpret some of the ex
perimental observations. 

The calculated temperature field and 
flow field are presented concurrently with 
the weld macrostructure in order to facil
itate comparison between the two. The 
experimentally observed and predicted 
results after 2 and 5 s of GTA welding 
(Heat A) are presented in Figs. 5 and 6, re
spectively. The results, after both 2 and 5 

Fig. 4 — Transverse macrograph of the laser beam weld indicating the fusion zone shape and size (Heat A containing 90 ppm sulfur; shielding gas con
taminated with oxygen). A —After 2 s; B—after 5 s. Arrows A indicate Cr203 particles within the fusion zone and B indicate the Cr2Oj layer near the 
edge of the pool. 
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Fig. 5-Comparison of the calculated and experimentally observed GTA weld fusion zone after 2 s (Heat A containing 90 ppm sulfur). 

s, show excellent agreement between the 
predicted and experimentally observed 
fusion zone shape and size. Further, the 
predicted features of the fusion zone in
terface agreed very well with the exper
imental observations. The fluid flow pat
tern evident in the calculated pool profile 
provides insight into the evolution of the 
weld pool due to the convective heat 
transfer. Even though there exist opposing 
surface tension gradient effects on the 
weld pool surface (Ref. 6), the negative 

dy 
-jz. over much of the weld pool surface 
prevails and controls the surface flows. 
The calculated flow field is radially out
ward, transporting heat from the center 
to the periphery of the pool. In the inte
rior of the weld pool, the electromagnetic 

force prevails, causing a minimal flow in 
the radially inward direction. The ob
served inflection in the fusion zone inter
face is due to this minimal flow causing in
creased local penetration. This relatively 
weak influence of the electromagnetic 
force is consistent with previous experi
mental investigations, which suggested 
that the welding current has to exceed 
150 A in order for the electromagnetic 
force to have any significant impact on the 
fluid flow and consequently on the weld 
pool shape and size. 

The calculated temperature fields are 
overlaid on the predicted flow field in or
der to show the influence of convection 
on the temperature distribution in the 
weld pool. Due to the radially outward 
flow, the heat from the welding arc is 

transported from the center to the pe
riphery of the weld pool causing the iso
therms to be shallow. Within the weld 
pool, the effect of the surface flow on the 
temperature fields diminishes with dis
tance from the weld pool surface. This is 
particularly evident at the center of the 
pool where the radially inward flow due 
to the electromagnetic force transports 
relatively hot liquid from the periphery to 
the interior, causing the isotherms to be 
deeper at these locations. 

The experimentally observed and the
oretically predicted results obtained for 
GTA welding of Heat B are presented 
concurrently in Figs. 7 and 8. Comparison 
of the calculated and experimentally ob
served fusion zone geometry shows rea
sonable agreement, after 2 s. The calcu-

6 . 0 

5 . 5 -

2 5 . 0 -
MZ 

4 . 5 -

4 . 0 -

3 . 5 -

3 . 0 -

ii 
o 
t ) 

• ; CO 

V 

o 
o 
oo CN 

^ 
o 
o to 
CM 

^ 
o 
o <3" 
CN 

v; 
o 
o CN 
CNJ 

iZ 

o 
o 
o CN 

mi 

n 
1 1 

oo 

500/um 

- 5 . 0 - 4 . 0 - 3 . 0 - 2 . 0 2 . 0 3 . 0 4 . 0 - 1 . 0 0 . 0 1 .0 

X - R X I S (MM) 

Fig. 6 — Comparison of the calculated and experimentally observed GTA weld fusion zone after 5 s (Heat A containing 90 ppm sulfur). 

S . O 

514-s | DECEMBER 1989 



CO 

X 
cr 

i 
>-

o 
o 
o 
co 

o 
o 
CO 
CM 

zZ zZ zZ zZ SS 

O O O O O 
O O O O o 
CD -3 - CM O CO 
CM CM CM CM r -

F'g 

6 . 0 

5 . 5 - ' ' ;* \ ;" ' rj / 

5 . 0 - • / " . "V 

4 . 5 -

4 . 0 -

3 . 5 - 500 ixm 

3 . 0 -
I I I I 

- 4 . 0 - 3 . 0 - 2 . 0 - 1 . 0 0 . 0 1 .0 2 . 0 3 . 0 4 . 0 

X - R X I S ( M M ) 

7 —Comparison of the calculated and experimentally observed GTA weld fusion zone after 2 s (Heat B containing 240 ppm sulfur). 

Ti 

ISi 

X 
rx 
i 

>-

S.O-

5 . 5 - ' 

5 . 0 - ' 

4 . 5 -

4 . 0 -

3 . 5 -

3 . 0 -

l 

500 pm 

- 5 . 0 
I I i 

• 4 . 0 - 3 . 0 - 2 . 0 
I 

zZ 

o 
8 
co 

~LZ 

o 
o 
to 
CM 

XL zZ 

o o 
o o 
CM O 
CN CM 

o o 
CO 

2 . 0 3 . 0 4 . 0 

Fig. 

- 1 . 0 0 . 0 1.0 

X - A X I S ( M M ) 

I - Comparison of the calculated and experimentally observed GTA weld fusion zone after 5 s (Heat B containing 240 ppm sulfur). 

5 . 0 

lated size of the weld (penetration depth) 
is smaller than the experimentally ob
served weld. The predicted flow field has 
a predominant outward flow over much 
of the weld pool and an inward flow near 
the cooler periphery of the weld pool. 
Therefore, in the presence of the higher 
sulfur content, the heat from the arc is not 
transported to the periphery as efficiently 
as in the previous case, resulting in a 
decreased width of the weld. The tem
perature distribution in the weld pool 
shows that the region (T < 2500 K) where 

dy 
a positive -rz. can exist at the surface is 

very small, particularly in the initial stages 

of the weld development. In order for the 
model to predict the complete effects of 
this inward flow, the enmeshment must 
possess an extremely fine resolution dur
ing the initial stages, which would require 
excessive computer time. The results indi
cate that as the pool grows with contin
ued heating beyond 2 s, the problem is 
less severe due to the increased resolution 
(increased size of the weld pool) of the 
enmeshment. 

Figure 8 shows the experimental and 
calculated results after 5 s. Comparison of 
the predicted and experimentally ob
served fusion zone once again indicates 
excellent agreement. The results, as ex

pected, indicate the significant effect of a 
surface active element (sulfur) on the fluid 
flow pattern. Instead of the simple inward 
flow as suggested by earlier investigations 
(Ref. 8-13), the results indicate a complex 
bifurcated flow pattern with radially out
ward and inward loops on the surface of 
the weld pool. With continued heating 

dy 
beyond 2 s, the positive -r^at the periph
ery controls the local flow field, causing a 
radially inward flow near the solid-liquid 
interface. The radially outward loop near 
the centerline of the weld transports heat 
from the center of the pool to the periph
ery. However, in this case, the relatively 
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hot liquid metal is met by a radially inward 
flow that is transporting heat from the 
sides to the interior. The ensuing convec
tive heat transfer produces an almost cy
lindrical weld pool with increased depth 
of penetration at the periphery instead of 
at the center of the weld pool. The results 
also show the significant influence the fluid 
flow has on the temperature distribution 
in the weld pool. 

It has already been mentioned (Ref. 6) 
that previous attempts to quantitatively 
study the effect of surface active elements 
on weld pool fluid f low considered a 

dy 
specified constant positive -rz. (Refs. 8-

13). This assumption, due to the lack of 
adequate surface tension data, cannot be 
justified based on the physical phenom
ena governing the process and may lead 
to erroneous conclusions. In order to illus-

dy 
trate the importance of calculating "T^as 

a function of temperature and activity, the 
fluid flow and the consequent weld pool 
shape and size were calculated assuming 

dy 
dl' 

N/m-K. The computed flow field and 
temperature field for GTA welding, after 
2 s, are presented in Fig. 9. The results 
show an inward flow pattern causing an 
unrealistically high depth of penetration. 
The results clearly show the considerable 
difference in the calculated shape and size 

a constant positive ~h-o\ 0.15 X 10" °3 

of the pool in relation to the experimental 
observations. 

The experimentally observed and pre
dicted results for laser beam welds after 2 
s are presented concurrently in Fig. 10. 
Comparison of the calculated and exper
imentally observed fusion zone shape and 
size shows excellent agreement again. 
The results show a single vortex during la-

dy 
ser beam welding. Since —=.is largely neg
ative, the resulting flow is radially outward 
at the weld pool surface. This flow is aug
mented by the buoyancy driven flows in 
the interior of the pool. The radially out
ward flow produces a relatively shallow 
weld pool by transferring the heat from 
the center to the periphery. 

Microstructure 

Following conventional GTA welding, 
the weld metal contained a duplex 
austenite + ferrite (y +5) microstructure. 
There were no significant variations in the 
solidification structure between the two 
heats of stainless steel considered in this 
investigation. Figure 11 shows a typical 
microstructure of the GTA welds indicat
ing the duplex structure. With increasing 
weld duration, light microscopy indicated 
a relatively coarse solidification substruc
ture with a widely spaced ferrite network. 
This is attributed to the reduction in the 
cooling rates and the solidification rates 

with increased weld duration. Laser beam 
welds, on the other hand, produced fully 
austenitic microstructures for all the weld
ing conditions. Figure 12 shows a typical 
microstructure of the laser beam welds 
indicating a completely austenitic struc
ture. Previous work by the authors has 
shown that solidification of the weld metal 
at high cooling rates («s 10s K-s~1) can 
cause significant microstructural modifica
tions compared to microstructures after 
conventional GTA welding (Ref. 14). The 
observed fully austenitic structure at these 
high cooling rates is attributed to the 
change in mode of solidification from pri
mary ferritic to primary austenitic (Ref. 15). 

Significant modifications were observed 
in the solidification structure of the laser 
welds made in the presence of oxygen. 
For example, Fig. 13 shows the micro-
structure of the laser beam weld after 2 s. 
The photomicrograph shows a fully aus
tenitic structure with a fine dispersion of 
dark particles later identified as fine inclu
sions of &2O3. Interdendritic regions ap
pear dark due to segregation of these 
particles to the interdendritic liquid. Dur
ing welding, chromium in the liquid melt at 
the weld pool surface oxidizes readily due 
to availability of oxygen in the shielding 
gas. The chromium oxide thus formed re
mains molten at locations on the weld 
pool surface where the temperature is 
above 2500 K (the melting temperature of 
Cr203). Relatively large flows at the sur-
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face («s 0.4 m/s) cause the molten Cr203 
to break up, which then gets trapped in 
the recirculating flow and is transported 
with the liquid metal. Since molten Cr203 
is immiscible in the liquid metal, it forms 
inclusions upon solidification. 

Figure 14 shows the microstructure of 
the laser beam weld after 5 s. The micro-
structure shows, as expected, finely dis
persed &2O3 inclusions in the fusion 
zone. The most unusual microstructural 
feature is the observation of the continu
ous band of oxide layer embedded within 
the fusion zone (indicated by arrows). 
With continued heating, the amount of 
chromium oxide in the recirculating melt 
continues to increase. Consequently, 
these oxide particles can merge to form 
larger particles. As the G-2O3 particles are 
transported to the bottom half of the 
pool, where the temperature of the liquid 
melt is below 2500 K (melting point of 
Cr203), they would solidify as indicated by 
the dendritic structure of the oxide parti
cles. Since the oxide particles are lighter 
than the liquid melt, the larger particles 
can escape the recirculating flow field and 
would tend to rise to the top. It is likely that 
these particles may have fused together at 
temperatures near the melting point of 
chromium oxide to form the observed 
continuous layer. The test welds were re
peated to substantiate the formation of 
this oxide layer. In one instance, the fusion 
zone microstructure revealed the early 
stages of the formation of this continuous 
oxide layer —Fig. 15. The photomicro
graph shows individual dendrites of chro
mium oxide merging together to form the 
continuous layer. The remainder of the 
micrograph shows a completely austenitic 
structure. 

Summary and Conclusions 

The predictions of the computational 
model were verified by comparing the 

numerically predicted and experimentally 
observed fusion zone size and shape. The 
predicted weld pool geometry (size and 
shape) agreed very well with the experi
mental observations for both GTA and la
ser beam welds. The results confirmed the 
significant influence of surface active ele
ments such as sulfur and oxygen on the 
fluid flow and the convective heat trans
fer. The importance of considering a tem-

dy 
perature dependent —=. was also clearly 

shown. The computer simulation consid
ered the effect of sulfur on the develop

ed 
ment of the weld pool by calculating -rpas 

a function of the concentration of the 
surface active elements and the tempera
ture. It has been shown that the weld 
penetration and the aspect ratio are not 
determined solely on the basis of the level 
of the surface active element in the base 
metal but rather by a combination of the 
level of surface active elements and the 
temperature distribution. 

The results of the experimental investi
gation show relatively shallow welds (low 
depth/width ratios) for both welding pro
cesses. The depth/width ratio for both 
GTA and laser beam welds were on the 
order of 0.28. Increasing the sulfur con
tent of the Type 304 alloy increased the 
weld penetration, as expected, during 
GTA welding. The observed increase in 
penetration was considerably less than 
the values reported by earlier investiga
tions. This is attributed to the higher sur
face temperatures during stationary weld-

dy 
mg that can cause —rz. to change from a 

positive value to a negative value. 
The effect of oxygen on weld penetra

tion during laser beam welding was to sig
nificantly increase the weld penetration 
and width of the pool. Contrary to previ
ous studies, the results of the present in
vestigation for stationary laser beam welds 

show a significant increase in the depth/ 
width ratio. Microstructural evaluation of 
the fusion zone showed a fine dispersion 
of chromium oxide inclusions. The most 
unusual feature of the fusion zone struc
ture is the experimentally observed con
tinuous oxide layer within the fusion zone. 

The observed microstructures were 
sensitive to the cooling rates. Following 
conventional welding, the weld metal so
lidified with a duplex 7 + 5 structure. 
Increasing the weld duration (decreasing 
the cooling rate) resulted in a coarser so
lidification substructure with a widely 
spaced ferrite network. Also, at the top 
center of the pool where the calculated 
cooling rates were relatively low, light mi
croscopy indicated a relatively coarser 
solidification structure. The rapid solidifi
cation of the material (cooling rates of the 
order of 10D K-s~1) after laser beam 
welding resulted in a fully austenitic mi
crostructure with a fine solidification sub
structure. 
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