
Weld Pool Development during GTA and 
Laser Beam Welding of Type 304 Stainless 

Steel, Part I—Theoretical Analysis 

The analysis reveals the realistic influence of surface active 
elements and temperature distribution on penetration 

BY T. ZACHARIA, S. A. DAVID, J. M. VITEK AND T. DEBROY 

ABSTRACT. A computational and experi
mental study was carried out to quantita
tively understand the influence of the heat 
flow and the fluid flow in the transient de
velopment of the weld pool during gas 
tungsten arc (GTA) and laser beam weld
ing of Type 304 stainless steel. Stationary 
gas tungsten arc and laser beam welds 
were made on two heats of Type 304 
austenitic stainless steels containing 90 
ppm sulfur and 240 ppm sulfur. A transient 
heat transfer model was utilized to simu
late the heat flow and fluid flow in the 
weld pool. The current investigation dif
fers from earlier modeling studies which 
assumed a constant temperature coeffi-

dy 
cient of surface tension -j= at the weld 

dT 
pool surface independent of both the lo
cal temperatures and the concentration of 
surface active elements such as sulfur. In 

dy 
the present investigation, - = was calcu
lated as a function of temperature and 
sulfur content. This allows for a realistic 
simulation of the effect of the concentra
tion of surface active elements on the fluid 
flow and weld geometry. 

Here, in Part I of the paper, the results 
of the heat flow and fluid flow analysis are 
presented. In the accompanying Part II, 
the calculated results are compared with 
the results of the experimental investiga
tion. It has been shown that the spatial 
variation of surface tension that exist on 
the weld pool surface dominates the fluid 
flow and controls the development of the 
weld pool for both welding processes. In
creasing the sulfur content increased the 
weld penetration during GTA welding. 
During laser beam welding, the increased 
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sulfur content did not have an appreciable 
effect on the weld pool size or shape. It 
has been shown that the weld penetration 
and the aspect ratio are not determined 
solely on the basis of the level of the sur
face active elements in the base metal but 
rather due to a combination of the level of 
surface active elements and the tempera
ture distribution at the weld pool surface. 
Good agreement was found between the 
predictions of the model and experimen
tal observations with respect to fusion 
zone size and shape as shown in Part II, 
thereby verifying the predictions of the 
computational model employed. 

Introduction 

It is well known that the heat transfer 
experienced by the weldment during 
welding can alter the microstructure and 
thus the properties of the weldment. The 
heat flow and the fluid flow in the weld 
pool can significantly influence the pool 
geometry, the temperature gradients, the 
local cooling rates and the solidification 
structure (Refs. 1, 2). Experimental deter
mination of the temperature distribution 
and cooling rates in a weldment during 
and after welding is extremely difficult. 
Therefore, in recent years, there has been 
considerable interest in quantitatively de
termining the detailed temperature and 
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flow conditions that occur during welding 
by mathematically modeling the physical 
phenomena that occur (Refs. 3-11). Prior 
modeling efforts have addressed specific 
welding conditions and processes. Very 
little work has been done to compare, for 
the same material, the effect of welding 
process on the evolution of weld pool 
geometry and solidification structure. Such 
comparisons can yield valuable informa
tion about individual processes and pro
vide an opportunity for understanding an 
individual effect such as electromagnetic 
force. 

The dynamics of heat flow and fluid 
flow in the pool and their influence on the 
solidification structure are vastly different 
for different welding processes. During 
laser beam welding, the base metal is irra
diated with a high energy beam causing 
rapid melting and solidification. Due to the 
large temperature gradient on the surface 
of the weld pool, there exists a significant 
surface tension gradient, which is the 
dominant driving force for fluid flow in the 
molten pool. On the other hand, during 
gas tungsten arc (GTA) welding, an electric 
arc is struck between the electrode and 
the workpiece. The resulting melting and 
solidification rates are lower. During GTA 
welding, in addition to the surface tension 
force, an electromagnetic force is gener
ated due to the interaction between the 
welding current and the self-induced mag
netic field. Depending on the temperature 

coefficient of the surface tension 
dT 

flow due to the electromagnetic force 
may augment or counteract the surface 
tension gradient driven flow. The direc
tion and magnitude of the fluid flow, in 
turn, affect the temperature field and the 
cooling rates at every location in the weld, 
and thereby influence the final weld metal 
solidification structure. 

Recent studies (Refs. 1-11) have dem
onstrated that, in most cases, the fluid 
f low and the heat transfer in the weld pool 
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are controlled by the spatial variation of 
surface tension (surface tension gradient) 
that exists on the weld pool surface. The 
spatial variation of surface tension causes 
the molten metal to be drawn along the 
surface from the region of lower surface 
tension to that of higher surface tension, 
and this may result in very large surface 

t dy 
flows. For pure metals and alloys - = is 
negative. Thus, the surface tension is 
highest near the solid-liquid interface 
(lower temperature) causing the flow to 
be outward and away from the center of 
the pool. However, surface active ele
ments, such as sulfur or oxygen, can pro-

dy 
duce a positive - = resulting in a higher 

surface tension at the center of the pool, 
causing an inward flow. The effect of sur
face active elements has been investi
gated in detail by Heiple, et al. (Refs. 1, 
12-14). His results indicate that surface 
active elements significantly alter the sur
face tension of the weld metal, thereby 
altering the flow field in the weld pool. Of 
particular significance is the reversal of 
flow that can occur in the presence of rel
atively small amounts of surface active el
ements, causing a deeper penetration. 
Sundell, et al. (Ref. 9), has experimentally 
investigated the effect of sulfur, silicon, 
cerium, oxygen and nitrogen on GTA 
weld penetration. His results indicate these 
elements can directly or indirectly influ
ence the weld pool shape and size. 

Most investigations of the effect of sur
face active elements on weld penetration 
have been carried out for GTA welding of 
steels. While the effect has been identi
fied, the extent and the nature of the in
fluence of surface active elements on 
weld pool fluid flow and depth of pene
tration remain to be clarified. A quantita
tive understanding of the effect of surface 
active elements on weld pool fluid flow 
and fusion zone shape can be achieved by 
mathematical modeling. Prior modeling 
efforts (Refs. 3-11) aimed at understand
ing surface tension gradient driven flow in 
the presence of surface active elements 
considered a specified constant positive 

dy 
-j= , which cannot be justified based on 
the physical phenomena governing the 
process. Therefore, in the present analy
sis, a more realistic procedure (Ref. 16) 
that involves calculation of the surface 
tension as a function of the surface tem
perature and the amount of surface active 
element in the melt was utilized. 

Parts I and II of the study present the 
results of a theoretical and experimental 
investigation aimed at understanding the 
effect of welding processes, namely GTA 
and laser beam welding processes, and 
surface active elements on the evolution 
of weld pool shape, size and the solidifi
cation, structure. Stationary welds were 
made using conventional GTA and laser 

beam welding processes on the same 
material for different durations to provide 
a variety of solidification conditions, such 
as cooling rates and temperature gradi
ents. The computational model was used 
to simulate the fluid flow, temperature 
distributions, local cooling rates and the 
weld pool shape and size. The model in
corporates a recently developed formal
ism (Ref. 16) that calculates the surface 
tension as a function of temperature and 
the amount of surface active elements in 
the base metal. The time evolution of the 
weld was modeled for both GTA and la
ser beam welding conditions, and the re
sults were compared with experimental 
observations of the weld. The computa
tional model and the simulated results are 
presented in Part I. The results of the ex
perimental investigation and comparisons 
with the theoretical results are presented 
in Part II. 

Theoretical Investigation 

The development of the weld pool is 
influenced by the simultaneous occur
rence of several important physical pro
cesses. These include the amount of heat 
transferred from the heat source to the 
workpiece, the fluid flow in the weld pool, 
and the accompanying convective heat 
transfer. The amount of heat absorbed by 
a material is substantially different for the 
two welding processes examined. For the 
GTA welding process, a wide range of arc 
efficiency values, 21 to 93%, have been 
reported in the open literature (Refs. 17-
20). Recently, Smartt, etal. (Ref. 20), mea
sured the amount of energy absorbed by 
the workpiece using dry calorimetry. In 
this technique, the total heat content in 
the workpiece is determined by measur
ing the change in mass due to boiling of a 
given volume of liquid nitrogen. Arc effi
ciency was found to be 75%. However, 
this value does not take into account the 
heat loss from the specimen due to the 
convective and the radiative heat transfer. 
Therefore, for the present analysis, an arc 
efficiency of 80°o was assumed. For CO2 
laser beam welding, an absorptivity value 
of 15% has been reported in the literature 
(Refs. 7, 21). The absorptivity of the metal 
surface is a material property that de
pends on a number of variables such as 
the nature of the surface, the temperature 
and the wavelength of the incident radia
tion. Kou and Wang (Ref. 7) determined 
calorimetrically the absorptivity of Type 
6061 aluminum alloy to be 14%. Khan and 
DebRoy (Ref. 21) have reported a value of 
15% for Type 202 stainless steel. Based on 
these reported values, an absorptivity of 
15% was assumed for the present analy
sis. 

Previous work by several investigators 
dy 

(Refs. 4-14) has shown that - = is the crit
ical variable that significantly influences 

and often controls the fluid flow in the 
weld pool. Therefore, a realistic treatment 
of the surface tension gradient effect is 
crucial to our understanding of the phe
nomena that control the weld penetration 
behavior. The theoretical analysis in this 
study considers the effect of surface ac
tive elements on the weld pool fluid flow 

dy 
by calculating -= as a function of temper
ature and activity. This approach differs 
significantly from previous modeling ef-

dy 
forts that have considered -j= as a speci
fied constant that was assumed to be in
dependent of the temperature. A recently 
developed surface tension model (Ref. 16) 
was utilized to evaluate the variation of 
dT 
- = as function of temperature tor the two 
heats of Type 304 stainless steel. 

Surface Tension Submodel 

Experimental surface tension data are 
seldom available for any material through
out the temperature range of interest. 
Sundell, etal. (Ref. 9), has obtained surface 
tension data for different heats of stainless 
steels with various levels of surface active 
elements. It must be noted, however, that 
his results extend only over a limited tem
perature range from approximately 1800 
to 2200 K. Since it is difficult to experi
mentally obtain surface tension data at all 
temperatures and compositions of inter
est, in the calculations presented here a 
recently developed formalism (Ref. 16) to 
calculate surface tension was used. The 
relation between surface tension of the 
solution and the temperature is given by: 

7(T) = 7m - A(T - Tm) 
- RTrsln[1 + Kai] 

K = k-iexp 
-AH' 

RT 

(D 

(2) 

where 7 is the surface tension of the so
lution at the temperature T, ym is the sur
face tension of the pure metal at the 
melting point Tm, R is the gas constant, Ts 

is the surface excess at saturation, K is the 
adsorption coefficient, ki is a constant 
which is related to the entropy of segre
gation, AH° is the standard heat of ad
sorption, and a, is the activity of the spe
cies i in solution. 

Temperature coefficient of surface ten-
/ d y \ 

sion I -j= I for an alloy containing a surface 

active element can be obtained by differ
entiating Equation 1 with respect to T: 

dy 
-JY= -A-RTJnOl 4-Kai) 

Ka; rsAH° 

(1 + Ka:) T (3) 
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dy 
where, A is the negative of - = for pure 

metals. 
The temperature coefficient of surface 

tension was calculated as a function of 
temperature and activity (wt-% of surface 
active element) for the entire temperature 

dy 
range of interest. The calculated - = for the 

° dT 
two heats of Type 304 stainless steel (90 
and 240 ppm sulfur) as a function of tem
perature is given in Fig. 1. Sulfur present in 
the base metal segregates preferentially to 
the weld pool surface, reducing the sur
face tension of the base metal. For the 

dy 
heat containing 90 ppm of sulfur, - = is 

positive until about 2200 K. As the melt 
temperature increases beyond this tem-

dy 
perature, - = becomes negative. For a tool 

steel containing 100 ppm sulfur, Heiple, ef 
al. (Ref. 1), has indicated that this critical 
temperature is 2300 K, as determined by 
Gogiberidze, et al. (Ref. 22). These results 
are also consistent with the experimental 
measurements of surface tension for stain
less steel by Sundell, et al. (Ref. 9). His re
sults show that heats containing surface 
active elements initially exhibit a positive 
dy 
- = . As the temperature of the melt 
increases beyond a critical temperature, 
dy 
- = becomes negative. Increasing the sul
fur content changes the temperature de
pendence of the surface tension gradient. 
For example, for a sulfur content of 240 

dy . . . ., . , 
ppm, -pp is positive until approximately 
2450 K —Fig. 1. As the melt surface tem
perature increases beyond this tempera-

dy , 
ture, -pp becomes negative. 

Formulation 

Figure 2 is a schematic drawing of the 
weld pool showing the region of interest 
and the coordinate system chosen for the 
analysis. The r-component and the z-
component of the flow velocities are rep
resented by u and v, respectively. The 
energy exchange between the heat source 
and the metal surface produces a molten 
pool that grows due to conduction and 
convection. For laser beam welding, the 
development of the weld pool is gov
erned by buoyancy and surface tension 
forces. In addition, during GTA welding, 
the electromagnetic force produced can 
significantly influence the development of 
the weld pool. A computational model 
(Ref. 23) using a finite difference analysis 
(FDA) was appropriately modified to in
vestigate transient, two-dimensional heat 
flow and fluid flow problems associated 
with laser beam and GTA welding pro
cesses. The mathematical formulation can 

,„-4, 

Y 

| 
Z 

• 
X) 

i 
c 
o 
CO 

c 

1 a 
o 
a 

3 

e.o 

8.0-

4.0-

9.0-

2.0 

1.0 

o.o-

-1.0-

-2.0-

-3 .0 -

-4.0-

1000.0 

•... 

\ > 

1800.0 

N 

2000.0 

\ >. 

*•» 

2200.0 2400.0 
Temperature (K) 

^ * * ~ 

2S00.0 2800.0 30 

Fig. 1- Calculated 
temperature 
coefficient of 

dy 
surface tension dT 
as a function of 

^oo temperature and 
sulfur content. 

consider, depending on the process, 
buoyancy, electromagnetic and surface 
tension driving forces in the solution of the 
overall heat transfer conditions associated 
with welding. The temperature-depen
dent surface tension force is calculated 
based on the sulfur content in the base 
metal according to the model described in 
the previous section. 

Assumptions in the Model 

In formulating the model, the following 
assumptions were made: 

1) The fluid flow and heat transfer in 
the transverse cross-section inside the 
molten pool are adequately described by 
a two-dimensional, time-dependent rep
resentation. 

2) The power distribution of the heat 
source is Gaussian. 

3) Melting begins when the fusion tem
perature is reached and is completed 
when the latent heat of fusion is ab
sorbed. 

The Governing Equations 

The definitions of all the symbols are 
presented in the appendix. 

Momentum 

r-direction (radial) 

du 
dt 

+ H 

+ 

[ 
dr 

d2u 

+ 
duv 
Hz 

lap 
+ — = f- + -Fr 

r pdr p 
dzu 

dr2 + 3? + 

1du 
rdr )] (5a) 

z-direction (axial) 

3v duv 3v 2 uv 
~d\~ + ~dt~ + ~dz+~ pdz p 

+ [ d
2v d2v 

3f2 + 5? + 
5v 
dr ] 

Mass Continuity 

^ + r + - = ° dr dz r 
(4) 

(5b) 

For laser beam welding, the body force 
due to the densimetric gradients pro
duced in the weld pool can be expressed 
as 

_ r = -psT/J(AT) (6a) 
where, g is the acceleration due to grav
ity, /? is the coefficient of thermal expan
sion and AT the change in temperature. 

For GTA welding, in addition to the 
buoyancy force, the electric currents and 
the induced magnetic fields influence fluid 
motion and temperature by way of the 
electromagnetic force. Therefore, for 
GTA welding, the body force can be ex
pressed as, 

r = -PF/3(AT) +7 X t (6b) 

SOLID 

MOLTEN METAL 

TWO PHASE REGION 

Fig. 2 — Schematic drawing of the weld pool indicating the region of interest. 

2 
w 
1 
a. o 

X 
o 
K 
< 
UJ 
tn 
1X1 
CC 
I-
2 
UJ 

2 
o 

> 
UJ 

a 
o 
cc 
< 
U l 

UJ 

cc 
UJ 

S 
CL 

o 
> 
UJ a 
>>. z o 
ce 
<r 
u 
to 
UJ 

sr 
2 
LL 

5 
a 
C 
_ 
u. 

c 
ct 
< 
u. 
tr 
u. 
a 
•~* 
Z 
u. 
a 
C 

> 
u. 
C 
X 
c 
Ct 
< 
u. 
V. 
i i 
ct 

WELDING RESEARCH SUPPLEMENT 1501-s 



Table 1—Data Used for Heat Transfer 
Calculations 

Laser power 

Laser beam radius 
Absorptivity 
GTA welding current 
GTA welding voltage 
Arc efficiency 
Arc radius 
Liquidus temperature 
Heat of fusion 

Boiling temperature 
Density (liquid) 

A (temperature 
coefficient of 
surface tension) 

Heat of adsorption 

k i 
surface excess at 

saturation 
Effective viscosity 

of molten metal 
Effective thermal 

conductivity of 
molten metal 

Heat transfer 
coefficient at the 
solid surface 

500 W 

0.17 mm 
15% 
150 A 
14 V 
80% 
3 mm 
1725 K 
0.634 X 102 

cal/gm 
3100 K 
7.551 - 1.117 

X 10-4T -
1.506 X 
10"7T2 

gm/cm 3 

-0 .43 gm/s2 K 

-1 .88 X 105 k j / 
kg mole 

0.00318 
1.33 X 10" 8 kg 

mole/m2 

0.5 gm/cm s 

0.37 cal/cm-s-K 

3.15 X 10-4 

AT 0 2 5 

cal/s cm2 K 

where, J is the current density vector and 
B is the magnetic flux vector. 

Energy 

The enthalpy, rather than the tempera
ture, was considered as the dependent 
variable in the energy equation. Here, the 
latent heat is included in the definition of 
enthalpy. The energy equation in two-di
mensions may be expressed as 

5H rJH 5H 

k \d2H d2H\ 

pci^+^J SH(r) 

the temperature distribution in the work-
piece, with the help of a relationship for 
enthalpy as a function of temperature 
covering both the solid and liquid phases. 

The source term in the above equation, 
S|-r(r), represents the absorption of energy 
from the heat( source, given by, 

SH(r) 
q(r) 

pyd (8) 

The fraction of incident energy absorbed 
is represented by an efficiency factor, r/. 

The heat flux, q(r), was assumed to be 
Gaussian in nature and is given by the fol
lowing equation, 

q(r) = 
3Q "[3r2/r^ 

(9) 

(7) 

The above equation is used to calculate 

Boundary Conditions 
Thermal Boundary Conditions 

1) The heat transfer between the sur
face of the sample and the surroundings is 
a specified input parameter and is given by 
Equation 8. 

2) In the radial plane of the sample, 
since symmetry was assumed about the 
heat source, there is no heat flow across 
the plane of symmetry. 

3) The heat transfer at the bottom and 
the sides of the sample is calculated by 
equating the conduction heat flux with the 
heat flux due to convection from the 
sample surface. 

Dynamic Boundary Conditions 

1) In the transverse cross-section of the 
pool, the mass transfer across the center-
plane is zero (u = 0) since symmetry is as
sumed. 

2) At the surface of the pool, the Ma
rangoni effect was incorporated by equat
ing the shear stress at the surface to the 
gradient of surface tension. 

3) All velocities at the solid/liquid inter
face are zero since no-slip conditions are 
assumed. 

An outline of the solution procedure, 
information on the grids, a discussion of 
stability, convergence and the accuracy of 
the solution for computations are pre

sented in the appendix. Data used for 
computations are in Table 1. 

Results and Discussion 

The detailed information on the fluid 
flow and the accompanying heat transfer 
that occur during stationary GTA and laser 
beam welding of a 30 X 30 X 6-mm Type 
304 stainless steel specimen was obtained 
by numerically solving the mathematical 
models that represent the essential phys
ical features of the processes. Two heats 
of Type 304 containing 90 and 240 ppm 
of sulfur were considered in this investi
gation. The different levels of sulfur con
tent can significantly alter the fluid f low 
and heat transfer in the weld pool, thereby 
altering the weld pool shape and size. 
Therefore, the computational model was 
used to simulate the welding processes for 
both heats in order to quantitatively un
derstand the effect of different sulfur 
contents on the fluid flow, the heat trans
fer and the weld geometry. 

GTAW Process 

The flow and temperature fields during 
GTA welding were simulated for both 
heats (90 and 240 ppm sulfur) of Type 304 
stainless steel. First, the computed results 
for the heat containing 90 ppm sulfur are 
presented. The results of the fluid flow 
calculations in the weld pool due to the si
multaneous interaction of buoyancy, elec
tromagnetic and surface tension gradient 
effects are presented in Figs. 3 and 4 for 
stationary spot welds. Figure 3 shows the 
calculated flow field in the weld pool af
ter 2 s. The major vortex near the weld 
pool surface is dominated by the surface 
tension gradient effect causing a radially 
outward flow. Away from the weld pool 
surface, near the centerline of the weld 
pool, the flow field is controlled by the 
electromagnetic force. The maximum ra
dial surface velocities are of the order of 
0.12 m/s. The calculated velocities appear 
to agree qualitatively with earlier theoret
ical investigations. Previous theoretical in
vestigations on the fluid flow in weld pools 
during GTA welding of a wide variety of 
materials have reported surface velocities 
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Fig. 3 — Calculated flow field, after 2 s, during CTA welding of Type 304 
stainless steel containing 90 ppm sulfur. 
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Fig. 6 — Calculated temperature field, after 5 s, during GTA welding of 
Type 304 stainless steel containing 90 ppm sulfur. 

ranging from 0.05 m/s (Ref. 24) to 1 m/s 
(Refs. 8, 10, 11, 23). All these studies 

dy 
dT 

-0 .01 X 10 - 3 N/m • K to -0 .35 X 10 - 3 

N/m • K. Particularly, the higher velocities 
dy 

of 1 m/s were obtained for a - = of 
dT 

-0.35 X 10 - 3 N/m • K (Refs. 8, 10, 11). 
The calculated flow field after 5 s shows 
no apparent change in behavior of the 
weld pool development (Fig. 4) relative to 
the results after 2 s. However, the weld 
pool expands by about 25%. The flow 
field is once again radially outward at the 
weld pool surface, resulting in shallow 
penetration. The maximum surface veloc
ities remain unchanged. 

The calculated temperature fields after 
2 and 5 s are presented in Figs. 5 and 6, 
respectively. The simulated results clearly 
show the influence of convection on the 
temperature distribution in the weld pool. 
Even though there exist opposing surface 
tension gradient effects on the weld pool 

dy 
surface, the negative -pp that is present 

over much of the weld pool surface, as
sociated with the higher temperatures, 
prevails and controls the surface flows. 
The calculated flow field is radially out
ward, transporting heat from the center 
to the periphery. Deeper within the weld 
pool, the effect of the surface flows on 
the temperature fields diminishes. This is 
particularly evident at the center of the 
pool where the inward flow due to the 
electromagnetic force transports relatively 
hot liquid from the periphery to the inte
rior, causing the isotherms to be deeper at 
these locations. Outside the weld pool, 
the transport of heat is controlled by con
duction. 

The results of the previous experimen
tal investigations (Refs. 1,15) studying the 
effect of sulfur on the weld pool fluid flow 
suggest that the amount of sulfur has to 
exceed a critical level before observing 
flow reversal. Heiple, ef al. (Ref. 1), has 
reported that the addition of 50 ppm of 
sulfur increased the depth/width ratio of 
a GTA weld in 21-6-9 stainless steel by 
over 80%, suggesting an inward flow of 

the liquid melt in the weld pool. Consid
ering that the alloy used in the present in
vestigation has 90 ppm sulfur, it is surpris
ing that the calculated results indicate an 
outward flow instead of a radially inward 
flow as suggested by the earlier investiga
tions. This discrepancy is likely due to the 
fact that previous experimental results 
were obtained for linear (moving arc) 
welds. The GTA welding parameters in 
these earlier studies were a welding cur
rent of 150 A and a travel speed of 2.12 
mm/s (5 in./min) (Ref. 1). For the same 
welding current (150 A), the surface tem
peratures in the weld pool would be sig
nificantly lower for a moving arc weld 
(due to lower heat input). For example, 
Sundell, et al. (Ref. 9), has reported peak 
temperatures of s» 2100 K for linear welds 
on stainless steels. Under such conditions, 
the flow field would be radially inward 

dy 
since - = would be positive everywhere 

on the melt surface —Fig. 1. On the other 
hand, the calculated results from this study 
show that much of the weld pool surface 
is above 2200 K, and therefore, a negative 
dy 
-pp, which causes a radially outward flow, 
is present. 

In the interior of the weld pool, the 
electromagnetic force prevails, resulting in 
a minimal flow in the radially inward 
direction — Figs. 3 and 4. The inflection in 
the fusion zone interface is due to this 
f low reversal, causing increased local pen
etration. The calculated velocities in the 
interior of the weld are at least an order 
of magnitude less than the surface veloc
ities. For the conditions investigated, the 
overall effect of the electromagnetic force 
on the weld pool development is rela
tively weak compared to the effect of the 
surface tension gradient. This is to be ex
pected since the welding current used in 
this investigation is relatively low. Heiple, 
et al. (Refs. 13-15), has shown that for low 
welding currents (<150 A) the surface 
tension gradient at the weld pool surface 
is the dominant force driving fluid flow in 
the weld pool. Increasing the welding 
current above 150 A may increase the 
depth/width ratio by increasing the mo

mentum and thermal transport due to 
electromagnetic force. In addition, the in
creased heat input due to any increase in 
welding current would cause the weld 
pool to be wider, thereby reducing the 
temperature gradient. This would in turn 
reduce the surface tension force oppos
ing the electromagnetic force. The in
crease in welding current is not expected 

dy 
to have any significant effect on -pp as the 
peak temperature in the pool is already at 
the boiling point of the metal. At these 

dy 
high temperatures, -pp is not very sensitive 
to temperature changes. 

The calculated values of the weld pen
etration depth and width until full pene
tration, for GTA welds, are plotted as a 
function of time in Fig. 7. Initially, the 
results show shallow weld penetration 
with a relatively low depth/width ratio. 
The results show that the width of the 
pool increases rapidly to about 70% of its 
width at full penetration in 10% of the time 
it takes to achieve full penetration. With 
further increase in weld duration, the 
width increases slowly with time. Initially, 
the radially outward flow transports heat 
from the center to the periphery of the 
weld at a much faster rate than the base 
metal can conduct heat away from the in
terface. This results in the rapid lateral de
velopment of the weld pool. As the width 
of the weld pool increases, the area of the 
lateral interface between solid and the liq
uid increases, allowing more efficient heat 
removal from lateral faces of the weld 
pool. This results in slower growth along 
this direction with continued heating. 

The penetration depth, on the other 
hand, increases more steadily with in
creasing weld duration until about 9 s. Be
yond this time, the penetration depth in
creases rapidly until full penetration is 
achieved at 12 s. The location where the 
slope of the depth curve changes rapidly 
represents a change in the mechanism 
that controls the development of the weld 
pool. For example, the development of 
the weld pool is initially controlled by 
convective heat transfer in the weld pool. 
This is evidenced by shallow weld pene-

WELDING RESEARCH SUPPLEMENT | 503-s 



Fig. 7 —Calculated 
penetration depth 
and width during 
GTA welding of 

Type 304 stainless 
steel containing 90 

ppm sulfur. 

tration (Figs. 3 and 4) and the low depth/ 
width ratios — Fig. 7. However, after suffi
cient time has elapsed, the weld pool de
velopment (weld penetration) is controlled 
by conductive heat transfer in the base 
metal. The finite size of the specimen (the 
thickness of the material is only 6 mm), 
leads to inefficient heat transfer (lower 
thermal gradient) in the base metal directly 
below the weld pool. This causes the ma
terial below the pool to heat up rapidly, 
resulting in deeper penetration, as seen in 
Fig. 7. At the same time, toward the sides 
of the weld pool, at the fusion zone inter
face, the amount of energy transferred 
from the weld pool to the base metal is 
quickly transported to the bulk of the 
specimen by conduction heat transfer. 
Therefore, with continued heating, the 
width of the weld pool increases relatively 
slowly. 

Variable depth of penetration during 
the welding of different heats of the same 
material (compositions within the speci
fied allowable range) is a significant prob
lem that has received much attention in 
recent times. The depth of penetration 
achieved during welding can significantly 
influence the quality and the reliability of 
the weldment. Often, the critical variable 
that controls the variation in the weld pool 
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size and shape is the amount of minor el
ements that are present in commercially 
available material. In iron-base alloys, sul
fur and oxygen are the most important 
surface active elements commonly found. 
With improved steel-making practice, the 
amount of minor elements such as sulfur 
in steel has been greatly reduced. Unfor
tunately, the typical levels of sulfur con
tent in these alloys fall in the region where 

small variations can cause -pp to change 

from negative to positive during welding. 
Consequently, these small variations in the 
sulfur level can cause considerable varia
tion in the weld penetration. The simu
lated results of the fluid f low and the heat 
transfer during GTA welding of the heat 
containing 240 ppm sulfur are presented 
next to illustrate the effect of changes in 
sulfur content. 

In order to quantitatively evaluate the 
effect of the higher sulfur content on the 
weld penetration and geometry, the flow 
and temperature fields after 2 and 5 s 
were computationally modeled for a sul-

dy 
fur content of 240 ppm. The -pp was eval
uated for the higher sulfur content as a 
function of the temperature — Fig. 1. Fig
ure 8 shows the calculated flow field after 

2 s. The results indicate the significant ef
fect of sulfur on the fluid flow pattern. In
stead of the simple inward flow as sug
gested by earlier investigations, the results 
indicate a complex bifurcated flow pat
tern with radially inward and outward 
loops on the surface of the weld pool. 
Such complex flow patterns are to be ex-

dy 
pected since - = changes its sign at 2450 

K — Fig. 1. The radially inward flow due to 
dy 

the positive - = at the cooler periphery of 
the weld pool opposes the flow due to 

dy 
the negative - = that prevails over much of 

the weld pool surface. 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 reduction in width of 
pool. 

Figure 9 shows the calculated flow field 
after 5 s. With continued heating beyond 

dv 
2 s, the positive -pp at the periphery signif
icantly influences the local flow field. As a 
result, the radially inward flow near the 
solid-liquid interface increases with time. 
The predicted flow field significantly influ
ences the development of the weld pool 
as can be seen from Fig. 9. The radially 
outward loop near the centerline trans
ports heat radially outward from the cen
ter of the pool. However, in this case, the 
relatively hot liquid metal is met by a radi
ally inward flow that is transporting heat 
from the sides to the interior. The ensuing 
convective heat transfer produces an al
most cylindrical weld pool with increased 
depth of penetration primarily at the pe
riphery instead of at the center of the 
weld pool. 

The calculated temperature fields after 
2 and 5 s (for the heat containing 240 ppm 
sulfur) are presented in Figs. 10 and 11, 
respectively. After 2 s, the calculated 
temperature distribution is similar to that 
obtained for the lower sulfur content. The 
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Fig. 11 — Calculated temperature field, after 5 s, during GTA welding of 
Type 304 stainless steel containing 240 ppm sulfur. 

dy 
negative -pp over much of the weld pool 

surface causes an outward flow, trans
porting heat from the welding arc to the 
periphery of the weld pool. This results in 
relatively shallow isotherms in the weld 
pool. At the same time, the radially inward 
flow at the periphery, locally, opposes this 
flow. This flow loop is considerably smaller 
than the outward flow loop and does not 
have any significant effect on the temper
ature field after 2 s. However, after 5 s, the 
results show the significant influence the 
modified flow (due to the higher sulfur 
content) has on the temperature distribu
tion in the weld pool. The resulting tem
perature field is considerably different and 
has a profound influence on the bead 
shape. 

The results presented in this section 
clearly show the influence of a surface ac
tive element such as sulfur on the flow and 
temperature field during stationary weld
ing, which affect the ultimate weld pool 
shape and size. There is overwhelming 
experimental evidence that small varia
tions in sulfur can cause significantly dif
ferent penetration behavior. The present 
investigation confirms that sulfur can cause 
variations in the bead geometry by alter
ing the surface tension gradient, and 
thereby altering the fluid flow and con
vective heat transfer in the weld pool. 
However, the effect of sulfur on the flow 
reversal and the bead geometry is not as 
pronounced in this study as that reported 
by the earlier investigations (Refs. 1, 12-
15). This relatively weak influence of sul
fur on the bead geometry is attributed to 
the higher surface temperatures observed 
during stationary welding compared to 
linear welding. To illustrate this effect, the 
flow field and the temperature field dur
ing linear GTA welding were calculated in 
a two-dimensional plane along the weld
ing direction, for the heat containing 240 
ppm sulfur. The welding parameters used 
were: welding current of 150 A, arc volt
age of 14 V, and a welding speed of 2.5 
mm/s. The results of the calculation are 

presented in Fig. 12. Figure 12A shows a 
radially inward flow in the weld pool, as 
suggested by previous experimental in
vestigations, resulting in increased depth 
of penetration. Figure 12B shows the cal
culated temperature distribution in the 
weld pool. The calculated peak tempera
ture at the surface is on the order of 2500 

dy 
K, which implies that a positive - = exists 

over most of the weld pool surface. This 
explains the calculated inward flow in the 
case of linear GTA welding. 

The results presented in the previous 
sections clearly show that while sulfur in 
the base metal can alter the flow field, and 
thereby influence the weld penetration, 
the extent of this effect is a strong function 
of the temperature field in the weld pool. 
In order to illustrate the importance of 

. , . dy 
considering -pp as a function of tempera
ture and sulfur content, the fluid flow and 
the consequent weld pool shape and size 
were calculated assuming a constant pos
itive - ^ of 0.15 X 10"3 N/m • K. The 

dT 

computed flow field and temperature 
field for GTA welding after 2 s are pre
sented in Fig. 13. The results show an in

ward flow pattern causing very large 
depth of penetration. 

A method currently employed by some 
fabricators to minimize variations in pen
etration is to increase the sulfur content of 
the alloys. However, sulfurization can have 
a deleterious effect on the cracking ten
dency of the weld and properties of the 
welded joint. Therefore, this may not be 
a viable method for controlling variable 
penetration in welded joints for certain 
critical applications. Sundell, et al. (Ref. 9), 
investigated the effect of increasing the 
sulfur content on hot-crack sensitivity of 
stainless steels. His results showed that 
sulfur added to the weld bead could 
increase the possibility of hot-cracking in 
welds that solidify in the primary austen
ite mode. A possible alternative method 
for controlling variable penetration could 
be through process control. For critical 
applications, where sulfurization can cause 
detrimental metallurgical effects, it may be 
possible to consistently produce a nega-

dy 
tive -pp , and thus, consistent depth of 

penetration by increasing the surface tem
perature of the weld pool. 

In general, the results indicate that the 
weld pool development and growth in 
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GTA welding is controlled by convective 
heat transfer, which is dominated by sur
face tension gradient driven flows. The 
surface tension gradient driven flow can 
be modified locally, at interior locations, 
by the electromagnetic force, resulting in 
enhanced penetration below the arc. In 
addition, the finite size of the specimen 
and its geometry may influence the heat 
transfer in the specimen and can, in some 
instances, control the development of the 
weld pool. 

Laser Beam Process 

The flow and temperature fields during 
laser beam welding were simulated for 
both heats of Type 304 stainless steel. 
First, the computed results for the heat 
containing 90 ppm sulfur are presented. 
Figure 14 shows the calculated flow field 
in the weld pool after 2 s. The results show 
a single coherent vortex during laser beam 
welding. As discussed earlier, during laser 
beam welding, the driving forces for con
vection in the weld pool are surface ten
sion and buoyancy. Due to the high 

dy 
surface temperature, -pp is largely nega
tive, causing a radially outward flow at the 

Fig. 13 -Calculated 
heat flow and fluid 

flow, after 2 s, 
during stationary 
GTA welding of 

Type 304 stainless 
steel assuming a 

dy . 
constant -= of 

dl 
0.15 X 1CT3. 

A—Flow field; 
B — temperature 

field. 

weld pool surface. This flow is augmented 
by the buoyancy driven flows in the inte
rior of the pool. In the absence of any sig
nificant opposing forces, the resulting fluid 
flow pattern consists of a single coherent 
loop. The maximum radial velocity at the 
weld pool surface is of the order of 0.7 
m/s. The higher velocity is to be expected 
as the temperature gradient on the weld 
pool surface is significantly higher than 
during conventional GTA welding. The 
radially outward flow produces a rela
tively shallow weld pool (depth/width ra
tio of 0.28) by transferring the heat from 
the center to the periphery. Interestingly, 
the depth/width ratio of 0.28 for laser 
beam welds is close to the ratio of 0.27 
obtained for GTA welds after 5 s. Figure 
15 shows the calculated temperature field 
in the weld pool after 2 s of welding. The 
calculated temperature distribution is sim
ilar to that obtained for GTA welding. The 

dy 
negative -pp over much of the weld pool 

surface prevails and controls the surface 
flows, transporting heat from the center 
to the periphery. Consequently, the cal
culated isotherms are shallow and wide. 

The predicted results obtained after 5 s 
of welding are very similar to those ob-
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tained after 2 s and, therefore, are not 
presented here. During laser beam weld
ing, the use of a laser beam focused on a 
very small area results in higher power 
density causing a rapid increase in the lo
cal temperature of the material. At the 
same time, the energy supplied to the 
weld is relatively low, producing a small 
weld in comparison to the overall size of 
the specimen. Therefore, a quasi-steady 
state is achieved very quickly as the 
energy supplied to the weld is rapidly 
conducted away by the base metal. 

Figure 16 shows the calculated flow 
field after 2 s for the heat containing 240 
ppm sulfur. The predicted flow field is ra
dially outward, even in the presence of 
the higher sulfur content, resulting in a 

dy 
relatively shallow pool. The positive -p= 

near the cooler periphery of the weld 
pool produces a radially inward flow. 
However, this inward flow is relatively 
weak and does not significantly influence 
the overall heat transfer or the fluid flow 
in the weld pool. This is to be expected as 
the surface temperature in the weld pool 
would be considerably higher during weld
ing with a high energy laser beam. Even 
though the flow field consists of two con
vective vortices, the results show very lit
tle difference in the overall shape or size 
of the pool compared to the lower sulfur 
content weld. Therefore, minor variations 
in surface active elements (within the 
allowable limits) are not expected to pro
duce any major variations in the penetra
tion depth. The maximum surface veloc
ities are of the order of 0.7 m/s. Figure 17 
shows the temperature distribution in the 
weld pool. The inward flow at the pe
riphery of the pool slightly influences the 
temperature distribution. The predicted 
results obtained after 5 s of welding are 
very similar to those obtained after 2 s, 
and therefore, are not presented here. 

Calculated Cooling Rates 

The rate at which a material cools after 
welding significantly influences the final 
solidification structure and the mechanical 
properties of the weld. Variations of the 
cooling rate cause modifications of the 
solidification rate, thereby influencing the 
solidification front morphology. The aver
age cooling rate at any location in a weld 
is a function of the material properties, the 
welding process and the heat input. The 
exact measurement of cooling rates in a 
weld pool during and after welding is dif
ficult; therefore, the available data in the 
literature are scarce. Recent computa
tional modeling efforts have provided a 
reasonable alternative to direct measure
ments by allowing the prediction of the 
cooling rates at any location in the weld 
pool. Several investigators have numeri
cally calculated or indirectly estimated the 
cooling rates for various welding situa-
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Fig. 14 - Calculated flow field, after 2 s, during laser beam welding of 
Type 304 stainless steel containing 90 ppm sulfur. 
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Type 304 stainless steel containing 240 ppm sulfur. 
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17 - Calculated temperature field, after 2 s, during laser beam weld-
of Type 304 stainless steel containing 240 ppm sulfur. 

t ions. Katayama, et al. (Ref. 25), repor ted 
cool ing rates o f =s 1000 K • s~ ' dur ing the 
solidif ication o f convent ional GTA welds. 
The present authors have mode led the 
heat transfer that occurs dur ing pulsed la
ser beam weld ing of several stainless 
steels (Refs. 26, 27). For the range of 
we ld ing speeds and heat input considered 
in these previous investigations, the pre
d ic ted cool ing rates ranged f r o m 0.56 to 
8.8 X 105K • s " 1 . There fore , the available 
in format ion in the l i terature suggests that 
the cool ing rates vary w ide ly , as w o u l d be 
expec ted , depend ing on the processing 
condit ions and the material. 

Typically, w e are concerned w i t h the 
cool ing rates at the solidif ication temper
ature. The cool ing rates w e r e calculated 
as the sol id / l iqu id interface passed th rough 
particular locations in the w e l d poo l . The 
calculations indicate, as expec ted , that the 
cool ing rates exper ienced w e r e highest 
along the per iphery o f the w e l d poo l and 
lowest at the center. For convent ional 
GTA we ld ing , after 5 s, the calculated 
cool ing rate near the surface of the we ld 
poo l at the solid-l iquid interface was 1400 
K • s~ ' . At the same t ime, the cool ing rate 
exper ienced by the we ld metal dur ing the 

final solidif ication near the center of the 
w e l d poo l was 850 K • s _ 1 . In general, the 
cool ing rates exper ienced by the w e l d 
ment decreased w i t h increasing we ld d u 
rat ion. This is t o be expec ted , since the f i 
nite size of the specimen w o u l d cause the 
overal l tempera ture of the base metal t o 
increase w i t h increasing w e l d durat ion. 

The cool ing rates exper ienced by the 
laser beam welds we re significantly higher. 
The liquid metal at the w e l d per iphery ex
periences cool ing rates o f RS 1.0 X 105 

K • s~1, as it solidifies. The calculated 
cool ing rates exper ienced by the we ld 
metal , as it solidif ied, ranged f r o m 0.26 to 
1.0 X 105 K • s _ 1 . There w e r e no signifi
cant variations in the cool ing rates dur ing 
we ld solidif ication after 2 and 5 s of w e l d 
ing, since a quasi-steady state is achieved 
by 2 s. Compar ing the cool ing rates to the 
previously repo r ted values, the present 
calculations are w i th in the same order of 
magni tude. 

S u m m a r y a n d Conclus ions 

A theoret ical evaluat ion of the devel 
opmen t of the w e l d poo l dur ing conven 
tional GTA and laser beam we ld ing of 

Type 304 stainless steel was carried out . In 
the present investigation, the effect of 
sulfur o n the fluid f l o w and heat transfer 

dy 
was considered by calculating -pp as a 

funct ion of tempera ture and sulfur con
centrat ion. Sulfur in the base metal causes 
dy 
-pp to be posit ive at relatively l o w tem

peratures. As the surface temperature in

creases b e y o n d a particular temperature , 
dy 

even w i t h sulfur, -pp changes f r o m a pos
itive value to a negative value. 

The results conf i rm the significant inf lu
ence of convect ive heat transfer on the 
deve lopment of the we ld poo l . It has 
been s h o w n that surface tension gradient 
dr iven f l o w dominates the fluid f low and 
controls the deve lopment of the w e l d 
poo l for b o t h we ld ing processes. Dur ing 
convent ional GTA weld ing, the strong 
electromagnet ic force can influence the 
f l o w locally, at interior locations, enhanc
ing the penetrat ion directly b e l o w the arc. 
Dur ing GTA weld ing, the max imum ve
locities observed on the w e l d poo l surface 
w e r e of the order of 0.12 m/s . O n the 
other hand, the higher temperature gradi-
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ents that exist on the weld pool surface 
during laser beam welding produced 
higher surface velocities of the order of 
0.7 m/s. 

For both welding processes, the results 
of the computer simulation show rela
tively shallow welds (low depth/width ra
tios) for the heat with the lower sulfur 
content. After 5 s, the depth/width ratio 
for the laser beam welds was = 0.28 and 
for GTA welds was *» 0.27. Increasing the 
sulfur content of the Type 304 alloy 
increased the weld penetration during 
GTA welding. The observed increase in 
penetration was considerably less than 
the values reported by earlier investiga
tions. During laser beam welding, the 
increased sulfur content did not have any 
appreciable effect on the weld pool size 
or shape. 

During stationary welding, the calcu
lated flow field and the consequent de
velopment of the pool varied significantly 
from the expected results based on earlier 
experimental investigations. The calcu
lated flow field was radially outward even 
when the material contained significant 
levels of sulfur. It has been shown that the 
weld penetration and the aspect ratio are 
not determined solely on the basis of the 
amount of surface active element in the 
base metal, but rather due to a combina
tion of the surface active element con
centration and the temperature distribu
tion. The absence of any major effect of 
sulfur on the laser weld pool shape and 
size can be attributed to the considerably 
higher temperatures that exist on the pool 
surface of the welds. The model correctly 
predicted the expected inward flow dur
ing linear GTA welding. During linear 
welding the peak surface temperatures 
are considerably lower, and consequently, 

dy 
a positive -pp exists on the weld pool sur
face causing the inward flow. 

The calculated cooling rates at the 
solidification temperature for both weld
ing processes were higher at the edge 
than at the bottom center or the top cen
ter of the pool. For the welding conditions 
investigated experimentally, the calculated 
cooling rates for CTA welding ranged 
from a minimum of about 850 K • s~1 at 
the center to about 1400 K • s_ 1 at the 
periphery of the weld. In general, calcu
lated cooling rates decreased with in
creased weld duration (increased heat 
input). At the same time, calculated cool
ing rates for laser beam welds ranged 
from 0.26 X 105 K • s"1 at the center to 
1.0 X 10s K - s"1 at the periphery. 

Appendix 

Definition of Symbols 

a, = activity of the species i 
A = constant 
B = magnetic flux vector 

CP 

c g* 
H 
AH 

F* 
K 
Ki 
P 
C 
Q 
rb 
R 
t 
Tm 
T 
u 
V 

Yd 

0 
e 
y 
Tm 

T\ 
K 

V 

P 

= specific heat 
= body force 
= gravitational constant 
= enthalpy 
= heat of adsorption 
= current density vector 
= adsorption coefficient 
= constant 
= pressure 
= heat transfer flux 
= laser power 
= effective radius of heat flux 
= gas constant 
= time 
= melting temperature 
= cooling rate 
= radial velocity 
= axial velocity 
= absorption depth 
= coefficient of thermal expansion 
= absorptivity 
= surface tension of the solution 
= surface tension of the pure metal 

at Tm 

=Surface excess at saturation 
= thermal conductivity 
= kinematic viscosity 
= density 

Method of Solution 

The governing equations and the 
boundary conditions were expressed in 
finite difference form and solved on a 
line-by-line basis utilizing the tri-diagonal 
matrix algorithm (TDMA). First, the energy 
equation was solved for the entire com
putational domain using the TDMA, start
ing with the known values of enthalpy 
corresponding to room temperature. The 
pool geometry was determined based on 
the calculated values of enthalpies and the 
momentum equations solved within this 
molten pool. The continuity equation was 
identically satisfied to within 1% of a 
specified reference mass divergence. The 
calculated enthalpies and velocities were 
updated for each time level. 

The mathematical model used a 50 X 40 
nonuniform, fixed rectangular grid system 
for the calculation of enthalpies and ve
locities. Finer grids were utilized near the 
surface of the specimen where steep ve
locity gradients are induced by the surface 
tension gradient. Far away from the sur
face, a relatively coarse grid was utilized. 

Stability, Convergence and Accuracy of the 
Numerical Scheme 

Unconditional stability was obtained 
since the solution procedure was an im
plicit one. Thus, an unduly small time 
increment mandated by an explicit scheme 
is not required. 

The maximum permissible mass imbal
ance in each cell was 1% of a reference 
mass divergence. The value of this refer
ence divergence was taken as 5000 s_ 1 

for a minimum grid spacing of 0.01 mm 
and a typical velocity difference of 0.01 

m/s. The momentum and enthalpy con
vergence was achieved when u, v, and H 
satisfied the momentum, continuity and 
enthalpy equations simultaneously. The 
maximum permissible relative difference 
between the velocities at each location 
obtained from the solution of the conti
nuity and momentum equations was 0.01. 

A parametric study indicated that time 
increments less than 0.001 s did not give 
any different results for a minimum grid 
spacing of 0.01 mm. Hence, for all calcu
lations, the time increment was taken as 
0.001 s. 
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By S. Yukawa 
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$24.00 per copy, plus $5.00 for U.S., or $8.00 for overseas, postage and handling. Orders should be sent 
with payment to the Welding Research Council, Room 1301, 345 E. 47th St., New York, NY 10017. 

WELDING RESEARCH SUPPLEMENT | 509-s 


