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INTRODUCTION

With the advent of super-computers and powerful workstations, computational modeling

now plays a major role in many materials processing fields such as welding, casting,

forming, etc. The motivation for computational modeling is to reduce costs of process

development and improve process control. Prior to the widespread use of

computational modeling, most complex phenomena, which were analytically intractable,

could be addressed only by costly experimental approaches. A balanced approach,

combining experimental testing and computational modeling, has the potential of

providing significantly improved understanding of the process.

In recent years, there have been several attempts TM to study the effect of critical

variables on welding by computational modeling, lt is widely recognized that

temperature distributions and weld pool shapes12are keys to quality weldments, lt

would be very useful to obtain relevant information about the thermal cycle experienced

by the weld metal, the size and shape of the weld pool, and the local solidification

rates, temperature distributions in the heat-affected zone (HAZ), and associated phase

transformations.

The solution of moving boundary problems, such as weld pool fluid flow and

heat transfer, that involve melting and/or solidification is inherently difficult because the

location of the solid-liquid interface is not known a priori and must be obtained as a

part of the solution. Because of non-linearity of the governing equations, exact

analytical solutions can be obtained only for a limited number of idealized cases.

Therefore, considerable interest has been directed toward the use of numerical
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With the advent of super-computersand powerfulworkstations,computationalmodeling

now plays a major role in many materials processingfields such as welding, casting,

forming, etc. The motivationfor computationalmodeling is to reduce costs of process

development and improve process control. Prior to the widespread use of

computationalmodeling,mostcomplex phenomena,whichwere analyticallyintractable,

could be addressed only by costly experimental approaches. A balanced approach,

combining experimental testing and computational modeling, has the potential of

providingsignificantlyimproved understandingof the process.

In recent years, there have been several attempts TM to study the effect of critical

variables on welding by computational modeling, lt is widely recognized that

temperature distributions and weld pool shapes_2are keys to quality weldments, lt

would be very useful to obtain relevant information about the thermal cycle experienced

by the weld metal, the size and shape of the weld pool, and the local solidification

rates, temperature distributions in the heat-affected zone (HAZ), and associated phase
transformations.

The solution of moving boundary problems, such as weld pool fluid flow and

heat transfer, that involve melting and/or solidification is inherently difficult because the

location of the solid-liquid interface is not known a prion and must be obtained as a

part of the solution. Because of non-linearity of the governing equations, exact

analytical solutions can be obtained only for a limited number of idealized cases.

Therefore, considerable interest has been directed toward the use of numerical
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methods to obtain time-dependant solutions for theoretical models that describe the

welding process. TM Numerical methods can be employed to predict the transient

development of the weld pool as an integral part of the overall heat transfer conditions.

The structure of the model allows each phenomenon to be addressed individually,

thereby gaining more insight into their competing interactions.

WELD POOL CONVECTION

The development of the weld pool is influenced by the simultaneous occurrence

of several important physical processes. 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. Convection is an essential and important part

of the mechanism that controls weld penetration. The magnitude and direction of the

flow of molten metal in the weld pool can significantly alter the local heat transfer

conditions and, consequently, the fusion zone geometry and weld properties. In order

to understand the convective behavior in a weld pool, it is instructive to examine the

driving forces for fluid flow.

The driving forces for fluid flow in the weld pool fall into two categories. First,

the volume-forcing terms that include the buoyant (thermal/gravity) body forces and

electromagnetic body forces and, second, the shear aqd pressure acting on the weld

pool surface due to surface tension gradient and surface curvature.

Buoyancy Force: Heat flux from the arc generates spatial and temporal density

gradients in the metal. The buoyancy forces resulting from the spatial and temporal

density gradients within the weld pool result in an upward flow at the center of the

pool.

ElectromaqneticBody Force: Electromagnetic forces are generated due to the

interaction of the divergent current path in the weld pool and the self-induced magnetic

field. These forces are present only during arc welding processes and is absent under

laser welding conditions. The forces generated result in a downward flow at the center

of the pool.



Surface Tension Gradient: Temperature-dependent surface tension gradients

can cause shear stress on the weld pool surface that can increase by an order of

magnitude the momentum transport rates at the surface and, consequently, the

transport of the heat. The spatial variation of surface tension causes the molten metal

to be drawn along the surface from a region of lower surface tension to a region of

higher surface tension. For pure metals and alloys, the temperature dependency of

surface tension (dT/dT) is negative. Therefore, surface tension would be highest at the

periphery of the pool where the temperatures are relatively lower, causing an outward

flow as shown in Fig. la. On the other hand, surface active elements, such as S, can

produce a positive d_/dT causing an inward flow as shown in Fig. lb. Depending on

the welding conditions and the composition of the weld metal, the spatial variation of

surface tension can produce surface flows that are either (a) radially outward (for

negative dT/dT), (b) radially inward (positive dT/dT), or (c) a combination of a and b

which is schematically illustrated in Fig. 2.

Surface Curvature: The weld pool surface can undergo temporal and spatial

deformations, depending on the heating and the electromagnetic effects of the arc and

the heat transfer and the convection in the weld pool. Associated with the local

deformation conditions, a surface pressure is exerted on the free surface due to the

direct contribution of the surface tension.

In addition, at high welding currents, the arc pressure (due to the plasma arc)

and the shear force (due to the impinging shielding gas flow) may influence the fluid

flow in the weld pool. For normal welding conditions, surface tension forces dominate

ali other forces in the weld pool, and buoyancy plays a very minimal role in the

development of the weld pool. Depending on the welding process and welding current,

electromagnetic forces can influence and, at high currents, dominate the development

of the weld pool.

VARIABLES AFFECTING WELD PENETRATION

During welding, there are several variables that influence the flow mechanisms



listed above, lt is necessary to understand the relative influence of the various

variables on the flow mechanisms and weld penetration. During gas tungsten arc

(GTA) welding, changes in machine parameters, such as welding current and welding

voltage, can significantly affect weld penetration by altering the heat input to the weld

pool. The heat input, Q, to the weld pool is defined as:

Q = T1EI/2=_, (1)

where T1is the arc efficiency, E is the arc voltage, I is the arc current, and _ is the

arc radius. In general, any increase in the magnitude of the heat input tends to

increase the size of the weld pool and increase weld penetration in the direction of the

weld pool fluid flow.

For example, based on Eq. (1), any increase in the welding current would

increase the heat input, the peak weld pool temperature, and the surface temperature

gradients. For pure metals (negative d_,/dT), the higher temperature gradients would

be expected to produce a wider weld pool with lower depth-to-width ratio. At the same

time, the higher welding current would also increase the electromagnetic force, which

tends to increase the weld penetration and improve the depth-to-width ratio. If, on the

other hand, we consider high sulfur steels (positive d_//dT), the higher temperature

gradients would be expected to produce a deeper pool (due to increased recirculating

inward flow) augmenting the increased electromagnetic force. Recent work has shown

that in some instances, higher surface temperatures can alter the temperature

dependency of surface tension from a positive value to a negative value. In this case,

one would expect a bifurcated flow field (schematically illustrated in Fig. 2), resulting

in an outward flow in the center of the weld pool and an inward flow field at the

periphery of the weld pool. Such complex fluid flow can completely alter the penetration

characteristics of the weld pool. At very high welding currents, in excess of 200 A,

electromagnetic forces completely dominate the weld pool fluid flow resulting in very

deep penetration.

Increasing the arc voltage also tends to increase the heat input, the peak

surface temperatures, and the temperature gradients. The higher temperature gradients



would enhance the surface tension forces and, therefore, produce wider weld pools for

low sulfur steels and deeper weld pools for high-sulfur steels.

The correlation between machine parameters and weld penetration is further

complicated because changes in welding current and voltage can also change the arc

efficiency, T1,and the power distribution, a. For GTA, efficiencies ranging from 21% to
i

93% have been measured using a variety of experimental methods for different welding

currents. 131s Also, changes in welding current can affect the arc power distribution.

In general, the power distribution of the heat source is found to be Gaussian 1314with

a 2 a radius that is strongly dependent on voltage, current and electrode gap. Tsai and

Eagar_3measured 2 a radii ranging from 3 mm to 7.2 mm for arc gaps ranging from
2 mm to 9 mm.

Perhaps, one of the most important variables that controls the weld penetration

is the heat-to-heat variation in the amount of surface active elements that is present

in commercially available alloys. Several mechanisms have been proposed by which

surface active elements present in the molten metal could influence the depth of

penetration during welding. Of the various models proposed, the most widely accepted

explanation is due to Heiple and Roper._617They showed that surface active elements

can significantly influence the development of the weld bead by altering the surface

tension of the molten metal, thereby altering the surface tension gradient-driven flow

within the weld pool.

Figure 3 shows the surface tension of molten 304SS as a function of

temperature and sulfur content. For pure metals and alloys, surface tension decreases

with increasing temperature. In this case, surface tension would be highest near the

periphery of the weld pool, which would draw liquid metal from the center to the sides

and result in a recirculating outward flow. On the other hand, when the metal ccntains

small quantities of surface active elements, the temperature dependency of surface

tension of the material is drastically altered. Surface active elements present in the

molten metal segregate preferentially to the weld pool surface causing the surface

tension to be lowered. As the temperature of the melt increases, these elements

desorb from the melt surface causing the surface tension to increase. Consequently,



dudnr Nelding, the surface tension of the liquid metal would be highest at the center

of the pool, due to the higher temperature directly below the heat source, thereby

drawing liquid metal from the sides to the center of the pool and resulting in an inward

recirculating flow.

As the surface temperature increases beyond a particular temperature, the

concentration of sulfur at the weld pool surface decreases towards the bulk

composition, and any further increase in temperature causes the surface tension to
decrease once again as shown in Fig. 3. These results indicate that surface tension

gradients of opposing signs can exist on the weld pool surface. Therefore, the fluid

flow in the weld pool is likely to be more complicated than a simple recirculation since

the peak surface tension is likely to be somewhere between the center and the

periphery of the weld pool.

MATHEMATICAL MODELING

Figure 4 is a schematic drawing of the weld pool. In recent years, a number of

weld pool fluid flow and heat transfer models have been developed to predict the weld

pool shape, weld pool size, thermal transients etc. Governing equations of conservation

of mass, momentum, and energy have been solved using various numerical techniques

(finite difference, finite element, finite volume) for appropriate boundary conditions.

Table 1 summarizes the early theoretical developments for fluid flow and the heat

transfer in the weld pool. In the initial development of these models, the following

assumptions were generally used:

1. Heat flux from the arc is a specified radially symmetric Gaussian distribution.

2. The weld pool surface is flat.

3. Molten metal in the weld pool is incompressible.

3. Fluid flow in the weld pool is laminar.

4. The properties of the solid and the liquid are constant (except for surface

tension).

5. There is no evaporation at the weld pool surface.



More recent computational work has relaxed some of these assumptions. These

studies181_have demonstrated the importance of temperature-dependent thermophysical

properties and weld pool surface evaporation on the accuracy of the predicted results.

The discussion in the previous section has shown that the effect of critical

variables on weld pool fluid flow during arc welding is very complex, making a direct

correlation of critical variables to weld penetration extremely difficult. Mathematical
I

modeling of welding provides us a valuable tool to study the complex interaction of the

various competing forces that occur during welding. As an example, the weld

penetration characteristics during stationary spot GTA welding of two heats of

Type 304 stainless steel containing 90 and 240 ppm, respectively, of sulfur are

presented. The welds were made on a 30 x 30 x 6-mm specimen using a welding

current of 150 A and arc voltage of 14 V.12The numerical results1__2were obtained by

computationally solving the mathematical models that represent the essential physical

features of the welding process.

The calculated temperature field and flow field are presented concurrently with

the weld microstructure in order to facilitate comparison between the two. The

experimentally observed and predicted results after 5 s of GTA welding, for the heat

containing 90 ppm sulfur, are presented in Fig. 5. The results show excellent

agreement between the predicted and experimentally observed fusion zone shape and

size. Further, the predicted features of the fusion zone interface agree quite well with

the experimental observations. The fluid flow pattern provides an insight into the

evolution of the weld pool due to the convective heat transfer. Even though there

exists opposing surface tension gradient effect on the weld pool surface, the negative

surface tension gradient over much of the weld pool surface prevails and controls the

surface flows. The calculated flow field is radially outward, transporting heat from the

center to the periphery. In the interior of the weld pool the electromagnetic force

prevails causing a relatively stagnant flow in the counter-clockwise direction. The

observed inflection in the fusion zone interface is due to this stagnant flow causing

increased local penetration. The relatively weak influence of the electromagnetic force

is consistent with previous experimental investigations, which suggested that the

welding current has to exceed 150 A 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 order

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 periphery of the weld pool causing the isotherms to be shallow. Within

the weld pool, the effect of the surface flows on the temperature fields diminishes with

distance from the weld pool surface. This is particularly evident at the center of the

pool where the counter-clockwise flow, due to electromagnetic force transports relatively

hot liquid from the periphery to the interior causing the isotherms to be deeper at these

locations.

The results for the second heat of material containing 240 ppm sulfur is

presented in Fig. 6. Comparison of the predicted and experimentally observed fusion

zone indicates excellent agreement. The results, as expected, indicate the significant

effect of surface active element (sulfur) on the fluid flow pattern. Instead of the simple

inward flow, as suggested by earlier investigations, the results indicate a complex

bifurcated flow pattern with clockwise and counter-clockwise loops on the surface of

the weld pool. The positive surface tension gradient at the periphery controls the local

flow field causing a counter-clockwise flow near the solid-liquid interface. The clockwise

loop in the middle transports heat radially outward from the center of the pool.

However, in this case, the relatively hot liquid metal is met by a counter-clockwise flow

that is transporting heat from the side to the interior. The ensuing convective heat

transfer produces an almost cylindrical weld puddle with increased depth of penetration

at the periphery, instead of 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.

SUMMARY

Our understanding of the effect of critical variables on weld penetration has been

reviewed. Clearly, significant progress has been made in our understanding of weld

penetration during welding, mostly due to improvements in computational modeling

capabilities. Computational modeling of the weld pool fluid flow and heat transfer has



shown that for most welding conditions, surface tension is the dominant force that

controls convection in the weld pool and, hence, weld penetration. The surface tension

gradient causes high radially outward flow in metals that exhibit a negative surface

tension gradient resulting in low depth-to-width ratios. In metals that exhibit a positive

surface tension gradient, such as high-sulfur steels, the surface tension gradient can

cause an inward flow for low surface temperatures to a combination of inward and

outward flow at high surface temperatures. During welding, changes in welding

parameters such as welding current and voltage can significantly alter the weld

penetration by altering the heat input and, therefore, the flow field in the weld pool.

Minor elements, such as S, play a major role in weld penetration. The results

of the numerical study provided valuable insights on minor element effects in weld

penetration. The results clearly demonstrated the utility of computational models to

study complex weiding problems. The predictions of the computational model correlated

quite well with experimental results.
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LIST OF FIGURES

Figure 1. Schematic showing the mechanism of surface tension gradient driven flow

for a) a negative d_,/dT and b) a positive d_,/dT.

Figure 2. Schematic showing a bifurcated flow pattern due to the combination of

positive and negative d_/dT effects.

Figure 3. Calculated surface tension as a function of temperature and sulfur

content.

Figure 4. Schematic drawing of the GTA welding process.

Figure 5. Numerical and experimental results presented concurrently for Type

304SS containing 90 ppm sulfur.

Figure 6. Numerical and experimental results presented concurrently for Type

304SS containing 240 ppm sulfur.
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