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Abstract 

Welding has evolved in the last few decades from almost an empirical art to an activity 
embodying the most advanced tools of various basic and applied sciences. Significant 
progress has been made in understanding the welding process and welded materials. The 
improved knowledge base has been useful in automation and process control. In view of the 
large number of variables involved, creating an adequately large database to understand and 
control the welding process is expensive and time consuming, if not impractical. A recourse 
is to simulate welding processes through a set of mathematical equations representing the 
essential physical processes of welding. The results obtained from the phenomenological 
models depend crucially on the quality of the physical relations contained in the models and 
the trustworthiness of the input data. 

In this paper, recent advances in the mathematical modeling of fundamental phenomena in 
welds are summarized. State of the art mathematical models, advances in computational 
techniques, emerging high performance computers and experimental validation techniques 
have provided significant insight into the fundamental factors that control the development of 
the weldment. The current status and scientific issues in the areas of heat and fluid flow in 
welds, heat source metal interaction, and solidification microstructure are assessed. Future 
research areas of major importance for understanding the fundamental phenomena in weld 
behavior are identified. 
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Introduction 

A survey of the recent literature shows tremendous progress in the understanding of the 
various physical phenomena during the process of welding. In a recent article [l], a good 
survey of the state-of-the-art of modeling welding processes was presented. Modeling of 
melting and solidification during welding provides a good example where rational 
descriptions of turbulence, multi-phase flow, electromagnetic and surface-tension flow, 
transient heat transfer and evaporation can be used to characterize complex physical 
phenomena. In the past decade, the capability of computing transient temperature, velocity 
and pressure in weld pools has been developed. This is done by solving the equations for the 
conservation of mass, momentum and energy for appropriate boundary conditions. In the 
simplest case, if (a) the geometry of the weld pool is assumed, (b) the velocity of the liquid on 
the liquid-solid boundary is assumed to be zero, (c) the traction is assumed to be known in the 
liquid-arc surface, (d) the “body” force due to buoyancy and electromagnetic forces are 
assumed to be known, and (e) the viscosity is assumed known, then Navier-Stokes equations 
can be solved for sufficiently small Reynolds Numbers. If (a) the thermal flux on the arc- 
liquid surface, @) the temperature on the liquid-solid boundary, and (c) the thermal 
conductivity and specific heat are known for the liquid, then the energy equation can be 
solved to compute the temperature in the weld pool. As a result of these studies, important 
physical insight into the mechanism of weld pool development has been achieved [2-71. 

Despite the above mentioned progress, there are major gaps that need to be filled before 
modeling of welding processes can be used for production of welds on a commercial scale. 
Some of these issues include: 

0 Prediction of weld microstructures 
Development of a tool that can be used by welders as opposed to researchers 

Development of criteria for defect prediction 
Use of computational techniques and platforms to shorten the lengthy run times of 
various computer programs. 

This paper will address some of these issues and draw some conclusions as to the future of the 
research in the area of weld modeling. 

A Weld Design Tool for Use by Welding Engineers 

Recent investigations [8] have led to the development of a welding design tool that is meant 
to be used by welding engineers. Even though a significant amount of work is needed to be 
done, this seems to be a start in the right direction. Figure 1 shows a schematic representation 
of the tool, There are four major areas that are covered by the weld design tool. These are (1) 
geometric generation of work pieces, (2) welding simulation setup, (3) welding simulation, 
and (4) welding analysis. Each of these steps can be referred to as one module, which may be 
made up of one or more sub-modules. Integration of these modules through a graphic user 
interface leads to a highly interactive welding design tool for use by welding engineers. In 
addition, to the solution of the mathematical equations of mass, momentum and energy, 
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welding simulations need welding engineering knowledge. The current framework allows 
expert systems to be added at different stages of the simulation. These expert systems can be 
either rule-based or algorithmic. The rules themselves, can be either generic or specific for 
every welding shop. The use of these types of systems has been shown in the casting [9] as 
well as the welding [ 101 literature. 

Figure 1: Schematic representation of the design tool for welding engineers showing some 
of the functionality available. 

User Interfaces for the Welding Simulation 

An important aspect of the design tool is the user interface, which, in general, includes both 
user controls as inputs and visualization as outputs. It is practically impossible to obtain the 
right information regarding a particular simulation result from a series of tabulated data given 
the large amounts of data generated. Various graphic tools have been created for the user to 
fully understand the simulation results. For example, 2-D thermal history plots, 3-D 
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temperature maps, 3-D velocity vector maps, etc. have been developed. All these modules are 
color coded for easy comprehension. Various transformations like zooming, rotating and 
translating can be applied to any data field. The overall framework is shown in Figure 2. 

1 

Figure 2: User interface of the framework. (Top) Main control menu which fires different 
functional modules, the status of the process is color coded; (Bottom) visualization 
window where interactions and communications between users and the system 
takes place, the images can be maneuvered by the mouse. 

Prediction of Microstructural Evolution During Welding 

Modeling of microstructure evolution during solidification is an outcome of the coupling 
between micro - and macroscopic models of heat flow. The microscopic heat generation is 
represented as an internal heat source term in a macroscopic analysis. The magnitude of the 
heat source is a function of the solid fraction. The latent heat of solidification is assumed to 
be released between the solidus and liquidus temperatures based on certain nucleation and 
growth rates. Such an approach has been used in the modeling of solidification of castings 
[11,12]. Recently [13], the same approach has been applied to the solidification modeling of 
the weld fusion zone when the nucleation step present in castings [ 11,121 is largely absent and 
the growth is predominantly epitaxial from the heat affected zone. 
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Useful as these deterministic models for microstructural evolution are, there is one problem, 
as pointed out by Rappaz et al. [14] They do not address crystallographic effects at all. So 
they are unable to account for the grain selection near the solid-liquid surface, which leads to 
the columnar region. Further, they do not account for the random nature of equiaxed grains. 
One cannot visualize the actual evolution of the grains, one can only obtain a distribution of 



the grain size in the casting from such simulations. Thus, the crystallographic information is 
not present in results from these models. In this respect, probabilistic methods have showed 
great promise in simulation of microstructural evolution. [ 14- 161 

Brown and Spittle [15] have used a Monte Carlo procedure to simulate evolution of grain 
structure. This type of method is based on the principle of minimization of energy, where the 
energy of a given structural configuration is evaluated considering the present state of the 
various sites (whether solid or liquid). Transitions are allowed to take place according to 
randomly generated numbers. Using this technique, Brown and Spittle were able to compute 
two-dimensional microstructures which closely resembled observed micrographic cross- 
sections. But the main drawback of such an approach was the lack of a physical basis. 

In a more recent work, Rappaz, et al. [ 141 have proposed a new approach for modeling grain 
structure formation during solidification. Based upon a two-dimensional cellular automata 
technique, the model includes the mechanisms of heterogeneous nucleation and of grain 
growth. The model has been applied to small specimens of uniform temperature. The 
columnar-to-equiaxed transition, the selection and extension of columnar grains which occur 
in the columnar zone and the impingement of equiaxed grains are clearly shown by this 
technique. Recently, the microstructure in the weld fusion zone has been predicted using a 
cellular automata simulation. Details of the simulation are described elsewhere [ 171. Figure 
3 shows the internal temperature profile and the final microstructure in a weldment using a 
similar technique. 

. 

(a) Internal Temperature Map Temp. (C) (b) Final Microstructure 

Figure 3: Internal temperature profile and final microstructure. 

Use of Massivelv Parallel Computer Systems to Simulate Welding Processes 

The rigorous calculations that need to be performed to simulate welding processes are very 
time-consuming and tedious. As an example, to simulate heat transfer in one cubic meter 
using a simple computational method requires almost 500 billion arithmetic operations. This 
is a formidable task even for supercomputers to do in real time. One way to overcome this 
problem is to use massively parallel computer designs to make use of multiple processors at 
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the same time. Today, there are major efforts to simulate various welding related phenomena 
by using massively parallel computers. These include fully coupled macro-/micro-modeling, 
modeling of residua1 stresses and the partitioning of stresses between phases. 

WELDER, a discrete element code 
for analysis of heat and fluid flow 
in the weld pool was ported to the 
Intel iPSC/860 massively parallel 
computer. A simple example 
problem for a stationary GTA spot 
welding with a Gaussian heat 
source on the top of a rectangular 
domain was considered. The 
analysis used a 125x1~90 grid in 
the x, y, and z directions, 
respectively. The average CPU 
time per time increment for the 
analysis using different number of 
processors is given in Figure 4. It 
can be seen from this figure that 
processor utilization drops after 8 
processors. 
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Figure 4: Performance of WELDER on Intel iPSC/860 

The main reason for this is that the communication time between processors becomes too 
large relative to computation time due to the small number of elements assigned to each 
processor. Thus, one can say that typically, the computational time ( t )  for a particular multi- 
processor application (with p processors) is given as, 

t = A + B * p + C / p  - 

where, A is a constant related to the initial setup (usually negligible), B is a constant that is 
related to interprocessor communication and C is the computation time for asingle processor. 
From the above equation, it may be seen that the overall performance is determined by the 
communication cost that increases with the number of processors and computational cost that 
decreases with the number of processors. Depending on the relative value of B and C, the 
overall computation time, t ,  may initially decrease with increasing number of processors upto 
a point beyond which t would increase as the number of processors increase. 

Criteria for Defect Prediction in Weldments 
\ 

Much of the time, defect prediction in weldments is based primarily on the temperature fields 
and the nature of the fluid flow patterns in the weld pools. In the case of solidification of 
castings, a convenient way to predict porosity formation is through the use of criteria 
functions in conjunction with the a numerical model simulating the solidification process 
[18]. Such criteria functions can easily be implemented into various models simulating 



welding. Once the criteria functions have been verified through rigorous experimentation, 
they would serve as a valuable tool for defect prediction. 

Conclusions 

Even though major advances have been made in simulating the welding process through the 
solution of the equations of conservation of continuity, mass, momentum and energy, there 
are several issues that need to be addressed before welds can be modeled upriori on a regular 
basis. Some of these issues include the availability of software tools which can be used by 
welding engineers, significant speedups in the computational times and enhanced defect 
prediction algorithms. 
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