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ABSTRACT 

Welding on the Hanford Site is an everyday occurrence, and most of the 

weldments made on site are relatively straightforward. Groove geometries, weld 

filler materials, and choice of welding techniques and welding parameters are 

normally decided by past experience or weld handbook advice. However, there 

are other weldments that might employ new materials, as well as one-of-a-kind 

welding situations not covered by previous experience or by work reported in 

the literature. 

Implementation of a verified analytical weld assessment method would 

allow: 1) optimization of weld metal and heat-affected zone microstructure, 

and 2) optimization of variables that affect structural deformation and 

residual stresses. These improvements would maximize structural stability and 
minimize service-induced environmental degradation. Development of this mod­

eling capability can be expected to decrease weld parameter development costs 

and greatly reduce the lead time (or system down-time) needed to develop these 

parameters for unique welding or repair-welding conditions. 

Realistic prediction of weldment thermal and strain history will require 

the use of a finite element model. Microstructure and resultant properties can 

be predicted using complex computer-based microstructure evolution models, 
literature-based empirical equations, or experimentally established behaviors. 

This report, prepared for UNC Nuclear Industries, Inc. and Rockwell 

Hanford Operations by Pacific Northwest Laboratory, examines the feasibility of 

developing analytical methods for establishing weld parameter envelopes in new, 
complex welded configurations. 
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OBJECTIVE 

ASSESSMENT OF THE FEASIBILITY OF DEVELOPING A 
HANFORD SITE WELD MODELING PROGRAM 

The objective of this program is to determine the feasibility of develop­
ing analytical methods for establishing weld parameter envelopes in new, com­

plex welded configurations. 

INTRODUCTION 

Welding on the Hanford Site is an everyday occurrence, and most of the 

weldments made on site are relatively straightforward. Groove geometries, weld 

filler materials. and choice of welding techniques and welding parameters are 
normally decided by past experience or weld handbook advice. However, there 

are other weldments that might employ new materials. as well as one-of-a-kind 
welding situations not covered by previous experience or by work reported in 

the literature. 

Implementation of a verified analytical weld assessment method would 

allow: 1) optimization of weld metal and heat-affected zone (HAZ) microstruc­
ture, and 2) optimization of variables that affect structural deformation and 

residual stresses. These improvements would maximize structural stability and 

minimize service-induced environmental degradation. Development of this mod­

eling capability can be expected to decrease weld parameter development costs 

and greatly reduce the lead time (or system down-time) needed to develop these 

parameters for unique welding or repair-welding conditions. 

Potential applications include: primary welds, repair welds, air- and 

water-backed welds, and auxiliary pipes welded to water-filled pipes. Poten­
tial fabrication materials include: stainless steels, ferritic steels, super­
alloys, titanium alloys and aluminum alloys. 

The weld assessment method is expected to include the following steps: 

1) calculation of thermal and strain characteristics of a weld/repair as 

a function of weld parameters, joint characteristics, and base mate­

rial (Task I) 
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2) estimation of weld metal and HAZ microstructural evolution resulting 

from weld-induced thermomechanical (TM) history (Task 2) 

3) prediction of resultant properties such as hardness, toughness, cor­

rosion potential, and stress-corrosion cracking (SCC) resistance of 

the weld metal and HAZ microstructures (Task 3). 

Realistic prediction of weldment thermal and strain history will require 

the use of a finite element model (FEM). Microstructure and resultant prop­

erties can be predicted using complex computer-based microstructure evolution 

models, literature-based empirical equations, or experimentally established 

reaction behaviors. 

This report discusses the results of a Pacific Northwest Laboratory 
(PNL)(a) investigation of. the feasibility of developing a Hanford Site weld 

modeling program. The report was prepared for UNC Nuclear Industries, Inc. and 

Rockwell Hanford Operations, who are jointly conducting the U.S. Department of 

Energy-sponsored weld modeling program. 

(a) Operated for the U.S. Department of Energy by Battelle Memorial Institute. 
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TASK 1: ASSESSMENT OF THERMOMECHANICAL WELD MODELING FEASIBILITY 

OBJECTIVE 

The objective of this task is to assess the applicability of finite ele­

ment modeling to the calculation of thermomechanical weld histories as the 

first step in developing a method for establishing Hanford Site-specific weld 

parameter envelopes. 

INTRODUCTION 

Four major regions need to be defined quantitatively in order to model the 

TM aspects of welding: 1) the welding heat source, usually an arc of some 

type; 2) the molten metal pool; 3) the HAZ; and 4) the structure (or structural 

component) containing the weldment. Both measurement and modeling results are 
needed to quantify interactions taking place among all four regions. 

Considerable measurement work is being done to gain a better understanding 

of welding arc physics; one example is the work by Key•s( 1' 2' 3' 4) group at the 

Idaho National Engineering Laboratory (INEL), which is directed at defining: 

1) efficiency of heat energy transferred from the source to the part being 

welded, 2) energy density distribution functions of heat energy impinging on 

the weldment surface, and 3} effect of arc forces on shape and stirring charac­

teristics of the molten weld pool. 

Models that preqict arc properties from first principles are not presently 

available even for stationary arcs impinging on flat plates, let alone for a 

moving arc confined in a groove. There is still controversy over arc effi­
ciency heat transfer numbers and arc heat transfer modeling. Thus a simplified 
arc efficiency term combined with an assumed heat distribution function, based 
on experimentation, is a realistic approach to the present state of the art in 
arc heat transfer modeling. 

There also are arc forces that shape the top surface of the weld pool; 

these generally create standing waves in the pool and form a depression zone 

beneath the arc, perturbing temperature distributions in the pool and affecting 
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solidification dynamics as well as pool shape contours . Modeling of these 
effects is beginning, but they are assessed empirically, or ignored, at the 

present time. 

Modeling of the molten metal pool is also receiving considerable atten­

tion, particularly the effects of impurities on pool stirring characteristics. 

Heiple( 5,6) at Rocky Fl ats demonstrated that surface tension of the molten pool 

determines stirring characteristics and that trace impurities control surface 

tens i on changes. Models of stationary arc situations have been developed, but 

description . of molten pool geometries for traveling arcs in grooves is beyond 

the present state of the art. 

Goldak at Carleton University{?) has developed a reasonable, empirically 

based approach to the modeling of weld pools; the shape is approximated from 

actual measurements, using double (or quadruple) ellipsoids . Heat input dis­

tribution over the weld pool is assumed to be Gaussian . Heat transfer due to 

arc-induced stirring of the liquid pool is taken into account by using an 

abnormally high conductivity val ue for molten mater ial. An example of this 

weld pool modeling is shown in Figure 1. 

FIGURE 1. Goldak Model of Double-Ellipsoid Weld Pool Heat Source 
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The above discussion covers thermal properties of the molten pool; the 

other areas of concern are: 1) weld pool solidification microstructure evolu­
tion and 2) fusion zone shrinkage characteristics. Quasistatic weld pool 
solidification characteristics can be estimated from models that are now being 
developed. Stresses and strains resulting from molten pool solidification and 

fusion zone contraction are being modeled by Mahin at Sandia Livermore(a,g) and 
Goldak(l,lO,ll,l2) and provide useful guidance. Wider-ranging information is 

still needed, however. 

The HAZ and the structure or structural component containing the weldment 

• are, theoretically, the easiest regions to model thermally, as they are ruled 
by solid-state heat transfer. Mahin( 8, 9) and Goldak(l,lO,ll,l2) are modeling 

the thermal stress/strain relationships resulting from weld-induced heating and 

cooling. 

While the state of the art in weld modeling research is such that all four 

regions are being treated (the work being directed by Mahin is an example of 

theoretical approaches to complete weld modeling), the practical state of the 

art is that only thermal histories associated with the HAZ and the structural 

component containing the weldment can be realistically modeled, particularly in 

multipass welding/repairing situations . The work of Goldak is an instance of 

sophisticated, pragmatic weld modeling. 

Thus, the long-term objective of a Hanford Site weld modeling program 
should be to develop modeling capabilities that input weld parameters and out-. 
put microstructure, deformation, and strain characteristics for all weld 
regions using models based on first principles . The near-term goal is to pro­

vide useful weld parameter evaluations, and the state of the art indicates that 
the effect of welding parameters on HAZ properties is a realistic near-term 

goal. This is fortuitous since HAZ properties are generally controlling in 
real-world engineering structures; the base metal compositions can be selected 
to provide satisfactory wrought or cast properties, and weld metal alloys can 

be selected to provide satisfactory as-cast properties . In general, weld­

related, fracture-critical regions develop in the HAZ, where base material 

microstructure has been compromised by heat and deformation related to the 

welding operation. Research and field practice have shown that welding 
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parameters can be adjusted to prevent or minimize development of undesirable 

microstructures and residual stress states . Modeling provides the opportunity 

to establish desirable process ranges without commitment to extended trial-and­

error test programs. 

It is therefore r.ecommended that the near-term thrust of Hanford Site weld 

modeling efforts be directed at the HAZ; the long -t erm thrust, at the total 

weldment. 

FINITE ELEM~NT MODELING 

Finite element modeling can be used to represent engineering components 

and structures. It can also be used to simulate both thermal heat from, and 

the stress/strain responses of, structural materia l s to specific thermal and 

mechanical loads. Both thermal and mechanical loads result from the welding 

process. 

Finite element modeling of welds can be conducted i n two (20) or three 

dimensions (30) . The 20 case can realistically represent thermal history con­

ditions under steady-state welding and specific boundary restraints. It is 

relatively easy to set up and inexpensive to use . The 30 case is more complex 

and expensive, but must be used for realistic modeling of nonsteady-state con­

ditions and weld -induced stresses and deformations. 

In 20 axisymmetric cases, the weld can be treated as if heating is impos ed 

instantaneously along the complete weldment; model examples are illustrated i n 
Figure 2. The first is a bead-on -pipe girth wel d, simulated as i f the total 
length of the final weldment is heated and cooled at the same rate. The second 

example is a bead-on-plate weld . It is simulated as if the complete length of 
the infinitely long weldment were instantaneously heated . In real-world cond i ­

tions, a molten pool of finite dimensions travels along the plate surface; th i s 

process is simulated by heating up the complete weld line at one time. 

The 20 model calculates TM responses to thermal input for a plane of mate­

rial perpendicular to the weld axis in the middle of the infinitely long plate. 

Heat intensity can be varied as a function of time t o simulate the heating and 
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Actual Weld 

Weld Simulation 

Actual Weld 

Molten 
Metal Fusion 
Pool Zone 

Simulated 
Molten Zone 

2-D Weld Simulation 

FIGURE 2. Compa rison of Actual Weldment with 20 Weld Simulation Model 

cooling experienced by that plane of material in the real weld as the molten 

pool passes by. Thus the complete weld-induced thermal cycle can be modeled, 
as illustrated in Figure 3. 

A 20 weld model works well for calculating thermal history if the arc­

heated volume of material in the weld to be simulated is small in comparison to 

the volume of welded material; hence it is a reasonable approach for cases in 

which weld pool heating affects only, a small portion of weldme~t length, such 

as in the middle of a thick-walled, large-diameter pipe weld. 

The 20 modeling cannot be expected to simulate correctly those weld situa­
tions where preheating or postheating effects dominate, as in welding thin, 

small -diameter pipe. It can, however, take into account an externally imposed 

uniform pre- or post-weld heat treatment. 

Selected stresses and deformations resulting from welding, such as those 

induced perpendicular to the weld axis, can be estimated by 20 modeling. These 

results will not be entirely correct as their magnitude and sign generally 

depend on material constraint along the weld axis as well as beside it. 
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Bead-On-Plate Weld 

Fusion Zone 

Bead-On-Plate Weld Simulation 
t, Simulated 

FIGURE 3. Schematic Illustrating Comparable TM History Measurement 
Planes in Real Plate Weld and 20 Simulation 

Consequently, calculated stresses and deformations parallel to the wel d axis 

are suspect due to unrepresented material restraint along the weld axis. 

Although weld parametric studies using 20 wel d si mulati on models yield 

useful information, realistic weld modeling requires a 30 model if the ef fects 
of weld parameters on HAZ residual stresses are to be studied. Structural 

response to weld placement and welding procedures also requires correct 30 ca l ­

culation of the stresses and deformations related t o welding. Recent work at 

PNL has documented the effect of we ld- induced deformations on HAZ microstruc­
tural evolution. (13) 

In the present state of the art, 20 modeling is available, but simulating 

complex multipass wel di ng situations by 30 modeling techniques is beyond reach . 
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Thus, the short-term goal of the Hanford Site weld modeling program is to 

develop useful 20 modeling procedures; the long-term goal is to develop practi ­

cal 30 modeling. 

PRACTICAL APPROACHES TO DEVELOPING A WELD MODELING CAPABILITY 

Generic structural response FEM programs are commercially available and 
are capable of being programmed for 2D weld simulations. The generic nature of 

these programs results in very costly 3D weld simulations. Mahin( 9) is devel­

oping a FEM program that is specifically directed toward weld simulation with 

3D modeling capabilities . It is the most complete and realistic weld -oriented 

FEM program we know of . Near-term Hanford Site use of this program is not pos­

sible, since it is being developed from first principles and will require years 

of continuing development before it is capable of handling multipass welding . 
More than that, it is being developed to predict all aspects of weld-related 

interactions, without regard for computer processing efforts. Hence , the cost 

of conducting pa rametric studies with the Mahin model will probably be prohibi ­
tive, at least from today•s perspective . 

Professors at several universities are developing models of arc physics or 

weld pool stirring phenomena . These are interesting but very limited from a 

practical applications point of view. 

At least one major university study, that by the Goldak group, concen­

trates on developing highly efficient FEM programming techniques and applying 

these to welding problems. Major emphasis is on developing usable FEM tech­

niques and not on experimental generation of a data base to put into model sim­

ulations . Program orientation is toward developing FEM techniques that will 
make 3D weld modeling feasible, ultimately for personal computers (PCs) of the 

future. 

A practical approach to developing Hanford Site weld modeling capability 

in the near term can employ commercially available, general-purpose FEM pro­

grams for initial 20 modeling work . Simultaneously, and eventually superseding 

this, would be a collaborative effort with Goldak in developing an advanced 2D 

and 3D modeling capability. 
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20 MODELING WITH ANSYS 

PNL has a generic, commercially available FEM program called ANSYS~ 

installed on an Apollo computer. This highly sophisticated, state-of-the-art 

program is being used as the first step in developing Hanford Site weld mod ­
eling capability. This system was used by Garnish( 13 ) to calculate weld 

thermal histories for stainless steel (SS) pipe girth welds under a Nuclear 
Regulatory Commission (NRC)-sponsored welding program. 

Predicted thermal histories on the inside counterbore surfaces as a func­

tion of distance from the weld centerline have been made for 4-, 14-, and 

24-in.-dia. pipes, as illustrated in Figures 4 and 5. A comparison between 

predicted and measured thermal histories for the first pass on the 24-in.-dia. 

pipe indicates reasonable agreement {Figure 5). The FEM program calculates 

this type of information for internal points of the pipe weld cross-section as 

well. 

Through-thickness isotherms are another graphical data presentation method 

that can be readily determined with the ANSYS system. Isotherms can be used to 

indicate maximum extent of thermal experiences at various regions and, from 

this, estimates of microstructural alterations can be inferred. This technique 

will be utilized to predict the development of microstructures susceptible to 

premature service failures. 

The program is capable of displaying isotherms at designated times in the 

weld simulation cycle; the isotherms shown throughout this report were selected 
at that time in the cycle when the molten pool was at its maximum, allowing 
reasonable definition of the fusion zone as well as a good estimate of the max ­
imum extent of the high-temperature isotherms. Figures 6 and 7 are illust ra­
tions of this condition during each of the first three passes on 24-in.-dia. SS 

and carbon steel {CS) pipe girth welds, respectively, at selected heat inputs. 

Figure 8 compares calculated SS and CS isotherms for the third pass, as in 

Figures 6 and 7. A reasonable fusion zone for the SS case is calculated, us ing 

a heat input of 28 kJ/in. The same heat input to a CS weld results in an 

® Registered trademark of Swanson Analysis Systems , Inc., ·Houston, 
Pennsylvania. 
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FIGURE 8. Comparison of the Effect of Heat Input on the Size of the 
Fusion Zone Between CS and SS 24-in . -dia. Pipe Girth Welds 

15 



unrealistically small fusion zone. Input of 38 kJ/in . produces an acceptabl e 
CS melt zone . Note that for comparable melt zones, isotherms are farther from 

the molten zone boundary in the SS than in the CS. These differences arise 
from the thermal conductivities and specific heats of SS and CS, shown in Fi g­

ure 9. 

Another use of isotherms in assessing acceptable weld parameters is illus­

trated in Figures 10 and 11, showing the comparison of third-pass weld heat 
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inputs for air-backed and water-backed welding of the 24-in.-dia. pipe for SS 

and CS, respectively. A water-backed heat input was determined to be accept­

able when the water-backed weld fusion zone was comparable to the air-backed 
fusion zone; heat input approximately 10 kJ/in. over the air-backed parameter 

was required. Note the entirely different isotherm configurations at compara­

ble heat inputs and fusion zone sizes. 

Microstructural changes in the HAZ result from both heating and cooling 

and the rates of heating and cooling; these aspects are considered in a subse­

quent section . Here, it is only necessary to note that ANSYS is capable of 
exhibiting temperature and heating rate as a function of time for any position 

on the weld cross-section, as illustrated in Figure 12. 

THE 2D AND 3D CAPABILITIES OF THE GOLDAK MODEL 

The finite element weld model being developed by Professor J . Goldak at 
the Carleton University in Ottawa, Canada, has been selected for the Hanford 
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Site program because of its potential for practical application. It is 

strongly oriented toward computer-programming efficiency, yet has the planned 

capability for treating the generic welding problem, from arc to welded struc ­

ture, instead of being problem-specific to a narrow welding-research area. 

In Goldak's generic weld model, portions of the welding process that are 

not easily represented in mathematical expressions are instead empirically 

estimated. Quantitative models such as arc physics can be readily superimposed 

onto the Goldak model once they are available. Consequently, the major work of 

developing software for 30 weld simulation can continue without first-princip le 

models being available for all segments of the welding process. 

Cooperative interaction with Goldak was initiated under NRC-sponsored pipe 

welding research which allowed PNL the use of his FEM program, presently 

installed on the PNL Apollo computer. Initial work with his model indicates 

that the program has modeling capability suitable for Hanford Site welding 

problems, since it has been specifically developed for treating practical 

cases. Its double-ellipsoid-shaped heat input source is patterned after actu al 

weld pool shapes and can be varied to take into account the type of welding 
technique being used. The source shape can also be adjusted to account for 

filler metal additions . 

The Goldak model is intended to treat both thermal and stress/deformation 

problems, which become important when estimates of structural deflections and 

residual stresses are ~esired for assessing as-fa~ricated structural integrity . 
Local deformations that occur during actual welding become important when the 

reaction kinetics of phase transformations are affected. An example of this i s 

the deformation-induced acceleration of sensitizat i on development in stainless 
steel HAZs documented in the NRC-sponsored PNL SS pipe welding work.(l 3,l5) 

Initial PNL checkout of Goldak's program indicates that it will be suit­

able for use on Hanford Site welding problems. A modeling run simulating the 

first pass in the 24-in.-dia. SS pipe girth weld was completed. Very good cor­

relation, similar to that illustrated for ANSYS in Figure 5, was found between 

the predicted thermal history values and the experimentally determined values . 
His finite element program run took half an hour, while the identical problem 
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run on ANSYS took almost 4 hours. This very substantial run time saving not 

only decreases turnaround time but run time cost as well . 

Goldak's internal programming is based on program configuration improve­

ments, not on increased computer power . Because of reduction in problem­

solving time, problem complexity may be increased at no cost penalty . 

Improvement in run time is one of the continuing goals of Goldak's FEM experi­

mental studies; he anticipates being able to run a complete finite element pro­

gram on a personal computer in the next few years. This presents the potential 

for bringing the use of models out of the hands of specialists and onto the 

desks of working engineers, a major reason behind the decision to recommend 

Goldak's model for Hanford Site work . 

One of the major innovations in Goldak's program, and one which is contin ­
ually being developed, is mesh grading. This allows a fine mesh in areas where 

steep gradients are present, such as around the weld pool, and coarse meshes 

where little if any change is taking place, such as at the edges of the part 

being welded. The computational time (and thus the cost) needed for a 3D prob ­

lem defined by a uniform mesh (Figure 13a) is exponentially proportional to the 

number of mesh elements; graded mesh, such as illustrated in Figure 13b, will 

result in substantial run time cost savings.( 12) 

The graded mesh capability is not yet fully developed . Currently, a fine 

mesh in the vicinity of the pool must be extended all along its projected path, 

even though only a small portion of the fine mesh is molten at a given instant 

of time. Goldak is working on a method to overcome this limitation by incorpo ­

rating a transient mesh which changes as the analysis progresses. Hence, the 
fine mesh will only cover areas of high gradients, and will continuously change 

position in order to incorporate weld pool travel; this will result in further 
run time reductions . 

USER-FRIENDLY FRONT ENDS 

One major long-term goal for the Hanford Site weld modeling program is 

development of a user-friendly program that can be used by a welding engineer 

with minimal computer experience. For weld modeling to be an engineering tool 

instead of a scientific curiosity, the welding engineer who has a specific 
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(a) (b) 

FIGURE 13. Comparison of a Uniform FEM Computation Mesh (a) and 
McDill •s Graded Mesh (b) for Modeling a Cube 

problem needs to interact directly with the weld modeling computer program. 

Presently, the welding engineer has to explain his problem to a finite element 

programmer and have the programmer set up the geometry and manipulate the pro-. . 
gram input variables to produce results, which are then discussed with the 
welding engineer. Proper consideration of seemingly minor process variables 

presents a dialogue complexity which user-friendly programs would avoid. 

There are, at present, more setup problems with Goldak•s model than with 

ANSYS because the problem definition portion of ANSYS is more user-friendly 
than Goldak•s. This is especially true for mesh description, since ANSYS has a 

semiautomatic mesh generator program while each individual node in Goldak•s 
program must be completely defined. In addition, the graphics capability of 

ANSYS is at present considerably more versatile than Goldak•s model. 
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Goldak is presently upgrading his model •s graphics capability by combining 

a graphics program developed at Lawrence Livermore Laboratories with his 

existing model; he expects this to be finished in the near future. Thus it is 
anticipated that his model will soon have graphics capability comparable to 

that of ANSYS. 

We are convinced that it is feasible to develop a weld modeling capability 

for Hanford-Site programs that will be user-friendly, although development will 

entail substantial planning and programming efforts. The planning stage con­

sists of developing those types of input and output a welding engineer would 

want for studying welding and welded structure problems. The development of 

these criteria will be vitally important in establishing program usefulness and 
would have to be a coordinated compromise between the desires of the welding 

engineer and available programming capabilities. 

We judge Goldak's weld-oriented model as the most promising for treating 

real-world weldments in a minimum of time; lack of a friendly front end on 

Goldak's current program is not a detriment since any program we might choose 

will require development of a welding -engineer-friendly front end. 
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OBJECTIVE 

TASK 2: ASSESSMENT OF WELD METAL AND HEAT-AFFECTED-ZONE 
MICROSTRUCTURAL EVOLUTION PREDICTION TECHNIQUES 

The purpose of this task is to assess techniques used in the microstruc­
ture evolution prediction methods currently available, and to determine whether 
the Goldak thermomechanical weld model might incorporate such procedures. 

INTRODUCTION 

The TM calculation model described in Task 1 is only the first step in 
predi cting premature-failure-related material characteristics in welded struc­
tures. It is a critical first step, since microstructure development depends 
on TM history and, in turn, material service properties depend on microstruc­
ture. Two examples of microstructure evolution prediction schemes presently 
being developed are presented below. 

MICROSTRUCTURAL EVOLUTION PREDICTION ILLUSTRATIONS 

Bruemmer at PNL has been developing a method to predict sensitization 
development in the HAZ of Types 304 and 316 stainless steels.( 13, 14 , 15 ) The 
work, sponsored by the NRC, combines theoretical modeling with experimental 

verification. The prediction of sensitization was important as a first step in 
predi cting resistance to SCC. Increased sensitization has been related to 
increased sec susceptibility. 

Stainless steels become sensitized when chromium is depleted near the 
grain boundaries. Depletion occurs when chromium carbides grow along the grain 
boundaries. Growth of the carbides is energetically favorable at certain ther­
mal exposures, but requires more chromium atoms than locally present; diffusion 
to the growing carbide results in localized chromium depletion zones adjacent 
to the grain boundaries. Chromium atoms cannot diffuse fast enough from the 
grain interior to prevent this depletion zone from forming. Development of the 
depleted zone can be calculated if the local TM history is known. 
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Simple thermal history is sufficient for some calculating depletion in 
cases, but experimental work at PNL indicates that local deformations must be 

taken into account when predicting sensitization development in the HAZ. The 

model being developed at PNL takes into account strain as well as thermal his­

tory; it is based on theoretically modeling the phenomenon and then adjusting 

model results empirically until they match the experimental data base. 

Ability of the present model to predict isothermal results is illustrated 

in Figure 14. The top portion presents the experimentally determined change in 

degree of sensitization as a function of isothermal hold time. The bottom por­

tion illustrates the predicted degree of sensitization. The general agreement 

between experimental and predicted results is very good. 

An example of the use of this model in predicting HAZ sensitization devel­

opment is presented in Figure 15. The bottom graph shows the thermal history 

experimentally determined on a pass-by-pass basis for a 14-in.-dia. SS pipe 
girth weld. The top graph illustrates the predicted chromium depletion taking 

place during welding. The middle graph illustrates the predicted sensitizat i on 

development as measured by an electrochemical technique capable of nondestruc­

tive use in the field. Figure 16 presents the post-pass predictions of 

sensitization development for this weld as a function of distance from weld 

centerline and on a pass-by-pass basis. 

Direct comparison of experimental and predicted sensitization development 

were also made on a pass-by-pass basis for a 24-in.-dia. Schedule 80 Type 304 
stainless steel pipe welded with the mechanized gas tungsten arc technique, 
Figure 17. Final predicted and measured values as well as form of the pre­

dicted and measured behavior shows good agreement. Results from this study 

suggest that reasonable predictions of microstructural development, sensitiza­
tion in this case, can be usefully formulated. 

Currently, weld HAZ hardness can also be predicted for some situations 

from the data produced by ANSYS. There are weld HAZ hardness prediction models 
that predict hardness as a function of base metal chemistry and HAZ cooling 

rate. Figure 12 has illustrated that HAZ cooling rate data are readily output 
by ANSYS. Bibby at Carleton University has devel oped a computer program that 
will predict local or uniform pre- and/or post-weld heating requirements based 
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on HAZ cooling rates.( 16 ) He has also developed a computer program for pre­

dicting HAZ maximum hardness as a function of welding parameters and material 
composition based on these same principles.( 1l) 

Prediction of microstructural evolution could easily be integrated with a 

FEM-TM modeling capability, as the models require TM input easily generated by 
a FEM-TM model. The addition of microstructural evolution prediction 
capability to a FEM-TM model such as Goldak's is expected to be relatively 
straightforward. 
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TASK 3: PREDICTION TECHNIQUES FOR MICROSTRUCTURE-RELATED MATERIAL DEGRADATION 

OBJECT! VE 

The objective of this task is to assess techniques to predict premature 

service failures resulting from altered material microstructure and whether 

these techniques can be integrated into the Goldak thermomechanical model to 

provide realistic evaluation of material characteristics affecting service 
performance. 

INTRODUCTION 

Relationships between microstructure and mechanical properties can be used 

to assess the effect of weld parameter selection. Behavioral rules such as 

"coarse-grained bainite generally yields low-impact energy values and is there­

fore detrimental," or, "sensitized stainless steels are susceptible to stress­

corrosion cracking" can be incorporated with computer model decision making. 

The TM history result simply plots out regions where these detrimental micro­

structures are predicted to form. This is accomplished through use of the TM 

history microstructure relationships developed in Task 2. The weld parameters 

input to the computer model are then changed to minimize formation of detrimen­
tal microstructures. 

EXAMPLE MECHANICAL PROPERTY PREDICTIONS 

Correlation between sensitized SS and susceptibility to SCC can be used to 

predict potential premature weld HAZ failure regions. The calculated 
24-in.-dia. pipe girth weld isotherms illustrated in Figure 6 will be used to 

identify ·susceptible regions and how they change on a pass-by-pass basis. Sen­

sitization development regions will be defined as bounded by the 600 and the 

10oouc iso~herms. Any region falling below 60ouc is unaffected by the weld­

induced heat; any region above 10oouc is considered to experience carbides 

dissolution, or "healing." Figure 18 uses these empirical rules to predict 

microstructure evolution in the first three passes of a 24-in.-dia. SS pipe 

girth weld. The left-hand set of plots are the same isotherms presented in 
Figure 6. The second set of plots illustrate the regions of sensitization 

development and sensitization healing associated with each individual pass. 
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The third set of plots illustrates the composite effect of each succeeding pass 

and resultant regions of sensitization susceptible to sec. Computer simulation 

studies can readily assess the effects of welding parameter variation on resul­

tant sec susceptibility even in complex, multipass situations. 

Another example of using empirical modeling techniques to predict 

detrimental microstructures is in the area of carbon steel nuclear pressure 

vessel HAZ material. A study of shielded metal arc welding (SMAW) parameters 

on ferritic, low-alloy steels has recently been published by J. N. 
Clark.(l8,19,20, 2l) He employs results from an experimental weld char-

acterization program to develop empirical relationships used to minimize 

coarse-grained bainite in the HAZ of multipass welds. The prediction program 

was developed for Cr-Mo-V steel, in which the presence of coarse-grained 

bainite promotes stress-relief cracking during post-weld heat treatment and 

creep-promoted cracking during long-time service. 

Coarse-grained bainite in the HAZ near the fusion line results from the 

early passes. These large bainitic grains can be refined 

passes if the welding parameters are carefully selected. 

which Clark based his weld parameter prediction model was: 

during subsequent 

The rationale on 

1. minimize the formation of coarse-grained bainite in the first layer 

HAZ by using low-heat-input-weld passes 

2. maximize the grain refinement potential of the second layer by using 

high-heat-input weld passes. 

Regions of both coarse- and fine-grained bainite are normally present at 
ambient temperature in the HAZ of welded Cr-Mo-V steel. Coarse-grained bajnite 

represents the microstructure region nearest the fusion line while fine-grained 

bainite is present in the next HAZ microstructural region. Coarse- and fine­
grained bainite are low-temperature transformation products of large- and 

small-grained austenite, respectively. Austenite is the high-temperature 
phase, stable from approximately 1330°F (720°C) to the melting point of steel; 

austenite transforms to bainite upon cooling. First-weld-layer HAZ coarse­

grained bainite can be transformed to fine-grained bainite during welding of 

the second layer if the coarse-grained region of the first-layer HAZ 

33 



experiences conditions that produce fine grains in the second-layer HAZ. Thus, 

coarse-grained bainite may be refined to a smaller-grained transformation prod­

uct by controlling the heat input of subsequent weld passes. 

The first step in developing a model prediction scheme for minimizing 

coarse-grained bainite in multipass welds is to determine the temperature 

boundary for austenite formation and then separate this region into a coarse­

grained bainite formation regime and a fine-grained bainite formation regime. 

The temperature range where austenite is stable in the HAZ can be determined 

from open literature phase transformation data; it extends from the fusion l i ne 

to the A3 temperature, see Figure 19. Defining the coarse and fine grain for­

mation regions presents a more difficult problem unless continuous cooling 
phase transformations data are available. Clark experimentally determined t his 

temperature boundary to be approximately 1200°C, through a combination of met­

allography and theoretical calculations. He also determined relationships 

between the coarse- and fine-grained HAZs, welding parameters, and weld­
electrode sizes through metallographic examinations of many specimens prepared 

under a large study of experimental welds. 

These empirically determined relationships allowed Clark to develop a 

model that predicted multipass grain refinement as a function of real-world 

welding variables such as welding current and voltage, electrode size, elec­

trode burn-off rate and weld bead spacing. These variables were related with 

simple nomographs that could be used on the shop floor during welding/repairing 

to determine appropriate welding parameters for each weld pass. (Welders were 
required to demonstrate adherence to these variables on practice sections 

before welding/repairing the actual components.) 

An example of predicting the presence and extent of coarse-grained bainite 

can be illustrated using Clark•s formation rules and the CS isotherms presented 
in Figure 7. The rules are that coarse-grained bainite is formed between the 

fusion boundary and the 1200°C isotherm and that grain refinement of this 

coarse-grained bainite takes place between 1200 and 900°C. Figure 20 illus­
trates the effect of these prediction rules for the first three passes of a 

24-in.-dia. pipe girth weld. The first set of plots presents the same iso­

therms shown previously in Figure 7. The second set of plots illustrates t he 
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coarse-grained bainite and fine-grained regions formed during each pass. The 

third set of plots illustrates the cumulative effect of each weld pass on the 

resultant development of the coarse-grained bainite region. 

The effect of substantially changing weld parameters after the first pass 

is shown in Figure 21. The heat input of the second through the fourth passes 

was substantially reduced, as can be seen by comparing the fusion zone sizes 

exhibited in the first set of plots, Figures 20 and 21. These low heat-input 
passes represent placement of a ''buttered" layer of weld metal over the weld 

groove surface, similar to the repair technique investigated by Clark. The 
second set of plots in Figure 21 illustrate the coarse-grained bainite and 

fine-grained regions formed during low-heat-input welding. The third set of 
plots illustrated the composite effect of each sequential pass. It is obvious 

that the region of coarse-grained bainite extending to the inside surface of 
the pipe is greatly reduced and that careful selection of the butter-layer 

parameters would eliminate the inside-surface coarse-grained bainite region 
entirely. 

Still another example of empirical correlations that could be easily com­
puterized is illustrated in Figure 22.( 22 } The microstructural characteristic 

under study here was hardness but could as easily have been another microstruc­

tural constituent . The aggressive environment studied was hydrogen sulfide but 

it could be any aggressive environment for any specific material desired, pro­

viding that information relating behavior to microstructure is available and 

that microstructu ral evolution can be traced. 
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~ CONCLUSIONS AND RECOMMENDATIONS 

It has been determined that it is feasible to develop a computer-based 

Hanford Site-specific weld modeling capability. Initial near-term modeling 

efforts would result in realistic modeling of the HAZ within a year of program 

initiation. Long-term modeling efforts would result in complete weldment and 

structural component modeling capabilities. 

The type of empirically based weld HAZ embrittlement prediction models 

demonstrated in Task 3 could be readily set up as a follow-on to development of 

the weld thermomechanical prediction capability being assessed in Task 1. The 

weld TM prediction model would be used to predict the required hardness or 

presence of susceptible microstructure for a specific welding situation. A 

generic model that could be used for analysis of Hanford Site welds could be 

prepared using empirical relationships presented in the open literature. Final 

adjustment of the model to specific Hanford Site weldments would be achieved 

through an experimental weld matrix that included Hanford Site-specific mate­

rials, such as previously proposed to UNC by PNL for developing site-specific 

welding parameters for the temper-bead weld repair technique. 

The development of a Hanford Site weld modeling program with which weld 

engineering personnel can successfully interact is expected to be a multiyear 

project. Near- and long-term recommended goals are presented below. 

NEAR-TERM MODELING GOALS 

• Modeling thrust will be toward predicting welding parameter envelopes 

based on acceptable HAZ microstructure. 

• The majority of the models will be empirically based. 

• Initial thermal model predictions will use the commercially available 

FEM program ANSYS. 

• The Goldak model will be used as the basis for development work 

toward increased FEM accuracy, efficiency, and usability. 
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• The FEM analysis work will be performed by personnel trained in 
finite element computation techniques. 

LONG-TERM MODELING GOALS 

• Modeling thrust will be toward predicting welding parameter envelopes 

based on acceptable fusion zone and HAZ microstructures and struc­

tural component integrity. 

• The model(s) will be based on first principles. 

• The Goldak model will be used as the basis for the TM history FEM 

development work. 

• All model predictions will be manipulable by welding engineers. 
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