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ABSTRACT

Fusion welding processes are generally used to jo in  structural m em bers. W elding 

processes produce residual stresses and distortion as a result o f the large nonlinear 

therm al loading created by a m oving heat source. M oreover, m ulti-pass w elding o f  thick 

sections subjects the com ponents to m ultiple thermal cycles and inelastic strain patterns, 

creating a more severe and com plex residual stress distribution through the plate 

thickness. Residual stresses increase crack driving force and largely affect the strength 

and resistance to brittle fracture. D istortion can make it difficult to m aintain dim ensional 

tolerances and cause m isalignm ent o f w elded joints. Thus, accurate prediction o f  residual 

stresses and distortion is very im portant.

The study o f appropriate finite elem ent analysis (PEA) procedure addresses the 

elem ent rebirth technique to pred ict the residual stresses and/or d istortion for m ulti-pass 

welding. The PEA procedure is integrated with the comm ercial code ABA Q U S. In order 

to establish the appropriate PE A  procedure, the characteristics o f  therm al and m echanical 

analyses for welding sim ulation are investigated. The lum ping techniques are em ployed 

for a five-pass welded plate and a  six-pass girth welded pipe. The m odified G aussian 

heat input model for surface heat flux is developed. It is concluded that the body heat 

input is helpful to accom m odate the weld shape and that prescribed initial tem perature of



the weld metal does not affect final residual stress distributions. It is also found that the 

weld zone size and shape determ ine the final residual stress distributions. In o rder to 

include therm al and m echanical m ism atch conditions, the interface e lem ent technique is 

em ployed for a three-pass welded plate m odel. The preparation o f FEA m odel and input 

files is cum bersom e, and the interface elem ent technique provides a good alternative for 

the prediction o f  residual stresses, but not accurate enough for the prediction o f  distortion.

The plastic strain relaxation effect is also considered for num erical sim ulations.

In nature, the accum ulated plastic strains are relieved when the weld reaches m elting 

point. T he plastic strain accum ulation may resum e when the weld tem perature falls 

below the m elting tem perature. However, in the num erical analysis, the plastic strain 

accum ulation continues even if  the weld exceeds the m elting tem perature. Consequently, 

the accum ulated plastic strains are large where the plastic strains are non-existed, 

especially in the w eld area. The overestim ated plastic strains affect the prediction o f 

residual stresses and/or distortion. Therefore, the plastic strain relaxation effect is studied 

theoretically and com pared with FEA  m odels. A com puter program w hich incorporates 

the plastic strain relaxation effect is developed. It is shown that, by considering the 

plastic strain relaxation effect, the stress variation becom es small and the stresses are 

smoothly distributed inside and near fusion zone. The consideration o f p lastic  strain 

relaxation effect im proves the final out-of-plane distortion when com pared with the 

experim ents. Incorporating the plastic strain relaxation effect into num erical analyses 

helps to reduce the CPU tim e in m ulti-pass w eld m odels as well.

Ill
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CH A PTER 1

INTRODUCTION

l.I  Background

W elding  o f  metal structures provides a m ethod o f jo in ing  together a num ber of 

com ponents w ithout significantly impairing the properties o f  those com ponents. Fusion 

welding processes are generally used to jo in  structural m em bers. These w elding 

processes generally  em ploy a moving heat source that attains a sufficiently high 

tem perature to m elt the material at the joint. The resulting tem perature d istributions are 

highly nonlinear and cause non-uniform expansion and contraction in the w elded jo in t. 

This non-uniform  expansion and contraction creates non-linear distribution o f plastic 

strains. As a  result, residual stresses are retained in the w eldm ents after w elding, whereas 

welded jo in ts  deform , a  process usually referred to as ‘d istortion’.

The presence o f residual stresses and distortion is o f prim ary concern in both 

designing and evaluating welded structures. Residual stresses increase crack driving 

force and largely affect the strength and resistance to brittle fracture. They can play a



m ajor role in cracking and fracture problems in the structure. Tensile residual stresses 

can prom ote prem ature weldm ent cracking and fracture problem s in heavy structures with 

welded thick plates, while compressive residual stresses tend to reduce the buckling 

strength o f  com pressive members. Through-thickness residual stresses may cause 

lam ellar tearing in thick-section weldments.

D istortion can make it difficult to maintain dim ensional tolerances and cause 

m isalignm ent o f  w elded joints. This may result in reaction stresses that are not usually 

considered in the design.

M oreover, m ulti-pass welding o f thick sections subjects the com ponents to 

m ultiple therm al cycles and inelastic strain patterns, creating a more severe and com plex 

residual stress distribution through the plate thickness and distortion.

There is lim ited amount o f data available pertaining to the magnitude and 

distribution o f the residual stresses occurring in m ulti-pass w elding and even less 

pertaining to the distribution o f the residual stresses through the thickness o f the plate. 

A lthough various m easuring techniques for residual stresses are available, they are 

destructive, tim e consum ing, and equipm ent dependent. Therefore, analytical techniques 

for the prediction o f residual stresses in m ulti-pass w elded jo in ts are alternatives to those 

experim ental m ethods.

There have been attempted by researchers to establish em pirical approaches for 

understanding the behavior o f materials due to w elding processes. To date, due to 

com plexity o f the w elding process, thermal and m echanical behaviors o f weldment are 

not com pletely understood. Considerable effort has been m ade to develop analytical



solutions to predict the thermal and m echanical responses o f w eldm ents. Although some 

solutions have been useful, they are d ifficult to implement in realistic w elded structures. 

This is due  to severe limitations in the geom etry o f the weldm ents and the inherent 

assum ptions m ade to derive the equations. Therefore, more effort has been expended to 

develop num erical models to predict the transient thermal response and the transient and 

residual stress responses. This becam e possible after the progress o f  com puter 

technology. Subsequently, some num erical m odeling technologies have been developed. 

One o f the powerful and widely used num erical analyses is the finite elem ent method 

(FEM ). T he FEM  can handle non-linear m aterial behavior, such as com plicated 

geom etries, com plex boundary conditions, as well as tem perature dependent material 

properties.

T here are many publications on weld m odeling using FEM  [1 - 17]. Recently, 

som e effo rt [16, 17] has been made to develop simplified finite e lem ent analysis (FEA) 

procedures so that realistic tem perature/stress histories in a w eldm ent can be simulated 

with com m only available FEA packages. The Ohio State U niversity (O SU ) researchers 

have developed these FEA techniques for the multi-pass welds on a thick plate [1 - 6]. 

Representative exam ples are tw o-dim ensional (2-D) models w ith ram p heat input 

functions, lum ped m odels for m ulti-pass welds, and three-dim ensional (3-D) shrinkage 

models.

T he therm al and mechanical response o f  a weldment is a  3-D  problem  that 

requires a  considerable amount o f com putational time. The com putational time required 

to sim ulate a m ulti-pass weld increases in proportion to the num ber o f w eld passes.



Therefore, it is necessary to develop a  sim ulation m odel to reduce the com putational tim e 

while preserving the accuracy o f the solution. H ow ever, the final state o f stresses and 

distortion has been proceeded to be dependent o f  the quasi-steady conditions during 

welding. Therefore, a 2-D analysis can be used with appropriate sim plifications without 

the expenses o f  the numerical accuracy [1 ,2 , 6].

To include the filler metal effect, the elem ent rebirth technique has been 

recognized as one o f the few reasonable m ethods that can be readily incorporated in the 

existing com m ercial FEA packages. In this technique, the elem ent sim ulation o f  filler 

metal deposits is generated along with the E ^A  m eshes for the workpiece. These 

elem ents are kept inactive until a designated ‘reb irth ’ time, which is associated with the 

w elding process, is approached in the sim ulation [1 ,2 , 6]. In order to consider the 

therm al m ism atch effect in numerical m odeling, the interface elem ent technique has 

recently been developed. The elem ent rebirth technique cannot consistently represent the 

m odel because the weld deposit elem ents are activated with nodes having the tem perature 

assigned by the activated neighbor elem ents. One variation o f the elem ent rebirth 

technique is to introduce special interface elem ents between the deposit and the 

w orkpiece m eshes so that the reactivated elem ents interact with the w orkpiece through 

the interface elem ents [7, 8]. Also, in order to consider the mechanical m ism atch effect 

in num erical multi-pass welding m odeling, reactivated elem ents are required to reset to a 

state w ith zero stresses and strains [18]. Som e researchers [7] reported that the interface 

elem ent approach shows physical consistency with the actual heat transfer process in 

w elding.



In the w elding process, the state o f the weld m etal changes from solid to liquid 

during heating, and from  liquid to solid during cooling. W hen the tem perature reaches 

the liquidas, the p lastic strain is relieved, and when the m etal solidifies, the plastic strain 

is accum ulated again. The non-zero material properties above m elting tem perature, 

how ever, would cause the plastic strains to continue accum ulating as well as to reach 

artificially high values ow ing to the very low m agnitude o f the material properties. In 

fact, the effect o f  the m elting and resolidification o f  the fusion material during w elding is 

ignored in m ost num erical analyses. Therefore, it is necessary to modify the num erical 

analysis program  and, if possible, to impose the relaxation o f  the accum ulated plastic 

strain when the m aterial melts.

W hen these techniques are applied to the num erical analysis o f the w elding 

problem , one obvious lim itation is that it can only be im plem ented by an experienced 

analyst on a case-by-case basis. Considerable care needs to be exercised during the whole 

process. The procedure can become extremely com plicated when a m ulti-pass w eld  is 

sim ulated.

1.2 Research issues

Some researchers have proposed modeling techniques that incorporate m ore 

com prehensive w elding phenom ena in the model such as phase transform ation effects [9 - 

15], and others have tried to get stress values from sim plified num erical procedures [16. 

17]. Even though m any m odeling techniques have been developed, it is difficult to tell



which one is m ost efficient in predicting residual stresses and distortion within economic 

feasibility. M oreover, in the case o f  multi-pass welding, the sim ulation becom es more 

com plicated because the m ulti-pass welding effect is not a sim ple accum ulation o f single­

pass welds.

In this dissertation, the w elding modeling m ethod is used sim plified numerical 

procedures that predict w eld residual stresses and distortion w ith reasonable accuracy.

The therm al and m echanical m ism atch effects [7, 8, 18] is included in this study to 

sim ulate the realistic w elding conditions. The appropriate m odeling procedures are 

established, through evaluating and modifying current procedures, to get reasonable 

residual stresses in the m ulti-pass weld models.

In this study, the p lastic  strain relaxation effect is also considered in the FEA 

numerical sim ulation. In nature, the accumulated plastic strain is relieved when the weld 

reaches the m elting point. T he plastic strain may resume its accum ulation process when 

the weld tem perature falls below  the melting temperature. H ow ever, in the numerical 

analysis, the plastic strain accum ulation continues even if the w eld exceeds the melting 

tem perature. Consequently, the accum ulated plastic strains are large where the plastic 

strains are actually non-existence, especially in the weld area. T he overestim ated plastic 

strains may affect the pred icted  results o f residual stresses and/or distortion. The effect o f 

plastic strain may be the cause for numerical errors associated w ith the m odeling analysis. 

This m odeling issue would be im portant, however, it has never been reported in the 

literature. In this dissertation, the plastic strain relaxation effect is studied using FEM.



1.3 Objectives

This d issertation has two objectives: the first is to develop an effective FEA  

procedure for residual stress and distortion calculation in m ulti-pass weld m odel, and the 

second is to study the plastic strain relaxation effect in num erical calculation when 

material state is changed. Details are as follows.

In the first object, the study o f appropriate r e  A procedure addresses the elem ent 

rebirth technique to predict the residual stresses and/or distortion for m ulti-pass welding. 

The FEA procedure, from  m esh generation for the weld deposits to the elem ent ‘reb irth ’ 

between weld passes, is integrated with the com m ercial code ABAQUS [19]. In order to 

establish the appropriate FEA  procedure by conducting bench test analyses on typical 

case problem s, the study o f the characteristics o f  therm al and mechanical analyses for 

welding sim ulation is investigated. This investigation include the thermal heat input 

modeling technique, ram p heat input function effect, and lumping (grouping) m odeling 

technique. Three d ifferent multi-pass welding cases are conducted. Through the first two 

cases, the effective heat input conditions, the effective lumping techniques, and the 

residual stresses/distortion effects according to the heat inputs are discussed. In the third 

case, the interface elem ent technique is em ployed. In order to include therm al and 

mechanical m ism atch conditions, the m odeling technique m ust be different from  the 

conventional m ethod (w ithout using interface elem ents) [1 - 6]. The interface elem ent 

technique should be introduced to satisfy the m ism atch conditions [7, 8, 18]. By



com paring the results o f the conventional m ethod w ith those o f  the m ethod using 

interface elem ents, the advantages and disadvantages are discussed on the basis o f  the 

effective F ^A  procedure.

The second objective o f  this study is to consider the plastic strain relaxation effect 

on welding num erical sim ulation results . During the welding process, plastic strain 

accumulates. Finally, when the tem perature reaches to the m elting point, material 

properties are lost because the m aterial looses its characteristics as a solid state.

Therefore, the accum ulated plastic stains are relaxed and the stress values are zero. A fter 

the temperature goes below the m elting point, the m aterial properties return and stress 

distribution and plastic strain are calculated from the state with zero plastic strain. In this 

dissertation, the effect m entioned above is studied fo r num erical welding sim ulation.

First of all, a definition o f the plastic strain relaxation effect is required. Then, it is 

necessary to m odify the process o f the UM AT user subroutine, which is to represent 

material behavior [19]. To do this, the study o f the therm o-elastic-plastic material 

behavior is essential.

First, the plastic strain relaxation effect is studied theoretically and com pared with 

one-dim ensional (1-ID) sim ple exam ples. A fter then, the plastic strain relaxation effect is 

applied to the 2-D welding m odels: bead-on-plate w elding, partial penetration butt 

welding, m ulti-pass welding, and tee-joint welding. It is anticipated that the plastic strain 

relaxation effect changes the residual stresses and distortion after welding. The num erical 

results, with and w ithout the plastic strain relaxation effect, are com pared. Based on the



differences o f  the num erical results, the effect o f the plastic strain  relaxation is discussed. 

Finally, the results o f residual stresses and distortion using the p lastic strain relaxation 

effect is com pared with experim ental data.



C H A PT ER  2

LITERATU RE REV IEW

This review  investigates the progress o f  the state-of-the-art on welding heat flow, 

residual stresses and distortion analyses. This chapter concentrates on num erical analyses 

of welding heat flow , residual stresses, and distortion.

2.1 W elding heat flow  analysis

A nalysis o f  w elding heat flow includes heat generation by the welding arc, heat 

loss, and heat conduction. M any researchers have studied welding heat flow problem s 

analytically and num erically. Early attempts w ere perform ed using analytical m ethods to 

solve welding heat flow  problem s with sim plified assum ptions. Since 1980s, the 

num erical analysis using computers has been perform ed with more realistic w elding 

conditions.
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2.1.1 A nalytical studies

The basic theory o f heat flow developed by Fourier, and applied to m oving heat 

sources by Rosenthal [20] is still widely used for calculating the thermal history o f welds. 

By using the conventional heat transfer differential equation for a quasi-stationary state, 

Rosenthal developed 2-D and 3-D equations for point, linear and plane sources o f heat. 

M yers et al. [21] has discussed the effect o f lim itations and assum ptions on the accuracy 

o f tem perature distributions. The assum ptions are as follows:

1. The m aterial is solid at all times and at all tem peratures, undergoes no phase 

changes, and is isotropic and hom ogeneous.

2. The therm al conductivity, density, and specific heat are constant with 

tem perature.

3. There are no heat losses at the boundaries.

4. The piece is infinite, except in the directions specifically noted.

5. C onditions are steady with tim e, i.e., while in the m iddle o f a long weld, 

during heat input, etc.

6. The source o f heat is concentrated in a zero-volum e point, line o r area.

7. T here is no Joule heating.

N ear the heat source, the sim plified assum ptions 1, 2 and 6 cause errors in the 

predicted tem perature distribution. Assum ption 3 m eans that solutions are m ost accurate 

when the heat source is far away from the w eldm ent boundaries. Solutions can be 

achieved for three geom etric assumptions (see Figure 2.1). All o f these geometries are
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assum ed to have an infinite size in two directions. Simple solutions can be achieved if 

the thickness is assum ed to be infinite o r very sm all. The solution is more com plicated 

for a m oderately thick plate.

To overcom e most o f these lim itations, som e researchers have studied the 

treatm ent o f  the heat flow at regions near the weld pool. Nippes et al. [22] found large 

d ifferences betw een the results from Rosenthal's equation, and tests for cooling rates in 

the heat affected  zone (HAZ). W ells [23] developed another equation to relate the 

average size o f  the fusion zone (FZ) to the am ount o f heat input in a single-pass butt-w eld 

using R osen thal’s 2-D line heat source solution. Adam s [24] derived the sim plified 

equations o f  2-D and 3-D heat flow analyses using mathematical approxim ations to 

predict centerline cooling rates and peak tem perature distribution in fusion welding. 

Jhaveri e t al. [25] investigated the effects o f  plate thickness, therm al properties, and 

w elding process variables on important therm al phenomena. Reference 25 show s the 

dependence o f  cooling rate on plate thickness, energy input, initial plate tem perature, and 

surface heat loss. Christensen et al. [26] perform ed theoretical and experim ental analyses 

using the point heat source model for predicting the dimensions and shape o f the weld 

pool, the tem perature distribution in and outside the weld pool, and the cooling rate. The 

research conducted  by these individuals used tem perature independent thermal properties. 

Grosh et al. [27] tried to refine the analytical solutions by im plem enting tem perature 

dependent param eters into the existing equations. M ost nonlinear problem s, how ever, 

require num erical analysis due to the lim itations o f employing tem perature dependent 

param eters into the analytical solutions.
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2.1.2 Num erical studies

Analytical studies have limited accuracy due to  assum ptions that sim plifies the 

physical m odel. As com puter technologies are developed, com putational num erical 

techniques such as FEM  or finite difference m ethod (FD M ) are developed. The 

developm ent o f  num erical techniques allows more exact w elding thermal m odels w ith 

nonlinear therm al properties, distributed heat source, jo in ing  geom etry, etc. A ccordingly, 

many investigators have used various numerical m ethods to analyze heat flow in welds. 

Since Rosenthal's point o r line m odels assume that the flux and temperature are infinite at 

the source, the tem perature distribution has many sim ilarities to the stress distribution 

around the crack tip in linear elastic fracture m echanics. H ow ever, since it w ould not 

account for the actual distribution o f heat in the arc, and hence would not accurately 

predict tem peratures near the arc, this approach is not pursued in this study.

Pavelic et al. [28] first suggested that the heat source should be distributed. A 

Gaussian distribution o f  flux deposited on the surface o f  the workpiece for Gas Tungsten 

Arc W elding (G TA W ) (see Figure 2.2) was proposed. The FD M  technique was applied 

for predicting tem peratures for a 2-D plate. W hen param eters were correlated as a 

function o f m axim um  m olten w idth and length, peak tem perature predictions in the H A Z 

were in agreem ent w ith the m easured values. S toeckinger et al. [29, 30] developed a 3-D  

heat transfer analysis fo r sim ulating a moving square w ave heat source. Contact 

conductance was developed by using a FDM. The subsequent works of K rauts et al.
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[31], and Friedm an [32] are particularly  notable. In their work, P ave lic 's  disc model was 

com bined with a FEA to achieve im proved temperature distributions in the FZ  and HAZ. 

Paley et al. [33] used a constant pow er density distribution in the FZ w ith a  Finite 

difference analysis. Friedm an et al. [34] em ployed a FEM for tem perature distribution in 

thick N iCrFe 600 plates subjected to a stationary GTAW  heat source. A  double 

ellipsoidal welding heat source m odel based on a Gaussian distribution o f  pow er density 

in space was proposed by G oldak e ta l . [35, 36]. G oldak’s model can easily change the 

size and shape o f the heat source fo r both shallow and deep penetration w elding processes 

(see Figure 2.3). In addition, this m odel has the versatility and flexibility to handle non- 

axisym m etric 3-D heat source cases. The disc model by Pavel ic et al. [28] and the 

volum e source model by Paley et al. [33] are more specific applications o f  G oldak’s 

m odel. Fan et al. [37] used a skew  Gaussian flux distribution as the heat source for 2-D 

FEM  m odeling. Latent heat was treated  as a change in specific heat during  m elting and 

solidification. Tem perature dependent thermal properties, and surface heat loss were also 

used. Kraus [38] treated the steady state and transient state heat transport problem s 

associated with thin plate w elding by using the FEM. The phase change was accounted 

for through elem ent phase property averaging and quadratic/integral capacitance fitting 

techniques. A comparison o f experim ental results exhibited sim ilar w eld  pool sizes. In 

num erical analysis o f tem peratures, and associated cooling rates, K annatey-A sibu et al. 

[39] developed a m oving FEA  grid  with an adaptive scheme that perm its m esh 

refinem ent in required regions, thereby achieving a more efficient com putation for
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desired accuracy. The num erical results for a 2-D  analysis correlate with tem perature 

measurements.

M any investigators have em ployed com m ercial numerical analysis codes for 

calculating the history o f tem perature distributions. The aim o f calculating tem perature 

distribution is to do residual stress o r distortion analysis. Therefore, the fo llow ing 

literature reviews for therm al analysis are subsequential processes for residual stress or 

distortion analysis. Tekriw al et al. [40 ,41 ] developed a 3-D FEA model to sim ulate the 

thermal history o f  a w eld jo in t produced by both GTAW  and Gas Metal Arc W elding 

(GM AW ) processes using ABAQUS. Karlsson et al. [42 ,43] em ployed A D IN A T, 

another F t  A  code, for the thermal analysis in a single-pass butt-welded pipe. A 

rotationally sym m etric FEA model was em ployed in Reference 42, and a full 3-D  FEA 

model was used in R eference 43. The procedure for thermal analysis o f a thick plate with 

a m ulti-pass w elding process was developed by Tsai et al. [2] and Shim et al. [1 ,6 ]. 

ABAQUS FEA codes were used for transient therm al analysis. Heat input from  the 

welding arc was m odeled using a ramp function. A comparison between num erical 

results and experim ental data using therm ocouples determ ined ramp time.

2.2 Residual stress analysis

Analysis o f  w elding residual stresses have been studied since the early  1900s. 

These early studies were com pleted by developing analytical solutions and experim ents. 

One o f the earliest studies on residual stresses in a welded plate was achieved by Boulton
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e t  a / .[44]. They calculated the longitudinal stress for an edge welded plate using 1-D 

strip  m odel. The alternation in length o f  longitudinal lines o f  a welded plate was 

experim entally  determ ined by reading the length gages. T he authors calculated the 

residual stresses in the elastic and plastic region o f the plate by using equilibrium  

conditions o f a welded plate and  the strain m easurem ents. T hey developed the 

approxim ate theory for calculating the residual stresses and strains.

By developing the com puter technologies, many researchers have calculated the 

residual welding stress num erically  with more realistic w elding conditions. The residual 

stress analysis is reviewed by concentrating on the num erical analysis aspect.

2.2.1 Causes o f residual stresses

During welding residual stresses develop due to an uneven distribution o f non­

elastic  strains, as well as uneven heating and cooling. There are three sources which 

cause welding induced residual stresses. One source is the difference in shrinkage 

betw een the hot and cool areas o f a welded joint. As it cools, the weld metal, originally 

subjected  to the highest tem perature, tends to contract m ore than the metal in all other 

areas. This contraction is hindered by other parts o f the w elded jo in t, resulting in the 

form ation o f high longitudinal stresses in the direction o f the weld. The second source is 

uneven cooling in the thickness direction of the weld. Surface layers cool more rapidly 

than interior layers, especially in thick plates. This gives rise to thermal stresses which 

can  lead to non-uniform  plastic deform ation and residual stresses. Finally, the third
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source consists o f  residual stresses arising from  phase transform ations that occur during 

cooling. T hese transform ations are accom panied by an increase in the specific  volum e o f  

the m etallurgical phase being transform ed. This expansion is halted by coo ler m aterial 

and causes residual stress. Residual stress m ay also be generated by inelastic strains from 

external structural loads or elastic reaction stresses caused by external restrain ts, such as 

jigs, fixtures, o r o ther clam ping devices.

The prim ary factors influencing residual stresses in weldments are the physical 

and m echanical properties of the m aterials. These are yield stress. Y oung’s m odulus, 

Poisson’s ratio , and thermal expansion. T hese properties are usually tem perature 

dependent. O ther factors are plate th ickness, jo in t geom etry, and clam ping fix tures used 

during w elding. These factors alter the degree o f constraint imposed on the w eldm ent.

2.2.2 N um erical studies

M any techniques have been developed for determining residual w elding stresses. 

Studies o f therm al stress analysis were m ade by M asubuchi [45] to develop an analytical 

m ethod o f evaluating residual welding stress and distortion. Tall [46] developed  a 

m ethod to calculate the longitudinal therm al stress in a weld using tem perature dependent 

material properties. Based on a know ledge o f  the tem perature distribution. T a il’s m ethod 

is a step-by-step com putation o f residual stresses arising in welded plates. T he accuracy 

is lim ited due to insufficient information about m aterial properties with high tem peratures 

and boundary heat losses during welding. Stresses were calculated for both center-
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welded and edge-w elded structural steel plates and  were com pared with experim ental 

results for the sam e plates.

On the basis o f  Tall [46]'s  model, a 1-D com puter code was developed by 

M asubuchi [45]. M uraki et al. [47,48] developed a  2-D  computational code for 

analyzing stress during butt-welding and bead-on-plate welding. Powerful com puters and 

num erical techniques w ere used to analyze com plicated  welding problems and w elding 

processes. O ne o f  the first numerical thermal and  m echanical models for w elding was 

developed by H ibbitt et al. [16]. They analyzed G M A W  with a 2-D thermal m odel and a 

plane strain state assum ption using the uncoupled F ^M . They observed that creep  was 

useful in m odeling the stress relief process and the tim e-dependent plasticity theory with 

tem perature dependent properties was appropriate for weld analysis. Friedm an [32] 

em ployed the increm ental plasticity with small strain  and m odeled the reduction o f  plastic 

strain due to annealing. Residual stresses were g reatest in the weld metal and H A Z. while 

the accum ulated plastic strain was greatest at the interface o f  these zones on the underside 

of the w eldm ent. The m aterial was assum ed to be an isotropic elastic-plastic continuum  

having tem perature dependent mechanical properties. To calculate the m agnitude and 

distribution o f residual stresses for multi-pass g irth-butt w elded pipes, a com putational 

model was developed by Rybicki et al. [49]. E lastic-plastic temperature dependent 

m echanical properties and unloading due to stress reversals were included in the m odel. 

Residual stresses obtained with models o f seven-pass welds and thirty-pass w elds were 

com pared with the experim ental data. Argyris e t al. [17] studied therm o-m echanical 

response o f bead on steel plate using the FEM . T he 2-D heat flow analysis was
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conducted with the transient diffusion package, SM ART II. The m echanical response o f 

a w elded plate was calculated  by therm o-elastic-visco-plastic analysis with a plane strain 

state assum ption. V olum etric changes and latent heat effect during recrystalization were 

included in the analysis. Josefson [50] conducted a num erical study o f  stress 

redistribution during local post weld heat treatments for a m ulti-pass butt-welded pipe 

with m echanically unrestrained ends. The pipe material w as m icro-alloyed C-Mn steel. 

Tem perature and stress analyses were performed by the FEM  where rotational symm etry 

was assum ed. Free e ta l .  [51] analyzed residual stress in m ulti-pass weldments with 

PAFEC, a FEA package. A  typical cross section was m odeled assum ing an axisym metric 

or plane strain condition. Room  tem perature material properties were used for both the 

therm al and m echanical analyses. Each weld pass was m odeled individually rather than 

grouped together in layers. Experim ental verification was perform ed using high 

tem perature strain gages, the blind hole drilling method, and the extensom eter. Through­

thickness residual stresses were m easured by the sectioning m ethod. A coupled therm al- 

mechanical analysis was perform ed by Mahin e ta l. [52] for G TA W  o f a circular 304L 

stainless steel specim en. FEA  package PAST A ID  was em ployed for the numerical 

analysis. A 2-D analysis was conducted with an axisym m etric assum ption. Karlsson et 

al. [42, 43] studied residual stresses in a single-pass girth butt-w elded pipe o f carbon- 

m anganese using the FE A  codes ADINAT/ADINA. Karlsson [42] em ployed a 

rotationally sym m etric FEA  model in both thermal and m echanical analyses. This model 

was used to investigate the influence on the residual stress state o f pipe geometr>', mesh 

density and material m odeling. Karlsson et al. [43] em ployed two different FEAs with
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full 3-D solid elem ents and shell elem ents. A nderson et al. [53] also studied the 

reduction o f  residual stresses in a single-pass butt-welded pipe with m echanical and 

therm al loading using AD IN A T/A D IN A . Josefson e t al. have calculated  the residual 

stresses in single-pass butt-welded pipe with rotational symm etry condition [9] , and in 

m ulti-pass butt-w elded pipes with rotational sym m etry and sym m etry conditions [10, 54] 

by SO LV IA , a FEA  code. Lindgren et al. [55] em ployed shell elem ent m odeling by using 

NIKE3D, a FEA  package, for calculating deform ations and residual stresses in butt- 

welded plate and butt-w elded thin wall pipe. They used shell elem ents in the FEA  

models. Sim ulation o f autom atic butt-w elding o f large plates was investigated by 

Jonsson et al. [56]. The plates were tack-w elded before the butt-w elding. The 

investigator reported that the m ost im portant welding param eters were the arc energy per 

unit length o f  the weld and the welding speed. Farong et al. [57] calculated  the weld 

residual stresses by using boundary elem ent m ethod. Then they com pared the results 

with that from FEM . Tekriw al et al. [4 0 ,4 1 , 5 8 ,5 9 ] developed a 3-D FEA  m odel to 

sim ulate the m echanical analysis o f a welded jo in t produced by both G T A W  and GM AW  

processes using ABAQUS [19].

As the plate thickness in a structure increases, the num ber o f w eld passes required 

to com plete a w elded jo in t also increases that requires extensive com putation tim e for 

num erical analysis. Com putation time can be saved by grouping the actual w eld passes 

into several lum ped passes. This lumped pass model for m ulti-pass w elds was 

investigated by U eda et al. [60], Leung et al. [18], and Rybicki et al. [49]. U eda et al.

[60] perform ed theoretical and experim ental investigations on an idealized research
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model for m ulti-pass girth  butt-we Ids on a pressure vessel to determ ine the residual stress 

distribution in the through-thickness direction. Tw o layers o f  actual weld passes were 

regarded as one grouped pass. They reported between the predicted and measured 

stresses. Leung et al. [ 18] developed a m odeling technique fo r therm al and m echanical 

analysis o f a welded plate using ABAQUS. A IS I3 16L stainless steel models were used 

for the analysis o f  subm erged arc welding. An uncoupled analysis was em ployed and a 

G aussian heat flux distribution was introduced in the w eld  pool. A 2-D cross section 

perpendicular to the w elding direction was used for both analyses. Several lum ping 

techniques were attem pted. Rybicki et al. [49] studied lum ped pass modeling in case o f 

pipes. They investigated multi-pass girth pipe welds by com bing all passes in a layer into 

a single stress analysis sequence.

The procedure fo r thermal and stress analyses o f  a  thick plate with a m ulti-pass 

w elding process was developed by the OSU researchers. Tsai et al. [5]. Shim et al. [6] 

and Lee [62] have em ployed ABAQUS FTEA code for the sim ulation. They em ployed the 

elem ent rebirth technique in which bead elements were initially rem oved and activated as 

actual weld beads accum ulated. A lumped model technique was studied by Lee [62]. He 

proposed two alternative ram p models for lumped pass m odels.

The lum ped m odeling investigators[18, 49, 60, 62] com m only suggested that the 

residual stress distribution is affected mainly by the first few  passes and subsequently by 

the final pass. Interm ediate passes are less im portant to determ ine the residual stresses.
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In m any cases of welding stress analysis, therm o-elastic-plastic m aterial behavior 

was considered [I - 10]. The effects o f  final phase transform ations in the w eld metal and 

the H A Z in m any analyses were neglected [1 - 6]. However, if the structure is made o f 

high strength steel, phase transform ation effect were considered fo r strong local effects 

[10]. The final phase transform ation effect has been studied by Josefson et al. [9, 10, 63]. 

A ccording to Reference 63, the authors perform ed FEA calculations o f transient and 

residual stresses in single-pass butt-w elding o f  a C-M n steel pipe. The FEA  calculations 

were com pared  with the experim ental result for the same pipe [42]. Even though the 

agreem ent betw een FEA results and experim ental m easurem ents w ere reasonably good, 

large stress differences in circum ferential direction were found in the w elded region. It 

was believed that information about the m aterial behavior during w elding was still 

insufficient, and therefore, the difference was due to the exclusion o f  the transform ation 

plasticity effect. An attempt to m odel effects o f how the transform ation plasticity reduces 

the yield stress in the time interval during the phase transform ation, associated with the 

volum e changes resulted in only slightly reduced differences [42], In Reference 42, 

Karlsson em phasized that the changes in thermal strain during phase transform ations 

have a great influence for determ ining residual stresses. In Reference 9, transform ation 

plasticity effects were considered in pipe m odel. The total strain increm ent is decom posed 

into one elastic part, one thermal part, and two plastic parts. One o f  the plastic parts is the 

plastic strain caused by the phase transform ation. This strain is obtained by evaluating the 

plastic strain rate at the end o f each tim e, or load step. The FEA -code SO L VIA  was used. 

It was possible to get a reasonably accurate solution for residual stresses in the HAZ and
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weld metal. H ow ever, the stress differences appeared between F ^A  results and 

experim ents. In Reference 43, Karlsson e t al. reported that low -tem perature solid-state 

phase transform ation is significant and im portant to the residual stress field.

S im ilarly, in some references [ I I  - 13] the final phase transform ations are 

considered in the weld metal and the H A Z  in the FEA  model, the resulting  effects can be 

represented. In Josefson’s study [14], the stress changes induced in the pipe during final 

phase transform ation remains partly at room  tem perature because o f the low 

circum ferential restraint during the final cooling. In the plate case, how ever, the residual 

stress field was governed mainly by the large stress increase that occurred after final 

phase transform ation. Stress changes induced in the plate before final phase 

transform ation w ere hardly noticeable in the residual stress field. A ndersson [15] 

researched therm al stresses in a 2-D butt-w elded plate of IIT36 steel considering  phase 

transform ation. The author concluded that the differences in residual stress distribution 

between FEA  and  experimental results are due to not considering B aushinger effects.

How ever, it seem s that few investigators have studied the plastic strain relaxation 

effect. A ccording to Friedman [32], the plastic strain relaxation effect w as m entioned. 

During the w elding process, material near the weld center experiences loading to a plastic 

state of stress p rio r to melting. The plastic deform ation accum ulated during  heating 

process is com pletely relieved when m elting takes place. The transient and residual stress 

and distortion patterns that are generated during welding depend on the state o f  plastic 

strains. C onsequently, the plastic strain relaxation effect can be im portant. Instead of
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incorporating the plastic strain relaxation effect in the FEA m odel, the em pirical relation 

was used to approxim ate the reduction o f the previously accum ulated plastic strain at high 

tem perature. The am ount o f plastic strain reduction was based upon the peak 

tem perature, being betw een 5 % at 150 °K  below the m elting tem perature and 100 % at 

the m elting tem perature. Also, Papazoglu [64] m entioned the significance o f the plastic 

strain relaxation effect. The accumulation o f plastic strains in the regions that becom e 

molten during w elding cycle. The presence o f  non-zero m aterial properties above 

m elting tem perature w ould cause the plastic strains to continue accum ulating as well as to 

reach artificially high values owing to the very low m echanical material properties. 

Therefore, it is necessary to modify ADINA by im posing the total plastic strain relief 

when the m aterial melts.

2.3 Distortion analysis

The follow ing are the fundamental reasons for changing the dim ensions during the 

welding process: (1) transverse shrinkage o f w eldm ent perpendicular to the w elding 

direction, and (2) longitudinal shrinkage o f w eldm ent parallel to the welding direction. 

Typical w elding distortion types include transverse shrinkage, angular change, rotational 

distortion, longitudinal shrinkage, longitudinal bending and buckling distortion (Figure 

2.4) [65]. These phenom ena result from the fact that the concentrated m oving heat source 

during the w elding process causes localized m echanical deform ation consisting o f
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contraction after solidification in the FZ, and o f plastic straining induced by thermal 

expansion in the HAZ.

2.3.1 Experim ental studies

Kum ose et al. [66] perform ed experimental studies to define the effect o f plastic 

and elastic restrain upon angular distortion. They developed form ulas and curves to 

calculate angular distortion caused by one-pass fillet welding. G uyot [67] developed 

transverse shrinkage curves and formulas that can be used to predict distortion and 

applied them  to practical locom otive parts. W atanabe et a l. [68] carried out the extensive 

studies regarding welding distortion. They studied the effect o f w elding conditions on the 

shrinkage distortion in welded structures. They also developed several empirical 

equations based on experim ental data to predict angular distortion in fillet welded T- 

jo in ts , as well as several o ther geometric types using shielding metal arc welding. You et 

al. [69] used the same equations developed by W atanabe e ta l .  [68], but they calculated 

the coefficients to adapt the equations to the flux core arc welding.

2.3.2 Num erical studies

For a long tim e, welding distortion predictions have been prim arily empirical 

based upon experim ental data. However, because o f the developm ent o f  com putational 

technology, the num erical studies have become more active. Very early studies on
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num erical distortion sim ulation were perform ed by M asubuchi [65]. He developed the 

program s for 1-D long beams, 2-D bead-on-plate, and butt joints. R ecently, Brown et al. 

[70] calculated residual stresses and distortions o f a six-inch long fillet w elding in a ring- 

stiffened cy linder with three dim ensional geom etry and m oving heat source using 

ABAQUS. H ow ever, the com putational tim e for the sim ulation was terribly long. In 

order to reduce the com putational tim e fo r distortion controls, some sim plified  m ethods 

have been introduced by the OSU researchers[71, 72]. This research has developed an 

inherent strain  m odel which predicts w eld distortion by prescribing an initial shrinkage 

strain condition along the welds. In particular, the spring-shrinkage m odel was developed 

using linear-elastic structural FEA procedures for a more direct engineering approach to 

prediction o f  w eld distortion [72].
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P oin t heat source Infinite flat surface

(a)

L ine heat source Infinite flat surface

— ?

Point heat source

(b)

Infinite flat surface

(c)

Figure 2.1 Som e assum ed geometries fo r solutions o f  heat flow during w elding
(a) Sem i-infinite body
(b) Tw o-dim ensional infinite body
(c) F in ite  thickness plate w ith  point heat source
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C =  CONCENTRATION COEFFICIENT

Figure 2.2 G aussian circular heat input m odel [28]
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ftux

Figure 2.3 Double ellipsoidal heat source configuration together with the pow er 
distribution function along the % axis [35]
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(a) (b)

(c) (d)

(e) (f)

Figure 2.4 V arious types o f  w eld  distortion [65]
(a) Transverse shrinkage
(b) A ngular change
(c) Rotational distortion
(d) Longitudinal shrinkage
(e) Longitudinal bending distortion
(f) B uckling distortion
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C H A P T E R S

FIN IT E  ELEM EN T M ODELING TEC H N IQ U ES FO R  TH ERM A L A N D 
M ECHANICAL W ELD IN G  ANALYSES

An uncoupled (subsequentially coupled) therm o-m echanical analysis is perform ed 

(see C hapter 3 .1). The thermal analysis is perform ed to determ ine the entire tem perature 

history accord ing  to the specified welding procedure. The tem perature data file is 

retrieved as a therm al loading input for the subsequent m echanical analysis. Both therm al 

and m echanical analyses are nonlinear, tim e dependent, and require a large am ount o f 

com putational tim e (C hapter 3.5). The therm al and mechanical responses o f  a thick 

plate is a 3-D problem  in nature that requires a  considerable amount o f com putation. The 

com putational tim e is required to sim ulate a m ulti-pass weld increases in proportion to 

the num ber o f  passes. Therefore, sim plification in the sim ulation m odels accord ing  to the 

physical w eld behaviors are investigated to develop procedures for less com putational 

time with acceptab le accuracy. A 2-D analysis is sought to replace the 3-D analysis with 

appropriate assum ptions depending on the nature o f the problem  (Chapter 3.2).

A m odified  Gaussian heat input is developed and the ramp heat input function is 

adopted here to study the moving arc effect (C hapter 3.3).
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Also, to m odel the m ulti-pass welding process, the elem ent rebirth technique is 

em ployed (C hapter 3.6). Interface elem ent technique is studied to consider the therm al 

and m echanical m ism atch effects between weld m etal and  base m etal (Chapter 3.7).

Adequate results w ith the plane strain assum ption have been reported by som e 

investigators [17, 50]. A ccording to the studies by Shim  et al. [1, 6], the plane strain 

analysis showed an unrealistically large tensile stress zone w hich increased with the plate 

thickness and the num ber o f  weld passes. Therefore, the generalized plane strain 

assum ption is im plem ented to incorporate the lateral constra in  effect in the 2-D  m odels 

(C hapter 3.8).

To further reduce the com putational time, the lum ping (grouping) technique is 

em ployed (Chapter 3.9). M ultiple weld layers are lum ped into few er number o f  larger 

passes in the 2-D model.

The size and num ber o f  the elements affects the accuracy and com putational time 

o f the analysis. W here rapid change o f temperature d istribution occurs, sm aller m eshes 

are required in the weld area for accurate stress d istribution (C hapter 3.10).

3.1 Uncoupled therm o-m echanical analysis

In a general therm o-m echanical analysis the tem perature field and the m echanical 

field should be taken as therm odynam ically coupled. F o r m ost therm al stress problem s in 

welding the influence o f the coupling terms between the tem perature field and the 

mechanical field is very sm all. Therefore, the analysis can be divided into two m ain
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parts, the determ ination o f the tem perature field and the determ ination o f the stress fields. 

In such cases tem perature is calculated in a  heat transfer analysis o r prescribed directly by 

the user, and is read into the m echanical analysis as a predefined field. In the mechanical 

analysis, tem perature is a field variable in the sense that it varies w ith position. It is also 

time dependent.

T his is valid as long as plastic w ork rates do not significantly  heat the metal, and 

local deform ation does not change the geom etry o f any elem ent to  the point where the 

heat conduction equation for the undeform ed body is invalidated. Hence, in welding 

sim ulation, the tem perature and stress fields can be solved separately. [1 ,2 , 6, 7, 16, 60, 

62].

A lso, it was shown by Argyris e t al. [17] that the coupling between the 

tem perature and stress field during w elding is insignificant. In K arlsson et a l.'s  [73] 

study, the authors em ployed the coupling term s in the heat equation. These terms were 

calculated  as products between the actual stress-strain and plastic strain rates. They 

concluded  that the therm odynam ical coupling in the heat equation can be neglected 

because the effects are very small.

T he uncoupled (subsequentially coupled) therm o-m echanical analysis is employed 

in this study. The heat transfer analysis is perform ed and the tem perature history is stored 

for uses as a therm al loading input in the subsequent m echanical analysis. The FEA mesh 

and tim e steps for both heat transfer and stress analyses are identical. Figure 3.1 shows 

the num erical analysis procedures developed for the uncoupled analysis.
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3.2 Num erical m odel types

W elding problem  is 3-D by nature. T h is kind o f  numerical sim ulation takes lots 

o f com putational tim e. To reduce the com putational cost, sim plified assum ptions, 

w ithout loss o f  the solution accuracy, have been proposed [1 ,2 ]. One m ethod entails 

using 2-D  assum ptions.

Both heat transfer and thermal stress analyses can be either 2-D o r 3-D. Tw o- 

dim ensional analyses are economic and less C PU  tim e, but less accurate than those 

carried out in 3-D  analyses. The 2-D model types, the cross-sectional and the in-plane 

analyses, are show n in Figure 3.2. Figure 3.2 schem atically illustrates how the 2-D  FEA  

model is applied  to the actual weldment.

In heat transfer analysis, an in-plane analysis is m ost accurate where through­

thickness variations in the temperature are sm all. How ever, an in-plane analysis is not 

accurate for w eldm ents o f reasonable thickness where weld penetration is sm all. A lso, 

this analysis takes m ore computational time than that o f cross-sectional analysis, because 

the weld length considered in cross-sectional m odel is only unit length, while the weld 

length in in-plane analysis depends on the m odel.

For large thickness weldments, a cross-sectional model can be used. The w elding 

speed is sufficiently  high to allow the am ount o f  heat conducted ahead o f the welding 

source to be sm all relative to the total heat input. Therefore, for a thick plate, a fast 

welding speed is assum ed in order to neglect the heat flow effect in the welding direction. 

Utilizing the concept o f quasi-stationary state heat flow , it is assum ed that every  cross
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section along the welding direction experiences an identical tem perature profile.

M odeling o f the heat flow is lim ited to each cross section perpendicular to the w elding 

direction. Consequently, it is assum ed that the same residual stress distribution ex ists in 

every  cross section perpendicular to the welding direction.

W ith these assum ptions in m ind, a sim plified 2-D  FEA  model is developed. T his 

sim plified model represents a  single cross section o f the w eldm ent which is perpendicular 

to the weld direction.

3.3 Therm al model

The thermal m odels developed and modified in this study are explained by 

specific m odeling techniques, i.e., the new heat input m odel and the ramp heat input 

m odel.

3.3.1 H eat source model

In the heat input m odel, the arc directly influences the tem perature profile, cooling  

rate, fusion zone size, heat affected  zone, and weld m etal strength. Net heat input from  

the arc for the weldment is expressed  by the following equation;

Q = t] E I  (3.3.1)
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where O  is the net heat input from  the arc (thermal power), r] is the arc efficiency. E  is 

the voltage, and I  is the current.

The arc efficiency is effected  by the welding process, metal transfer m ode, 

shielding gas, and other factors m aking it very difficult to predict. C hristensen  et  al. [26] 

m easured the arc efficiency o f  various welding processes using the calorim etry  method. 

Tsai [74] estim ated that the arc efficiency o f  the GM A W  process ranges from  80 to 90 

percent. Thus, an arc efficiency o f  85 percent was used for the net heat input to the plate 

for the GM AW  process [1 ,6 , 62].

The heat distribution is as im portant as total heat input. T he heat distribution 

plays a very significant role in determ ining the temperature profile and the related cooling 

rates in the weld vicinity. T here are several different types o f heat input m odels that were 

m entioned in the literature review  o f heat flow analyses. For exam ple, the literature 

m entions Rosenthal's point and line heat source [20], G oldak’s double hem ispherical heat 

source [35], Tsai’s skew G aussian heat source [37], and Pavelic’s [28] ‘d isc ’ type 

Gaussian heat source.

In the ‘d isc’ model proposed by Pave lie et  al. [28], the therm al flux has a 

G aussian or normal distribution in the plane (see Figure 2.2):

g ( r )  =  g (0 )g -^ '- ' (3.3.2)
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where q ( 0 )  is the m axim um  heat flux at the cen ter o f the heat spot, C the heat flux 

concentration coefficient, and r  the radial d istance from  the center o f the heat spot. This 

equation is valid  for a  stationary arc.

Tsai et  al.  [37] proposed a skewed G aussian  distribution in which the arc  colum n 

is distorted backw ards in order to consider the effect o f  weld speed. They m odified  the 

Equation (3.3.2) o f  Pavelic's model. The m odified equation is as follows:

q ( r , w )  = q i O ) e  (3.3.3)

where P represents a weight function, V  the arc speed, fc thermal diffusivity, and w  the 

m oving arc d irection coordinate. They developed an analytical solution, ca lled  the ‘finite 

source theory’, and incorporated this heat source m odel with a finite plate th ickness. This 

heat input m odel is considered realistic and accurate for welding processes.

A new heat input model is developed, which is based on Pavelic’s d isc ’ model 

[28]. This m odified heat flux is as follows:

q { x )  = q i O )  (3.3.4)

The conservation o f  energy becomes

Q = q ( 0 ) J ^ L  (3.3.5)

36



w here L  is the weld length o f consideration in w elding direction (unit: inch). Unit length 

o f  w eld  is assum ed in 2-D analysis. The total width o f  deposited weld bead, b, (unit:

inch) is substituted into Equation (3.3.4), and q { x  ) is assum ed to be equal to 5 % o f the 

m axim um  value o f the thermal flux. Then, the heat flux on weld bead boundary can be 

w ritten as

q { b )  = q iO )e -^ '’' = 0 . 0 5 q ( 0 ) .  (3.3.6)

F rom  Equation (3.3.6),

- A b -  = In 0.05

3 ( 3 J J )

~  b-

E quations (3.3.5) and (3.3.7) are substituted into Equation (3.3.4),

O 13
q ( x )  = — J — e . (3.3.8)

b L \ K

T he schem atic explanation is shown in Figure 3.3.

W hen constant heat fluxes were used in the previous works [1 ,6 , 62], either 

surface heat flux or body heat flux was applied for therm al analysis. However, the 

com bination o f both surface and body heat flux can be applied for therm al analysis. The 

total heat input applied into the model is equal to the surface heat input plus the body heat 

input
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Q = Q s + Q b (3.3.9)

where and indicate surface heat input and body heat input, respectively. In other 

words, when the heat input is applied to filler m etal, the sum  o f the fractional surface flux 

and the body flux should be one.

H eat input energy per unit length and heat flux are calculated by the follow ing 

equations for the heat flux:

Heat Input Energy:

Body Heat Flux:

Surface H eat Flux:

where H  is heat input energy per unit length (unit: B tu/inch), O  is net heat input from 

the arc, v is w elding speed (unit: inches per m inute), is body heat flux (unit: Btu/in^
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sec), is surface heat flux (unit: B tu/in^ sec), V, is the volum e o f bead elem ents in

w hich heat flux is in (unit: in^)-

T he technique for the calculation o f heat flux in this study is developed so that the 

heat input can be calcu la ted  by using the DET.UX user subroutine [19].

3.3.2 Ram p heat input model

A ramp heat input function was developed by the O SU  researchers [1 .6 ] to 

gradually apply the heat flux with variable am plitude to the model. This model is used to 

avoid num erical d ivergence problems due to an instantaneous increase in tem perature 

near the fusion zone. In addition, it enables the m odel to include the effect o f a m oving 

arc in a 2-D  plane. T he ram p function takes the out-of-plane energy flow into the 2-D 

m odel as the arc approaches, travels across, and departs from  each plane under 

investigation. T he general amplitude verses tim e curve shape for the ram p input m odel is 

shown in Figure 3.4. The actual welding time fo r the arc to travel across the unit

thickness o f the m odel is r 1 + r 2 . The m agnitude o f ^  represents this heat scanning

tim e. The tem perature profiles are affected by the ram p tim e percentage, which is defined

to be ^ X 100. A ccording to the previous w ork [6], it was observed that a ram p tim e

t \  o f  20 % of the actual weld time t l  + t 2  gave the best correlation with the G TA
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experim ental data. The total area under the ramp heat input curve (Figure 3.4) is kept 

constan t to insure that the sam e total heat input to the m odel is maintained.

In Reference 6, the ramp heat effect was controlled  by using the A M PLITU D E 

com m and in ABAQUS [19]. H ow ever in this study, if the total time and the percentage 

o f ram p heat time are determ ined, the ramp heat effects can be calculated by the D FLU X  

user subroutine [19].

3.3.3 Initial tem perature conditions for welding m odel

In a 2-D cross-sectional model, the initial tem perature condition can be issued. 

M ost investigators have used room temperature as the initial tem perature distribution in 

the base metal. How ever, tw o extreme cases have been considered for the initial 

tem perature conditions in w eld metal: one, room tem perature, the other, the m elting 

tem perature.

M any investigators, including the OSU researchers [1 ,2 .6 ,  62], have used room  

tem perature in weld metal as the initial tem perature condition.

However, in K arlsson et a l.'s  [43] study, the authors considered the tem perature at 

the reborn elem ents (w eld elem ents) as the solidification tem perature. This tem perature 

was used as the reference tem perature for the weld elem ents for calculating thermal 

strains. In Reference 42, the authors used the m elting tem perature as the reference 

tem perature for the weld m etal, and they used the room  tem perature as the reference 

tem perature for the base m etal. Also, in Josefson’s [75] work, the author used the
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tem perature above the m elting point as the initial tem perature o f  the weld metal, and  a 

constan t heat source was applied on the weld metal.

In this study, initial tem perature distributions o f both the w eld metal and the base 

m etal are assum ed as room tem perature for a five-pass welded plate model in C hapter

4 .1 .1 . For a six-pass girth w elded pipe model used in C hapter 4 .1 .2 , two different initial 

conditions are employed for the weld metal: one is the sam e as the condition in C hapter

4 .1 .1 , and the other is the m elting tem perature for the weld metal.

3.4 Tem perature insensitivity for residual stress analysis

According to Lindgren e t a l.'s  [76] study, if the residual stresses are o f  interest, 

the tem peratures could be calculated from analytical solutions. The thermal m aterial 

properties are assumed to be independent o f the tem perature in the analytical solutions. 

A lso, Landau et al. [77] discussed that the residual stress is not very sensitive to the 

details o f  the tem perature distribution.

In this study, the tem perature insensitivity is evaluated in C hapter 4.1.2. Four 

d ifferen t heat inputs are given for the stress analysis o f a six-pass girth welded pipe 

m odel. It is found that heat input m agnitudes have little effect on residual stress 

d istributions.

41



3.5 Non-linear thermo-mechanical modeling

The essential m aterial properties required to predict welding residual stresses, are 

the therm al expansion  and yielding characteristics o f the weldment. Tem perature 

dependent m echanical behavior can be incorporated in thermal stress analyses.

The FE M  is capable o f incorporating the m aterial and geom etrical nonlinearities 

due to tem perature-dependent therm o-m echanical properties, various boundary 

conditions, and pass-dependent plasticity. ABAQUS [19] is used to develop the com plete 

therm o-elastic-plastic model for an arc w elding process. ABAQUS was em ployed  by 

Leung et al. [18, 78] and Shim et al. [1 ,6 ] for therm o-m echanical analysis in 2-D single­

pass and m ulti-pass welded plate, and by Tekriw al et al. [40 ,41 , 58, 59] for the analysis 

in 3-D w elded plate.

For therm o-elastic-plastic welding problem s, the tem perature history is obtained 

from a num erical heat transfer analysis. T he tem perature distributions o f the model 

produce the therm al strains, which are equated to nodal forces by differentiating the 

equation o f  total strain energy. The material is assum ed to respond elastically  up to 

yielding, and then additional plastic strain occurs. Yielding is based on the Von M ises 

yield criteria. S train  hardening is a function o f plastic work only, and m ust be positive or 

zero for any deform ation. The plastic stress-strain relationship is typically defined 

according to the Prandtl-Reuss equations associated with the Von M ises y ield  condition.

For m ulti-pass welds, both thermal and stress analyses are perform ed in several 

steps corresponding to the total num ber o f passes being deposited. In therm al analysis,
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each weld pass is considered as one step. The initial tem perature distributions o f  the 

m odel are assum ed as prescribed tem peratures. During each weld pass, the tem peratures 

o f  the weld elements o f the m odel rises from  the room to the m elting tem peratures and 

then cools down to the room tem perature before the next weld pass is applied. The 

elem ent rebirth technique is em ployed  for multi-pass welding sim ulation (see C hapter 

3.6. for details). Therefore, the elem ents for representing each weld pass is deactivated  

initially and the reactivated according to the weld pass sequence. Because the 

tem peratures o f the elem ents are not specified in the analysis when the elem ents are 

activated, the intermediate steps for specifying the tem perature o f the currently  activated 

w eld pass is required. The interm ediate steps are necessary to preserve consisten t 

conditions for each weld pass. T herefore, the number o f total steps becom es (2N-1 ), 

which is equal to the num ber o f  total w eld passes (N) plus the num ber o f interm ediate 

steps (N-1).

Because o f the need o f  (2N -1) steps in the N-pass weld heat transfer analysis, the 

m echanical analysis also needs the (2 N -1 ) steps for consistency. The therm al load o f  the 

first weld pass is used to solve for the strains, displacements and stresses. T he plastic 

strain and total displacem ent at the end o f  the analysis are saved. E lem ents m odeling the 

next pass in the mesh are then activated, thereby retaining their initially zero plastic strain 

state. The plastic strain and d isplacem ent for the elem ents in the previous pass are 

restored, thus prescribing the o ld  displacem ents on the new m esh. The prescribed 

displacem ents are applied gradually in steps, and the new elem ents are strained and 

displaced with respect to the o ld  m esh. Continuity o f plastic strain is m aintained. The
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therm al load from  the next pass can be used to solve for final strains, displacem ents, and 

stresses sim ilar to the original w eld pass. This process is repeated for each w eld pass in 

the w eldm ent. T he final residual stress field is obtained after all passes have been 

m odeled. In heat transfer analysis, intermediate steps are required between each weld 

pass sim ulation.

The m echanical model requires more com puting time than the therm al model 

even when using  an identical m esh configuration, because severe nonlinearities and 

increased degrees o f  freedom  are involved in mechanical analysis.

3.6 Elem ent rebirth  technique

The elem en t rebirth technique is performed to include the m ulti-pass welding 

effect. Using this technique, the elem ent or elements sim ulating the filler metal deposit 

(weld elem ents) are generated with the FEA mesh for the w eldm ent. W eld elem ents are 

divided into groups to num erically represent layers o f w eld beads. These weld elements 

are initially rem oved and activated for each corresponding w eld pass to sim ulate the 

deposit o f  w eld beads. In the heat transfer analysis o f m ulti-pass welds, using the 

M O D EL C H A N G E  com m and in ABAQUS [19], the filler m etal o f  each pass is modeled 

by depositing it instantaneously ju s t before the welding o f  each pass. W hen weld 

elem ents are activated , the node tem peratures in weld elem ents have prescribed 

tem perature distributions.

The elem ent rebirth techniques are employed in all cases in Chapter 4.
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3.7 M ism atch effects

3.7.1 Therm al m ism atch

W hen the initial prescribed tem peratures o f both the base metal and the weld 

metal are considered  as room  and m elting tem peratures, respectively, it is reasonable to 

consider therm al m ism atch along the interface betw een the weld metal and the base metal 

in heat transfer analysis[7, 8]. Using interface elem ents between the base m etal and the 

weld metal so that it can be made fully consistent as m esh size is refined to zero  [7], an 

alternate m ethod o f  the elem ent rebirth technique is constructed. Therefore, the elem ent 

rebirth technique with interface elem ent is proposed for multi-pass welding.

The descretization methods for treating this technique available in A B A Q U S are 

indicated in F igure 3.5. Figures 3.5 (a) and (b) show the difference o f m odeling with and 

without interface elem ents. Figure 3.5(a) indicates that the finite elem ents o f  the deposit 

(weld m etal) are m eshed with the elem ents o f  the workpiece (base metal), bu t one kept 

inactive until a special birth time (elem ent birth). Figure 3.5(b) shows the fin ite elem ents 

of the w eld are m eshed as com pletely detached elem ents that interact with neighbors 

through the interface elem ents which behave as defined by the GAPCON user subroutine 

[19]. G A PC O N  subroutine is used to define conductance between contact surfaces or 

nodes in a purely heat transfer analysis. In the heat transfer analysis, using the G A PC O N  

user subroutine, the weld metal o f each weld pass is introduced into the w eld preparation 

of the m odel p rio r to each pass. The elem ent rebirth schem e cannot be consisten t because
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the weld elem ent is bom  (activated) with nodes having the tem perature assigned by the 

active neighbor elem ent. T o avoid the inconsistencies o f  the elem ent birth procedure, the 

interface elem ent technique provides an alternative. E lem ents with all nodes at the w eld 

tem perature can be defined at the beginning o f  the calculation. These nodes are therm ally

connected to their tw ins by a heat flux given by

= % ( T j - T j )  (3.7.1)

in terms o f the gap conductance %. The gap conductance % is defined as a function o f  the 

clearance between bodies and the surface tem peratures. The units o f % are energy per 

tim e per area per tem perature. As time elapses, this flux causes the twinned nodes to

com e to nearly the sam e tem perature over a  tim e scale o f  P Here Cp is the%
specific heat o f the m etal and A / is the mesh size o f  the elem ents. Large % shortens the 

transient time for the interface elem ent tem perature difference.

3.7.2. M echanical m ism atch

As Leung et al. [ 18] m entioned, in m echanical analysis, problem s are created 

whenever one introduces the undeform ed weld metal into the deform ed weld preparation 

after the first weld pass. Reactivated elem ents are anticipated to reset to a virgin state 

(zero stress, strain, etc.) in their original geometry before they are activated. Ideally the 

weld metal shape, specified by the nodal coordinates, should reflect the change in w eld
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preparation geom etry resulting from  the accum ulated displacem ents o f  the previous weld 

passes. To overcom e this difficulty the w eld preparation nodal d isplacem ents after each 

weld pass are applied to the weld m etal o f  the next pass as a  boundary condition prior to 

Introducing the material. A fter the w eld m etal is inserted into the w eld  preparation, 

interm ediate steps are used to rem ove these boundary constraints from  the m odel and 

return the m aterial properties to norm al before further analysis. This technique 

necessitates that the stress analysis is stopped after each weld pass so that the w eld 

preparation nodal displacem ents can be retrieved and applied to the boundary constraint 

for the w eld metal o f the next weld pass. The strain in reactivated elem ents corresponds 

to the total displacem ents o f their nodes, not ju st the displacem ents since they are 

reactivated. To add unstrained elem ents to a strained model w ithout requiring the same 

strain on both sides o f the interface betw een the new and old elem ents, one m ust use 

separate nodes on the both sides o f the interface between the new elem ents and the old 

elem ents, and the EQUATION and B O U N D A R Y , FIXED com m ands in order to couple 

the d isplacem ents o f these nodes correctly , to give[19]

u f  =  « f  -  u X  (3.7.2)

where is the displacem ent in direction i on the new side o f the interface; u f  is the

displacem ent in direction i on the old side o f the interface; and r/^j^is the displacem ent

in d irection i on the old side o f the interface at the time when the new elem ents are added. 

If the displacem ent of the extra degree o f  freedom  is set to zero with the BO U N D A RY
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option, the displacem ents o f  the new elem ents conform  to the displacem ents o f  the rest on 

the mesh.

Fortunately, the mechanical m ism atch is solved. W hen the elem ents are activated 

by using the M O D EL CH ANGE, AD D, the reactivated elem ents are reset to  an annealing 

state (zero stress, strain, plastic strain, etc.) in the configuration in which they  lie at the 

start o f  the activation step [19].

The interface elem ent technique, including the consideration o f the m ism atch 

effect, is discussed in C hapter 4.2. A three-pass w elded plate is assum ed. T w o different 

models with the sam e geom etries are generated. O ne is the model w ithout interface 

elem ents, and the o ther is the model with interface elem ents between the base m etal and 

the weld m etal.

3.8 G eneralized plane strain assumption

The plane strain assumption was founded to be unrealistically large tensile zone 

which increased as the plate thickness and w eld passes were increased [6]. T herefore, the 

generalized plane strain assumption is im plem ented in this study to consider the strain of 

the cross section in welding direction.

A generalized plane strain theory is used in the stress analysis for the purpose o f 

considering the strain to the cross section in the direction o f the weld [1 ,6 , 62]. The 

generalized plane strain theory assumes that the m odel lies between two initially  parallel
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planes in the thickness direction. These planes may move as rigid bodies with respect to 

each other, so that the axial strains vary linearly throughout the cross section. The 

generalized  plane strain concept is explained in Figure 3.6 [19]. T he ABAQUS ten-node 

generalized  plane strain elem ents are used in the stress analysis for the cases in Chapters

4.1.1 and 4.2. A generalized plane strain elem ent has two ex tra  nodes in addition to the 

original eight nodes. The first o f  these extra nodes has one degree o f  freedom , which is 

the change in length o f  the axial m aterial fiber connecting th is node and its image in the 

o ther bounding plane. The second of these extra nodes has tw o degrees o f freedom, 

which are the components o f the relative rotation o f one bounding plane with respect to 

the o ther. These extra nodes define the motions o f translation along the axial direction 

and rotation o f the two bounding planes in the generalized p lane strain model.

3.9 L um ping (Grouping) techniques

Several attempts have been made to develop num erically  for welding residual 

stresses in multi-pass welded structures [1 8 ,4 9 ,5 0 , 60, 62]. H ow ever, due to the 

com plexity  o f the problem , the com putations are very tim e consum ing. Therefore, 

several sim plifications have been made. In some references [49, 79], only some o f the 

w eld passes are considered. They reported that the last few  w eld passes govern the 

w elding residual stress fields.

Som e investigators have studied lumped pass m odeling techniques. To reduce the 

com puting cost, the idea o f grouping one or two layers o f w eld  passes into one lumped
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pass was used. Rybicki etal.[A9] studied m ulti-pass girth pipe welds by com bining all 

passes in a  layer into a single stress analysis sequence. They sim ulated tw o welded pipe 

m odels, a  seven-pass and a thirty-pass. In the seven-pass welded pipe, four-layer welds 

up to tw o passes per layer were com bined. Also, in the thirty-pass model, nine-layer 

welds up to a  m axim um  of four passes per layer, were combined. Sym m etry was 

assum ed about the weld centerline so that only half o f a pipe section was sim ulated in the 

analysis m odel. The computed residual stress results for both m odels agreed with the 

experim ental data. Leung et fl/.[18] proposed an approach sim ilar to that in Rybicki et 

a l.'s  investigation [49]. However, Leung e t al. d iscussed the difficulty to predict the 

stress distribution about the weld centerline because the real weld is not sym m etric about 

the weld centerline. To overcome this deficiency, Leung proposed a tw o-step procedure. 

This w ork was limited to an analysis o f a sm all num ber o f weld passes. U eda et a / .[60] 

also investigated the lumping technique with a narrow-gap welding analysis. They 

concluded that the num ber of welding passes for m ulti-layer w elding o f thick plates can 

be reduced. Lee [62] proposed a  lumped pass model technique for im proving efficiency. 

He used tw o m odels. The first model was referred to as ‘RAM P 1’. In this m odel, the 

heat scanning tim es for each pass were sum m ed, and the individual passes w ere averaged 

according to the magnitudes of heat flux. In the second model, heat flux m agnitudes were 

accum ulated, and heat scanning times were averaged. This model was referred to as 

‘RA M P 2 ’. Both models were analyzed to evaluate their efficiency and com pared with 

the non-lum ped m odel, and with experim ent (see Figure 3.7).
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Lum ped pass m odels reduce computational cost w ith reasonable residual stress 

field, especially for a thick plate.

In Chapter 4.1, tw o lum ping concepts are em ployed. ‘R A M P 2 ’ and ‘RA M P 1 ’ 

concepts are used in the cases in Chapters 4.1.1 and 4.1.2, respectively. In C hapter 4.1, 

the stress results using a  ‘RA M P 1 ’ model, show better consistency than that o f  a RA M P 

T  m odel whenever the results are compared with the results o f the non-lumped pass 

m odel o r the results o f experim ent.

3 .10 M eshing

The mesh for the model is selected in accordance with recom m ended FEA 

practice. The elem ents are chosen and the mesh is developed to  approxim ate the 

tem perature and stress fields with acceptable accuracy, and to utilize the fewest num ber 

o f  elem ents. Since a butt-w elded plate is symmetric about the w eld centerline, only one 

ha lf o f  the plate is m odeled using symmetric boundary conditions. This reduces the 

num ber o f elem ents by half and the computational time by m ore than one half. This 

sym m etric model allows errors in the analysis o f m ulti-pass welds, especially in weld 

areas where the sequence and position o f weld passes are not exactly  symmetric about the 

w eld centerline.

In most analyses the m odel is set up with refinem ent o f the mesh in the region o f  

the heat source. This allow s the large variation in tem peratures, which occurs in this 

region, which is to be m odeled accurately. However, a fine m esh increases the m atrix
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size. As a  result, meshes are graded, so that larger elements are used in positions where 

the tem perature gradient is sm all.

Sm all elem ents are used in the weld and HAZ where the tem perature gradients 

w ould be expected to be the highest. T he mesh size is increased aw ay from  the weld area 

because the tem perature and stress fields tend to change slow ly and linearly. From  the 

previous experiences [1 ,6 , 62], the elem ent size at the weld area should  be sm aller than, 

or equal to, the depth o f the w eld bead.

It is com m on to utilize the sam e f ^ A  mesh for both the therm al and stress 

analyses. This elim inates the need for interpolating the tem perature results from  the 

therm al analysis to provide nodal input to the stress analysis. H ow ever, it is not 

necessary to use the same mesh for both analyses. It is prudent to develop a thermal mesh 

that provide also accurate results for the m echanical analysis. From  L ee ’s [62] study, it is 

shown that the com putational tim e required to perform a therm al analysis is considerably 

less than the tim e required for a m echanical analysis, when the sam e m esh is used for 

both analyses. This is due to the difference in degree o f freedom  and m odel nonlinearity. 

If the sam e m esh is utilized for both analyses, the thermal analysis m esh m ay be over 

refined.

O n the basis o f the transient analysis in ABAQUS [19], the user m ay choose 

either to specify the time increm ent o r to use an automatic tim e increm ent. The automatic 

time increm ent schem e is based on the m axim um  tem perature change allow ed at any 

node during  an increment. The relationship between the m inim um  usable tim e increment 

and the e lem ent size is
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^ t > B S E A L  (3.10.1)
6 k

where A r is the tim e increm ent, and k  is the therm al conductivity. If  sm aller tim e 

increments are required, a  finer mesh should be used in regions where the tem perature 

changes first occur. There is no upper lim it on the tim e increm ent unless nonlinearities 

cause num erical problem s.
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Figure 3.1 Num erical procedures for an uncoupled therm o-m echanical analysis [62]
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Figure 3.5 Two schem es o f  d iscretization for weld deposit(d) and  workpiece(w) 
m aterials [7]
(a) Elem ent rebirth (use  *M O D EL CHANGE)
(b) Interface elem ent show n schem atically with broken line (use *GAPCON user 

subroutine)
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F igure 3.6 Concept o f  the  generalized plane strain theory [19]
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CH APTER 4

A SSESSM EN TS O F N U M ERICA L PR O CED U R ES

In this chapter, three different m odels are investigated. In C hapter 4.1, the first 

tw o m odels are used for studying the lum ping technique. In C hapter 4.2, the third model 

is used for studying the interface elem ent technique. The m odels o f each cases are 

considered as m ultiple w eld pass structures. Therefore, the e lem ent rebirth technique is 

em ployed for the numerical sim ulation o f  the models. As m entioned in Chapter 3, all 

cases em ploy the new m odified G aussian heat input for heat transfer analysis. Also, the 

generalized plane strain condition is considered for m echanical analysis in 2-D plate 

cases.

In C hapter 4.1.1, a five-pass welded plate is considered. The ‘RAM P 2 ’ lumping 

technique is introduced to reduce com putational time. Therefore, the model is reduced to 

a three-w eld pass model. The results by using the lum ping technique are com pared with 

those by using the non-lum ping m odeling technique. In C hap ter 4.1 .2 , a  six-pass girth 

w elded pipe model is studied. The ‘RAM P 1 ’ lumping technique is tried. The results 

using the lum ping technique are com pared with experim ental data. The effective lumping
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technique is determ ined by com paring the results o f  the lumping techniques to the results 

o f the non-lum ping technique. In addition, these results are com pared w ith the 

experim ental results. Also, the therm al input insensitivity for stress analysis is observed. 

Four different heat inputs are given and the results are com pared with each o ther and with 

the experim ent.

In C hapter 4.2, a three-pass w elded plate is considered for studying the interface 

elem ent technique. Tw o w elded plate model with the same geom etries are considered for 

investigating the interface elem ent technique. One model includes interface elem ents 

between base m etal and weld metal. The other model does not include interface elem ents 

between base m etal and weld metal. T he advantages and disadvantages o f  the interface 

elem ent technique are discussed by com paring the results with and w ithout the use o f the 

interface elem ent technique.

4.1 Lum ping m odeling techniques

Tw o different lumping techniques are studied. ‘Ramp 1’ and ‘Ram p 2 ’ lum ped 

m odeling techniques are em ployed the m odels in Chapters 4.1.1 and 4.1.2.
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4.1.1 Five-pass w elded plate (Non-lum ping and lum ping m odeling techniques)

4.1.1.1 M odel definition

A five-pass m odel is considered. This m odel is the same as one o f  the FEA  

models by Shim  e ta l .  [6]. Also, the lumped pass theory is applied to the m odel, and thus 

the five-pass m odel is reduced to a three- pass m odel. The model is considered as a full 

model because the geom etry o f the weld is not sym m etric around its centerline. The 

material properties used are for ASTM  A36 m ild steel. Tem perature dependent therm al 

and m echanical properties are shown in Figure 4.1 [6]. The initial tem perature 

distributions o f  both the base and weld material for each w eld pass are a un iform  70° F, 

i.e., at room tem perature. The maximum allow able tem perature change betw een tim e 

increments em ployed is 300° F.

The m odeling o f  thermal and residual stress analyses is as follows:

1) Therm al model : Heat flow in the w elding direction is neglected to reduce the 

problem  to a  2-D analysis. Therefore, heat flow is limited to a cross section 

perpendicular to the welding direction.

2) Lum ped m odel: A lumped pass m odel is used to reduce the total num ber o f 

weld passes to be simulated.

3) M echanical model: The cross section in the welding direction is used  for a 2- 

D analysis. According to CH A PTER 3, the generalized plane strain 

assum ption is implemented.
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The 2-D full m odel is used for both the therm al and stress analyses. Identical 

FEA meshes and tim e steps are employed. ABAQ US is used fo r both the transient 

tem perature distribution and the corresponding residual stress analysis. I-D EAS, a 

commercial pre- and post-processor, is used for m esh generation. Quadratic rectangular 

elem ents are used fo r both thermal and m echanical models.

The experim ental data  for the transient tem perature distribution and stress are 

drawn from Shim e ta l .  [6] and Tsai e ta l .  [2], respectively.

4.1.1.2 Finite elem ent m odeling

The model used is a  one half inch thick plate with a single bevel preparation. The 

size o f the model is 15 inches x 8 inches. G M A W  is sim ulated. Pass sequence and 

welding param eters are show n in Table 4.1.

The heat transfer and stress analyses o f weldm ents are nonlinear and time 

dependent. An uncoupled therm o-m echanical analysis is perform ed in which the therm al 

analysis is perform ed first, and the tem perature history from that analysis is stored and 

used as a thermal loading input for the subsequent stress analysis. The FEA  m esh, and 

time steps are identical for both the heat transfer analysis and the stress analysis. The 

material properties used are for ASTM A36 mild steel. The tem perature dependent 

thermal properties are shown in Figure 4.1(a). The therm al conductivity decreases alm ost 

linearly from room  tem perature to 1500° F. B eyond this tem perature, it increases 

slightly. The specific heat increases alm ost linearly in the whole tem perature range from
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room  tem perature to the m elting point. The change o f the conductivity and specific heat 

in the molten pool is not considered. In most metal, m elting and solidification occur 

within a known tem perature range between the solidus tem perature and the liquidas 

temperature. The effect o f  latent heat on fusion, which is defined to be the internal 

energy change during m elting o r solidification, is considered. Table 4.2 shows the 

temperature dependent therm al properties used, the constants for the convection heat loss 

coefficient, and the arc efficiency.

Free convection boundary conditions are assum ed for all exposed plate surfaces. 

A constant value for the heat loss coefficient is assum ed for all surfaces (see Table 4 .2). 

O ther heat loss m echanism s such as radiation and forced convection due to shielding gas 

are neglected. These term s becom e significant when studying the behavior o f  a  m olten 

pool where high tem peratures exist beyond melting, but are not significant for residual 

stress and distortion sim ulation. Similarly, radiation and convection influences on the 

m icrostructures and cooling rates o f weld metal, as well as heat losses or gains from 

phase transform ation are neglected.

The m echanical and physical properties o f yield stress, elastic and plastic 

modulus, and the therm al expansion coefficient are considered tem perature-dependent in 

the stress analysis. Figure 4.1(b) shows the m echanical properties o f ASTM  A 36 steel. 

Both the elastic m odulus and yield stress decrease with increasing tem perature. Figure 

4.1(b) shows how m ild steel looses strength at an accelerated rate above 1000° F and, 

therefore, the contribution to residual stress due to tem peratures above 1000°F is
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expected to be sm all. M echanical properties are assum ed constan t above 1400°F. The 

therm al expansion coefficient is also tem perature-dependent. A s show n in Figure 4.1(b), 

the therm al expansion coefficient increases alm ost linearly from  room  tem perature to 

1200°F.

An isotropic hardening plasticity m odel in ABAQUS [19] is used. T his allows 

the process to involve large plastic strain. Plastic modulus is the slope o f the linearized 

stress-strain curve in the plastic zone and is tem perature-dependent. The data  is plotted in 

Figure 4.2. T w o slopes for plastic m odulus are applied in the p lastic  zone. Figure 4.2 

shows strain hardening at room tem perature. The plastic m odulus at high tem perature is 

calculated using  yield stress at corresponding tem perature and strain  hardening values. 

The tem perature-dependency o f Poisson’s ratio is neglected. T herefore, a constant value 

o f 0.3 is used for A STM  A36 steel.

Free boundary conditions are assum ed for all free surfaces. V olum e changes due 

to phase transform ations are neglected during stress analysis. Initial stresses and strains 

used are zero.

The 2-D  FEA  m eshes used for both heat transfer and stress analyses are shown in 

Figure 4.3. T he area with oblique lines represents the layers o f w eld  bead as determ ined 

by the actual w eld beads shown in Figure 4.3. The number o f elem ents for the model is 

about 300.

To include the filler metal effect, the elem ent rebirth technique is perform ed. In 

using this technique, the elem ents sim ulating the weld metal w ith the E ^A  m esh are 

generated for the base metal.
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The simulation is done in 3 parts: thermal model, lumped model and mechanical

model.

Therm al m odel

Because heat flow  is limited to the cross section perpendicular to the w elding 

direction, the problem  is reduced to a 2-D m odel. The elements representing each  weld 

layer are initially rem oved and activated fo r each corresponding weld pass to sim ulate the 

deposit o f  the weld beads. A  heat flux is applied to the top surface o f these new ly 

activated elem ents. Initial temperature distributions o f base and weld metal are assum ed 

as room tem perature. For accuracy o f analysis, small time increments are used. The 

eight-node rectangular elem ents are used for therm al analysis. The tem perature data for 

each time increm ent is saved as input to the stress analysis. An arc efficiency o f  85%  is 

used for the net heat input to the plate. Tw o different heat fluxes are considered. One 

heat flux is uniform ly distributed over the length o f  each weld layer. The o ther one is 

followed by the m odified Gaussian distributed heat flux (Equation (3.3.8)) over the length 

o f each w eld. Only surface heat fluxes are applied in both models. The general 

am plitude-tim e curve shape for the ramp input m ode is shown in Figure 3.4. A  ram p time 

consisting o f  20%  o f total heat input tim e is used. The total area under the ram p heat 

curve is kept constant to insure that the sam e total heat input to the m odel is m aintained. 

Elapsed tim e betw een weld passes is assum ed to be 1,000 to 10,000 seconds, w hich is 

long enough tim e to return the tem perature o f  the w eldm ent and the base plate to room  

tem perature.
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Lumped model

A lum ped pass model is effectively used to reduce computational tim e. In this 

study, a five-pass w elded m odel is considered. T he  first model assumed that the heat flux 

o f each weld pass is distributed over the top surface o f  one layer o f weld bead (see Figure 

4.3(a)). The result o f  this tem perature analysis is repeated for each pass to com plete one 

layer. A lum ped pass model is used for the second model. Each layer o f  weld bead is 

considered as one lum ped pass. Heat fluxes for each pass in that layer are added and 

distributed over the top surface o f  the layer. T he ‘RAM P 2’ model by Lee [62] is 

em ployed. A  total o f five-weld passes are lum ped into three passes in this model (see 

Figure 4.3(b)).

M echanical model

Residual stresses are the final internal stresses accum ulated during welding. 

Therefore, a com plete history o f  the tem perature distribution throughout the plate is 

required for the calculation o f  residual stresses. A generalized plane strain state theory is 

used for the stress analysis to consider the strain o f  the cross section in the direction o f 

welding. A BAQ US ten-node generalized plane strain elem ents are used in the stress 

analysis. Volum e changes due to phase transform ation are neglected. Initial stresses and 

strains are assum ed to be zero. On the basis o f  the study by Lee [62], m echanical 

boundary conditions are determined. The boundary conditions are shown in Figure 4.4.
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4.1 .1 .3  Results 

Therm al analysis

The transient tem perature distributions for the First pass at a 1/4 inch and a 1/2 

inch from  the centerline on the top surface are shown in Figures 4.5 (a) and (b). The 

experim ental results [6] are com pared with numerically calculated values o f  two types o f 

heat flux m odels, i.e.; the constant heat flux model and the m odified Gaussian heat flux 

m odel. The predicted tem perature distributions agree with the m easured ones. This is 

particularly  true if a m odified G aussian distribution o f surface heat flux is used.

S tress analysis

The schem atic illustration for the definitions o f transverse and longitudinal 

directions, with respect to the w eld  direction, is shown in Figure 4.6. Figure 4.7(a) shows 

the transverse (perpendicular to w elding direction) stresses on the top surface o f the plate 

after finishing the final weld pass. A total o f  five passes are lum ped into three passes.

T he results o f  the five-pass m odel (non-lum ped) and the three-pass model (lumped) are 

com pared. Also, the num erical results are compared with the m easured one [2]. The 

stress is m easured much higher than those o f  numerical ones. The discrepancies between 

three-pass and five- pass m odels appear to be significant near the weld toe. The three- 

pass m odel predicts lower stresses than the five-pass model and has larger tensile stress 

zone than that o f the five- pass m odel since it introduces much higher heat content to the
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w eldm ent. T he discrepancies become less significant aw ay from  the weld toe. Figure 

4.7(b) show s the sam e results for the bottom  surface.

F igure 4.8(a) shows the longitudinal (w elding direction) stresses on the top 

surface o f  the plate after finishing the final weld pass. The three-pass m odel shows 

higher com pressive stresses outside the weld, low er tensile stresses inside the weld, and 

larger tensile  stress zone around the w eldm ent when com pared with the five- pass model. 

The stresses are com pared with the experim ental one [2]. The m easured stress shows 

good agreem ent with the numerical results. Figure 4.8(b) show s the sam e results for the 

bottom  surface.

F igures 4.9 (a) and (b) show the through-thickness transverse and longitudinal 

stress variation at 2/5 inches from the centerline, respectively. In transverse stress, 

general trends are sim ilar for both m odels, but the stress variation o f  the five- pass (non­

lum ped) m odel is larger than the three-pass model. The tensile transverse stresses at both 

surface areas are balanced by the com pressive stress in the m iddle o f  the plate. The sizes 

and locations o f  the com pressive stress zone for both cases are identical. For longitudinal 

stress, the general trends are sim ilar for both m odels, w hereas the stress o f  the five-pass 

model in the m iddle o f  the plate is sm aller than the three-pass m odel. In both transverse 

and longitudinal stress distributions, all stresses o f m odels show  positive values. Both 

transverse and  longitudinal stress distributions show that m axim um  tensile stress exists 

near the surface o f  the plate and gradually decreases to the m iddle o f  the plate.

F igures 4 .10 to 4.13 show the transverse and longitudinal stress distribution on the 

top surface after each pass. These figures show trends for both stress distributions to be
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sim ilar for each  pass. A fter the second pass, the stress distribution becomes alm ost the 

sam e as the fifth  pass. This means that the residual stress distribution is determ ined 

during initial passes.

4.1.2 S ix-pass girth w elded pipe (Lumping technique)

4.1.2.1 M odel D efinition

A six-pass girth welded pipe model is selected. This m odel is the sam e as one o f 

the FEA  m odels by B rust et al. [80] (Figure 4.14). The lum ped pass theory is applied to 

the m odel, and then the six-pass weld is reduced to three-w eld layers. The model is 

considered as a  ha lf m odel because of sym m etry along the w eld centerline. 304 stainless 

steel is selected , and the tem perature-dependent m aterial properties are shown in Figure 

4.15. The initial tem perature distributions o f the base and w eld material for each weld 

pass are 70° F, i.e., at room  temperature, and 2500° F, i.e., at m elting temperature. The 

m axim um  allow able tem perature change betw een the tim e increm ents em ployed is 300° 

F.

The 2-D  axisym m etric half model is used for both the therm al and stress analyses. 

Identical FEA  m eshes and time steps are em ployed. A BA Q U S is used for both the heat 

transfer and the corresponding residual stress analyses. I-D EA S, a commercial pre- and 

post-processor is used for mesh generation. Q uadratic rectangular axisym metric elem ents 

are used for both therm al and mechanical m odels.
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The experim ental and reference data for stress distribution are draw n from  Brust 

e t  al. [80].

4 . 1.2.2 Finite elem ent m odeling

The pipe geometry is 6.0” inner radius, 0.375” wall thickness, and 10.0” long.

T he w eld-pass sequence and welding param eters are indicated in Table 4.3.

The heat transfer and stress analyses o f  weldm ents are nonlinear and tim e 

dependent. An uncoupled therm o-m echanical analysis is perform ed. The FEA  m esh, and 

tim e steps are identical for both the heat transfer analysis and the stress analysis.

From  Figure 4.15, the m echanical and physical properties o f yield stress, elastic 

and  plastic m odulus, Poisson’s ratio, and the thermal expansion coefficient are considered 

tem perature-dependent in the stress analysis. Both the elastic modulus and yield  stress 

decrease with increasing tem perature. The elastic m odulus decreases alm ost linearly in 

range from  room  tem perature to about 1400° F and then drops to alm ost zero value 

rapidly at about 2000° F. The yield stress decreases alm ost linearly from 34 ksi to near­

zero value. The plastic m odulus for isotropic hardening also decreases according to 

tem perature increase. The therm al expansion coefficient increases from room  

tem perature to 2000° F. Poisson’s ratio increases and decreases with tem perature 

increase. The range o f P oisson’s ratio is 0.23 to 0.32.
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Sym m etric boundary conditions are used along the w eld centerline and free 

boundary conditions are assum ed fo r o ther free surfaces. Volum e changes due to phase 

transform ations are neglected during stress analysis. Initial stresses and strains used are 

zero.

T he 2-D  axisym m etric FEA  m eshes used for both heat transfer and  stress analyses 

are show n in Figure 4.14. The num ber o f elem ents for the m odel was about 290.

T he sim ulation is done in tw o parts: thermal model and m echanical m odel. 

Lum ping techniques are assum ed in both analyses.

Therm al m odel

T he elem ents representing each  weld layer are initially rem oved and activated for 

each corresponding weld pass to sim ulate the deposit of the weld beads. A  heat flux is 

applied to both the top surface and the volume of these newly activated elem ents. The 

surface heat input is followed by the m odified Gaussian distributed heat flux (Equation 

3.3.8)) over the length of each w eld and, the body heat input through the e lem ent volume 

is a constan t heat flux. The four node axisym m etric elem ents are used fo r therm al 

analysis. T he  analysis is accom plished for three-layer lumping passes. T h e ‘RA M P 1” 

model [62] is em ployed for using the lum ping technique.

As m entioned in Chapter 3, the residual stress is not very sensitive to the details of 

the tem perature distribution. The tem perature insensitivity is evaluated in this chapter. 

Four d ifferent heat inputs and two d ifferent initial tem perature conditions are assum ed for 

the cases o f  the pipe model. Two different initial conditions are used fo r the weld metal:
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one is room  tem perature, and the other is m elting tem perature. The com binations o f  heat 

inputs and initial tem perature conditions are shown in Table 4.4.

M echanical m odel

Four-node axisym m etric elements are used in the stress analysis. V olum e changes 

due to phase transform ation are neglected. Initial stresses and strains are assum ed to be 

zero. The boundary conditions are used for a sym m etric m odel.

4.1.2.3 Results

Figures 4 .16  to 4.17 show the stress distributions along inner and ou ter surfaces 

with different heat inputs indicated in Table 4.4. The stress distributions in C ases 1, 2 

and 4 show sim ilar trends along inner and outer surfaces. However, Case 3 show s the 

deviation o f  the stress distributions along the surfaces. This deviation seem s to  be caused 

by the m agnitude o f  the heat inputs. In these four Cases, the heat inputs consist o f the 

surface flux and the body flux. The body flux used is dom inant, com pared w ith the 

surface flux. The body heat input, given properly, plays an important role in m aking the 

size and the shape o f  the fusion zone in the model identical to the size and the shape of 

the fusion zone during  the welding numerical analysis. Therefore, the change o f  the 

fusion zone size and  the shape affect the residual stress distributions. If the fusion zone 

size and shape are not changed much with respect to the heat input m agnitudes, the 

residual stress distributions are alm ost identical. H ow ever, in excessive am ounts, the
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body heat input widens the size o f  the fusion zone and changes the shape o f the fusion 

zone. T his results in a change in the residual stress distributions. As seen in Figures 4 .16 

and 4 .17, even though the applied heat inputs are not the sam e, sim ilar trends o f the stress 

distributions are observed in Cases 1, 2, and 4. This m eans that the fusion zone sizes are 

alm ost the sam e as the given weld size. In Case 3, how ever, the fusion zone size is bigger 

than the given weld size due to excessive (very high) heat input when the weld elem ents 

are activated.

As m entioned in Chapter 3, the residual stress d istributions are not sensitive to the 

heat input m agnitudes. However, if  the heat input m agnitude becom es too high and 

exceeds a certain range, the size and shape o f  the fusion zone changes and, consequently, 

the residual stress distribution also changes.

The distortion results o f two points are shown in Figure 4.18. These results are 

sam e for the heat inputs in the stress analysis. The selected N odes 1 and 5 are indicated 

in Figure 4.14. The location o f Node 1 is 0.375 inch from the weld on the inner surface 

o f the pipe and the location o f Node 5 is 5 inches from  the w eld on the top surface o f the 

pipe. The distortion histories o f these points, during the w elding process, show the 

differences. As the residual stress distributions for Cases 1, 2, and 4 show sim ilar trends, 

the corresponding distortion histories are sim ilar to each o ther for C ases 1, 2 and 4, 

respectively. How ever, the distortion history for Case 3 deviates from  the other cases.

This is caused by the heat input m agnitude. The heat input m agnitude becom es too high 

and exceeds a certain range, the size and shape o f the fusion zone changes and, 

consequently, the distortion history changes.
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The distortion is also insensitive to the heat input magnitude, if the fusion zone 

size and shape are given properly. H ow ever, the distortion is a little bit more sensitive 

than the residual stresses with respect to the heat input m agnitude.

S tress distributions from C ase 1 are selected  fo r com parison with experim ental 

data [80]. F igures 4.19 to 4.20 show the stress results from  the experim ent and FEM . In 

these Figures, ‘Battelle C ode’ means the results from  using the in-house code provided  by 

Battelle M em orial Institute [80]. The calcu lated  stress distributions show reasonable 

agreem ent with experim ental data. Figures 4 .19 (a) and (b) show the residual axial stress 

distributions along the outer and inner surfaces, respectively. In Figure 4 .19(a), the FEA  

results show  distributions o f stress with h igher values than those obtained from 

experim ent and from  the Battelle code. In the fusion zone the FEA results show 

considerably low er values than those obtained from  the experim ent. The FEA results 

start at very low tensile values (below 5 ksi) and then jum p  up to around 48 ksi beyond 

the fusion boundary before they start to decrease. The stresses decrease rapidly beyond 

0.8 inch from  the weld centerline and changed to com pressive around 1.25 inch from  the 

weld centerline. Because there is very little experim ental data, it is hard to tell w hether 

the FEA  results m atch the experimental results. In Figure 4.20(b), FEA results show 

values a little bit lower than those from  the experim ental values. The FEA results show  

good agreem ent with the experimental values on the inner surface. The FEA results show  

com pressive values (-25 ksi) inside the fusion zone. The residual stresses change to 

tensile at 1.25 inch beyond the weld centerline.
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Figures 4.20 (a) and (b) show  the residual circum ferencial (hoop) stress 

distributions along the outer and inner surfaces, respectively. In Figure 4.20(a), FEA  

results follow  the experim ental results. The FEA results vary from com pressive to tensile 

tw ice and finally become com pressive. In Figure 4.20(b), the FEA  results show 

reasonable agreement with the experim ental ones. The FEA  stresses show high tensile 

values (50 ksi) inside the fusion zone. Beyond the fusion boundary, the values stay 

around 40  ksi and decrease rapidly around 0.9 inch from  the weld centerline. A fter that 

they becom e compressive around 1.1 inch from the weld centerline.

Finally, using ‘RAM P 1’ lum ping technique, the FEA  results show reasonably 

good agreem ent with the experim ent.

4.2 Effect o f interface mismatch 

4 .2.1. M odel definition

The models provided here are three-pass welded plate. The objective is to show  

the effect o f the interface elem ent technique. Two m odels are provided; one m odel is 

generated by using the concept o f  the elem ent rebirth technique that is em ployed in 

C hapters 4.1.1 and 4.1.2, and the other, is generated by using the concept o f the e lem ent 

rebirth technique with the interface elem ents. The two m odels have the same geom etries 

and the sam e mesh size. The only difference is whether or not in heat transfer analysis 

interface elem ents between the w eld elem ents and the base m etal elem ents exist.
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4.2.2 Finite element modeling

T he FE A  model is a three-pass w elded plate (Figure 4 .2 1 ). As with C hapter 4.1, 

the sam e m aterial properties are used. A lso, the modified Gaussian heat input m odel and 

generalized plane strain condition are considered. The full model is given. The geometry 

o f the m odel is 15” wide x 0.5” high. The each weld size is 0.25” wide x 0 .125” high.

An eight-node quadrilateral elem ent is used. The num ber o f  total elem ents is alm ost 550.

Therm al m odel

In o rder to consider the m ism atch effect between base metal and w eld m etal, two 

different initial tem peratures are considered. They are the m elting and the room 

tem peratures, respectively.

T he heat transfer between w eld m etal and base metal occurs m ainly by heat 

conduction. W hen the interface elem ents between base metal and weld m etal are 

em ployed, the heat transfer is controlled by the gap conductance. The gap conductance is 

defined by the tem perature differences betw een contact nodes and/or the clearance 

between the  bodies. Therefore, because the gap has a vary small value (alm ost zero), the 

conductance becom es very large. W hen the value o f the heat conductance is large 

enough, the heat transfer becomes very sm ooth. This means that the heat transfer 

histories, w ith a large gap conductance value, look sim ilar to the heat transfer histories 

w ithout interface elements. Therefore, the heat transfer o f the model having the interface
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elem ents w ith large heat conductance becom es identical to the heat transfer o f  the m odel 

without interface elem ents.

M echanical m odel

D uring the m echanical analysis, the m odel should  be m odified a little bit. The 

interface elem ents betw een the weld metal and the base metal are not useful anym ore. 

Therefore, the interface elem ents should be rem oved. In order to represent the behavior 

between the w eld  m etal and the base metal, the concept o f  the m ultiple point constraints 

(MPC) is em ployed  [19]. This option allows constraints to be im posed betw een the 

different degrees o f  freedom  o f the model. One o f  the functions o f  M FC is to  m ake all 

active degrees o f  freedom  equal at two nodes. This function is very useful to establish a 

relationship betw een those adjacent nodes w hich have the same location on the interface 

between the w eld m etal and the base metal. U sing the thermal analysis results, the 

mechanical stress analysis is completed.

4.2.3 Results

Thermal analysis

The transient tem perature histories of Node 5 (located at the weld centerline on the 

bottom surface) and Node 157 (0.25 inch from  the weld centerline on the top surface) are 

shown in Figure 4 .22. A large value o f therm al conductance is used. Therefore, the 

tem perature h istories are alm ost identical in each m odel during the first pass (Figure
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4.22(a)). During the whole w eld pass sequence, the tem perature histories are identical in 

each m odel (Figure 4.22(b)). This means that the heat transfer histories look sim ilar to 

the heat transfer histories w ithout interface elem ents.

W ith  regard to com puter performance, the CPU  tim e on an IBM  work station is 

not m uch different in each m odel (Table 4 .6). W hen the conventional modeling 

technique is used, the CPU  is 212.8 sec., w hile the CPU is 209. 7 sec. when the interface 

elem ent technique is used.

Residual stress analysis

Residual stress distributions are shown in Figures 4.23 and 4.24. The residual 

stresses distributions are obtained along the top surface and through the thickness 

direction.

Figure 4.23(a) indicates the residual transverse stresses along the top surface. 

Stress variation without interface elements is bigger than that with interface elements 

inside the fusion zone. A t the boundary betw een fusion zone and base metal zone (0.125 

inch from  w eld centerline), the case with the interface elem ent show s less stress variation. 

A fter this boundary, the stress distribution w ith the interface elem ent is a little bit higher 

than that w ithout interface elem ent.

Figure 4.23(b) indicates the residual longitudinal stresses along the top surface.

As show n in Figure 4.23(a), a sim ilar stress variation is observed inside the fusion zone 

and at the boundary between the fusion zone and the base metal. Beyond the boundary, 

the stresses with the interface elem ent are little a bit higher than those without the
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interface elem ent. However, the stresses without the interface elem ent are h igher than 

those with the interface elem ent beyond 1 inch from the weld centerline. T he differences 

between stresses with and without interface elem ent are about 5 ksi. The tensile  stresses 

inside and near the fusion zone shows good agreem ent in each model.

Figure 4.24 (a) and (b) show the residual transverse and longitudinal stresses 

through-thickness direction (0.25 inch from  the weld centerline). As shown in Figures, 

there is not m uch difference in the stress distributions with or without the interface 

elem ent. T he transverse and longitudinal stresses with the interface elem ent are alm ost 

identical w ith those without the interface elem ent. However, when the CPU  tim es are 

com pared, there is a big difference (Table 4.6). W hen the conventional m odeling 

technique is used, the CPU tim e on an IBM  work station is 708.5 sec., while the CPU 

time is 491 .6  sec. when the interface elem ent technique is used. W hen the interface 

elem ent technique is used, the CPU tim e is reduced to 30.6 % o f that for the m ode 

without interface elem ents.

D istortion

T he pick-up point for checking the distortion is at the end o f plate (7.5 inch from 

the weld centerline on the top surface). In Figure 4.25, the distortion in the y-direction 

w ithout the interface elem ent gives a value bigger than that with the interface elem ent. 

The final distortion with conventional m ethod was 0.4418 inch, while the value was 

0.2319 inch with interface elem ent technique (Table 4.6). The distortion value is reduced 

by around 50 % when the interface elem ent technique is em ployed. In general, the
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distortion is underestim ated in most numerical analysis. In Chapter 4.1.2, the distortion 

histories are com pared with different heat inputs and initial conditions. If the heat input 

m agnitudes are reasonable, the final distortion values are not m uch different. Therefore, 

the distortion results with the interface elem ent technique are not adequate for d istortion 

m odeling.

4.3 Discussion

FEA m odels are developed for analysis o f residual stresses and distortion in m ulti­

pass welding o f  plate and pipe. In all cases, the m odified Gaussian distributed heat input 

model and lamp heat input model are im plem ented. Also, in plate model cases, the 

generalized plane strain  state assumption is em ployed for m echanical analysis.

In C hapter 4 .1 .1 , geom etric unsymmetry around the w eld centerline in the plate 

model is treated by constructing the full FEA m odel. The material properties o f both base 

and filler metal are kept identical, and the initial tem perature distributions o f both base 

plate and filler m etal correspond to room tem perature. Tem perature distributions from  

the num erical analysis agree closely with experim ental results. The m echanical m odel 

shows reasonable stress distribution in both transverse and longitudinal directions. The 

lumped model (R A M P 2) is developed to reduce the com putational time and cost for 

thermal and stress analyses. Each layer o f  weld bead is considered as one lum ped pass. 

Therefore, a five-pass model is reduced to a three pass model. The results o f the five-



pass m odel (non-lum ped) are com pared with the three-pass m odel (lum ped). The results 

from  the lumped pass m odel show  reasonable stress trends. The lum ped pass model 

show s higher com pressive stresses outside the weld, lower tensile stresses inside the 

weld, and a larger tensile stress zone around the weld when com pared w ith the non­

lum ped model.

In Chapter 4.1.2, the axisym m etric model is perform ed for the pipe m odel. Using 

geom etric symm etry, a half m odel is used. The lumped technique ‘RA M P 1 ’ introduced 

by Lee [62] is em ployed. T herefore, a  six-pass model is reduced to a three-pass model. 

The m aterial properties o f both base and filler metal are kept identical, and the initial 

tem perature distributions o f fille r m etal correspond to those o f  room  and m elting 

tem peratures, respectively. A xisym m etric elements are used for both heat transfer and 

m echanical analyses. The residual stress distributions for axial and circum ferencial 

direction along inner and outer surfaces are calculated by using lum ping techniques. Heat 

input Cases 1 to 4  show  that the residual stress distributions are not sensitive to the heat 

input m agnitudes. How ever, w hen the heat input m agnitude becom es so high, as to 

change the size o f the fusion zone, the residual stress distributions also change. Sim ilar 

to the stress distributions, the d istortion is also insensitive to the heat input m agnitude, if 

the fusion zone size and shape are given properly. However, the distortion is a little bit 

m ore sensitive than the residual stresses with respect to the heat input m agnitude. ‘Ramp 

1 ’ lum ping model, w ithin residual stress distributions show reasonable agreem ent with 

experim ental data.
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A ccording to C hapter 4.1, the ‘Ramp I ’ lum ping technique shows better results 

than that o f ‘Ram p 2 ’ com pared with the results by  the non-lum ping technique o r with the 

results by experim ent. W hen the ‘Ramp T  technique is used, excessively high heat input 

during sim ulation easily  m ake the anticipated fusion zone bigger, and as a  result, this can 

cause a deviation aw ay from  the other residual stress distributions. It is im portant to 

make identical to the size and the shape o f the fusion zone in the model, and the size and 

the shape o f  the fusion zone during the welding num erical analysis.

In Chapter 4 .2 , three-pass welded plates are  considered. The m odels em ploy two 

different m odeling techniques. One is the conventional elem ent rebirth technique, the 

other is the interface elem ent technique. The m odels have the same geom etries and the 

same sim ulation conditions except that in one the interface elem ents are absent while in 

the other the interface elem ents are present betw een the weld metal and the base m etal. 

More effort is needed to model the latter than the form er. The stress d istributions are not 

much different from  each other and the anticipated distortion o f the model w ith the 

interface elem ents are m uch sm aller than those o f  the model without interface elem ents. 

Therefore, if the residual stress analysis is focused on , using the interface e lem ent 

technique, better com puter performance is obtained. This m eans that using the interface 

elem ent technique requires less CPU time than using  the conventional m ethod. H ow ever, 

the distortion histories show  considerable differences. The distortion history using the 

conventional m ethod is m uch bigger than that using  the interface elem ent technique. 

Because the distortion is underestim ated in m ost num erical analysis com pared with the
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experim ental one, the d istortion results obtained with the interface elem ent technique are 

not accurate enough fo r the prediction o f distortion.
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Pass sequence Pass No. W elding param eters

C urrent
(A m p.)

Voltage
(V)

Speed
0PM)

1/ 2

215

205

215

210

210

24

25

26

24

24

14.4

14.4

14.4

14.4

14.4

Table 4.1 Pass sequences and  w elding param eter o f  each pass for a  five-pass welded 
plate [1]

Properties D ata used for num erical 
analysis

D ensity (Ib/in^) .283

Latent heat (Btu/lb) 117.

Liquidus tem perature (°F) 2770.

Solidus tem perature (°F) 2700.

Film  coefficient (Btu/in^ °F) 0.00001

Initial tem peratures for base m etal and weld metal (°F) 70.

Percent heat input (%) 85.

Table 4.2 Tem perature-independent m aterial properties and in itial conditions for a five- 
pass w elded plate model
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Pass No. Layer No. W elding  param eters

Heat input (KJ/m m ) Speed (mm/s)

1 1 .88 1.57

2,3 2 .45 8.13

4,5,6 3 .45 8.13

Table 4.3 Pass sequences and welding param eters o f  each  pass for a six-pass girth 
welded pipe m odel [80]

CA SE Percent heat 
input (%)

Fractions Prescribed tem perature 
conditions

Surface heat 
flux

Body heat 
flux

W eld  m etal Base m etal

Case 1 72 .11 .89 M elting
tem perature

Room
tem perature

Case 2 38 .05 .95 M elting
tem perature

Room
tem perature

C ase 3 135 .11 .89 R oom
tem perature

Room
tem perature

Case 4 100 .11 .89 Room
tem perature

Room
tem perature

T able  4 .4  Com bination o f  heat inputs for a  six-pass girth  w elded pipe
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Pass sequence 1st pass 2nd pass 3rd pass

C urren t (Am p.) 215 215 215

V oltage (V) 24 24 24

W elding speed (IPM) 20 20 20

Percent heat input (%) 60 60 60

Initial tem perature 
conditions (°F)

Base metal 70  (Room  
tem perature)

70 70

W eld metal 2700  (M elting 
tem perature)

2700 2700

Fraction o f  heat 
fluxes

Surface flux 90 90 90

Body flux 10 10 10

Table 4.5 Pass sequences and welding param eters o f  each pass fo r a  three-pass w elded 
plate
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Three-pass welding

W ithout interface 
elem ent

W ith  interface 
elem ent

D ifference *(%)

CPU  (sec.) 

(thermal analysis)

212.8 209.7 -1 .4

CPU (sec.) 

(mechanical analysis)

708.5 491.6 -30.6

Displacem ent (in.) 0.4418 0.2319 -47.5

Difference (% )= (W ith interface elem ent - W ithout interface elem ent) 
/(W ithout interface elem ent) x 100

Table 4.6 C om parison o f  C PU  tim e and distortion fo r the a  three-pass w elded plate with 
and w ithout the m ism atch effects
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Figure 4.1 Tem perature-dependent m aterial properties o f  A STM  A36 mild steel for finite 
elem ent analysis [6]

(a) Therm al m aterial properties
(b) M echanical m aterial properties
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Figure 4.4 V iew of entire m odel and m echanical boundary conditions for a five-pass w elded plate
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Figure 4.5 (Continued)
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Figure 4 .6  D efin itions o f stress directions
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Figure 4 .16 Residual axial stresses for different heat inputs (a six-pass girth welded pipe)
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Figure 4.17 Residual circum ferencial (hoop) stresses for different heat inputs (a six-pass girth w elded pipe)
(a) On outer surface
(b) On inner surface
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Figure 4.18 D istortion changes w ith different heat inputs at two locations during welding 
(a six-pass girth w elded pipe)
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Figure 4.19 Com parison o f the num erical (Case 1 heat input) and experim ental residual axial stress distributions 
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(a) On inner surface
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Figure 4.22 Tem perature changes at two locations during welding (a three-pass welded plate)
N ode 5: weld centerline on bottom  surface, Node 157: 0 .25” from the weld centerline on top surface

(a) During first weld pass
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Figure 4.23 Residual stress distributions w ith and w ithout interface elem ents on top surface for a three-pass w elded plate
(a) T ransverse stresses
(b) Longitudinal stresses
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Figure 4 .24 Through-thickness residual stress distributions at 0.25” from  weld centerline for a three-pass welded plate
(a) Transverse stresses
(b) Longitudinal stresses
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CHAPTER 5

PLASTIC STR A IN  RELAX ATION EFFECT

In the w elding process, the w eld m aterial state is changed from  solid  to liquid 

during heating, and from liquid to solid during cooling. Therefore, it is reasonable that 

the therm o-m echanical characteristics o f  the tem perature-dependent m aterial are 

analyzed. H ow ever, most num erical w elding analyses ignore the effect o f the melting and 

resolidification o f  the fusion material during welding. In fact, num erical w elding analysis 

does not consider the change o f state from  solid to liquid and back again. O ne o f  the 

m ost im portant problem s in num erical w elding analysis that should be solved is the 

accum ulation o f  plastic strains in the regions that m elt during the w elding process. Once 

the tem perature reaches the m elting point, these plastic strains are relieved, but start to 

accum ulate again when the material resolidifies. In m ost numerical analyses, the 

existence o f  non-zero material properties above the melting tem perature causes the plastic 

strains to continue accum ulating and to reach high values owing to the very low 

m agnitude o f the m echanical properties. Therefore, it is necessary to m odify a numerical 

program  so as to relieve the total plastic strain when the material m elts. A  general

126



theoretical treatm ent o f  such plastic strain accum ulation effect was recently  offered by 

Zhang et al. [82] w ithin the context o f m aterials therm o-plasticity constitu tive behavior. 

However, it is very difficult to consider p lastic strain relaxation and to  determ ine the 

material properties at high tem perature in therm o-m echanical analyses in com m ercial 

FEA codes. It is certain  that the plastic strain  relaxation affects the residual stresses 

and/or the d istortions. However, it is not c lear how much the plastic strain  relaxation 

affects the residual stresses and/or the distortions. Even if the plastic strain relaxation 

effect is not m uch affected to the residual stresses and/or distortions, it is im portant to 

understanding the w elding residual stresses and/or distortion with the plastic strain 

relaxation effect.

In order to perform  the numerical sim ulations, a com m ercial num erical analysis 

package, A B A Q U S [19], is used. Even though ABAQUS is a very useful tool, it is not 

specifically orien ted  tow ard welding sim ulation. In addition. A B A Q U S also has the same 

problem m entioned above in the num erical welding analyses. T herefore, it is necessary to 

modify A BA Q U S so as to relieve the accum ulated plastic strains w hen the material melts, 

because A BA Q U S does not have this feature. It can only be introduced by using the 

UMAX user subroutine, which represents the material behavior. Even if the developm ent 

of the U M A T user subroutine is lim ited to m odifying the material behavior artificially, its 

developm ent is useful due to the high potential for applicability.

In order to incorporate the plastic strain  relaxation effect, it is required to 

understand the constitu tive equation o f  the therm o-elastic-plastic m aterial, and then 

determine the p roper m ethod for representing the numerically m aterial behavior. The
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follow ing chapters explain the constitutive equations, how to calculate the stress 

increm ents, and how to m odify the stress increm ent calculation so as to incorporate the 

plastic strain relaxation effect. A fter that, the theoretical developm ent and the 

verification o f  the plastic strain relaxation effect are explained.

5.1 Therm o-elastic-plastic m aterials behavior

5.1.1 C onstitutive equations for therm o-elastic-plastic m aterials

W hen the material is assum ed to be isotropic, one can drive the constitutive 

equations for therm o-elastic-plastic m aterial behavior [12, 55, 82] in differential form. 

T he total strain increment, valid fo r small deform ation and small rotation, can be 

decom posed as follows:

d £.. = d e j  + d  £,/’ + d e j  + d £ . /  . (5.1.1)

Here ds-f  is the elastic strain increm ent, d e /  is the plastic strain increm ent, d e /  is the 

therm al strain increment, and d e /  is the creep strain increment. In w elding problem s, 

the creep strain is negligible. Therefore, Eq.(5.1.1) can be rew ritten as

d =d e /  +d e /  +d e / . (5.1.2)

The sum  o f the first two terms in E q .(5 .1.2) is referred to as the m echanical strain.
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The deviatoric stress is

^ (5-1-3)

and deviatoric strain is

where is K ronecker delta.

From  Eqs. (5.1.2) and (5 .1.4), one obtains the deviatoric strain increm ent (with 

d e j  = 0 )

d e ^ j= d e - ‘ + d e / . (5.1.5)

The shear m odulus is defined as

where E is Y oung’s modulus and v is Poisson s ratio. Therefore, H ook's law in deviatoric 

form  is

D ifferentiation of E q .(5 .1.7) gives
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and from Eqs.(5.1.5) and (5.1.8)

d S ^ ^ = 2 G { d  e.j - d  e /  ) - G S , ^ d ( - ^ ) .  (5 .1 .9)

The change in stress is

d a . j = d  S , j + ^ ô - j d G u ^  (5 .1 .10)

where JcTy, is obtained from Hook's law, w hich gives

1 - 9  V
CT«. (5 .1 .11)

E

D ifferentiation o f  E q .(5 .1.11) yields

Here, K is the bulk modulus o f the m aterial and is defined as

K =   ------ . (5 .1 .13)
3 ( l - 2 v )

The volum e change due to tem perature change is 

d e ^ ^  =  =  3 d £ ^  (5.1.14)

where £^ is the uniaxial thermal dilatation for the m aterial.

The total volum e change with d E y . ’’ = 0  is

d £ y . = d £ y . ^  + d £ y j  . (5.1 .15)
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Eqs.(5.1.I2), (5.1.14), and (5.1.15) yield

d ( j ^ = 3 K [ d e ^ - a ^ d {  —  ) -3de^] (5.1.16)

and hence Eq.(5.1.10) with Eqs.(5.1.9) and (5.1.16) becom es

d<j; j=2G{de^.-ded'  ) - G S , j d { —)+5 ĵ K [ d e ^  d{-— )-3de^] . {5 . \ . \ l )
Cj 3 K

An associated flow rule is assum ed as

d ed’ = d  XSjj. (5 .1 .18)

Here the follow ing Von M ises yield condition is adopted.

(5.1.19)

where cr̂ . is the y ield  stress for the material.

For sim plicity , isotropic hardening is assum ed in this study. 

The effective plastic strain is defined as

G,de'' =(J, .d£./‘ = S , ^ d e / (5.1.20)

and the effective V on M ises stress is

(5.1.21)
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Differentiation of Eq.(5.1.19) gives

= (5.1.22)

E q s.(5 .1.18), (5.1.20), and (5.1.21) in E q .(5 .1.21) together w ith E q .(5 .1.9) for d  S„ gives

[ 5,.. d  - 1CT/ d  ( ^  ) d T ]

3 '  3 G

In order to further evaluate the above expression (5.1.23) for cfk, it is necessary to 

d a .  <9(J,
obtain ——-  and — It is assum ed that a relationship betw een < r , , e '’ , and T can be 

d e ' '  d T

derived from the data obtained in a series of tensile tests at d ifferent tem peratures using 

virgin m aterial specimens. This data is used to develop the idealized, bilinear, 

engineering stress- strain curves shown in Figure 5.1.

In isotropic hardening, the size o f the yield surface changes uniformly with the 

sam e shape as initially, while its center remains fixed in the stress space. The size o f 

yield surface is based on the accum ulated effective plastic strain and the temperature 

level. To convert the curves show n in Figure 5.1 to stress-plastic strain curves, we have 

for constant tem perature T  and cr > cr ,

o - = ( T , o - H E r ( ^ - ^ ) ,  (5.1.24)

e ' ’ = e - ^  (5.1.25)
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where cr is the initial (virgin) material yield stress, and E j  is the tangential m odulus.

C om bining the above equations and noting that the current stress is the curren t yield 

stress (i.e ., cr=(T,.) results in

(5.1.26)
E - E j

Thus, Eq.(5 .1 .26) gives the relationship betw een the yield stress and the plastic strain for 

m onotonie uniaxial loading at constant tem perature. The curves described by E q .(5 .1.26) 

are show n in Figure 5.2. It is assum ed that E q .(5 .1.26) relates the yield stress and 

accum ulated  effective plastic strain for m ultiaxial loading conditions. A dditionally, it is 

assum ed that the relationship holds regardless o f the history leading to e ' ' .

Then,

Substitution o f  Eqs.(5.1.27) and (5.1.28) into E q .(5 .1.23) gives

clA.=-------------------------- T-------------rp ---------------------------- . (5.1.29)
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Eqs.(5.l.l7), (5.1.23), and (5.1.9) lead to the following constitutive equation

2<t / ( 1 + / / 7 3 G )  ct, ( 1 + / /7 3 G )  3 ( l + / f V 3 G )

(5.1.30)

W ith the help o f  E q s .(5 .1.4), (5.1.7), (5.1.12), (5.1.17), (5.1.18), and (5.1.30), the change 

in the stress, d a - , is:

(5.1 .31)

The variation o f  the m aterial param eters G and K  in E q .(5 .1.31) is due to tem perature. 

In the case o f elastic conditions, the change in stress, d a ,:, can be w ritten as

d  a , . = l G { d  E,, ) - G d  ( — )5^, -<5- K [ d  (—  ) o" ̂  + 3c/ ]

(5.1.32)

In m atrix notation the therm o-elastic-plastic constitutive equation (5.1.31) becom es 

[ d a } = [ D ] [ d £ ] + c [ s } - M { d e ^  }. (5.1 .33)
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In extended notation Eq.(5.1.33) can be expressed as

' l - V  5.,^ ^  "̂ 11 ^  *^11 *^33 •̂ 11 -̂ 12
l - 2 v  L l - 2 v  L l - 2 v  L L

dCT„ l - v V Sj2  -^33
d e „

>=2G I - 2 v  L l - 2 v  L L .
Symmetry \ - v  S , i ^ys ^\ i de^y

do-,, terms l - 2 v  L L d£ |.
1

2 L \

+ C

1

■̂22 1
> — M  ■

^33 1

.5.2. 0

where

(5.1.34)

(5.1.35)

M  — K d  ( —— )c r + 3 d  ,
3 K

(5.1.36)

L = ^ g / { \  + H ' I 3 G ) . (5.1.37)

Here, the strain rate and tem perature rate are assum ed to be constant during the 

increment. Then Eq.(5.1.34) can be written in increm ental form 

{ A a } = [ D ] { A e } + Q { 5 } +  M g { /  } (5.1.38)
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where

M g = — ^ - 3 K A e ^ .  (5.1.40)
K  3

5 .1.2 Therm o-m echanical m aterial properties

It is assumed that the constitutive relations can be described in term s o f therm o- 

elastic-plasticity. In the m echanical analysis, the param eters required to described the 

constitutive model are Y oung's m odulus (elastic modulus), E ; Poisson's ratio, v ; initial 

yield stress, Gq ; hardening m odulus, H' ; and thermal expansion coefficient, a .

Therm al expansion coefficient ( a  )

In ABAQUS [19], the therm al expansion coefficients are defined on an average 

basis. They are interpreted as total expansion coefficients from  a reference tem perature, 

so that they generate thermal strains according to the following formula:

= a { T ) { T - T , ) - a { T ,  ){T,  - T , ) . (5.1.41)

Here is the total thermal strain at a material point, T  is the current tem perature at the 

sam e material point, T, is the initial tem perature at the same m aterial point, 7], is the
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reference value fo r the thermal coefficient, a  { T )  is the m ean coefficient o f  therm al 

expansion.

As m entioned in Feng’s [83] dissertation, the effect o f solidification shrinkage can 

be incorporated into the finite elem ent m odels by m odifying the thermal expansion 

coefficient in the solidification tem perature range. A pparently, the therm al contraction o f 

liquid m etal does not cause any m echanical stress/strain in the solid portion o f the m odel,

i.e., the liquid m etal can flow freely. Therefore, the solidification shrinkage can be 

effectively neglected in the upper portion o f  the solidification temperature range w here a 

solid netw ork has not formed. Based on this consideration, only the solidification 

shrinkage and therm al contraction due to tem perature change below the coherent 

tem perature ( the tem perature at which solid netw ork o f dendrites is form ed) are included 

in the therm al stress models.

For m athem atical convenience, the liquidus tem perature is chosen as the reference 

tem perature for calculating the thermal expansion coefficient. The advantage is that the 

thermal expansion coefficient for tem peratures above the coherent tem perature is set to 

zero. As a result absolutely no thermal expansion or contraction get calculated in the 

FEA.

Poisson's ratio (v  )

The Poisson's ratio has a weak dependence upon temperature.
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Elastic modulus (E)

The elastic  m odulus strongly depends on the tem perature. The elastic m odulus is 

assum ed to decrease linearly to a very low value at the solidus tem perature, to further 

decrease linearly to an even lower value at the coherent tem perature, and to hold constant 

through the tem perature to approximate the near zero strength o f the molten w eld pool.

H ardening M odulus (FT)

T he hardening modulus also depends strongly on the tem perature. The value o f 

the hardening  m odulus at room tem perature is greater than that at o ther tem peratures. 

W hen the tem perature increases, the value o f the hardening m odulus decreases to zero 

(see F igure 5.1). A  zero value of the hardening m odulus equals the elastic-perfectly  

p lastic m aterial behavior.

5.1.3 C alculation o f stress increments with the plastic strain relaxation effect

In the m odification o f material behavior for ABAQUS calculation, the radial 

return m ethod is used for calculating the stress increm ents. The concept and procedure is 

taken from  H ughes's work [84].

L indgren et  «/.[55] applied the radial return m ethod to shell structures in w elding 

m echanical analysis. Also, Karlsson et al. [43] em ployed this m ethod for a 3-D  pipe
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m odel. K arlsson et al. [73] used this m ethod fo r calculations o f FEA residual stresses in 

a butt-w elded plate and a girth-w elded pipe.

The radial return algorithm  for therm o-elastic-plastic material with Von M ises 

yield condition, associated flow rule and linear, isotropic hardening is em ployed. The 

material properties are tem perature dependent. The algorithm  is suggested from Lindgren 

et al. [55] and K arlsson et al. [73] on the basis o f  the effort o f Hughes et al. [84].

T he algorithm  is m odified for the therm o-elastic-plastic material to incorporate 

the plastic strain  relaxation effect. This m odification results in the fact that the 

accum ulated plastic  strain vanishes when the tem perature exceeds Tanncaiing ( the plastic 

strain relaxation tem perature), so that the corresponding elastic constitutive matrix 

becom es sm all (non-zero to avoid num erical singularities) and the stresses also become 

very sm all. T he follow ing diagram  (Figure 5.3) show s the schem atic explanation o f how 

to w ork the m odified  radial return algorithm  inside the U M A T user subroutine [19].

The follow ing steps are the m odified stress increm ent calculation procedure for 

the therm o-elastic-plastic material to incorporate the plastic strain relaxation effect.

Step 1. Initialization

1. C alculate elastic stress increment due to tem perature dependent elastic constants;

AG  A K g ,"
{ Act,  } =  (5.1.42)

2. Set up elastic  constitutive matrix [C]"^'.
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Step 2. Check plastic strain relaxation temperature ( Tnnn-nHnp )

1. If  Temp+ATemp>T^^^, .^^,  then the plastic strains and the stresses are assum ed to 

be zero:

(5.1.43)
= 0 ,

{ c r r ' = 0 ,

and go to Step 1.

2. Else if Temp+ATemp<T,^^^,.„^,  then go to Step 3.

Step 3. Calculate the therm o-elastic trial stress

1. Calculate the therm o-elastic trial stress:

[ a "-} =  { ( T } ' '+ [ C r ' {A e,, }+ {A(Jr  } (5.1.44)

where A e ,, = A e - A e ^  I , the increm ent in total m echanical strains.

2. Calculate yield stress at the end  o f the tim e step assuming the elastic  conditions:

3. Calculate deviatoric stress and effective stress:

=  (5.1.46)

(5.1.47)
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Step 4. Check yielding

1. If cr/'’ <  <T,. , then the increment is assum ed to be elastic:

{CT}"-' =  {CT"},

a ,  =  ( T , ,
(5.1.48)

go to Step 1.

2. Else if a "  >  cr, , then go to Step 5.

Step 5. Radial return o f trial stresses onto yield surface

1. Calculate increm ent in effective plastic strain:

(5.1.49)

2. Calculate radial return o f stresses to the yield surface:

{ c r r ‘ =  {CT, ) - 2 G " ^ 'A £ „ -
" cr,"

(5.1.50)

Step 6. Update p lastic strains and yield limit

1. Update effective plastic strain and yield limit:

a " " '  =  ( r , o + / / ' ( r * ' ) e ^

(5.1.51)

(5.1.52)
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2. Update plastic strains:

f i r }
{ e , r ‘ = { e ^ r + A e ^ ^ - ^ .  (5.1.53)

5.2. Theoretical developm ent

The explanation o f the simple theoretical exam ple for the plastic strain relaxation 

is shown in Figure 5.4.

C onsider a sim ple 1-D bar with length / fixed between two walls (Figure 5.4(a)). 

A ssum e the elastic-perfectly-plastic material behavior for the bar. The governing 

equation o f the bar model is as follows;

+ £ ’’ + (5.2.1)

where =  0 .

As illustrated in Figure 5.4(b), the tem perature-dependent material properties are 

em ployed for the analysis. The values o f  the m aterial properties are assum ed to be 

relatively large when the temperature is low er than o r equal to T |. Once the tem perature 

rises above T i, sm all values are assumed. If  the tem perature is between Ti and T i, the 

m aterial properties are determ ined by linear interpolation. The temperature history is 

show n in Figure 5.4(c). The bar is heated up linearly from room tem perature to the 

annealing tem perature, Tanneaiing, where the plastic strain relaxation occurs. This
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annealing tem perature for the plastic strain relaxation is set artificially. A fter the 

tem perature reaches to Tanncaiing, the bar is cooled  down to room tem perature linearly.

The following explanation shows the characteristics o f strain behaviors under 

given tem perature histories shown in Figure 5.4(c). Two m ethods are explained: (i) the 

m ethod w ithout the plastic strain relaxation effect, and (ii) the m ethod with the plastic 

strain  relaxation. Figures 5.4(c) and (d) show  the strain histories using two different 

m ethods. The thermal strains and elastic strains are given in Figure 5.4(c) and the plastic 

strains are shown in Figure 5.4(d).

5.2.1 M odel w ithout the plastic strain relaxation effect

As shown in Figure 5.4(c), the therm al strain is proportional to the tem perature. 

T he region o i o d  and the region d  to g represent heating and cooling processes, 

respectively. In region o to a, the com pressive elastic strain increases to the com pressive 

elastic  strain  lim it ( - £y ) and the therm al strain  increases. The plastic strain does not 

appear in this region because the m agnitudes o f the com pressive elastic strain and thermal 

strain are the same. In region a  to 6, the com pressive elastic strain is kept constant due to 

the perfect-plasticity assumption. How ever, the com pressive plastic strain increases as 

the therm al strain increases. In region b  to c, the tem perature reaches T i. The 

com pressive elastic strain decreases steeply because the yield stress decreases with 

increasing tem perature. The com pressive elastic strain reaches a value near zero. 

T herefore, the compressive plastic strain increases very rapidly with increasing thermal
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strain. In region c  to d,  the tem perature changes from  T i to Tanneaiing- The com pressive 

plastic strain increases, but the plastic strain  increasing rate becomes the sam e as that in 

region a i o b  due to the constant elastic strain. W hen the tem perature reaches Tanneaiing. 

the com pressive strain and thermal strain have m axim um  values. In region d  to e,  the bar 

is cooled to T i . T he elastic strain becom es tensile, but it has a very sm all value. The 

com pressive plastic strain decreases w ith decreasing the thermal strain. In region e to / ,  

the tem perature becom es T ,. The tensile elastic strain increases to the yield lim it ( Ey ), 

whereas the therm al strain decreases continuously. Therefore, the com pressive plastic 

strain increases very gradually. In reg ion/ to g,  the tensile elastic strain rem ains at the 

yield strain value. The compressive plastic strain decreases with decreasing therm al 

strain. Finally, the m agnitude o f the com pressive plastic strain is the sam e as that o f the 

final tensile elastic  strain due to zero therm al strain.

5.2.2 M odel w ith the plastic strain relaxation effect

As show n in Figures 5.4(c) and (d), the therm al, elastic and plastic histories are 

the sam e as those w ithout the plastic strain relaxation effect during heating, w hereas the 

thermal and plastic strain histories during cooling are totally different from  those w ithout 

the plastic strain  relaxation effect. The elastic strain history during cooling  is a little bit 

different from  that without the plastic strain relaxation effect. However, the sam e elastic 

strain history w ithout the plastic strain relaxation effect is still used since the d ifference 

between two elastic strains with and w ithout the plastic strain relaxation effect is very
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small. W hen the tem perature reaches Tanneaiing. the accum ulated plastic strain should be 

zero. Therefore, the elastic  strains as well as the therm al strain should be zero in o rder to 

satisfy the governing equation (5.2.1). The thermal strain calculation is based on the 

reference tem perature. The reference temperature is taken to be room tem perature under 

the m ethod w ithout the plastic strain relaxation effect, w hereas in the m ethod with the 

plastic strain relaxation effect the reference tem perature is set to room tem perature during 

heating and is changed to Tanneaiing during cooling. A ccordingly, the thermal strain at 

Tanneaiing can be zcro. In region g  to e, the tensile plastic strain increases from zero as the 

thermal strain decreases from  zero. In region e to g, the tensile plastic strain increases as 

the thermal strain decreases. Finally, the tensile plastic strain becom es very large and the 

final thermal strain becom es compressive.

As depicted in Figure 5.4(d), the residual plastic strain difference between the two 

methods is observed. The residual plastic strains with the plastic strain relaxation effect 

become tensile, w hereas the residual plastic strains w ithout the plastic strain relaxation 

effect becom e com pressive. Therefore, the residual stresses and distortion with the 

plastic strain relaxation effect m ight be different from  those w ithout the plastic strain 

relaxation effect. The differences between the residual stresses under both m ethods with 

and without the plastic strain relaxation effect are verified.
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5.3 Verification

T he sam e m odel is shown in Figure 5.4(a). All conditions follow  the assum ptions 

o f C hap ter 5.2. Figure 5.5(a) show s the tem perature history. The bar is heated up from 

room  tem perature (20 °C) to 1520 °C uniform ly and cooled dow n to room  tem perature. 

Tanneaiing is assum cd to be 1520 °C. T , and T i are 1020 °C and 1320 °C, respectively.

As shown in Figure 5.5(b) and (f), two different stress-strain  curves are assumed; 

one is fo r the assum ption o f elastic perfectly plastic behavior (F igure 5.5(b)), and the 

other is for the assum ption o f elastic plastic bilinear behavior w ith isotropic hardening 

effect (F igure 5.5(f)).

To include the plastic strain relaxation effect, the UM A T subroutine o f  ABAQUS 

is developed. The verification o f the U M A T subroutine is required prior to the 

verification o f  the theory. The follow ing steps indicate how to verify the UM A T 

subroutine. First, the results are calculated from  a ABAQUS run. Next, the results under 

the m ethod w ithout the plastic strain relaxation effect are obtained from the ABAQUS 

run w ith U M A T. If the results from  both ABAQUS runs agree, it can be determ ined that 

the U M A T  works correctly. These results from  the ABAQUS run are indicated as 

‘w ithout plastic strain relaxation’ in the figures. After then, the results from the 

A B A Q U S run with the UM AT subroutine under the m ethod with considering plastic 

strain relaxation effect are calculated. These results are labeled as ‘with plastic strain 

relaxation’ in the figures.
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The results from  both methods with and w ithout the plastic strain relaxation effect 

with elastic-perfect plasticity assumption (Figure 5.5(b)) are show n in Figures 5 .5(c) and 

(d). The results are sim ilar to the those given in Figures 5.4(c) and (d). Therefore, the 

plastic strain relaxation concept is theoretically acceptable and num erically proven. Due 

to the e lastic-perfect plasticity assum ption, the stress histories corresponding to F igures 

5.5(a) to (d) are alm ost identical to each o ther (Figure 5.5(e)).

Figure 5.5(g) gives the stress histories when the material is assumed to have 

elastic linear p lasticity  with isotropic hardening (Figure 5.5(f)). The stress values under 

the m ethods w ith and w ithout the plastic strain relaxation effect deviate at Tanneaiing- 

However, the residual stress with considering plastic strain relaxation effect gives 

different value, but the difference is not m uch w hen com pared with the value w ithout the 

plastic strain relaxation effect. It is obvious that the plastic strain relaxation affects the 

final residual stress field a little bit.

5.4 A pplication

In o rder to apply the plastic strain relaxation theory to a real material case, A STM  

A316 m ild steel is selected. As shown in Figure 5.6, the model is a 1-D bar w ith springs 

that have the sam e spring constant, k. Very rigid p lates are attached to the bar and the 

springs at both top and bottom  sides. If the spring constant is very large, this m odel can 

be considered the sam e as the model in Figure 5.4(a).
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The tem perature-dependent material properties used  are given in Figures 4 .1(a) 

and (b). Tanneaiing IS assum ed to be 1300 °F and an elastic linear plasticity with isotropic 

hardening effect is considered. It is assum ed that the p lastic strain relaxation occurs 

instantaneously at Tanneaiing- T he spring constant, k, varies from  a very large value to a 

very sm all one. The results o f  strains and stresses with k =  1x10* ksi-in are show n in 

Figures 5.7(a) to (c), respectively. The thermal and the elastic  strains are given in Figure 

5.7(a), and the plastic strains are shown in Figure 5.7(b). A lso, the residual stresses are a 

little bit different due to the hardening effect (Figure 5.7(c)).

Figure 5.8 shows the effects o f the differences in Ae’’' and A a^s  with varying 

spring constant when the m ethods with and without the p lastic strain relaxation effect are 

com pared each other. Ae’’‘ and A a^s  are defined as;

Ae’’’ =  e’’Vwith plastic strain relaxation) - e‘’*(without plastic strain relaxation), (5.4.1 )

and

ACJres =  Gres(with plastic strain relaxation) -  CTrcs(without plastic strain relaxation). (5 .4 .2 )

The log scale is used for the axis o f the spring constant (degree o f restraint), k. The 

results show that Ae’’* becom es bigger with increasing spring constant. Once k  equals 

10000 ksi-in. the Ae’’' becom es constant with increasing k. How ever, the ACn% increases 

from A: =  0.1 ksi-in to k  =  1000 ksi-in and decreases steeply to A: = 10000 ksi-in. O nce k  

exceeds 10000 ksi-in, the Aa^s rem ains constant with increasing k. This m eans the spring 

is already stiffened enough and that therefore, the bar can not move along axial direction 

as the temperature.
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Ei =  Y oung’s M odulus at Ti
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(Tyi =  V irgin M aterial Yield Stress at T,

Figure 5.1 Idealized engineering stress-strain curves
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Enginnering Plastic Strain

Tj = Tem perature
Ei = Y oung’s M odulus at T|
H ’ i =  H ardening M odulus at T,
Gyi =  V irgin M aterial Y ield Stress at T,

Figure 5.2 Idealized engineering stress - plastic strain curves
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Figure 5.3 Flow chart of the plastic strain relaxation effect algorithm
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(a)

a

e

(b)
Figure 5.4 (Continued)

Figure 5.4 Schematic explanation o f  the plastic strain relaxation effect
(a) One dim ensional b a r  m odel
(b) Stress-strain curves at d ifferent tem peratures
(c) Tem perature, therm al strain &  elastic strain histories
(d) Plastic strain h istories
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Figure 5.4 (Continued)
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Figure 5.5 (Continued)

Figure 5.5 Exam ples o f a one-dim ensional m odel w ith  the plastic strain relaxation 
effect

(a) Tem perature history
(b) S tress-strain  curves at different tem peratures under elastic perfect 

p lasticity  assum ption
(c) E lastic, therm al strain histories under (b) condition
(d) P lastic strain histories under (b) condition
(e) S tress histories under (b) condition
(f) Stress-strain curves at different tem peratures under isotropic hardening 

plasticity  assum ption
(g) S tress histories under (f) condition
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Figure 5.5 (Continued)
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Figure 5.5 (Continued)
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Figure 5.5 (Continued)
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Rigid bar

Figure 5.6 Schem atic representation o f a one-dim ensional spring model
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F igure 5.7 (Continued)

Figure 5.7 The material behavior o f  A STM  A36 mild steel for a one-dim ensional m odel
(a) Therm al and elastic strain  histories
(b) Plastic strain histories
(c) Stress histories
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Figure 5.7 (Continued)
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CHAPTER 6

EXAM PLES OF N U M ER IC A L ANALYSIS W ITH TH E PLA STIC STRAIN
RELA X A TIO N  EFFECT

In this chapter, five exam ples are investigated to study the plastic strain relaxation 

effect. Som e examples are selected from references [62, 71 ] and others are generated 

arbitrarily. By looking at various exam ples, the plastic strain relaxation effect in residual 

stresses and distortion is studied.

The given models are a one-pass bead-on-plate weld on 1/2” thick plate, a one- 

pass partial penetration butt w elded plate, a one-pass butt w elded plate with a single V 

grove, a three-pass butt welded pate with a single V grove, a tee-joint with fillet welds. 

T he m aterial properties used are assum ed to be those o f  ASTM  A 36 m ild steel (Figure 

4 .1). The assum ed hardening e ffec t is indicated in Figure 6.1. T he bilinear isotopic 

hardening is employed.

All numerical sim ulations are com pleted by using the A BA Q U S FEA package 

[19]. ABAQ US four-node quadrilateral elem ents are used for heat transfer analysis and 

six-node generalized plane strain elem ents are adopted for m echanical analysis. 

Sym m etry conditions are used to m ode the half structures. Initially, the base metal and
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the weld m etal are considered at room tem peratures. The welding param eters and heat 

input data  are indicated in Tables 6.1, 6.3, 6.5, and 6.7. The m odified G aussian heat 

inputs are em ployed. The other w elding techniques discussed in C hapter 3 are em ployed.

In the m aterial used it is assum ed that the m elting tem perature is 2700 °F, and the 

tem perature at which the plastic strain relaxation effect begins, is 2600 °F.

Tw o kinds o f numerical results are obtained in each case. One is calculated by 

incorporating the plastic strain relaxation effect, and the other is obtained by om itting the 

plastic strain  relaxation effect.

6.1 B ead-on-plate welding

The m odel sim ulated is the sam e as the model prepared by Lee [62]. The model 

plate is 4 ” long and 1/2” thick. The w eld is located on the top at the cen ter o f the plate. 

The weld is 1/2” wide and a G M A W  process is performed. Figure 6.2 show s the FEA 

model shape, including boundary conditions. Because of the sym m etric boundary 

condition around the weld centerline, only one half o f the plate is m odeled. To prevent 

the plate from  sagging at the free end under its own weight, interface elem ents are used to 

hold the plate. The interface elem ents play a role in allowing the plate to m ove into any 

direction except for preventing the plate from  sagging below its original location. Leung 

et al. [78] also em ployed the interface elem ents for the same purpose.

Initially, the base metal and weld metal are considered at room  tem peratures. The 

welding param eters and the heat input data used are indicated in Table 6.1. The
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tem perature results o f the num erical model are com pared with the experim ental data [62] 

in Figure 6.3. The tem perature histories at 1/2” from  the weld centerline on the top 

surface are m easured with therm ocouples. They show  good agreement in the heating 

stage. Due to the d ifference o f  the response tim e o f  the peak tem peratures, the results 

show discrepancies in the cooling stage. How ever, the differences between the 

num erically and the experim entally obtained tem peratures are small. Therefore, the 

numerical tem perature results can be considered good when com pared with the 

experim ental ones.

Figures 6.4 (a) and (b) com pare the transverse and longitudinal residual stress 

distributions o f the num erical models with the corresponding experimental results. The 

blind hole drilling m ethod is im plem ented to m easure the residual stresses at the surface 

o f the plate. The plastic strain  relaxation effect is occurred inside the fusion zone, 

because the plastic strain relaxation effect becom es activated when the tem perature o f  the 

material reaches the m elting point. The differences in the stress distributions are 

indicated inside and near the fusion zone. In Figure 6.4(a), the transverse stresses show  

good agreem ent with each other along the top surface. In particular, if the plastic strain 

relaxation effect is taken into account, numerical stress results match the experim ental 

ones at peak stress. The num erical results with and w ithout the plastic strain relaxation 

effect show sim ilar trends. The transverse stresses are com pressive inside the fusion 

zone, increase to becom e tensile, reach their peak values before they decrease to zero.

The transverse residual stresses with the plastic strain relaxation effect taken into account 

show a higher peak value outside the fusion zone, w hile near the center o f the w eld area
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they show a  som ew hat sm aller value. In Figure 6.4(b), the stresses show  good agreem ent 

along the top surface. B oth num erical results with and w ithout the plastic strain 

relaxation effect show  sim ilar trends. The longitudinal stresses are tensile in the weld 

zone, and reached to their peak value outside the fusion zone, before decreasing rapidly 

into the com pressive zone, and then increasing gradually in the tensile zone. Like the 

transverse stresses, the longitudinal residual stresses with the plastic strain relaxation 

effect taken into account show  a higher peak value outside the fusion zone, while the 

stresses with the plastic strain  relaxation effect taken into account show  a som ewhat 

sm aller value near the w eld center area. Figures 6.5 (a) and (b) show  the through­

thickness residual transverse and longitudinal stresses at the weld centerline with and 

w ithout the plastic strain relaxation effect taken into account. The stress distributions 

inside the fusion zone should  show  differences due to the plastic strain  relaxation effect, 

but they turn out to be very sm all. In Figures 6.6 (a), (b), and (c), plastic transverse, 

longitudinal and equivalent strains are plotted, respectively. As expected, due to the 

plastic relaxation effect, the plastic strain distributions are changed inside and near the 

fusion zone. W hen the p lastic strain relaxation effect is taken into account, the m axim um  

plastic com pressive transverse strain is observed near the weld center, while without the 

plastic strain relaxation effect the m axim um  plastic com pressive transverse strain occurs 

at the fusion boundary. Further away from the weld centerline, the plastic strains do not 

develop because the m axim um  tem perature is very low. In Figure 6.6(b), the plastic 

longitudinal strains show  a large difference. Tensile residual plastic strains are indicated 

inside the fusion zone w hen the plastic strain relaxation effect is taken into account, w hile
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w ithout the plastic strain relaxation effect the plastic com pressive strain  is distributed 

inside the fusion. Because the longitudinal directional constraint is m uch larger than the 

transverse directional constraint, the longitudinal plastic strain behavior looks sim ilar to 

the 1-D case o f  C hapter 5. In Figure 6.6(c), when the plastic strain relaxation effect is 

taken into account, the equivalent plastic strains inside and near the fusion zone are 

sm aller than  those for the case w ithout the plastic strain relaxation effect. This means 

that the accum ulated  plastic strains are relieved when the weld reaches the m elting point 

during w elding.

In Figure 6.7, the distortion histories are compared. Figure 6 .2  indicates the 

location w here the distortion is picked up. The distortion is checked at 2” from  the weld 

centerline on the bottom  surface. As indicated in Table 6.2, the final distortion in the y- 

direction is 0 .0127” when the m ethod w ithout the plastic strain relaxation effect is used, 

w hereas 0 .0146” is calculated when the p lastic strain relaxation effect is considered. The 

final distortion is a 15% improvement o f the distortion based on the m ethod without the 

plastic strain  relaxation effect. The plastic strain accum ulation by conventional numerical 

analysis w ithout the plastic strain relaxation effect shows less distortion due to over­

accum ulation o f plastic strain after welding.

T he CPU  times on an IBM  work station are com pared (Table 6.2). Because both 

cases used  identical temperature history data, only the CPU times fo r the m echanical 

analyses are com pared. The CPU times w ith and without the plastic strain relaxation 

effect are 65. 0 and 64.6 sec., respectively. The difference in the C P U  tim es is very small 

(0.6%).
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6.2 Partial penetration butt welded plate

The m odel plate is 20” long and 1/2” thick. The weld is located on the top and the 

center o f  the plate. The weld is 1/2” w ide, is 60 % penetrated o f the thickness. A 

GM AW  process is performed. Figure 6.8 show s the FEA model shape, including 

boundary conditions. Because o f the sym m etric boundary condition around the weld 

centerline, only one half o f the plate is m odeled. The welding param eters and the heat 

input data used  are indicated in Table 6.3.

Figures 6.9 (a) and (b) compare the transverse and longitudinal residual stress 

distributions o f  the num erical models, respectively. In Figure 6.9(a), both num erical 

results with and  w ithout the plastic strain relaxation effect show sim ilar trends. The 

transverse stress trends are similar to those o f  the bead-on-plate welding case. The 

transverse residual stresses without the plastic strain relaxation effect vary rapidly inside 

the fusion zone, while with the plastic strain  relaxation effect the stresses show  sm ooth 

variations and  som ew hat lower values near the center o f the weld area. W hen the plastic 

strain relaxation effect is considered, the longitudinal stresses becam e sm oother inside the 

fusion zone in Figure 6.9(b). Figures 6 .10 (a) and (b) show the through-thickness residual 

transverse and longitudinal stresses with and w ithout the plastic strain relaxation effect at 

the weld centerline, respectively. Because o f  the fusion zone is larger than that o f  the 

bead-on-plate w elding case, the stresses along the thickness direction vary noticeably.
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In F igure 6.11, the distortion histories are compared. Figure 6.8(b) indicates the 

location w here the distortion is picked up. T he distortion is checked at 10” from  the weld 

centerline on  the bottom  surface. As shown in Table 6.4, the Final distortion in the y- 

direction is 0 .0413” when the method w ithout plastic strain relaxation effect is used, 

whereas w hen the plastic strain relaxation effect is used it is calculated to be 0 .0931” .

The distortion  with the plastic strain relaxation effect is improved by 125.4%. The 

distortion values for the butt welding case are larger than those for the bead-on-plate 

welding case. W hen the fusion zone size becom es large, the plastic strain relaxation 

effect becom es large. Consequently, the final distortion becomes large.

The C PU  tim es on an IBM work station are com pared (Table 6.4). T he CU P 

times for m echanical analyses are com pared. The CPU times with and w ithout the plastic 

strain relaxation effect are 66. 0 and 64.2 sec., respectively. The CPU difference is very 

small (2.8% ).

6.3 O ne-pass single V groove butt welding

Except fo r the weld the geometries o f  the FEA model for a one-pass butt weld 

with a sing le V groove are the same as the geom etries o f the model for the partial 

penetration butt w elding. The model plate is 20” long and 1/2” thick. The w eld  is 

located on the top at the center o f the plate. The weld is 1/2” wide and fully penetrated  

from the top to the bottom  surfaces. Figure 6.12 shows the FEA model shape including 

boundary conditions. Because of the sym m etric boundary conditions around the weld
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centerline, only  one ha lf o f the plate is m odeled. The welding param eters and the heat 

input data  are indicated  in Table 6.5.

Figures 6.13 (a) and (b) com pare the transverse and longitudinal residual stress 

d istributions o f  the num erical models, respectively. As discussed in C hap ter 6.2, the 

transverse residual stresses with the plastic strain relaxation effect show sm ooth  trends 

inside the fusion zone, while without the p lastic strain relaxation effect the stresses vary 

rapidly inside fusion zone. When the plastic strain relaxation effect is taken into account, 

the longitudinal stresses become sm oother inside fusion zone, but the variation is very 

sm all, as show n in Figure 6.13(b). These trends are very sim ilar to Figure 6.9 (a) and (b). 

Figures 6 .14 (a) and (b) show the through-thickness residual transverse and longitudinal 

stresses with and  w ithout the plastic strain relaxation effect along the w eld  centerline, 

respectively. W hen the fusion zone size increases, the stress variations a long  the 

thickness d irection  becom e noticeably larger.

In F igure 6.15, the distortion histories are com pared. Figure 6 .12(b) indicates the 

location w here the distortion is picked up. T he distortion is checked at 10” from  the weld 

centerline on the bottom  surface. As show n in Table 6.6, the final d istortion in the y- 

direction is 0 .0356” when the m ethod w ithout plastic strain relaxation effec t is used, 

w hereas w hen the plastic strain relaxation effec t is used it is calculated to be 0.0798” .

The distortion is greatly  improved (121.6% ). W hen the plastic strain relaxation effect is 

considered, the distortion value becom es larger in com parison with the m ethod without 

plastic strain relaxation effect.
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The CPU tim es on an IBM  work station are com pared as show n in Table 6.6.

The CPU times with and w ithout the plastic strain relaxation effect are 79.9  and 88.9 sec., 

respectively. The C PU  tim e is reduced (10.1%) when the plastic strain relaxation effect is 

considered.

6.4 Three-pass single V groove butt weld

The geom etries o f  the FEA  model for a three-pass butt w elded plate with a single 

V groove are the sam e as the model for a one-pass butt w elded plate w ith a single V 

groove. Figure 6.16 show s the FEA model shape and w eld pass sequences, including 

boundary conditions. O nly one half of the plate is m odeled because o f  sym m etric 

boundary conditions around the weld centerline. The welding param eters, pass sequence, 

and heat input data are indicated in Table 6.7.

Figures 6.17 (a) and (b) compare the transverse and longitudinal residual stress 

distributions after the th ird  w eld pass along the top surface on the num erical m odels, 

respectively. In Figure 6 .17(a), inside the fusion zone the transverse residual stresses 

w ith the plastic strain relaxation effect show lower trends than those w ithout the plastic 

strain relaxation effect. In Figure 6.17(b), when the plastic strain relaxation effect is 

taken into account, the longitudinal stresses inside the fusion zone also show  low er trends 

than those without the plastic strain relaxation effect. T his is sim ilar to Figure 6.17(a). 

Figures 6.18 (a) and (b) show  the through-thickness residual transverse and longitudinal 

stresses with and w ithout the plastic strain relaxation effect along the w eld centerline,
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respectively. The overall trends are sim ilar in both cases. T he transverse stress peaks ju s t 

outside the fusion zone, in the vicinity o f the fusion zone, and drops rapidly a short 

distance away from  the fusion boundary. On the surface, the largest tensile stress is 

produced not on the w eld centerline, but just outside o f the fusion boundary. In addition, 

com pressive residual stresses are produced on the top surface inside the weld. These 

tendencies o f  residual transverse stresses have been observed by som e researchers [61.

79]. The reasons fo r these tendencies are as follows: In m ulti-pass welding, contraction 

o f the new weld m etal and H A Z o f  the newest pass is restrained by the region 

surrounding it. The restraint is progressively more severe tow ard the bottom, while the 

surface is much less constrained. Accordingly, the stresses on the surface o f the finishing 

bead m ust be sm aller than those ju st below the surface. In addition, during cooling, the 

contraction o f these points in the direction o f the thickness produces local bending, which 

induces com pressive stresses on the surface o f the finishing bead.

In Figure 6 .19, the distortion histories are com pared. Figure 6.16(b) indicates the 

location where the distortion is picked up. The distortion is checked at 10” from  the w eld 

centerline on bottom  surface. As the weld passes accum ulate, the distortion becom es 

successively larger. As indicated in Table 6.8, the final distortion after the third pass in 

the y-direction is 0 .1220” using the method without plastic strain relaxation, whereas 

when the plastic strain  relaxation effect is used it is calculated to be 0.1366” . The 

difference in the d istortion is 12%. In multi-pass welding case, the final distortion is 

much more severe than that in a single-pass welding case.
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T he CPU  tim es on an IBM  w ork station are compared (Table 6.8). The CPU 

times fo r the m echanical analyses are com pared. The CPU times with and w ithout the 

plastic stra in  relaxation effect are 200.1 and 266.3 sec., respectively. The CPU  tim e is 

obviously reduced (- 24.9%) when the m odel with the plastic strain relaxation effect is 

used.

6.5 Tee jo in t with fillet welds

T he  m odel is the same as the m odel prepared by Penso [71]. The thickness of the 

flange and  the web is 0.5” . The width o f  the flange and the height o f the w eb are 8.125" 

and 2 .875” , respectively. The weld size o f  the fillets is 3/8” . Figure 6.20 show s the FEA 

model shape, including boundary conditions. Only one half of the plate is m odeled 

because o f  sym m etric boundary conditions around the centerline o f the structure. In 

addition, the gap between the flange and the web is included. Also, the fillets are located 

at both sides and the welding sequences are  actually different. H ow ever, w ith symm etry 

conditions, the welds o f both fillets are m ade at the same time. The w elding param eters, 

and the heat input data are indicated in Table 6.9.

F igures 6.21 (a) and (b) com pare the transverse and the longitudinal residual stress 

distributions on the top surface o f the flange o f  the numerical m odels, respectively. The 

only change in the stresses is found inside and near the fusion zone. Like the previous 

stress p lo ts, the stress distributions obtained using the plastic strain relaxation effect
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inside and near the fusion zone show less variation than those using the m ethod w ithout 

the plastic strain relaxation effect.

In Figure 6.22, the distortion histories are com pared. Figure 6.20 indicates the 

location where the distortion is picked up. The distortion is checked at 4 .0625” from  the 

centerline on the bottom  o f  the flange. W hen the web is located perpendicular to  the 

reference plane. The final distortion is 0.0465” w hen the m ethod w ithout the p lastic strain 

relaxation effect is used, whereas it is calculated  to be 0.0535” when the p lastic  strain 

relaxation effect is used (Table 6.10). The distortion is improved by 15.0 %. T he final 

distortion from  the experim ent is 0.0553” [71]. The experim ental value show s good 

agreem ent with the distortion value obtained by using the m ethod with the p lastic  strain 

relaxation effect. There is only a difference o f  3.2%  from  the experim ental value.

The C PU  tim es for mechanical analyses are com pared on an IBM  w ork station 

(Table 6.10). T he CPU  tim es with and w ithout the plastic strain relaxation e ffec t are 

138.5 and 130.0 sec., respectively. W hen the plastic strain relaxation effect is considered, 

the CPU time is increased by 6.5%.

6.6 Discussion

From  C hapters 6.1 to 6.5, the m odels w ith the plastic strain relaxation effect are 

com pared with those w ithout the plastic strain relaxation effect. W ith regard to the stress 

distributions, the stress distributions with the plastic strain relaxation effect becom e
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sm oother (stress variations are smaller) inside and near the  fusion zone than those w ithout 

the plastic strain relaxation effect.

In the num erical analysis, when the plastic strain relaxation effect is considered, 

the final out-of-plane distortion is evidently bigger (12%  ~ 125%) than that w ithout the 

plastic strain relaxation effect. Generally, in numerical analyses the final distortion is 

underestim ated in com parison with experimental analyses. In the case of the tee-joint 

with fillet welds, the final distortion with the plastic strain relaxation effect shows good 

agreem ent with the experim ental data. This means that the plastic strain relaxation 

affects the im provem ent o f  the final distortion after w elding because the accum ulated 

plastic strains are reduced. These trends are more reasonable when com pared with 

experimental ones.

From the view  point o f computational perform ance, the CPU  time is obviously 

reduced in multi-pass w elding cases with the plastic strain relaxation effect (24.5% ). 

w hereas the CPU tim e differences are not very significant in the o ther cases (-10%  -  

6.5% ).
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Bead-on plate w eld on a  1/2” thick plate m odel(L ee’s 
m odel [62])

D ata used  for 
num erical analysis

C urrent (Amp.) 245

Voltage (V) 27.8

W elding speed (IPM ) 10

Percent heat input (%) 55

Initial tem perature conditions (°F) B ase metal 70

W eld  m etal 70

Fraction o f  heat fluxes Surface flux 50

B ody flux 50

Table 6.1 W elding param eters for a one-pass bead-on-plate weld on a  1/2” th ick  plate 
m odel

Bead-on-plate welding

W ithout plastic 
strain relaxation

W ith  plastic 
strain  relaxation

Difference**
(%)

D isplacem ent, (in.) 0.0127 0.0146 15.0

C PU  (sec.) 64.6 65.0 0.6

D ifference (% )= (W ith plastic strain relaxation - W ithout plastic strain relaxation) 
/(W ithout plastic strain  relaxation) x 100

Table 6.2 C om parison o f  CPU tim e and distortion for a one-pass bead-on-plate w eld on a 
1/2” th ick  plate
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O ne-pass partial penetration butt w elded pipe m odel Data used for 
numerical analysis

C urrent (Amp.) 250

Voltage (V) 25

W elding speed (IPM) 5

Percent heat input (%) 85

Initial tem perature conditions (°F) B ase m etal 70

W eld  m etal 70

Fraction o f  heat fluxes Surface flux 20

Body flux 80

Table 6.3 W elding param eters for a one-pass partial penetration butt welded plate m odel

One-pass partial penetration welding

W ithout plastic 
strain  relaxation

W ith  plastic 
stra in  relaxation

Difference**
(%)

Displacem ent, (in.) 0.0413 0.0931 125.4

C PU  (sec.) 64.2 66.0 2.8

Table 6.4 C om parison o f  CPU  tim e and distortion fo r a  one-pass partial penetration 
w elded plate
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One-pass butt w elded p late  m odel with a  single V  groove D ata  used for 
num erical analysis

C urren t (Amp.) 250

V oltage (V) 25

W eld ing  speed (IPM) 5

Percen t heat input (%) 85

Initial tem perature conditions (°F) Base m etal 70

W eld m etal 70

Fraction o f  heat fluxes Surface flux 20

Body flux 80

Table 6.5 W elding param eters for a one-pass butt w elded plate m odel with a single V 
groove

One-pass single V  groove butt w elding

W ithout plastic 
strain relaxation

W ith plastic  
strain relaxation

Difference**
(%)

D isplacem ent, (in.) 0.0356 0.0789 121.6

CPU (sec.) 88.9 79.9 -10.1

Table 6.6 C om parison o f  C PU  tim e and distortion for a one-pass butt welded plate w ith a 
single V  groove
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Pass sequence 1st pass 2nd pass 3rd pass

C urren t (Am p.) 100 100 100

V oltage (V) 30 36 40

W eld ing  speed (IPM) 8 5.5 5

Percen t heat input (%) 70 70 70

Initial tem perature 
condition  (°F)

Base metal 70 70 70

W eld m etal 70 70 70

Fraction o f  heat 
fluxes

Surface flux 30 30 30

Body flux 70 70 70

Table 6.7 W eld ing  param eters for a  three-pass butt welded plate m odel w ith a  single V 
groove

T hree-pass single V  groove butt w elding

W ithout p lastic 
strain relaxation

W ith  plastic 
strain  relaxation

Difference**
(%)

D isplacem ent, (in.) 0.1220 0.1366 12.0

C PU  (sec.) 266.3 200.1 -24.9

Table 6.8 C om parison  o f  CPU time and distortion for a three-pass bu tt w elded plate with 
a sing le V  groove
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Tee-jo int w ith  fillet welds (Fenso’s m odel [71]) D ata used  fo r 
num erical analysis

C urren t (Amp.) 290.

Voltage (V) 31.

W elding speed (IPM ) 7.5

Percent heat input (%) 70.

Initial tem perature conditions (°F) B ase m etal 70.

W eld  m etal 70.

Fraction o f  heat fluxes Surface flux 30.

B ody flux 70.

T ab le  6.9 W elding param eters fo r a  tee-joint with fillet w elds

T ee-jo in t w ith fillet welds

W ithout plastic 
strain relaxation

W ith  plastic 
strain relaxation

Difference " 
(%)

D isplacem ent, (in.) 0.0465 0.0535 15.0

CPU  (sec.) 130.0 138.5 6.5

Table 6.10 C om parison  o f  CPU tim e and distortion for a  tee-joint w ith fillet w elds
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Figure 6 .1 Bilinear strain hardening effect assum ed for A STM  A 36 steel
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Figure 6.2 Finite elem ent m odel for a one-pass bead-on-plate w eld on a V-i' thick plate
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Figure 6.10 Through-thickness residual stress distributions at w eld centerline (a one-pass partial penetration butt welded plate)
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(b) Longitudinal stresses
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Figure 6.13 C om parison o f  residual stress distributions with and w ithout considering plastic strain relaxation effect on top 
surface (a one-pass butt welded plate with a single V groove)
(a) Transverse stresses
(b) Longitudinal stresses
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Figure 6.14 Through-thickness residual stress distributions at weld centerline 
(a one-pass butt w elded plate with a single V groove)
(a) Transverse stresses
(b) Longitudinal stresses

Figure 6.14 (Continued)



Figure 6.14 (Continued)

g

60000

_  55000 -- 
w
Q.

« 50000
2
00

45000 - -
ç
y
.-g 40000 f
c _o
75 35000 - -
3  
2
J  30000 --

25000

20000

Without plastic strain relaxation 

With plastic strain relaxation

Fusion Zone

+ +

0.1 0.2 0.3 0.4
Distance from bottom surface at weld centerline (inch)

+

0.5

(b)



s

0.2

At 10.0 " from the weld centerline on bottom surface

&  0.16
Without plastic strain relaxation

I
i
ca

With plastic strain relaxation
0.12

«
y

o 0.08

2
y

^  0 .0 4 o o ■O' ■€5

0 1000 2000 3000 4000
Time (sec.)

Figure 6.15 D istortion changes at 10” from  the w eld centerline on bottom  surface 
(a one-pass butt w elded plate w ith a single V groove)



“Pass 3

Pass 2

Pass 1

B ase metal

(a)

10.0 inches

0.5 inch

Interface elem ent

D istortion  pick-up

Figure 6 .16  Finite elem ent m odel for a  three-pass butt w elded plate w ith  a  single V 
groove

(a) V iew  o f  w eld area
(b) Entire m odel

203



I

ifiQ.

IW
0)
a>
s;

(03
T3
8
oc

20000
o

Without plastic strain relaxation15000

With plastic strain relaxation10000

5000

0

-5000

-10000

-15000
Fusion Zone

-20000
0 2 4 6 8 10

Distance from weld centerline on top surface (Inch)

(a)
Figure 6.17 (Continued)
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on top surface (a three-pass butt w elded plate with a single V groove)
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CHAPTER 7

CO NCLUSIO NS

This dissertation presents the num erical modeling techniques fo r heat transfer and 

mechanical (stresses and distortion) analyses related to welding problem s. This 

dissertation is com posed o f three parts.

The first part o f  this dissertation deals with the lumping techniques. Through the 

study o f lum ping m odeling, the FEA  procedure is developed and m odified  for the 

effective and efficient welding num erical analyses.

From  the study o f the first part o f  this dissertation, the fo llow ing are concluded for 

the heat transfer and mechanical analyses.

• Heat input should be made o f surface heat input and body heat input fo r num erical 

analysis. T he body heat input is helpful to accommodate the w eld shape.

• Initial prescribed tem perature o f  the weld metal seems not to affect final residual

stress d istributions based on the cases studied.

• The w eld zone size and shape determ ines the final residual stress d istributions.

• Residual stresses are not sensitive to  the heat input.
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The second part o f  this dissertation deals w ith the interface elem ent technique 

including therm al and m echanical mismatch conditions. The interface elem ent technique 

is developed for m ulti-pass welding. The follow ing lists the contributions and 

conclusions:

• The preparation o f  FE m odel and input files is cum bersom e.

• The interface elem ent technique is good for the prediction o f residual stresses, but is 

not accurate enough for the prediction o f distortion.

The third part o f this dissertation is related to the plastic strain relaxation effect. 

The plastic relaxation effect is studied theoretically and com pared with the E ^A  m odels. 

A com puter program  which incorporates the plastic strain relaxation effect is developed. 

The followings are concluded.

• By using plastic strain relaxation effects, the stress variation becomes small and the 

stresses are sm oothly distributed inside and near fusion zone. This is because the 

accum ulated plastic strains becomes sm aller inside and near the fusion zone than 

those without plastic strain relaxation effect.

• The plastic strain relaxation effect improves the final out-of-plane distortion.

• Incorporating the plastic strain relaxation effect into num erical analyses helps to 

reduce CPU tim e in m ulti-pass weld models.
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