M= DU
L]

*

WEluiiry dlbs L,

LU -DLlATdoDTI2LT

O MHR LS 0D L8O I NU L UHL MUY

K.E.»L

1996 ASME PVP Confsrence, July 21-26, Montreal, Canava

CONF-G66706--"7

A FINITE ELEMENT MODEL FOR RESIDUAL STRESS IN REPAIR WELDS

Z. Feng
Edison Welding Institute, Columbus OH

X.-L. Wang, $. Spooner, G.M. Goodwin,
P.J. Mazlasz, C.R. Hubbard and 1. Zacharia
Oak Ridge National Laboratory, Oak Ridge TN

ABSTRACT
This praper describes a threc-dimensional finite clemnent mode! for

calcalation of the residual siress distribution caused by repair welding,

Special user sabroutnes were devefoped 1o simuiace the continuous
deposition of filler inctal during welding. The model was then tested
hy simulating the residual stresw/sirain field of a FeAil weld overfay
¢tad on a 27,Cr-IMo sicel phite. for which nowiron diffraction
measurement data of the residual strain field were svailable. I is
xhown thay the caiculated residual stress distribution was consisient
with 1hiw! determined with peawon diffraction. High ensile residual
siresses in both IMe longiledinal and transversc direclions were
abserved around the weld toe s the end of thie weld. “The strong spatial
dependency of the residusl siresses in the region aroand the weld
demonsirates that the common iwo-dimensional cross-secion Ginile
element models should not be used for repair welding analysis,

INTRODUCTION

There has been significant advancement in the development of
computationa] modsls e evaluate residual stresses in welded
structures (Hibbidt and Murcal, 1973; Arpyris, ot al., 1982; Lindgren
and Karisson, {982, and Goldak. 1989}, Although three-dimensional
models arc avaifable (Karlsson gid Joselson, 1990; Tekriwal and
Mazumder. 1989), most practical calentatinns have heen carried out
using various two-dimensional cross-seetion inodels, because of the
limitaiion of computational resources in the past. The cross-section
models are based ob the hypothesis tha the deformution of a weld is
Iwo dimensional, satislying the planc strain or generalized planc strain
conditions. It assumes that there ix no out-oi-plane shear stress
componcnts, and the cross section plang does nol warp during heating

and cooling cycle of welding. These assumptions imply that the cross.

section models are limied to the sitwadons where peometfical
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similarity cxists along the weld dircetion, for example, in the regions
arnund the middie sectins of long, siraight single and multipass welds
{Josefson, 1986 Laung and Pick, 1990: and Shim ct al. 1992). The
calculaled residual stress results were found in reasonable agicement
with experimental mcasurcments in those cases, Another type of
problem that has been investigated with two-disicrision modeds is spoi
welds (Mahin o1 al., 1991 and Fenp e al., 1995), where axisymmetry
exisit. Again. in both stadies. the cafeufated residual elastic strain
distributions were in reasonable agreement with the experimental dala
obiaincd with neutron diffraction.

in simulaing welding processes that invelve filier metat
deposition (for example, GMAW and SMAW), proper treatment of
the continuous filler metal deposition requires special considerations
in the formuiation of numerical solution strategy. A vatiety of clement
rebirtivre-activating techniues has been ailempled to address this
issuc, In general, determination of The clement reactivation sequence
prior 1o an analysis is needed. It is also common 1o reagtivate #F the
eleinents representing nne wekd pass al once either bofore thin pass is

_ to be deposited or a s predeterniined lime/temperature insan during

welding of the pass, in order 1o further reduce the complexity
associwed with the prudual clement reactivation scheme tha: is
physicully mure approprime. This pricedure is quite tedious but
generally manageable for the iwo-dirensional models,

There huve been fow models that deal with repuir welding
situations. In many instances. eracks iniliate a8t the regions sround the
weld cads. 1L is thus impontant for an FE moddd 1o provide realistic
residual stress information at thesc critical Jocations. M is cxpecied thal
there would be significant shear siress componcnls normal o (he
cross-seclion in the regions around the weld cnds. Thus, the two-

* dimensional cross-section models do nor spply (Goldak oL al., 1986

and Wang ct gf., 1995), and threc-dimensional modgls are necessary.
In such cases. clements reproscnting the fitler metal need to be
Individually reactivaied only when they ener the moviag weld pooi.
in order 1o simulate the physics of the process appropriately. The
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Figure 1 A schematic drawing of the specimen used for
residual siress analysis,

atorementioned manual clement sebirth procedurt in principle applies
1o simulaic the continuous deposition of filler metal as the welding arc
maves Wrouph. in practice. however, it becomes externely difficult to
implemem in three-dimensional models (Teknwal and Mazomder,
1989), because the elomentx representing onc weld pass cannot be re-
activated ail together st once. In sddition, numericsl dilficuilies may
also ocour in the mechanical analysis upon element reactivation due 10
the dispiacement mismaich hetween the delormed  clements
representing thc weld thal alrcady exist and the fresh undeformed
clements that are just resctivaled. In some other swdics, e
conlinuous meiat deposition is simply ignored by leaving the filler
metal elenents in the svlution domain all the lime (Dighde et al.,
1943). A problem with such treatment is that the high siiffncss of 2
fifler metal clement prios w its deposition disturbs the deformation
pattéins in the sdjscent region.

An ohjective of this study is thus o develop a finiie clement
modeling algorithm which handies the continous metal deposition
sutomatically. This ix achieved by the use of a special bser material
property subrowtine in which clements representing the weld metal are
assigned to have the rigidity of the air. The true mulerial stiffness is
restored only when the element cnters the moving weld pool. The
algorithm is geacral and not limited o the repair welding sitvation, i
can hc cmily adopied in other single or mulipass welding
applications. The atgorithm was implemented in 2 commercial finitc
element code, ABAQUS, by means of uter submutines, The maodel
was then tlested in this stady by simulating the residunl siress/steain
ficid of » TeAl weld overlay clad on a 2'/,Cr-1Mo sicel plate. for
- which neutron diffracicn messurement data of the rexidual sirain ficld
were gvailablc. N is shown thal the culoulaled residval stress
Jisinbution was cousistent with that deteemined  with  neuiron
diffraction.

MATERIALS AND WELDING

A schemalic drawing of the specimen used for residual stress
analysis is shown in Figure 1. The size of the 2-1/4Cr1 Mo sieed plawc
was JOEO6x101.6x12.7 mm (4x4x1/27). The steel plric was given w
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sandard pormalization (1 br. at 900°C + | hr. @ 700°C) beat-
treatment prior 1o welding. The weld filler mew! was un FeAl ailoy
with a nominal composition of Te-34.0A1-4.4Cr (wl %) {Fe-20ALSCr
(w1%)), TeAl was ciad on the surface of the sicel using the manual
GTAW process with stringer bead. The welding dircciion in Figure t
was from Jelt 10 right. The welding purameters varicd during welding
bocuuse of ihe nature of manual welding, The teavel speed. currer and
voltage ranped between 0.84-1,7 mnvis (2-4 ipm), 100-320A. and 10-
12V, respectively. Avernged values were uscd in the finite elcment
maodel. To aveid the formation of cracks in the weld metal, the siecl
plate was preheated to 350°C, The weld bead, approximalely 9.2 mm
wide and 55 mm long. was locgied on Lhe center of the sieel plate
surface,

NEUTRON DIFFRACTION

The datcrmination of residual stresses by neuiron diffraction is
bascd on ihe measurement of the latice strain. €, using a Dragg
reflection from the crysiatline specitnens (Spoonct ci al., 1993 and
Koot ¢t &l,. 1993). According ta Bragp's law,

A= 2f!§i:16 (1)

where A is the neuron wavelengih, d and 20 are. sespectively. Lhe
fattice spacing and diffraction angle of the reflection af interest. From
the measured lakice spacing, the leltice strain is calculated using the
cqualion,

d—d,
dy

L=
{2

where 4, is the unstressed [allice spacing. For a given specimen
orientalion, the strain component parallel fo the scaucring vector is
measured. Strain mapping is accomplishexd usiag a three-dimensions]
translation sage mounted on (he sample lable of the ncuiron
diffractomeict. Fipure 2 illustiotes the caxperimental arrangement in the
present study.

The residual sitcss measurenents were conducted al the High
Flux [sotope Reaciot of Oak Ridge National Laborstory. Incidem
neutrons of 1.614 A waveleagth woere setecied from the (1 | Q)
reflection of » beryllium sinple crystal monochromator al a take-off
anpte of 907, For both the siecl plate and the FeAl weid. diffraction
from ihe (2 | 1) crystatiogeaphic plane was used. At cach locadion, a
diffraction peak profile was recorded with an ORDELA lincar
position-sensitive detector. The recorded peak profile was fined with 3
Gavssian funciion 10 yick) the position (20). inicnsity, and the width
of \he peak. For mapping in the steel, vertical slits of dimeonsions 2x2
mm' and 2x30 mm’ were inscricd before and after ihe specimien,
respeclively, defining a sampling volume of 2x2x2 mm’. A 6x6x50
mm' coupon cul from an idendcal siecl plale was used to dewermine
the d, of the steel. For mapping in the FeA) weld, the sampling volume
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Figure 2 Experimental setup for neutron diffraction based
sirain mapping.

was 2x2x5 mr', defined by pair of vertical slits with the dimensions
2x% mm® and 2x30 mm’, respectively. The composilion of the FeAl
weld mcral changed from thay of FeAd filler rod due 10 the dilution
helween the buse steel and the FcAl fitler. A reference specimen for
the FeAl wold cannot be made withowt cuuing the specimien.
Howoever, since the Lthicknass of the weld-overlay was smail {~1 mm),
i1 is reasonable (0 assume that the iesidual stress siate in the FeAl weld
is bi-axial. In this case, rosidual sirains in the FeAl weld wene obtained
withoi#t the need ol a reference specimen,

FE MODEL :

The thermumechanleal behavior of the weldmend during welding
can be simulalcd using the uncoupled formulation, because the
dimensional changes wre négligible and the mechanical work done is
insigmificant compared 1o the theymal epespy from the welding are
fHibbi and Marcal, 1972} A recent sludy (Feug 2t al., 1999) using
both the coupled and uncoupled models for the same GTAW spol
weld on steel disk pravides funther evidence that supporis the validity
of the uncoupied approach.

In the uncoupled formulation, the hcal transfer analysis was
decoupicd from 1he mechaunical analysis. However. (he formufation
considered the contributions of the Iransient temperature (ield (o stress
wnalysis through thermal expansion and voluntetric change, as well as
temperaturc-dependency of thermophysical and mechanical properties.
The solution procedure was in principc similar 1o those used in 2-D
FE znalyscs of welding residual stress and distorion probiems
(Josefson. 1986; and Tenp et al, 1995). The tamperature history
during wclding and subsequent cooling of the weldment was
calcuisted fickt, independent from the mechanical analysis. The
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wemperaiwre hisiory as calculated in the heat ransfer analysis was Lhen
uscd as a thennal load in the subsequent ipechanical calculaion.

“The finite clemem model was construsted according o the above
experimental essentials. The weldment was moshed using 8 node brick
type clements. For the mechanicsl snalysis, reduced integration and
hourglass comrot were adopied. The madel conxisted af abaw 4500
elemctls. with finer elements in the weld and adjacen! regions,

Temperswre-dependen:  thermophysical  and  mechanical
properties were uzed. They were colfected from various sources
{Maziasz ot al.. 1992; Pomer and Maziase. 1993; Schneibel, 1994: and
ASM, 1990). For simplicity, the cifoct of weid dilution on the
properties changes was ignored. The thermal conduciivity of boih steel
and FeAl above their respective meiting temperalurcs wus anifically
increasedd 1o compensate for the convective heat transfer offcet in the
molting weld povl. The meclianical consiitutive hehavior was assumed
10 be rate-independent clasto-plastic enes obeying the von Mises yield
criteria and associated flow rules., )

In the beat wansfer analysis, the heat from the maoving welding
are wis applied as a volumetric heat source. aking an cllipsoidal form
proposed by Goldak et al. (1984):

6 Vi

U B
g= oexp -y — Sy
T a W

where, the are efficiency, n, was assumed o be 70% for the
manual GTAW process, The charscierdisuc parameters (a, b, ¢) were
taken 10 be 4.5, 4.5, and 2.5 mim respeclively. The coordinate sysiem
is defined in Figure 1. The Z=0 planc ix coincident with the inertace
between the sicel plate and the FeAl weld. The beat Mux was only
applied to the Z<() scrai-infinitc space (i.c.. in the sieed plate only}, duce
10 energy conservation consideration {Goidak c al., 1984).

The clements that represent the wold boad always cxisi during the
hieat transfer analysis. However, the thermal conductivity and the heal
capacity of lhese clements were firsl assigned (o smail values to
represent the cxistence of the air, using the field vanble concep in
ABAQUS, They were swilched back o the actual propertics of FcAl
on inlegration paint hasis when an integratinn point cniered a region
of 10 mm in Jismeier [rom the cemer of the moving welding arc, as
the welding arc passcd through these clements during the course of
welding. This treatment implics Lhat the cffecis of convection and
sadiation in the region occupied by the weld clements lovated in front
of the weld poal were not ineluded in the model.

Stmilarly, in the mechanical analysis. the model first assigned a
sel of artificial, very soft properties Tor elements that are 10 be welded
later, The eloments wert thed swilched back (o the aciual propertics on
integration point basis a5 the material at the integration poind Began 1o
sofidify from the weld pool. 1n order to avoid numcrical convergence
problems, (he switching was done based on the icmperuure al
integrution poinl, not on the location relative Lo the cenier of the
welding arc, The reason is that the size of 1he weld pool varied during
welding beeause of the initial and terminal wansicnl {emperature
stages al the weld cnds. In addition, the unrealislic plastic sirains
accumulated prior to the switching werc climinsied within 1he
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increment in which 1he switching ook pisce. A UMAT user
subrouline was writien for this purposc.

RESULTS

C . { Elaglic Stral

Comparisons bewween the newtron diffraction measurement and

the (inile element modeling resuits arc made on the elastic strain basis,

As notcd by Mahin et al. (1991}, this is 1o avoid ambiguitics in
converting stresses {rom the measured elastic strains.

Figure 3 shows the comparison of the longiludinat elastic strain
component near the top surfacc of the steel plate. The neulran
diffraciion data were obtained af \he planc of #=-2 mm beneath the
surface, whereas 1the finiie element anatysis resulls were for the z=-1.5
ang -3.0} mm plancs. respectively. Note that the neutron diffrsction
data actuslly represens gveraged values of a 2 mm thiek layer. Overall,
the finite cicment tesuhs and the neutron diffraclion data wre
cansistent in werms of the general strain distribution patterns as well us
the magnitede of the sirains. According to the caleulation, the
muximum and minimum lopgithdinal elasiic siraing are about 14x 10"
and -Rx |07, respectively, whersas the cotresponding measured values
arc 12x10* and -6x10*. “The transitions from teasion sirain zone
compression strain zone are aiso comparabie, The region that exhibits
the largest differcnces is located heneath the weld where the FE model
overpredicts the moasurcd values. One possipic reason i due to the
neglect of the diluton cffect of weld metal in the FR wndel, which
may significantly alter the mechanical properties of the weld mewal and
thus the siress equiliboium in the surrounding regions, It should be
noled that the mechanical properties of FoAl alloy are gencrally very
sensitive 10 1he chemical compesition changes. Another possible catise
could he that experimenial conditions were nol well controfled during
the 1ranual welding.

Cormnparisons between the transverse elastic sirain companent in
the sicel plate are ittugtrated in Figure 4. Only baif of the plae was
mcasurcdd with neutron diffraciion. Again. the FE model was able 1o
piedict the genera! distribution paierns ane! magnitudes of the
trAnAVErSC siraids as measured by neutron diffracion. A noticeable

" ¢hfference was in the region beneath the weld start where hiph fensile
sirains were measured whereds maderate compression sirping were
caiculated. Fornher sudy is being conducted to reven! the cavses of
such discrepancy.

fiesldunl Sirass Bistributions

The finile clement model predictions of Lhe oversll residun) stress
distributions in hoth the steel piaic and the FeAl weld arc shawn in
Figure §. The normal siress component @, is small everywhere in the
specimen. As for the longitudinal siress component o, the FeAl weld
metal expericnces high amd uniform tensile stress, The regions in the
stect plate beneath the weld alio show tensile stress. tligh ensile
residual stresses in the bhasc steel plate around the weld toes ot hoth
weld ends are ¢learly observed, indicating these vepions are preferred
failurc sitcs from the siress view point, Particularly, in comparison
with the staning end of the weld. greater tensile stress concanuation
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Figure 3 Comparison of longitudinal efastic strain
contours In xteel plate {x10,000); Top: FEM resuits in the
piane 1.5 mm from FeAlsteel interface, Middie: Neutron

mapping at 2 mm, Boltom: FEM results at 3 mm
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Flgure 4 Comperison of the transverse elastic stralny
{x10.600); Top: Neutron mapping at 2 mm depth, Bottoin:
FEM resulis at 1.5 mm depth.

appears in the steel plate pear the finishing encd. Thix is ponsistent with
the observation that (he finishing cnd of & weldd is more suscepiible 1o
Matigue crack iniliation. .

The distiibution of the tansverse stress o, is quite Jilferent. The
magnide arkl (he sign of the wansverse stress depend strongly upon
the focation in the region beneath the weld. High tenslic stresses are
concentrated around Lthe finishing end of the weld, whereas the
transverse stiesses around the staning ond of the weld are fow, ur cven
in compression. There is also significent in-planc shear siress o,
araund both ends of the weld. But it diminishes around the middle
section of the weld, Clearly, the strong asymmetric disiribution of the
transverse and in-planc shear stresses indicates the necessity of using
three-dimensional Rodets.

SUMMARY

Tu this study, the residual seress ficld of FoAl cladding on a 2-
1/44Cr- 1Mo steel was simuisted using \he finite clemem madel in
which the continuous deposition of FecAl during welding was
simudaied. The computed clastic strain distributions anre generstly
consiswent with the neatron diffraction mapping results.

PIaras a4 B P e A B

Both ihc finite ciement analysis and the ncutron diffraction
mearurement roveal that wensile lonpiuxling] stresses oxist in the weld
metal and the surounding arcas. The disuribution of the transverse
stress it highly dependent upon the location. Panticularly, there are
high tensile longitndinal and transverse residual strosses wrouwml the
weld toe at the ends of the weld,

The stmng spatiat dependency of gansverse and in-plane sheat
stress along 1the wel! direction indicates the wwo-dimensional cross-
scetion modkels are ne fonger applicable and three dimensional models

“have 10 be used in order 10 oblain valid residual stress information at

the weld ead regions where erack initiation is ofien observed.
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