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2 GazdeFrance361av. du PŕesidentWilson B.P. 33, 93211La PlaineSaint
Denis,France
3 CEA/SaclayCEREM/SRMA91191Gif/YvetteCedex, France

ABSTRACT: Assessing a flaw acceptability in a weldedstructure by meansof a
failure assessmentdiagram (FAD) can be difficult whenaccurate data (Kmat , local
behaviors) on theheterogeneousmaterials of theweldare not available. Theaim of
this work is to demonstrate that the coarsegrainedheataffectedzone(CGHAZ)is
the criti cal microstructure of the studied weld and to study the behavior mismatch
of the different materials. Therefore bending testson as received weld blankswere
conducted andshowedfailure initiation in theCGHAZ. Thismicrostructure wasre-
producedusing a GLEEBLE 1500thermal simulator. CharpyV-Notch testson weld
metal(W-M), basemetal(B-M) andsimulatedCGHAZ were madeshowing thebrit-
tlenessof theCGHAZ andthemismatch diminution with increasingσy. Smooth ten-
sile tests on B-M andW-M showedthesamemismatch evolution.

INTRODUCTION

The welding processcreatesin the basemetal (B-M) a heataffectedzone
(HAZ) in the vicinity of the weld metal(W-M). As the temperaturehistory
variescontinuously in theHAZ only smallsizedomainsof homogeneousmi-
crostructurearefound.Whenassessinga flaw acceptabilityin sucha welded
structure,thecomplex microstructurefeaturesandthe residualstressesmay
leadto thenecessityof usinghigh securityfactorsbecauseof thelack of ac-
curatedata. The paperattemptsto investigate the brittle failure conditions
of a pipelinesteelbutt weld. The failurepropertiescanrely on both themi-
crostructurepropertiesandthemismatchbetweentheW-M andtheB-M. The
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coarsegrainedheataffectedzone(CGHAZ), in mostcases[1] [2] but not all
[3], [4] is themostcritical material.Thereforethis studyfocusesonshowing
that for thestudiedweld theCGHAZ is themostcritical microstructureand
on studying theB-M andW-M behavior mismatchin orderto improve esti-
matesof thelocal loadingof theweld.
First, bendingtestson asreceived weld blankswereperformedat low tem-
peratureto determinein which microstructure thebrittle failure initiates. As
thesetestsshowed failure initiation in the CGHAZ, this microstructurewas
reproducedby thermal treatmenton volumesbig enoughto machinesub-
sizedCharpy V-notchedspecimens(CVN). The CVN energiesof the B-M,
W-M andCGHAZ werecomparedat varioustemperaturesandtheacquired
loaddisplacementcurvesshowedthemismatch(M) evolution with theyield
strengh(σy). Tensiletestsshowed the sameevolution. The work is still in
progresson applying the local approachto predict the weld failure but the
presentstudyalreadyshows how the CGHAZ is undeniablythe critical mi-
crostructure.

PROCEDURE

Butt weldedpipelineparts(6 passwelding)wereprovidedby GazdeFrance,
their wall thicknessis of 10mmand the pipelinediameteris 500mm. The
materialsarepresentedin thenext section.
Four points bendingtestson the weld itself were performedusing an IN-
STRON servo hydraulic testingmachineequippedwith a temperaturecontrol
system.Full thicknessspecimens(fig.1 a) werecut out of thepipe-linebutt
weldandthetestswereperformedat -196

�
C in orderto obtainbrittle failure.

Dueto thelow thicknessof thepipesub-sizedCharpy V-notched(CVN) spec-
imenswereused(fig.1b). TheW-M specimenswerecut from mouldsfilled
with thismaterial.TheCGHAZ specimenswerepreparedby applyingather-
mal cycle to 60 � 11 � 8mm3 B-M blanks,usinga GLEEBLE 1500thermal
simulator. All thespecimenswerecut in thesamedirections(T-L) of thepipe
(fig.4). Thetestswereperformedonaninstrumentedpendulumof 300Jat the
CEA/SRMA.
B-M andW-M tensiletests(fig.1c)werealsoperformedbetween-196

�
C and

+100
�
C underthequasi-staticregime(ε̇ � 5 � 10

� 4).
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Figure 1: (a)Fourpointbendingof theweldwith misalignmentandgeomet-
rical discontinuities;(b) CVN specimen;(c) Smoothtensilespecimen

MATERIALS

TheB-M werecut from theweldedpipelinefar away from theweld. TheW-
M wasdepositedin moulds(20mmthickness)in orderto obtainlargeenough
volumesof materialto machinespecimens.Thebaseandweld metalscom-
positionsaregiven in table1 whereaswelding conditions aregiven in table
2.

TABLE 1: Chemicalcomposition of thebaseandweldmetals(weight%) and
meanmicro hardnessoversix measurments.

C S Si P Cr Ni Mn hardnessHV0 � 1
B-M 0.14 0 � 012 0.18 0.010 0.01 0.01 0.67 157
W-M 0.14 0.006 0.23 0.009 0.04 0.008 0.68 185

Thebasemetalmicrostructureis composedof ferrite andpearlite(fig.2).
A segregated bandis found at mid thicknessof the plateandelongated ( �

100µm ) MnS stringersarefoundall over thewall thickness.Theweldmetal
is ferritic with smallcarbidesat thegrainboundaries.
The CGHAZ is a mix of upperbainite,ferrite andpearlite. Its meanmicro-
hardnessis 173HV0 � 1.

RESULTS and DISCUSSION

Four point bendingtestswereperformedon as received weld blanks. The
two weldedpartsweremis-aligned( � 1mm) andthe last welding passcre-
ateda geometricaldiscontinuity at the surfaceof theCGHAZ. Nevertheless
thesetestsshowedthatwhentesting thewholeweld thefailureinitiatesin the
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Figure 2: Microstructuresof thebasemetal,theweldmetalandtheCGHAZ.

CGHAZ (fig.3). Secondarycrackingwasevidencedontheload/displacement
curvesby pop-inphenomenaandonpolishedetched(nital 4%)cross-sections
of fracturedwelds.Thesesecondarycracksareall locatedin theCGHAZ, this
is anotherevidenceof thebrittlenessof theCGHAZ.
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Figure 3: Four pointbendingloaddisplacementcurveandsecondarycrack-
ing in theCGHAZ.

TheCGHAZ microstructurewassimulatedusinga Gleeble1500thermal
simulator. First,Rosenthalanalysis[5] (eq. 1) wasusedto estimatethetem-
peratureevolution in theCGHAZ andsoto obtainthepeaktemperature(TP)
andthecoolingcriterion(∆tT1

T2
) neededto useRykaline’s thermalcycles(eq.

2). Theparametersof equation1werefittedin orderto reproducethetempera-
tureevolution experimentally measuredduringthelastpassweldingsequence
(fig.4).

T � T0
� H � Va

2 � π � Γ � ra
� exp

� � Va
ζ

2 � k � � exp � � Va
ra

2 � k � � 1�
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TABLE 2: Weldingconditionsandparametersusedto simulatetheHAZ ther-
malcycles

Power (UI) 3900W
Output (η) 0.6

Speedof thearc (Va) 2.6mm/s
Thermalconductivity Γ � 0 
 028J/mm� C
Specificvolumicheat ρc � 0 
 0044 J/mm3. � C

Platethickness t=10mm
Interpasstemperature T0 � 150� C
Thermocoupledistance y=5mm,z=8mm

H � U � I � η
Va

k � Γ
ρc

ζ � x � Vat r2
a � ζ2 � y2 � z2

This equationwasappliedwith the parametersfitted for a point located
in the CGHAZ region. This first thermalcycle was appliedto blankscut
from the basemetal,andsubsequentlymodifiedso that the simulatedCG-
HAZ microstructure(fig 4) matchedthe actualweld CGHAZ with respect
of phases,hardness,andcrystallography(EBSD).TheCGHAZ doesnot ex-
hibit a bandedmicrostructurebut thebasemetaldoes.To reducethis effect
a first temperaturepeakat 1300

�
C followed by a rapid cooling(∆t800

500
� 5s)

wasnecessaryto obtaina morehomogeneousmicrostructure.Afterwards,a
secondthermalcycle TP

� 1200
�
C ∆t800

500
� 19senabledto obtainthedesired

microstructure.
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Figure 4: Thermocouplelocation during welding (left), SimulatedCG-
HAZ(right)

TheCharpy ductileto brittle transition(DBT) curvesareshown in figure5.
TheCVN energy decreasesin theductileregimewhentemperatureincreases,
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so the regular tanh curvescould not be fitted to the datasets. The function
usedto describethe impactenergy versustemperatureis given in eq.3from
[6] whereL representslower shelf valueandH(T) the so calleduppershelf
valuewhich is allowedto decreasewith temperature.

CVN
�
T � � L � H � T �

2 � H � T � � L
2 � tanh � T � T0

c �
H

�
T � � H0 � k

�
T � T0 � �

3�
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Figure 5: Charpy DBT transitioncurves

TheseDBT curvesshow thatbetween-60
�
C and50

�
C (DBT) theCGHAZ

is themostbrittle material.TheCGHAZ is still brittle at 20
�
C, whereasthe

B-M andtheW-M arealreadyductile. Even in theuppershelf theCGHAZ
impactenergy is the lowest. So in termsof materialpropertiesthe failure is
mostlikely to occurin theCGHAZ.
At lower temperatures(brittle regime,T � 60

�
C) the impactenergy is fairly

the samefor theB-M andCGHAZ, in fact the failure occursfor very small
displacements,the energiesarevery low and it is not possible to conclude
from thesetestswhethertheCGHAZ is morebrittle thentheB-M or not.
The loaddisplacementcurvesof thesetests(fig.6) show that theW-M over-
reachesthebasemetalat temperaturesabove -60

�
C. But this over-matching

decreaseswith temperatureandtheB-M andW-M areeven-matchedat-60
�
C

underdynamicloading. The samephenomenonwasobserved with smooth
tensiletestsontheB-M andW-M (fig 7) : Themismatchdecreaseswith tem-
peratureandthetwo materialsareevenmatchedat -196

�
C.Thistemperature

is lower thanfor theCVN testsbecausethephenomenon is enhancedby the
dynamicloading.
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Figure 6: Load/ deflectioncurvesof theinstrumentedCharpy tests
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Figure 7: Comparisonof theB-M andW-M behaviors evolution with tem-
perature: RP

0 � 2 proofstress(left) andstressstraincurves(right)

As hasreportedin [2] theMnS stringersarenot modifiedby thewelding
heattreatment.ThereforetheB-M andsimulatedCGHAZ havesimilarfailure
modesbut not at thesametemperaturesbecauseof thebrittle microstructure
of CGHAZ. In the upper-shelf the failure occursby lamellartearingaround
theMnSstringers.In theDBT domainthis lamellartearingenablesthestress
concentrationneededfor theonsetof cleavage(fig.8).
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Figure 8: Failure modeof the CGHAZ in the DBT a) transition lamellar
tearingto cleavage;b) cleavageinitiation in front of a lamellartearingcrack;
c) MnS inclusionsinsidelamellartearingcracks
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CONCLUSIONS

1. TheCGHAZ is themostbrittle materialof thebutt-weldedjoint.

2. Thefailureof weld is governedby thefailureof theCGHAZ.

3. The weld mismatch is a function of temperatureandstrainrate. This
hasto betakeninto accountbecausethelocal strainandstressstatein
theCGHAZ is influencedby themismatch.

Furtherwork is actually in progressin order to apply the local approachto
predictthe failureof theweld. This work focuseson modelingthebehavior
andbrittle failurecriterionfor thevariousweldconstituents(B-M, W-M, CG-
HAZ).
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