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Post-weldingbehaviourofS690Qhighstrengthsteelbuttjoints
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Abstract:Inthisstudy,weinvestigatedthepost-weldingbehaviourofS690Qhighstrengthsteelbuttjoints
experimentally.ThreeS690Qhighstrengthsteelbuttjointswereweldedwith8mmthicknessplateby
shieldmetalarcweldingwithdifferentweldingheatinputs.Microstructureobservationandmicro-hardness
testofheat-affectedzonewereemployedtorevealtheweldinginfluenceonthejointsatthemicrolevel,and
tensiletestofS690Qhighstrengthsteelbuttjointsshowedtheweldingimpactatthemacrolevel.The
microstructuretestindicatedthatthemainmicrostructureoftheS690Qhighstrengthsteelwastempered
martensiteandwastransformedtogranularbainiteinthecoarse-grainedheat-affectedzoneandtoferrite
andcementiteinthefine-grainedheat-affectedzoneafterweldingofthejoints.Inthetemperingzone,some
ofthetemperedmartensitedecomposedtoferrite.Basedonthehardnesstestresults,itcanbeobserved
thereisasoftlayerintheheat-affectedzonewithlowerhardnesscomparedwiththebasematerial.In
addition,thewidthoftheheat-affectedzoneincreasedinthejointweldedwithhigherheatinput.The
subsequenttensiletestshowedthattheformationofasoftlayerdirectlyimpairsthetensilebehaviourof
S690Qhighstrengthsteelbuttjoints,andthestrengthdeteriorationbecomesmoreseriouswiththe
increaseoftheweldingheatinput.
Keywords:highstrengthsteel;buttjoint;microstructure;hardness;tensilebehavior

S690Q高强钢对接节点的焊后性能
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3.新南威尔士大学,堪培拉,澳大利亚)

摘 要:通过试验研究了S690Q高强钢对接节点的焊后性能。利用手工电弧焊焊接了3个厚度为

8mm的S690Q高强钢对接节点,焊接过程中对3个节点分别采用不同的焊接热量。在微观层面

上,用微观结构测试和微观硬度测试研究焊接对于节点的影响;在宏观层面上,通过拉伸试验研究

焊接对于节点力学性能的影响。微观结构测试结果表明,S690Q高强钢的主要微观结构是回火马

氏体。焊接后,在粗晶热影响区会转化为粒状贝氏体,在细晶热影响区会转化为铁素体和渗碳体,
在回火区部分回火马氏体会分解成铁素体。基于硬度测试结果,可以在热影响区内发现软化层的

存在,软化层与母材相比具有较低的硬度。此外,热影响区的宽度也随着焊接热量的升高而增大。
拉伸试验表明,焊接对于S690Q高强钢节点的强度具有劣化作用,这主要是由焊接过程中形成的

软化层造成的。所有测试节点的失效位置均位于热影响区,而且随着焊接热量的升高,强度的劣化



现象也变得越来越严重。
关键词:高强钢;对接节点;微观结构;硬度;拉伸性能
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1 Introduction

Highstrengthtoweightratioinsteelstructuresis

animportantadvantagesinceitcanresultinbetter

architecturalexpressionandeconomicbenefitssuchas

lesslaborandtransportationcosts[1]. Withthe

development of metallurgical technology,the

strengthtoweightratioofsteelisfurtherimproved
byusinghighstrengthsteelwithyieldstrength

higherthan 460MPa. Among different high
strengthsteelavailableinthemarket,reheated,

quenchedandtempered highstrengthsteelis

preferredsinceithasprominentweldabilitydueto
similarchemicalcompositionwithnormalsteel.

Generally,reheated,quenchedandtemperedhigh
strengthsteelisavailableintheformofplatesince
itismoreconducivetoachievinguniformmaterial

propertiesunderthequenching andtempering
process.Thatmeanswelding,whichisusually
accompanied by dramatic temperature change
aroundthejoint,isinevitableforthebuilt-up
reheated,quenchedandtemperedhighstrength
steelstructural member.Accordingtorelated
investigations,reheated,quenchedandtempered

highstrengthsteelisquitesusceptibletohigh

temperatures[2-3],and its strength could be

significantlyreducedaftercooling[4-5].Previous

studyalsorevealedthatweldedhighstrengthsteel
buttjointslost3%to8%tensilestrengthinthe

conditionoftheareawithreducedstrength(soft
layer)rangingfrom0.33to0.6timesofspecimen

thickness[6].

Theformationofasoftlayerinweldedhigh
strengthsteelbuttjointsis mainlycausedby
microstructuretransformationintheheat-affected
zone.Theheat-affectedzoneoftheweldedbutt

jointscanberoughlydividedintothreesub-heat-
affectedzones,includingthecoarse-grainedheat-
affectedzone,thefine-grainedheat-affectedzone

andthetemperingzone[7].Inthecoarse-grained

heat-affectedzone,thebainiticmicrostructureand
martensite-austenite(M-A)constituentsconstitute

themain microstructureafterwelding[8].These

microstructures have slightly lower hardness
compared with the base material (tempered
martensite)butaresensitivetocleavagecracking,

especiallywhensomeausteniteisretainedafterthe
bainitetransformation.Themainmicrostructures
ofthefine-grainedheat-affectedzonearegenerally
composedofferrite,pearliteorcementite[9].Inthe

temperingzone,partsofthetemperedmartensite
decomposetoferriteaftertheweldingprocess.
Sinceferrite,pearliteorcementitecommonlyhave
lowerhardnesscomparedwithtemperedmartensite
orbainite,thefine-grainedheat-affectedzoneand
thetemperingzoneareusuallyregardedassoft

layer[10]. Overall, the microstructure

transformationcausedbyweldingleadstonotonly
thereductionoftensilestrengthbutalsosignificant
nonhomogeneityofthematerialwithintheheat-

affectedzone[11].

Inthisstudy,thepost-weldingbehaviourof
S690Q high strength steel butt joints was
investigatedexperimentally.Threebuttjointswere
weldedwith8mmthicknessreheated,quenched
andtemperedS690Qhighstrengthsteelplateby
shieldmetalarcweldingwithdifferentweldingheat
inputs.The microstructuretransformation and
hardnessdistributionintheheat-affectedzonesof
thejointswererevealedbylightopticalmicroscopy
andmicro-hardnesstests,respectively.Afterthis,

tensiletestswereconductedtofindoutthewelding
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influenceonthestrength ofthe S690Q high
strengthsteelbuttjoints.

2 Materialpropertyandjointfabrication

Thehighstrengthsteelusedinthetestswas

gradeS690Qwithnominalyieldstrength690MPa
and tensile strength between 790 MPa and
930MPa.Theplateisdeliveredbythereheated,

quenchedandtemperedprocedure,anditschemical
compositionissimilartothatof mild steel.
Therefore,ithasfavorableweldability[12-13].The
weldmaterialLB-80L wasusedasfillermetal,

satisfyingthespecificationofAWSA5.5E11018-
G[14].The mechanical property and chemical
composition(togetherwiththecarbonequivalent
CE)ofS690QhighstrengthsteelandLB-80Lare
listedinTable1and2,respectively.Itcanbeseen
fromTable1thatthemechanicalpropertyofthe
fillermetalisquitesimilartothatoftheS690Q
highstrengthsteelused.

Table1 MechanicalpropertiesofS690highstrength

steelandweldmetal

Material
Elastic

Modulus/GPa

Yield

Strength/MPa

Ultimate

Strength/MPa

Elongation

/%

S690QHSS 208.9 745.2 837.8 14.5

LB-80L 210.0 767.0 848.0 22.0

Table2 ChemicalcompositionofS690highstrength

steelandweldmetal % 

Material C Si Mn P S Ni Mo CE

S690QHSS0.14 0.40 1.350.0120.0030.01 0.12 0.40

LB-80L 0.05 0.56 1.370.0090.0052.77 0.76 0.33

ThreeS690Qhighstrengthsteelbuttjoints
with8mmthicknesswereweldedbyshieldmetal
arcwelding.Differentdiameterelectrodes,suchas
3.2mm,4.0mmand5.0mm,wereusedtogain
different welding heat inputs. Four type-K
thermocoupleswith1000℃ measuringlimitation
wereemployedtomonitorthetemperaturehistory
of the butt joints during welding, named

thermocouple-1,2,3and4,respectively.The
arrangementofthethermocouplesispresentedin
Fig.1(a),andthecorresponding positionsare
describedinFig.3(a).Thetemperaturemeasurement
deviceisTDS-530datalogger,asshowninFig.1(b).
Thejointswereallweldedwithfourpassesmarkedby
1,2,3and4inFig2.

Fig.1 Testsetupfortheweldingprocessofthe

S690Qhighstrengthsteelbuttjoints
 

Fig.2 Configurationoftheweldingpasses
 

Theweldingparametersofeachweldingpass
forthethreejointsarelistedinTable3.Itshould
benotedthattherootpassforallthejointsinthis
studywascompletedusinga3.2mmelectrodewith
voltage30Vandcurrent73A.Infact,theaverage
weldingheatinputofBJ8-5.0waslowerthanBJ8-
4.0.Thatisbecausethedepositionrateofthe5
mmdiameterelectrodewastoohighforBJ8-5.0to
controlthe weldingqualityifusingthesame
weldingspeedforBJ8-4.0.Therefore,thewelding
speedofBJ8-5.0wasincreased,anditsaverage
weldingheatinputwasreduced.Thetemperature
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Fig.3 DimensionoftheweldedS690Qhighstrengthsteel

buttjointandmachined-outcoupon
 

historycurvesofthebuttjointaredescribedin
Fig.4.

Table3 Weldingparametersofreheated,quenchedand
temperedS690Qhighstrengthsteelbuttjoints

Specimen

Electrode

diameter/

mm

Voltage/

V

Current/

A

Pass

number

Weldingheat

inputperpass/

(kJ·mm-1)

Averagewelding

heatinput/

(kJ·mm-1)

BJ8-3.2 3.2 30

73 1 1.13

117 2 1.33

117 3 1.17

117 4 1.36

1.25

BJ8-4.0 4.0 30

73 1 1.37

125 2 1.50

125 3 1.65

125 4 1.81

1.58

BJ8-5.0 5.0 30

73 1 1.37

160 2 1.54

125 3 1.62

125 4 1.43

1.49

Aftertheweldingprocesswascompleted,an8
mm×12mm×40mmblockandtwocouponswere
machinedout.Thepositionoftheblockand

Fig.4 TemperaturehistorycurvesofS690Qhigh

strengthsteelbuttjoints
 

couponsinthebuttjointispresentedinFig.3(a).
Theblockwasfurthercutintotwohalvesfromthe
centerline ofthe weld.One was used for
microstructureobservation,andtheotherwasused
forthemicro-hardnesstest.Themicrostructure
andmicro-hardnesstestswereemployedtoreveal
theweldinginfluenceonthejointatthemicro
level.Thecouponswereusedinthetensiletestto
findouttheweldingimpactonthestrengthofthe
S690Qhighstrengthsteelbuttjointsatthemacro

level.Thecorrespondingdimensionisillustratedin
Fig.3(b).

3 Testresults

3.1 Microstructuretest
Onehalfoftheblockwascastwithepoxy,

polished,etchedwith2%nitalsolutionandthen
observedunderalightopticalmicroscopetostudy
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thedetailedmicrostructuretransformationinheat-
affectedzone.Intheweldingprocess,thepeak
temperatureofthecoarse-grained heat-affected
zoneisalmostuptothemeltingpoint(higherthan
Ac3),andthecoolingrateofthecoarse-grained
heat-affectedzoneinthefollowingcoolingstageis
quitefast.Thisweldingthermalcycledirectly
resultsinthecoarseningofthegrainsize[15].From
the perspective of microstructure, with the
temperatureofthecoarse-grained heat-affected
zoneaboveAc3,thegrowthofaustenitegrainsis
improved due to extended time at high
temperature.Theconsecutivefastcoolingleadsto
the generation of a coarse martensitic
microstructurefromtheaustenite[16].Thecoarse-
grainedheat-affectedzoneofthehighstrengthsteel
joint is generally accompanied by several
detrimentalcharacteristics (largeprioraustenite
grainsize,upperbainite,martensite-austenite(M-
A)constituents,and microalloy precipitates)

whichmayleadtolowesttoughnessintheheat-
affected zone. Among the mentioned
microstructuralfeatures,the M-A constituent
(cracksusceptibility)playsanimportantrolein
leadingtothedecreaseofjointtoughness[17].The
peaktemperatureofthefine-grainedheat-affected
zone also exceeds Ac3,resultingin afully
austenitizedlocal microstructure.Nevertheless,

thetimeaboveAc3inthefine-grainedheat-affected
zoneisshortandlimitsthegraingrowth.The
microstructuresmainlyconsistofferriteandalittle
pearlitewithgrainsize1-3mm.Comparedwith
martensiteinthecoarsegrainheat-affectedzone,

theferriteandpearliteinthefine-grainedheat-
affectedzonehavelowerhardness,andtherefore
have a softening effect on the mechanical
performance of high strength steel welded
joints[18].

Fig.5showsthemicrostructureofthebase
material,thecoarse-grainedheat-affectedzone,the
fine-grainedheat-affectedzoneandthetempering
zone. As show in Fig.5 (a),the main

microstructureoftheS690Qhighstrengthsteel
usedinthetestswastemperedmartensite.After
welding,thetempered martensiteofthebase
materialwastransformedtogranularbainiteinthe
coarse-grainedheat-affectedzone(Fig.5(b)).The
granularbainitewascomposedofabainiticferrite
matrixandthemartensite-austenite(M-A)phase
asthesecondphase.Inthefine-grainedheat-
affectedzone,themicrostructurewastransformed
toferriteandcementite(Fig.5(c)).Compared
withferriteandcementite,granularbainiteis
generallyharder,butislowerintoughness.Inthe
temperingzoneoftheheat-affectedzone,someof
thetemperedmartensitedecomposedtoferrite,as
showninFig.5(d).

Fig.5 MicrostructureofS690Qhighstrengthsteel,

coarse-grainedheat-affectedzone,fine-grained

heat-affectedzoneandtemperingzone
 

3.2 Micro-hardnesstest

Vickershardnessmeasurementwascarriedouton
amicro-hardnesstesteraccordingtoISO6507-1[19]

using500gforce.Fourlinesofindentationswere
madeatdifferentthicknesspositionofthebutt
joints,andtheindentationswerelocatedthrough
weld,coarse-grained heat-affected zone,fine-
grainedheat-affectedzone,temperingzoneand
base material sequentially for each line,as
presentedinFig.6.Theobtainedmicro-hardness
valuesofthebuttjointsareshowninFig.7.The
blacklineshowsthephysicalboundaryoftheweld
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bevelwhichcouldbeconfidentlytakenasthe
boundarybetweentheweldmaterialsandtheheat-
affectedzone.

Fig.6 IndentationdistributiononS690Qhigh

strengthsteelbuttjoint
 

Asaresultoftheseveretemperaturechanges
inthe heat-affected zone during the welding
process,themicrostructureswithlowerhardness
formedinthefine-grainedheat-affectedzoneand
thetemperingzoneleadtotheformationofasoft
layer.InFig.7,thesoftlayerisdefinedasthearea
betweenthetworeddashlines,havingrelatively
lowerhardnessvaluescompared withthebase
material(S690Q highstrengthsteel)withthe
hardnessrangingfrom270Hv0.5to280Hv0.5.
Thewidthofthesoftlayerwas6mm,8.875mm,

and7.125mmforBJ8-3.2,BJ8-4.0andBJ8-5.0,

respectively,whichmeanstherelativethicknessof
thesoftlayer(theratioofthewidthofthesoft
layerovertheplatethickness)was0.75,1.11,

and0.89,respectively.Consideringtheaverage
weldingheatinputforBJ8-3.2,BJ8-4.0andBJ8-
5.0was1.25kJ/mm,1.58kJ/mmand1.49kJ/

mm (listedinTable3),respectively,itcanbe
concludedthatthesoftlayerbecomeswiderforthe
weldedS690Qhighstrengthsteelbuttjointswith
thesamethicknesswhenhigherweldingheatinput
isadopted.Thesameconclusionisalsosuggested
byHochhauserandRauch[6].
3.3 Tensiletest

TensiletestsoftheS690Qhighstrengthsteel
buttjoints wereconductedonthe5900series
universaltestinginstrumentsaccordingto EN
10002-1[20].Anextensometerwith50mmgauge
lengthwasusedtocapturethedeformationofthe
coupon.Theloadingratewassetas0.5mm/min

Fig.7 Micro-hardnessdistributionofS690Qhigh

strengthsteelbuttjoints
 

untilthejointfractured.FromFig.8,itcanbe
seenthatthetestedbuttjointsallfracturedwithin
theheat-affectedzone.Thecorrespondingstress-
straincurvesarepresentedinFig.9.

Fig.8 FailuremodesofS690Qhighstrengthsteelbuttjoints
 

Fig.9 Stress-straincurvesofS690Qhigh

strengthsteelbuttjoints
 

Boththestrengthandtheductilityofthe
S690Qhighstrengthsteelbuttjointdeteriorated
afterwelding,andthedeteriorationofmechanical
performancebecamemoreseriouswiththeincrease
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ofweldingheatinput.Thecharacteristicstrength
ofthethreejointsarelistedinTable4,aswellas
thefractureelongation.Thereductionofyield
strength rangedfrom 19% to 27% and the
deteriorationofultimatetensilestrengthchanged
from13%to18%,whentheweldingheatinput
wasincreasedfrom1.25kJ/mmto1.58kJ/mm,

leadingtorelativethicknessofthesoftlayerraised
from0.75to1.11.Comparedwiththeconclusion
obtainedbyHochhauserandRauch[6],thevariation
tendencyoftensilestrengthwithdifferentrelative
thicknessesofsoftlayerwasthesame,although
thestrengthdeteriorationwasmoreseriousdueto
thewidersoftlayerbasedontheresultsinthis
study.

Table4 MechanicalpropertyofS690Qhighstrength
steelbuttjoints

Specimen E/GPa fy/MPa fu/MPa fu/fy ef/%

BJ8-3.2 211.2 603.4 730.6 1.21 7.9

BJ8-4.0 209.3 542.9 686.6 1.26 9.0

BJ8-5.0 207.5 544.2 708.7 1.30 7.5

Themechanicalbehaviourdeteriorationofthe
S690highstrengthsteelbuttjointstestedafter
weldingwasmainlycausedbythesoftlayer,which
was generated during welding, due to
microstructuretransformation.Additionally,the
residualstresscausedbytheweldingprocessledto
thestiffnessreductionoftheS690Qhighstrength
steel butt joint, which explains why the
deteriorationofyieldstrengthwasmoreserious
comparedwiththeultimatetensilestrength.The
decreasedelongationcan beexplained bytwo
reasons.Thefirstisthehighconcentrationof
plasticstraincausedbytheweldingprocess,and
thesecondisthatthedeformationofS690Qhigh
strengthsteelbuttjointsmainlyoccurswithinthe
heat-affectedzoneduetotheexistenceofthesoft
layerinsteadofuniformdeformationinthewhole
gaugelength.

4 Conclusion
Thisstudyrevealsthepost-weldingbehaviour

ofS690Qhighstrengthsteelbuttjoints,takingthe
weldingheatinputastheprinciplefactor.By
microstructure observation,the microstructure
transformationwasconfirmedintheheat-affected
zoneduringthe weldingprocess,suchasthe
granularbainiteformedinthecoarse-grainedheat-
affectedzone,theferriteandcementitegenerated
inthefine-grainedheat-affectedzone,andthe
ferriteoccurringinthetemperingzone.Themicro-
hardnesstestrevealedthata “softlayer”was
generatedintheheat-affectedzoneandtherelative
thicknessofthesoftlayerwasincreasedfrom0.75
to1.11withtheweldingheatinputraisedfrom
1.25kJ/mm to 1.58 kJ/mm forthe8 mm
thicknessjoints.Inthefollowedtensiletests,the
softeningeffectoftheweldingprocessonS690Q
highstrengthsteelbuttjointswasindicatedinview
ofthefactthatthereductionofyieldstrength
rangedfrom19%to27%andthedeteriorationof
ultimatetensilestrengthchangedfrom 13% to
18%,whentheweldingheatinputwasincreased
from 1.25kJ/mm to 1.58 kJ/mm for the
fabricationofbuttjointswith8mmthicknesswith
therelativethicknessofthesoftlayerrangingfrom
0.75to1.11.Thereasonwhythedeteriorationof
theyieldstrengthismoreseriouscomparedwith
theultimatetensilestrengthisthatthetheresidual
stresscausedbythe weldingprocessleadsto
reductioninthestiffnessofthe S690Q high
strengthsteelbuttjoint.
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