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1" HSDUWPHQW RI OHFKDQLFDO (QJLQHHULQJ 6FLHQFHV 8QLYHUV
'+ 8.

28QLWHG .LQJGRP $WRPLF (QHUJ\ $XWKRULW\ &XOKDP &HQWUH |
&HQWUH $ELQJGRQ 2[RQ 2; '% 8.

37(6&%1 256%$< +2/',1% /IDEXALQD W tGD WUQR &]HFK 5HSXE(
&RUUHYV SR Q Glui@3udey. W KIR U

Abstract

The plasmdacing components of future fusion reactorg KHUH WKH (XURIHU LV WKH
structuralmaterial, Z L O OD ¥ ¥ H PE\O B ®v¥ldirng techniques The heterogeneous residual
stressLQG XFHG E\cad Hter&ct With themicrostructure resulting in adegradationof
mechanical properties amdreduction in jointifetime. Here,aXe* SODVPD IRFXVW®B LRQ EHDP
GLIJLWDO LPDJH FR&EU H@aRdIdentatiordre, @sed to U H YtHeDn@chanistic
FRQQHFWLRQ EHWZHHQ UHYVL G X D-OGardn&ssTHi¥/studyAd tha fikstMoNiseEX FW XU H D
WKH -3)&0WRY D GhebridéHU H V Rnaulidddale residual stresd lengthscaleof tensof
micrometredorlaser ZHO GHG (XAhBHH U X L O L E U-kcéIP résidialUsRessis REVHUYHG
whichmakes aV L JQ L I L F D Q Watkhie iQadf astop\BCAld TR&micrehardnesss similar for
the IXVLRQ ]RQH DQG KHP3¥ ddHdugMe HAZ HY Q HErhOWWAA30% tensile
residual stress softeninghe resuls S U RY L G Hntb @alntaimngstructural integrityfor this
critical engineering challenge.

Teaser

$ QRYHO LQVLJKW kQiiRerenHi®igi® Xchl€s atilildeetson mechanical
properties

Introduction

1XFOHDU IXVLRQ LV D SRWHQWLDO VXEWWR IMWROWH GRSURIS RQ FIK
fossil fuels reduceF DU ER Q Hahdtd \BIURQAU GBI F R Q Warrd feX W WaRyets The
in- Y H VcgriOnent the fusion plantsuchas SLSHY EUHHGLQJ EODQKBWHDQG GLY!
toustise FRP SOH|[ P D W H ddnipkaated/joividg teRdues and maintenanpeocesses to
HQDEOH WKHLU |XQ FoperaRirgcodaditicrid U  H [MaSErHARIHINg is a promising
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technique thatsiused H[ W H Qnvalwydid ange of industiest@8 YHUFRPH WKH LQWULQVLF I
and maintenancdifficulties (3,4 3 UH Y L R X X Dvd#iixoGstratédW KH IHDVLELOLW\ RI XV
UHPRWH ODV HigldAhRYRHOAY MR ERBBB.Q HQ W V

5SHGXPH®WLYDWLRQ IHUULWLHOD UXMKHEKLODWLEF DEFHHY ROKHWLRQ RI

VWHHO DUH ZLGHO\ XVHG DV VW-UYXNWMKODPRPHO RPHQWU VIR

"(02QVWUDWLRQ SRZHUIXSBROHWW R@QH. RI WKH 5$)0 VWHHOV XVHV
elements likeungsten Yanadum andtantalumin appropriate quantities , W L ¥s W\ KHHG(XURSHD Q
UHIHUHQFH PDWH (02D O HREWR K KX WIBF H\@r@dH&pidal propertiesreep
life, fracture, strength and ductilify-9 :KHQ MRLQLQJ (XURIHU WKLV SURFHVYV
induce significant residual stresses, up to ¢.800 MPa, as a regudt mdnuniform deformation
FDXVHG E\ WKH WKHUP D O efphiase ari3fQr@atidhknrhicl akesvpthQeVaitey
welding :

The residual stress largadyiginates from straifP LVILW EHWZHHQ G LdustdlitQW UHJLRC
categorisednto three typesiccording to the length scale2(( 7\SH , PODFD®&®H UHVLGXDO VWI
LV XVXDOO\ PHDVXUHG E\ DYHUDJLQJ RYHU D UDQJH RI JUDLQV
MIILPHWUHY DQG YDULHV FRQWLQXR X-5c@é réskubRsttess\ivieekel PDWHULD (
the 7\ S Hresjdual stess which ariseisom microstructural misfit anthe Type ,,, UHVLGXDO VWUH)
from the defects and dislocationsGnX F H tBe\&elding process. Macrscale residual stress can
decrease the tensile strength of the material, while rsicate residual stresV DJJUDYDOWHY FUDFN
DW JU D un@erd-HNHHUOHIORHHYdpekateire (Y D O X D Whul@ dcalergsitiual stress and
microstructure and their impact on the a/aHOGHG (XURIHU LV FUXFLDO WR GH
UHOLDELOLW\ DQG GHYHORSIK@Y BHO GRS RYQHH QYR RisIfor tbe2in

Many technigques FDQ EH X¥XBGDWWHULVH WKH UHVL'GXBOHQMWMWUIHVYV
approaches are appropriate for theee types of residual streskje to technicalimitations in
resolutionand the nature of th& RP S ® B [ L &f WitrBs@ucturejncluding W H [ Veckadsthe
narrow HAZ Multi-VFDOH UHVLGXDO VWUHVYV HYDOXD ¥hwuRaQeadulK HUH WKH |
measurement of E R WrKacW lamtl micre scale residual stress is W DOZD\V PRWVLEOH
HIDPS®RHPWH MWWHPSWYV KDYH EHHQ PDGH WR VWX®klddKH UHVLGX]|
(XURIHU E\ WKH QH XhErdtReQesBllitiodni$ R Watiridlighetre for macroescale
F KD U D F W(EDU13] DWerb-Bc@le esidual stressharacterisatiors therefore neglected due to
low-resolution and limitecprecisionin applying areference stresee lattice spacing'LJLW D O
LPDJH FRUUHODWLRQ ', &neasWerRe@Qidthiqued/ld H5MMItUNYLRD SDEOH RI
FKDUDFWHULVLQJ R bgidhRddHhighasalbianQ+ &-tHb mapsE\ FRPELQLQJ
with other technique )RU H[DPSOWOGIHFWURQ EDFNVFDWAMMH U&GBAHdUDFWLRQ (
LV DQ HV WD E OL VierGsceldreBidual IstfraxnHhaRtterisatont RZHYHU UHTXLULQJ
stresstree reference is challenging, and the technique only charactérise$d ,,, UHVLGXDO VWUL
(16,17.Ga IRFXVHG LRQ aadH D&methodKDV SURYHQ UHOLDE®eH LQ PHDVX!
UHVROUWHGLQ UHi@DyD AlbyR @etallic glases and martensitic steel(18—20.
Although it measures residual strain without a stfess reference twesignificantlimitations H[L VW
which affect residual strain measuremahv L WKH DFIFRIQWHGDWBGEGH*WKH PDWHUL
creating defects and increasing dislocation density, which is likely to induce residual stress during
the Gd ), %nilling process 21 LL WR DEltcdcHléfésidDal sresscharacterisatioof
metallic alloys WKH ORZ UHPRY D Qo UDWKH\O @GR\l ndING laasw' 1§ Hew
micrometreswhich largely D F K loHlyf H\6 H ,,, UHVLGXDO VWRHVV FKDUDFWHULYV

7KH UHODWEY$SH®@DMVPHZ ), % 3), %I LW H V¥ KUQLLiiekekdldantabievavid
ODUJHU YHRPORMNMC UHDV RQDE O HMB RI XThMsIWXRQ), % URYA GHV
potential solution fomulti-VFDOH UHVLGXDO VWUHVYV 7\SHRWPELQL,QJ WKMUDF
Xe" 3), % LWK WKH laser WHROWKB (XURINBDMEcro HVLGXDO VWUHVYV FDC
measuredE\ DYHUDJLQJ RYHU PXOWLSOH JUDLQV ZLWKLQ HDFK JDXJt
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from millimetres to micrometresSimultaneously, the micrseale residual stress localisation in the
milledpill DU FDQ EH YLV XD\ R-E6GHEBEDS.

,Q WKLV VWXG\%WKWHHKQLTXH ZDV ILUV WulkstalaesitfiRl HYDO XD W
stresdnlaser ZHO GH G (X U R | H hacrosudlel teésduar $trelss was R E \Vard th@ tihte
U H V R-O5%tkhi@mapwasusal to Y L V XtBenickbtdcaleresidual strain fieldZKLFK SURYLGHYV
new insights intdheinitiation and propagation afreep cracikg. 1D Q RL Q G Wa3alsduded R Q
to crossYDOLGDWH WKHGUWWIUG X X &/ L\R/GY HRMEP WWMHKRK QHL inXrd 7 KH
hardnesswas thenHYDOXDWHG IRU WKH TXDQWLWDWLYH DQDO\VLV RI
microstructural hardening 7/KH PHFKDQLVWLF FRQQHFWLRQ EHWZHHQ UHVLG
micro-hardress ZDV HV W R LPRKHWE U L &ddrégsing thétRuctural integrity for tis
critical engineering challenge.

Results
Microstructure characterisation

The THWKRGV VHFWLRQ SURYLGHVGHMNWDHOWD 8 | (@ G RHHWUH U VRAHHH
conditions of welding processing and sampleparation of the lasevelded sample. The
FRRUGLQDWHY DUH GHILQH®GLUHFMWLR Q lahk iR delVR@tiid O,
direction(U LV YHUWLF Dv@susé&techgtaderisel UDLQ VLIH DQG RULHQWDWLRQ
LQ WKH UHJLR QEPMEMMME4E0 W2RMHuMA LQ )L $ 7KH JUDLQ PRUSKRO
thisregion ZKLFK FRYMUNVNRWKHRQHE= DQG EDVH PiPilNsiraxédd @ )% 0
1B, made E\ VWLWFKLQJ WRJHWKHU VHSDUDWH (%6' PDSV 7KH DYFH
(% 6 orientation P D SV Eme@hKikeaitercept method24 . The grainshada® YHUDJH VL]H
of 11+ 210—P LQ WKH )= UHJLRQ ZKHUHDV LQ +%$= DQG %0 UHJLRQV
VLIH6R 092 pm and 7° —P UHVSHFWLYHO\ 7KH VWLWFKHG (%6
PLFURVWUXFWXUDO WUDQVLWLRQ DUHD DW WKHHAZEQW UH RI WKF
HAZ-%0 UHJLRQV 7KH JUDLQV LQ WKH )= UHJLRiZtomikheDQ REYLRX
heat flow during the laser welding, whichtlie origin of theW H [ Y25 R6H

Residual stress distribution characterisedby Xe* plasma focused ion beam and digital
image correlation (PFIB-DIC) and nanoindentation method

TheXe" 3),%,& WHFKQLDIEBEOAG WR H Y-&aexres\tudl stvdsdHof Paxed W L
ZHOGHG (XURIHU 7KH LQFUHPHQWRQ, % LLWOHA KD VAW HBEH X VG & D OA
JUDGXDOO\ DV WKH PLOOLQJ GHSW K L\MXPHBNARAG U D Q@G WHCGD [ BWW |
enafEOHV UHVLGXDO VWU H VoérePrieihdtXindsHapplici \&s it akotns Bim@tdneous
HYDOXDWLRQ RI WKUBHB8DRRP YRQHQ\QY Rah® Q4 DR7L R)Q J&
schematically shows the ringpre incremental millingstep DQG 6(0 DFTXLVLWLRQ SURFH)
incremental milling wasompletedwhen the depth is equal to the idigRUH GLDPHWHU WR DY
residual stress remaining on the pillar ed2@ 29 . The ringeore displacement that results from
theringc-FRUH H[SDQVLRQ RU VKULQNDJH GXUEWQW KR RIHPNHQUAND QVRE
GLVSODFHPHQW EHW@EdlkdrQL Q HE'IJEQ G, &Thédl strgin of each marker is
HIWUDFWHG IURP WKH JUD G hdtli@dv, &R H MGKIHheSstr&rSdd mdrkes b Q W
the ringcore region HQDEOHV P HDWKHK VRPAHDON RIUHOD[DWLRQ DW HDFK W
PDVWHU FXUYH ILWWLQJ HY D O X hadrészal® KU ¥ KQ HHH & B PLSWR IORHI@ W
YLI( (30. 7KH GHULWOWWE DR LRI UH O ofthdyon&® @ L UG FWVKLLRHHY HQDEOHYV (
calculation of the principal strain relief using Mohr's circed ( , QYHUVLRQ RI WKH VLJQ R
SHUFHLYHGEHYMODMLRQ SURYLGHG D PHDQV RI GHWHUPLQLQJ WK
stress was then calculated usiHgoke's law(32. The nanoindentation measurements were

ScienceAdvances Manuscript Template Pagé 19



138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183

184
185

performed to crosss DOLGDWH WKH UHVLGXDO VWUHVY) G4 ¥ WUWIQBEIXWLRQ R
core methodn dHVWDEOLVK WKH PLFURVWUXFWXUDO DQG UHVLGXDO VYV
),theeqELD[LDO UHVLGXDO VWUHVYV ZDdand fovitdddares &t BeSBamMERP SD UL Q
GHSWK EHWZHHQ UH YV Li@dtat 39 Weertarvhing InQeGtatiow dn Hheé Vimmgre

ZKHUH WKH UHVLGXDO VWUHVV LV IX0OO0\ UHmeasatéhdEtrEssWHU 3),% F
ratio. The locatiordependent stresstUHH UH I HU HPEHDRIG) 200 UHJLRQV LV DSSOLH
differencesarising fromchanges imicrostructureduring laser welding.

PerformingalineVFDQ DFURVV WKH ZHOGPHQW LQ WK3) ,0%&" PDSSHG U
ring-core method aimw HV W DHe@sidoK strd/ V GLVWULEXWLRQ DQG PLFURVWUXI
LQ W KHAZ)and BM regions. The lins FDQ UHVROXWLRQ LV —P LQ WKH )= I
and 400 um in the BM region, as limitdd HVLGXDO VWUHVV LQ WKH %0 UHJLRQ L\
the U H O D ML thiédraal inputof laser ZHOGLQJ 7KH DYHUDJH <RXQJ V PRGXOX
coefficient for each ringFkRUH LQ WKH )= DQG +%$= UHJLRQV ZHUH GHULY
FU\WWDOORJUDSKLF R WA \MANVABRQ a2ppliedtd sudy the anisotrop
residual stress irF and U directions(34-36 ,W FDQ EH V HtheQthe Qeaks &f teAsile
UHVLGXDO VWUHVV DU HAZBNMHBAY W G IDQWHRWXKF WKHED-ODQFHG E\ W
FRPSUHVVLY Hesbed VhLteXHAD ragwh. 7 KH W Hf WUXHUHRRB iQevitified E\
HYDO X2 WHQWXUH LQWHQVLW)\ R lusingV HOSYTHIUDM HS /861 BRI\ H
Fand Udirectionso HQDEOH FRPBBEONH IWRQ@QVRUH DFUR2B/ MK H [DHPGGPHQW )
ofan,3) IURP RQH RI WKH (%6' PDSV WKDW DFFRXQWYV IRU WKH WH|[
GLVWULEXVW InBeQL Q 52BJThe WH[WXUH LV REVHUWHG LQ5SWKR )= UHJLR
the TGLUHFWLRQ DQG UdiredibnLAQp agyiidetric residual stress profile atso
identified in the highW H[WX UH JIIRQVKRZQ .)QJ)&LOBXVWUDWHY WKH GLVW L
two principal residual stress components, which also Hj¢ak ED\W XHYV DW WKH LQWHUIDF
principal residual stress profile is also used for ecrtdI&S OLGD W L-Q & WK RKRRB)HWP HWKR G E\
comparing it with the nanoindentation residual stress measurements.

JL2' UHYHDOXMWHBWLGXDO EAWWHHDW\K @id iakgitide Bt atidn IR tQod.

TKH SHDN RI FRPSUHVVLYH U HYIarGeXab5n0 WNRE) wherdad the péaktdf )= LV
WHQVLOH UHVLGXDO VWOHNMD ARAFEK WK Bl URXOQGZ\ESHW R WHUIDFH
UHJLRQV :KHQ PRYLQJ DZD\ |UR Pm&tkhée reditl @aistoeldsQlibdpeseR toW KH ZH O
c. 4 03D EHIRUH UHDFKLQJ WKH %0-"UsH JLie@E meQad,LtNeH WKH 3),¢
QDQRLQGHQWDWLRQ WHFKQLTXH KD Vstiebshvth Be&Jd&s0miioMoR HYD O X D'
equtELD[LDO UHVLGXDQR3¥Y W&RIKYDGHGWOULW K WLKRH) UHVLGXDO VWUH
the Xe& 3),%, & U tcQd method, the profile from nanoindentation measurements shows the
VIPPHWULF UHVLGXDO VWUHVV GLVWUth&astumRiqh & anvaquikK LJKHU PLC
ELD[LDO VWUHVYV VWDWH

TocrossYDOLGDWH) WiK& UYHcQd method, the eqt LD[LDO UHVLGXDO VWUH
nanoindentation measurement is transformed toegpi-ELD[LDO UHVLGXDO VWUHVV E\
locationdependent stresratio (kK GHULY HG tvdRpfhcipaKidsidual stressomponents
PHDVXUHG E3)WK& WHFKQLTXH 7KH GHWDLO RI WKLV WUDQVIRU
methods sectionThe nonequt ELD[LDO UHVLGXDO VWUHVV SURILOH RI QDQR
)LJ' GLVS<@nilaMredd as the results of the X8) ,%,& WHFKQLTXH DOWKRXJK WK
RI WHQVLOH UHVLGXDO VWUHVV LQ WKH P-HRU&KYMAZBMEWXUDO WU
LQWHUIDFHV VKRZ DQ XQH[SHFWHG ODHtonpae®dUWHKPHQOW & HJIDUC
Thisapparent discrepancy magisedue to the selection tiestressfree referencand stress ratio.

TKH SHDN YDOXH RI UHVLGXDO VWUHAZVan® AAZ28MYwlidV isWKH LQWH L
consistent with the results from the’X8) , %, & U icQd method.
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Time-resolved highfesolution (HR) multi- scale strain relaxation analysis

Thetime- UHVRWOWHOBLQ UHOD[DWLRQ SURILOHY DQG PDSV ZHUH HYDO
ring-cores in highW H [W X U KD RZ MMHAZ\GKA BIM regionsW R H[S O R UddaMgtkaih P X O W L-
UHOD[DWKIHRQ@WUDLQ UHOD[BAWIRDQ SU RMK R HivAcK&tale strain

UH O D [DYWH.WRIYJ Hhé riRy¢dtididuring the stress relief, whereas thestr&in mag )L J

3B,3' DQG VKR Z nrsicateinformationathigher resolutionn the ringcore. & RPSD UL Q Jthe

profiles and the mapdemonstrates the importe of monitoring thenicroscaleVWUDLQ UHOD[DWLR
GXULQJ UHVLGXDO VWUHVYV UHOLHI$ 7EHHYW\WQaisQadrtbid D[ DWLRQ S
U H O D pbDtk¢ rikg@ore in the highWH[WXUH )= UHJLRQ ZKLFK VKRZV WKH KLJ
YiDes 0fl.2 x 10°inthe FGLUHFWLRQ WKDQ Wik theydr&chod. The significant

localised micro-scale VWUDLQ UHOD[DWLRQ ZDBY PIBGHQWPRILHBKHUHNVKHVH
significantly higher magnitudevas found in thel than in theFdirection in the ringzore. The

magnitude of localised micrecale VW UDLQ UHO D [D WhaRr@scale/VKMUIBHQ WKDIY D W LR
SURILOH IRU ERWKWH D/ % QHO\VR=D IMDHAX Bidnificant micrascalestrain
UHOD[DWLRQ bVhelBMYvegiohgRatip@hthe macreVFDOH VWUDLQ UHOD[DWLRC
smallertharinthe )= DQG +$= .U WJDRQ Baviiidassale tensilstrain UHODJDWLRQ
theregion VXEMHFWHG WR RRHFCEivesEdtdalyahyDEQ YHUVD )XUWKHUPFE
DOWKRXJK WKH VWUDL Q34 &0 D& DUIHLIPRQ @ WRMD 6 8 vh/&r@g@sWKH YDO X|
0.4,thetimeUHV ROBWHMGUDLQ UHOD|[DW L R @nictdsBal&sitain Oroese bn8idgX UHV W K H
indicate that using the tim& HVREOBYWHAGUDLQ UHOD[DW LHRYD ORI kY HQDEOHYV
scaleVWUDLQ UHOD[DWLRQ GXULQJ WKH rWasgresealéeV WHDL @I IU Z® D FEXW. VR
profile.

High resolution micro-scale residual strain relaxation correlated with crystal
microstructures

7R H[SaodRYULH/ X De&Oral&/ i micrescale UHVLGXDO VWUHVY TXDQWLWDWLY H(
and+5VWUDLQ UHOD oW w&s haRdedakdHtotdald@ith microstructure. Two ring
core measurements were selected from the Mgl [W X UH )= U DR R @/ @vegdmk H
to demonstrate the displacementand W8/ UDLQ UHOD[DWLRQ PDISVDQW KFIDXQ EH VH
4& WKDW WK PBb R YAHBO/D Q@ B K O Bof e oy st&tiqyraphic orientation, and the
RXWOLQH UHG GDVKHG UHFWDQJOH UHYHDOV WKH SRVLWLRQ R
the corresponding deformation of the riogres due to the residual stress rel@f ORVHU LQVSHFWLR(
RI WKH GLVSODFHPHQW PDSV UHY HIEQV HDF WQ RIR biPasGRd& W K LLEELXQVL |
in the Udirection for the ringcore inthe ORZ WH@P¥XWHILRQ ZKLOH D OLQHDU GLV
found in the highWH[WXUH )= UHILRKFMiHR® 7KH GLIITHUHQFH LQ WH[WX!
these two regions is assumed to result in this O L Q H D Wo@ritisiw UK X 8)LRIOREY W KD W
JUDLQV KDYH feféfeniigori¢hnt&FHdn (VW and U directions forthe pillar in the high
WH[WXUH )= UHJLR Q. This implies that the grains with different crystallatystiphic WH[W X UH
deformation E H K Ddatirig Gtrain relief, resulting in the miecld FDOH UHVLGXD@ VWUHVV QfF
local H T Xriu@ linBhe ringcore region.

By calculating the displacemergradient, the + 5micro-scale VWUDLQ UHOD[DWLRQ
TXDQWLWDWLYHO\ HYTIne MisliHeteddeiGeows Dde@isk@ro-scale strain
UHOD[DWLRQ ZDV REWHUDW K@ H. RZ WWMARN églodd + R Z H dud td the
difference regarding grain orientation in the pilalayer EHW 2ZWMHQVLOH DQ &GgoRPSUHVV LY |
is found, whereas neuchlayeris found intheORZ W H W XUH L RAE ) LLAB and4'
showthe measured residual stress mwdlisedWH[WXUH HIITHFW VEKHRFBWLOEDHD 3 ,Q V
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region, most grains display similar miesoaleresidual stress, resultinginnrddA TXLOLEULXP VWUDL
UHOD[DWLRQ &or& iniiidg. WK NV KIIL\D Jmbrg-stalewdsidual stress significantly

affectsthe UHVLG XD O VWU HYV ¥ RELW WS e desididH resG L VW Uih BX WL R Q

ORZ WHPW XUHUILRQ LV HTXacrészadete3idialétiressy K H

Microstructural and residual stress hardening

/IRFDO KDUGQHVYV YDOXHV DUH GHSHQGHQW RQ WKH PLFURVW
PDUWHQVLWH DQG SUHFLSLWD®&VBE of hdndindBniatonUredsurémedt©® VW UHV\
HQDEOHV WKH TXDQWLWDWLY Hahtl YeRiduxl Biiask BffectRdn Widhdrdness.U R V W U X
The stresdreering FRUHY SURYLGHV WKH #éres@@Isveds ¥flec Whtr& theV KR X W
hardnes depends only on thmicrostructure 7KH PHDVXUHG KDUGQHVV RI WKH ZH(
+$= UHIJLRQV OLHV LQ WKH UDQJH RI WR *3D ZKHUH WKH D
ZKLOH WKLV YDOXH GtUHRIBAZ-¥B LOQWHUBBFH7KHIDYHUDJHG KDUGQ'
of stressfreering- FRUHYV LQ WKH )= DQG +$-adbtietlllirr@M dathét iIvdSRZQ DV
UHVSHFWLYHO\ ZKLFK LQGLFDWHV WKDW WKH MRLQHG PDWHULD
*3D LQ WKH )= UHJLRQ DQG “ *3D ibépentldndhe BresdanteJLRQ E\ JU
of martensé /RRNLQJ D althgugh thétotal hardening, i.e. guwm of microstructural and
residual stress effects, istdDPH EHWZHHQ WKH )= Dr@i6 ofrtiechattiehingRQ W KH
effect differs 7KH T XD Q WHWRDMMUINHFW XUDO KDUGHQLQhkhHaMneSsWUDFWHG
of the BM from the hardness of strésse ringcores, which are 1.51+ 0.18 GPa and 2.85 + 0.23
*3D LQ WKH )= DQG +$= U RRRIIWiIH@IhASIheEEflstrafige ringcores,

WKH TXDQWLWDWLYH UHVLGXDO VWUHVV HIIHFW RQ KDUGQHVV L
0.74+0.03 GPa and - * *3D LQ WKH )= DQG +$= UHJLRQV UHVSHFWLY

Discussion

7KH UHVXOWYV GHPRQVWbitirthaleVeHGIX BIO DOW D WYL WQBERYW U LE XWL
(XURIHU ZHOGPRB®W, EMLIERUH PHWKRGV 7KH UHVdcBs$DO VWUHV\
the weldmentLV GHULYH'® OV WP WRMW HBXe'E3\),%,& ULERRIUH PHWKRG W
is worth reiterating that the asymmetric residual stress profile with sharp peaks at the interface of
)=HAZand HAZ %0 ZDV REVHUY HG E®@XpeEignitcant FRQW UL hEndn-RQ R
HTXLOLEU isgafe redidalUsRess to the mactv FDOH UHVLGXDO VWUHVV GLVW
weldment The micro-scale UHVLGXDO VWUHVV LV UHODWHG WR EDQGHG PI
surface, and regions with different microstructureg\usually seFH T XLOLE UaDewgH &f RY H U
aroundthreetimesthe J U D L @vherithere isndVH [W X U37,38LIHRXVWH Y HU Wdalde PLFUR
residual stress iglso W H [ degdodént, which meansniight EH F R P Hel@ R QX L O LHEYUHIQ
LQ D UHlaergeenigrHfsignificant W H [ W X U(BB .HMitro-swale residual stresanhaY H
sufficient magnitude to induce localised tensile residual stressegien VXEMHFW WR FRPSUHVYV
on the macroscopic scal@?, 40 . ' uring the laser welding process the local heat flow direction
XVXDOO\ LQGXFHV WKH WAHL[WhkeUthernmaD gradieit arddsocmieiiiase
transformatios DQG VROLGLILFDWLRQ DHRXW WXIEQV W KIHOVHIYWHUW PW WKFE
HAZ and HAZBM. 7KH WH[WXUH LQ WKH )= UHJLRQ DQG WKH PLFURVW!I
leas WR KHWHURJHQHRXV PHFKDQLFDO SURSHUWLHY DW WKH PLFU
PLVPDWFK EHWZHHn gsuake @siduaicsiress26. SRQYHQWLRQDO UHVLGXDO
measurementE\ QHXWURQ GLIITUDFWLRRQicroBta@ iedusly RtreBDis MsErUH W KLV
welded Grade91 steeébuchnon-GHVWUXFWLYH UsdidiéRdzdinvédl tesoMiionP H D
for macrescalemeasurementand usually requirea reference sample to calculate the residual
stress)RU H[DPSOH + X JgeHbvimét\WheDeSidual stress measurement with the constant
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referenced-spacing atthe fat LHO G UHJLRQ D(@2GchaxaktErigethe/Veddi@al stress
profile of laserwelded Grade91 steaking D F RIP&ped reference sample. + R ZtHehbin
HTXLOLE Ukcale résldedl §tress is neglectéd YHQ WKH KLJK PDWHULDO UHPRYI
3), QG +5 DQDO)¥propeRlengt&caleDQG UHVROXWLRQrh®MgEH VHOHFW
FRUH D O O RigihdprdattosEateaxddriicroscale residual stresgmultaneouslyand study
of the microstructural effects on heterogghXV UHVLGXDO VWUHVV GOVWKIL¥E XWLRC
SURMHFW DOWKRXJK WKH WH[WXUH LiteyW GLUKWW . RIQN KNHKID QM YXW\KWM
W H [ WAZtke W H [ @fectdhiresidual stress significantin the tens of micron length scale.
$V LOO XV W Yiws-a&sumed fhable grain in similar orientation releagés micro-scale
residual strainn samedirection ,Q WKLV F D3thleVéddahstan is notsdf TXLOLEUDWHG
in the ringeore regionwhichaffecsthe UHV LG XD O V W WighWfisan@yiinha tidh AW R Q H
)= UHJLRQ ,Q FRQ YedidDaVstvesansksetl P XIE O R-E U D W iddge tdgion WikH ULQJ
ORZ WHMNWXBR DV VKRZQ VHKHKDWKHNOHQ AH DY AR X Q\GH [\@ XW KIH
BM region wheresignificant micro-scale residual stress R E V H LEYXiW¥macrescale strain
UHOD[DQWRWMHYVGHQWQG )

Here, the residual stresS L V W Uwds 2180 mReaBured usit QDQRLQGHQWDWLRQ PHWK
D Y Hng IRJY HLWYiné-scars. The nanoindentation residual stress measurement is performed with
the assumption of elE LD[LDO UHVLEBWDQBEXWULIRWYQVLEY WKHR ZQ AQPHQ WV
theeqELD[LDO U HVai%D 6 WHWHIDWAN W KH J INGkbpebeSiddal treBsP HW U L F

GLVWULEXWLRQ ZKLFK LV FRQVLVWHQW ZLWK WKH QHXWURQ G|
laserwelded Grade9l stee#iZ. Lee et alpropoed D VWUHVY UDWLR WR H[WUDFW W
UHVLGXDO VWUHVV FRPSREeHEGWN[ LHIO DWW D WEHL WMURRL\WEBP@ YHUD J
residual stressA@ 8QWLO QRZ RQO\ D FRQ\WWIDEHWDBWOHNG WRWOLRK RH Yt
nonequrELD[LDO UHVLGXDO VWUHVV4#H Y BEOXT2WE BQIR &L WKH ZHOGPH
FRUH PHWKRG SUR Yéperidént Wirkdd raliiR o Drsvisfét e equELD[LDO UHVLGXDO
stress to noequrELD[LDO WR RYHUFRPH WKH SULPDU\ OLPLWDWLRQ RI
measurement and cres$D O L GDWH W K HThe /& pitidipBl KeQitlubXsHegs components
from nanoindentation measuremen&?(“®¢and é*2¢ L Q W K H shbwasimilar trend to
that of the ring-FRUH PHWKARG +RZHYHU VRPH XQH[SHFWHG LQFRQVLVW
position where the noid T X L O mictdscalrRUHVLGXDO VW U HWHHMVWAY ) =H UIH JK IRXK-
and microstructural transition areas. TlisHa¥ khe limitation of nanoindentation residual stress
measurement, ith its intrinsic difficulty of selectinga truly stressfree reference and stress ratio
for nonequi ELD[LDO UHVLGXDQ Y WERAS U HDROFX2DWYRKEY RQHHRD QG Wi
sharp microstructure and residual stress gradient® @® \ K thegatsansition regions, which
implies that the locaticdependent stredsee reference dtigh resolutionisGHVLUDEOH WR LPSUR
the quality of the nanoindentation UHVLGXDO VWUHVYV PHDVXUHPHQWY 2Q WKH
in the high-WH[WXUH )= UHJmnhRc@starRant honW VXR D Infictblseareresidual
stresses ZKLFK LV XQDEOH WR SURYLGH a§uKHL D FLFDXQ D)W N L\GW D BV VW
HY DO XDW L Rdpk i9 Keddedo optimisethe locatiordependenstressiree reference and
macrescaleVWUHVYV UDWLR DW WKH QDUURZ WUDQVLWLRQ DUHDV WR
nanoindentation residual stress measurement, letmlimgre accurate measurement with reduced
uncertainty.

Additionally, FRPELQW,KH WZR WHFKQLTXHV HQDEOHV WKH TXDQW
microstructural andhacrescaleUHVLGXDO VWUHWANEBBU BEREPYD PLXIDWLRQ RI
the underpinning mechanismof degradatiof mechanical propertyf the lasemwelded weldment.
Microstructural hardening is the resultloépresence of precipitde JUDLQ ERXQGDU\ VWUHQJV
andthemartensée WUDQVIRUPDWLRQ LQ WHIH4T= DG FRRESUHYIMVRQW UHVL(
VWUHVYVY DJJUDYDWHV WKH KDUGHQLQJ SKHQRPHQRQ LQ WKH )=
VRIWHQV WKH PDWHULDO LQ WKH +3%$= %R Wécrésth E RG\. CHI) D E O H (
UHVLGXDO VWUHVV DFKLHYLQJ DQ LPSURYHG XQGHUVWDQGLQJ F
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As the Xé 3),%,& WHFKQLTXH GRHV QRW UHTXLUH DsdmblekHUHQFH Wi
UHOLDEOH UHVLGXDO VWUoA ¥ GLVWULEXWLRQ LQ WKH WUDQVL
The Xe 3),%,& WHFKQLTXH FDQUB U R RritEssscald WMUDLQ UHOD[DWLR
ZKLFK SURYLGHanalyshgthel KR/L GQWR P DPWHRHGE PQOFNLQJ FDXVHG E\ L
VWUHVYVY UHOLHI ,W KDV EHHQ ZLGHO\ UHSRUWHG WKDW WKH FUH
steel under load dtigh temperature and residual stress is often considered as the most primary
reason for creep acking(48,49 7KH KLJK RSHUDWLQJ WHPSHUDWXUH WULJJ
of weldinginduced residual stress. The accumulatiomafro-scalesWUDLQ UHOD[DWLRQ GXU|
thermal residual stress relief leadstothe IRUPDWLRQ RI WKH YRLGS0-8Q G creep crack in
6XFK DFFXPXODWLRQ GXULQJ WKH YHAXDEXINVMH &@WMRDZY HBOD[DWL
VWUDLQ UHOD[DWLRQ PBWKDOW AFMEEHQ WKGO UHILRQ WKDW LV V
macrascalestrain thathe micro-scaleresidual strain is sufficient to form tensile localisesidual
strain.The e of timee UHVROSWHGUDLQ PDSV LV YDOXDEOH IRU LGHQWLI\LC
micro-scale VWUDLQ UHOD[DWLRQ JUDGLHQWY DQG VWUDLQ DFFXPXC
SURYEGésWLFDO LQIRUPDWLRQ QHFHVVDU\ IRU GHYHTO&SLQJ D PLF
Xe" 3),%,& WHFKQLTXHasKRBRHYOHIPLWDWLRQV WKDW UHTXLUH FDUHI
W K H '$gdial acquisitionWW K H S Ix{,Myoavidy- Qirections are in order of increasing scanning
time gap 19, this UHV XO WV Lnihg¥f Kerafde BFEn6 H FRQILGHQFHx-nWHUYDO LQ
y- directionscompared to the- GLUHFWLRQ $GGLWLRQDOO\ DOWKRXJK WKH
UHODY§DWHRIQGGHQWLILHG EDVHtGerZQ UK HVY. W W RG O WQLHRRHW VIXU\ WR 1
characteristhe magnW XGH RI1 7\SH , ,, DQ @son thttinié UE X B ©58BU HV V
UHOD[DWLRQ PDSV
,Q FRQFEXVLR@DO\VLVY RI WKH KHWHURJHQHRXYVY PLFURVWUXFW
in lasek ZHOGHG (XIRIHWMKURWHHOKH FRPELRDVB)LROE& RDQG66"
nanoindentationpffers new tools forH Y D 6phiuN¢dcale residual stress arf8@U R Y In&aL Q J
insight intothe critical engineering challenged laser ZHO GH G ( X U RahHdiheUVIMRPHFE@ H [
weldments With the X& 3),%,& Uic@d method themacroscale residual stress is
characterisedcross the weldment, and the mismale UHVLGXDO VWUHVV LV REVHUYH
UHVRBWHAGUDLQ UHOD [ipWwHhH RXL B InEM-ECAIR Fsidual stregshigh WH [W X U H
regionssignificantly affects the macsscale residual stresstionalisingthe asymmetric residual
stressGLVWU IEXiMeLRRIY ROYN® B L Q UheEpvBdPstVUusRG@ WR YLVXDOLVH W
micro-scaleresidual strain field- the precursor of YRLG | R U Pdiadk Lirki@tiobdRQriag
residual stress reliefThe PHFKDQLVWLF FRQQHFWLR Qnigdsticduiddr@d UHV LG XDC
microo KDUGQHVV L \Wwhdrd WR HOLN\KIHE XD O VW U B52vtom&demng aiiX WHYV DUR
sof WHQLQJ LQ WKH )=WOLQ BK®$\=K RJUHNXGBDEID \M i Fa\toefficient using
the X& 3),%,& WHFKTisT¥tHodH Q D E Orkelcgnstvuctidrof the residual stress from
equi EL D[ L D Gequi B LOOREXESideing W H [ W X U. HihishasigreEatpdtential tRYHU FR P H
the current limitation of nanoindentation residual stress measurement. Ti3e) Xé6, & U tcQd
method is nowD Y D L {OrEhE B WiBtion of + Smulti-scaleresidual stress heterogeneity in welded
inn-YHVVHO IXVLRQ FRPSRQHQWYV RU HYHQ PRUH FRPSOH[ PDWHULL

Materials and Methods
Materials

TheasUHFHLYHG PP WKLFN (XUR|KOHW $XXMVOK PO GRHRERP SRVLWLRQ
)H & &U08W0.13Ta0.48Mn- 9 LQ ZWWHLWK HW DO KDYH GHVFULEHC
IDEULFDWLRQ DQG KHHWHWYH® WRUREMER H DiMR#s{48 . Tl
(XURIHU  SweD Wad ntadeVitaih two plates, each 15%x 6 mn?. The singlepass laser
weldwasmMDGH XVLQUEDHKEBDVHU VRXUFH ZLWK D VSRW VL]H RI —P
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P PLQ7DWWR DaWightfualdy weld garrow penetring EHID&® G VOLJKWA\ FRQFDYH
VKR ZQ L Qtheaswelded sample used in this research was cut from theldO® GHG (XURIHU
SODWH E\ HOHFWULFDO GLVF#¥®A2E POAKLQLQ) DQG WKH VL]H
The microstructure ascharacterisedsing a Jeel ) 6(0 HTXLSSHG ZLWK D 7KHUPR
Lumis (%' GHWHFWRU 6XLWDEOH VDPSOH SUHSDUDWLRQ SURFHV

PHFKDQLFDO SROLVKLQJ YLEUDWLRQ SROLVKWihJViXMeE QJ —P F
UHDJHQW J SLFULF PO +&/ DQG P Werd tiplRQ RO a 7KH (%6
UHVROXWLRQ RI using anacc8léraigcOWR OWDJH R N9 DQG EHDP FXUUH(

ZLWK D VWHS VL]H RI| SDW\WHU@GHDIRIM sdtware was used to collect

WKH (%6' RULHQWDWLRQ GDWD DQG 0ahg@lysethe crysiallvgaphidH ZDV DSS
orientation calculate theN H[W XU H R QMVUDQHLWR XQJ V PRGXOXV DQG 3RLVVRQ
SURFHVVLQJ RI WKGWDDVLRQEGRWIDHEHJIJDQ ZLWK ILOWHULQJ ZKL
XVLQJ WKH LQWHUSRODWLRQ PHWKRG RI WKH QHDUHVW QHLJKEF
WR WKH GHYLDWLRQV IURP WKH WUXH RULHQWDWLRQ 7KH JU
orientation noise with a lower threshold of 15 °. The grain morphology in the region of 4750 x 200

um? (daskd UHFWDQJOH IAKDEK FARYHUV )= +3$¥ L/XOGEBM VWAWAKLQJ

W K H VHSDUDWH (%char&c@isydV KKIHW BIY W X% 61' RID IS DLRXakdy-W K
GLUHFWLRQV UHSURBHBDWWKMH YWHH[3)XIUH J)LQWHQVLW\ 7KH KLJKH?
RI HDFK VHSDUDWH (%6' PDSSLQJ ZzDV HPSOR\HG WR GHVFULEH W
across the weldmentinandy- GLUHFWLRQV 7KH DYHUDJH <RXQJ V PRGXOXV I
were H'Y D O ¥dnWlas@c constants of asFH F H (XY UHRGI ldddording to the crystallographic

orientation.

Xe* PFIB-DIC ring -core method

The Xe+ 3),%, & U tc@d method compriseWZR SURFHGXUHV 6(0 LPDJH DFT
GXULQJ LQFUHPHQW DI& 3D Q6 PULHDVOLLGIXID QLW U H'V Y PHKCHY KLULHVAMH Q W
SURFHGXUH ZDV SHUIRUPHG XV-6Q0 DLAYHMFDMXKH,6&1IEBYHQW JUDL
different regions, the inner diameter of the ifRRUH G PRDW W KH )= UHnJdtR&€® DQG
+$=DQG %0 UHIJLRQV HQDEO HaptwedZILWKHQ W JUHID\QRQWROFHGD WD
time. The final milling depthtf zZDV HTXDO WR WKH L @yidrairiag 2sddd HU WR DY |
stress at the ringore edge, and aniform milling depth was used foreathQFUHPHQWDO VWHS )l
milling steps were performed atBHD PHH Q\ R NH9 DQG EHDP FXUUHQW RI
DFKLHYHG IXOO UHOLHI Rh/HVLGXD O HWHARQHDW I\ LHO HEKRMHIJRQ 6( L
DFTXLUHG ZLWK D VSRW VL]H RI W®PUHF RHYEG WX KIHYTR&VHIADH.@Q\WUDHDO
SURFHVVHV RI LQFUHPHQWDO PLOOLQJ DQG 6( LPDJH DFTXLVLW
specificalydHYHORSHG DXWRPDWIB&$SIBSRIUDPPH E\ 7(

&ustomisedMATLAB-EDVHG ', & VRIWZDUH ZDV HPSOR\HG WR SHUIR!
correlation(53. The first stepR1 ', & ZDV WKH FRUUHODWLRQ DQD®\VLY RYHU \
*DXVVLDQ ILOWHU ZDV XVHG WR Gafidpéal vMdshwas Hsad bZra6theLPDJHYV L
ring-core deformationoWKH FHQWUDO UHJLRQ WR DYRLG WKH VWUHVV FRC
fiducial PHVK LQ WKH VSDEI nRl ZHSH B8V KH o Vecdd thgedre
displacementsn high resolution )L 1" . The preset' V X B \ds¢d\Vfor tracking a single node
PRYHPHQW ZDSL[HOV ZKHGKWHK@W VLQJOH QRGH PRYHPHQW RFF
VXEVHWwithHaJhiRiQum d ER X QG D U {54H | MHd- uifline shape of the megh
KLIJIKOLJKWA G QQ )& Iepresenting the deformation of the ricwre. The correlation
UHVXOWYV IRU 6( LPDJHV LQ WKH VDPH LQFUHPHQWDO PLOOLQJ
outliers (poorly WUDFNHG QRGHV  ZHU{drocgddirgR t6 HeStimhat® rissgivey W
GLVSODFHPHQWY LQ KLJK DFFXUDF\ DQG SUHFLVLRQ 7KH GHWD
UHSRUWHG (53U Fhe L#Xng-Core displacements were analysed WUDFNLQJ WKH QRC
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PRYHPHQWYV DV AAKRQQ LEJ YIKH JUDGLHQW RI WKH VLQJOH QRGF
HYDOXDWHG WR FRDR W WM VU BVIKHYWH @IH@SIWHHRRXOWRGJ DLQ UHOD[DWLR
PDSV WKH VWUDLQ YDOXHV RI1 HDF KcoQerl G&p brieblcH ifreR@evitll UWHG L Q)
PLOOLQJ VWHS DFKLHYLQ@IOWKH UHVROXWLRQ RI X

J)LQDOO\ WKH OLQHDU I With WeR fiDuoi&) pQsRidhyieléel MnieRHY WO Y H G
VWUDLQ UoHeé&atnimzihheRt@ milling step using the léasjuares function. The time
UHVROYHG VWUDLQ UHOD[DWLRQ ZDV ILWWHG YdeWtddinih PDVWHU
UHOD[DWLRQ FRPSRQHQWY DFFRPSDQLH®& E\FWRHLEBHQRH @B UYHM OA
(30. 7KH UHVLGXDO VWUHVV ZDV WKHQ FDOFXODWHG E\ +RRNH V
QHJOI3PLEOH

AE o Ax %ao ‘

AL P C ¥+ RYg Eq. 1
AE ¢ A %ao v
gF i P c Y+ R¥g Eq. 2

where \4{ and \41 DUH WKH VWUDL @ ahti® Br¢DWe Likpl@ne r&sidual stress
components in the-xandy- directions.’ asygand BeyDUH DYHUDJH <RXQJ V PRGXOXV DC
coefficients of the region where the ringre located.

Nanoindentation

The nanoindentation measurement was carried out usiAgilent G200nano inderdr with a
%HUNRYLFK LQGHQWHU WLS DWVWIKUFIB.3$ & VO ChAvaHRIWD OV Q5 UD \
indentations were carried out to 1.5 um depth using continuous stiffness mode (2 nm amplitude, 45
+] TUHTXHQF\ V VWUDLQ UDWH DQG WKH PHFKDQLFDO SURS
WKHRU\ E\ 20L Y3d UADa@dyPiabr X 40 indentations was performed on theelded
VDPSOH VHH )LJ $ 7KH QDQRLQ GddifzttibD WekeRrQhddpdze/of PO PHQ W V L (
—P ZKLOH WKH LQWHUYDO EHWZHH Qy-QredidR was@e @vIndeL RQ LQ D
the ringeore is considered notionally strésse, the locatiordependent stredsee
nanoindentation tests were carried out orritg FRUHY DW WKH )= +$= DQG %0 UHJLRC
for H[ H F X W L QfdedbnavidteHtatign test was the same as performing a nanoindentation array
VFDQ 7R D Ykreluansdfficlém stiffness of the reference iR UH WKH KDUGQHVV YL
UHSRUWHG DUH DQ MNWWHHWUWRDMHERI WDKK GHWW KU R P WR QP GHH.
FRQWDFW DUH DorZIH GH SWKUDIFWHEP IRU UHVLG X&ddalétvédsHVYV HYDO.
from nanoindentation measuremef; % LV DVVXPHGEWR LEHHOHIXE XQLIRUP LQ WK

surface region in this technigug7/(58 7KH PHWKRG RI GHULYLQJ WKH UHVLGXDO
the difference regarding loaGHSWK FXUYHV DQG FRQUA Bifesy abdstiebae EHWZHHQ |
VWDWHYV KDV EHHQ @GB\E&XTo\ieEYBDOVBEDKHIM KH UHVXXOWYV IURP
technique, the equELD[LDO UHV L& O ZVW UMY B QVIRURHEGE MR LWRH QRQ
residual stress (major and minor principal stré¥s? ¢and 2*2¢ Y th® locationdependent

VWUHVV UDWLR N DW FRUUHVSRQGLQJ SRVLWLRQ LQ WKH IROOR.

A.os3

G= == (F1< G<1 =J @ MO) Eq. 3
alaxzmg_ AA?A
65 (5>go, EQ'4
slagme_ laoene_ 7HA?A
e6 Gei (5>Bo, EQ'5
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where theég,EéAand %5 ¢Aare the major and minor principal residual stress components from the
3),%,& ULFRIUH PHWKRG UHVSHFWLYHO\
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