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Abstract

Austenitic stainless steel (ASS) is an ide
(SNFs) in dry storage canist-eresh(®8Cs)onmer:
which they operate, stress corccosi on OS&c Wi

joints manufactured using gas tungsten arc
present iutlives gatiousgeenimgdechniques enhance t he SCC |
DSC weld joints. | n-btahspeesdemwg rékhadckhepedhierdg (
anldaser shock sur fhaod methheagspeedemg Mm@t SEEE NI n.
(SP), and wultrasoyinc SO arcets ipseteannicneg o(fUIltPh)e

i nvestThat a@dnrdaiicre d martensite transformat.i
roughness, and microstructure were studied
peening and correlated with SCC resistanc:e
refi hemenhanced surtfrrceupedpreedicsal annamp me
in the subsurface. The synergistic effect

resistance of peened weld joints. Among t he
superior SCC resiPst asPe, ahdl|l L&6EB®d BHhe supe
Ul P6ed weld joints is dtntdruickewt endhrttce ntsh & ealt
in the microstructure that was present in

resi stance L&fSPORRPI6eveel alnd oi nts is attribute

on the surface, which caused crack initiat
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Chaptdmtr:oducti on

The United States (US) currently has over ¢
and about 1500 dry storage canisters (DSCs
stoltagat iiosnse xapnedct ed tToh ed oDuShd se abrye 2 0o4c8a.t e d
coastal Yiakesomderireg@i ons, where th-eychre e
environments t hrjolu,ghJohuea exhpeecrt dd fdeuriartei on o
more than 50 yetaegrsm Haehetty atheDIONQl 3] ess el

The primary materi al for DSC application
specifically, 304L stainless steel (SS), a
and wel[dda]lblih i agdi ti on, this class of mater
due to the presence o0f03€Ci |[MEAGI]c hwélodimsg pir &
common joining techniqgque for DSC.

The gap analysis performed by the Depart
weld joints cahrlecirsdlece di ser ¢é®s comamasitchre c |
extended safe stor[algleSOEC IDBCASS swal & ojnciemtn:
combined effects of susceptible material,
environ8nehhse undesirable RTS found in DSCs
wel di ng. RTS in the weld joint ruptures pa
regli@9ahThe DSChwaweled njpoismntress wel dehebécauvea
causes sensitization.-afThescst oedtzoneoexcclUHAZ) |

chr ondiepth et ed regions |[jhOdhheddriraionpouhdam

structur al change in the wel dSijmihnhar lay sowel



foll owed by solidification causegsiephet eddi
zones and significantly hampptlilnmgkegt hSeCCg e n
failure | eads t o anfufcelcetairn g atdhi ea tpioopnu |l aetai koangse ,
storage. |foacrateéexampallel, ctrharcokusghwer e det ect ed

power station reactor cavityl,3]Wwhi ehdemsnat

the criticality of SCC in nuclear industri
Therefore, enhancing the SCC resistance
techniques is in high demand to prevent I
radiati on. SCC resistance can be improved

clmaging the <chl droiljd@o netnrvoilrloinnnge ntthe RTS on

i mproves the SCC resistance, as the corros
applications. I ntroducing RCS can gHLidiinat
The presence of RCS in the surface region

t he subsurface region prgvients crack propa
Severe plasbhesede{ &PDattenhni ques are mos
their abilimpghdbtudduBREShagt6e6gri&ihn adaefiitn em
SPD process allows for continuous dynamic
corrosion due to the more significant amou
promoting interatomic diff utsh e ns[lng ,adcey €194 p
Among the existing SPD techniques, peening
techniqgues include but are ndt2,0ll1l mseedsho
surface patfe,ihsmhagt (LESP)P)agd (BPY)rasonic i

(UI[P2.3]The effectiveness of the SPD proces:



plastic strain. Selection of a suitable S
controllability,] 2hle fowtd plutofpampapmmetcarnrs onf
RCS, grain refinement ,-i mdiudead erbdrhtasgresietses a(n
affect the SCC resistance differently.

Il n the present investigation, four peenin
were conducted on ASS 304L weld joints an
studies were persforfmed iwmrlkoielxiphng cMgCly f oc

peening process on SCC resistance and corr

1.1 Research objectives and outline

The main goal of the proposed work is to e
by using peening techniques. The objective
peening on RCS, grain refinement, A&&se tr

weld joints and their correlation to SCC m
The foll owing are the tasks conducted to a
1. Fabricate ASS wel ds usi ng GTAW and s
measur ement .
2.Perform peening experiments on ASS weld
by RS measurement.
3.Perform the SCC testingexrilyewermpdsatmade
and U bend specimen subjected to differ
4 Metal l urgical characterization of weld
failed U bends wusing an optical mi cr osc

(SEM), and transmission electron micros



The expected outcome of the current resear
of ASS weld joints in chloride environmen

refinement and RCS induced by peening.
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Chaptdritzrrature Review

r the past-iecaededsSCChbhaseédeBPSCi weABS) oi
ranted the enhancement in SCC resistanc
ur i-ngr moinmt egri ty, security, and safe st
i stance using promising repair techniaqu
ed SPD techniques are most popul ar bec
nement, and i mprovemefdhe imeesnnirégqceadch mil

e further repair and rework costs assoc

St eel
el is the alloy of iron (Fe) and car bon
), manganese (Mn), and molybdenum ( Mo)
ot her all oying el ements for st eoefl man
hani cal properties for a particular app
i stance, Mo is added for hardenability &

is added for i mRnhdhvedaddiatri oesi shanmech
el depend on the amount of carbon cont e

el is the most popul ar category.

Stainless steel

SS offers superior gener al corrosion r
is Cr. This steel cl-a4 swtc.oM.t aTam sf Lrrt henr
rosion resistance, alloying eldemdmhe su

can be further classified based on the



mi cr

mar t

mi cr

all o

and

304

supe

Thi s

DSC6

over

Mo d e

extr

Bef o

ostructure. Based on this classificati:
ensitic SS. However, in some instances
ostructur g 2.7dAmoreg thel 883 S&hageod S ,i 4
mo st popul ar, wi dreéyi sptraondtu ce ad mp aarnedd cto

use of the presence of Cr and Ni all oy

1 Austenitic stainless steel

orically, ASS grade has been wutilized
ucl ear and chemical. The attraction t
hness, ductil ift.8]Aadnddi teiaosnea lolfy ,wedludea btiol
e cDzifvd mCris typically formed and maint

ying5ebPmenDSC applications, the most
SS 316L. The L in these steels represe
and SS 316 grades. The reduced carbon
ent iobergsiaon!|l @apu2.9 hgvewel tdhomggh SS3161L
ri or corrosion resistance than SS 304L,

is due to the [e®]lsy wel dability of SS

Dry storage canisters

s are used to store SNFO6s at i nterim s
80,000 metric tons of SNF at interim |
rn DSCs consist of an SS camansséerwithb
eme weath4elr DEGadateomanufactured using

re weldinggoldhByrSlE@e@89édhgi and rolling.



for DSCs application is ASS. More specific

possesses superior mechanical properties s
strengt h, and [£80)Dwriomg r2SC'ses amerevice | if
humi d andichl emivde onment s. The surroundin
contains salt aerosols that deposit on t hy
enabl i ng | oc[all,i2zfFevde nc atrhroousgiho AMSS possess cor

susceptible to SC[C3.RnDS Qi tati ntgh ec oir rtoesri iom s

showRi gal(e) , and the sectional view of DSC
i Fi gAlr(e) .
b) Diameter
Cask lid
Welded stainless
steel canister ap between canister and
overpack
Spent fuel assemblies
‘/— Air outlet vent
Concrete wall :
o ‘\ A \—Nrnnlolvonl
Fi gAlt(ea) DSC at the interim storage | oc
vault. Rep[rdd,uzx2]d from
2.4 Welding techniques
The most used welding techniques for joini
and gas tungsten arc welding (GTAW). These
of jJjoining -ffermows matde mioaml s. Thi bepweeass
a continuous filler wire and the substrate
provides the electrical energy for the pro



wel d pool during the process. The advantag
wel d a wide r anpgoesiafi omatweerlidalnsg,, dlolwer hea
spatter, and] 34a,s3B ¢atunt otnhaetsieont ec hni ques deve
in the FZ, which affects the quality and
solidificati acadneveéRTopngt wel hosyg critical f ac
resi st amrbcaes.e dFuwseilodn ng | eads to higher HAZ a
joint. Heat treatment can be applied to rel
to chromi um hdee pHAZ iaomd iinnt B & Q rTahbell | gaarp caonrarl oys

performed by the Department of Energy (DoE

to $CGEGMAW can al so be applied as a repair t
this situation | eads to segregated microst
HAZ 3.7 ]

2.5 Stress corrosion cracking

Despite having high corrosion resistance,

and [S¥LC, 38CC occurs without warning, and t|
ultimately | eading to failure. The <cracks
power station -qaenrde rTaitrikrey qtuatl ie@anm [alt3g SE€E&€me €
in ASS occurs due to the combined effect of
RT$8] SCC susceptibility of the materi al S
surface mechanical properties. SCC resista
the weld joints or changli hlgendei chhorumdief ie

that describes ihdeS@@Ppllimcwamaoynsrealk was ¢



precursor to the SCC. Momcucsepde c$SECC chetguyus

deliquescence of chlorine in BS3Qpweplrdosc.e sTst
which the crack initiation of88tlIlsn feash ,h sit
di fferent mechani sms domi nate. Thi s i nvol
mechanics at the crack initiation stage a

propagation stage. -iEnvdeunc & ch ou@G satoukd ii ensh t doiast c

and propagation, there is always a pit ini:-
an incubation ti me, and thiAsothee ftepmesteé
common rniwc ltehaer i ndust r-aesiIAE JtASeC Ci) . r ardhii ast i

complex form of maatefre atls dtelgeg adait € oo o mp o n e
i ndysspegci ally component sb arsaedde[ &I0[Joony sAaSdS aat ni «
causeéegnificant chawmgltshaes hr ondaud @trii anasnodf, pr e
di sl ocation | olopsadadidt icantihtéegmsadgiaati oon o a
and alloyidd]dboteeeat s t he presenti ndoucke df oc

SCC of DSC weld jnoitntco.hoTrhde hleAlPC @ siesnt wor k
2.5.1 Crack initiation stage

ASS contains the passi-yvyealpe ottreict Kk ves d agrert h
forms naturally, which can prevent the ele
environment and subsequent pitvenliayatiomn
surface is highly suscepti pUde]Thi 4§ ocawsaesd
di ssolution rate of the wunderlyingi goet al

22. There are three stages of the SC€3]incu



10

(Fi ga2(ea) ). However, once the incubation tir
where the passive | ayer gets damaged. Il ni t |
a metastable condition. During pheé pitegr o
during the crack growth stage, the nucl ea
(thickness direction). The phenomenon of

i Il usti gix(adb )i.n The pits on the damaged | aye

region, which contains the passive | ayer,
a)
lnc_lrlil::::ion Pit Growth Crack Growth
Pit initiation Crack Initiation Crack propagation

I o I o B S

Breakdown of oxide film

b) [ i ]

Chloride solution Corrosion products

MgCl, + H,O — Mg(OH)CI + HCl

ft &>
@ o®
Anodic reactior Cathodic reaction
SCC crack initiation
Fi gaxTehe SCC process (a) stages il uc:
(b) magnified view showing the SCC i

2.5.2 Propagation stage

The cracks nucleate from the pit and propac
During this propagation ti me, many cracks
di stinguished by its high metiaVeliy nc harnged,

met al ions migrate toward the crack tip. T
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tip, and metal 4diBlse®lruapioth prcapmpagati on of S
of RTS and metal dissolution. The rate of r
rate of SCC 4pii Bpayghber mor e, the occurrence

enhancement of corrosi on r etsarsm ainrctee gorfi twe,l

and regulatory compliance of SNF storage.
repair t ecihgnhi gdueensa nids tion phr event | eakage and
radiati on. The SCC issue can be mitigatec
aforementioned factors. General ly, for a s
changed; RiWe&nden, tthhee wel d j oi nt i's the only

control[ Y4]leTh&CRTS in the weld joint can be
SPD techniques. These SPD techniques can r
fatifd®&@8The | mprovement in surface propert

enhance the | ongevity and service |ife of

26Peening techniqgues

Peening has been widely perceived as a simple, most effective, and industrially reliable
surface modification methodsenerally, SP, UIP, and LSP have been the most used
peening techniques for surface modification. Scholars demonstrated that peening
techniques significantly enhanced surface mechanical propéri®#® § yefined the
surface microstructure 4 9 , irelicéd RC$ 5 1 , aBd2changed the surface topography
[53,54] Many controllable parameters are associated with peening, and parameter
selection for peening is cumbersome in every proceS$ 7. Inappropriate selection of

peening parameters leads to harmful effects, such as reduced service life, increased surface
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roughness, and decreased component perfornfaic8lhe following section discusses

the various peening techniques conducted on ASS 304L weld joints to mitigate the SCC
failures. Based on the source of SPD, this technique can be further divided into two
categories. They are laseased and mechanielahsed peening techniques. The laser
based peening techniques include LSP and LSSP. The mecHzased peening
techniques can be dsified as SP and UIP.

26. 1 Laser shock peening

LSP fundamentally i nvelneagyi mptudrsaeaat ilnags ewi t\
substrate in a confinement medium. The sur
with sacrificial materials to absorribalt he
abl ation. The commonly used coating includ

[ 59, 6DFP can be carried out without a prot
coating (conventional). The protective coa
by absorbing the[ 2@kle1ilesbeicrde pd @asenmerf @y ms
energy | aser beam strikes a coated substr
mat e[r6.1a]lISi nce the confinement surrounding t
from expanding fr epperlegss urhe sk 6criekat wasv eae shuil d
substrate materialkcionddldleme osed otna & ars&mo p
|l aser pul sepriaegdacres @orhdegrh of GPa) shockwa
rat e/sil®s1)0 al ong[ 6. Api surkeaaéts in plastic de
of RCS, a-hdr dae nwear kmi cr ostr uca@dlriaLBR r ef ian
encouraging surface modi fication that enh

mechani cal][] 6FQ¢ pleu t[e7e8stauld.i ed t he effect of
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resi stance of three types of U bend hseanplress
U bend was prepacedvédoml athe, artsehcee isveecdo npdl a
subjected to LSP, followed by U breencdeinged T
pl ate and subjected to LSP. T&@eamndtbhoarsseoq
in the first two U bends codFuisge@dB €8P § ) f ai |
However, the third type oFi g2q3beend bBdoavesie nc
grain refinement and RCS synergistic effec

enhancing the SCC resistance.

Ry
e ,\};‘» i

FigaxeM of the SCC tested (a) the first
bend. Re[p7Oojduc ed

LSP gened ®&tved IRICh and refines the origina
presence of RCS on the surface can del ay c
can sl ow -dowokmgrcowt h on [t hk&émaunmdtarcaet. e d utoh «
refi nement mechanism during LSP on ASS 304
coarse grain was subdivimhed i xntl @mmédtmaniana
l ines. The TEM i mages of neéfei memagntnarme cloami
LSP are Filg@wre Grnain refinement during LSP i
grain boundary junctions and the probabili:

l ength. Therefore, a decrease in grain siz
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to a higher resi stp#a.da S Pias ca-satleikaplme o-p A @ a mb
mechanical process that induces ded®Ber] c o mjg
LSPwC has received more attention recently

RCSs and wofrk2lhardening

=

la/ " Grain Boupdary

Fi gRaTEM of (a) coarse grain in the sub
mi crostructural[] 7T.Blatures. Reproduced

Il n addition, the protecti ve -ccoonastuinmign gp raenpda |
industrially economical. The LSPwC is a th
can produce superior surface strengndiening
rapid heatifqg/l3ddlowengr ratbeere i s mini mal

LSPwC on the 304L grades and, more specifi
because the el emental composition of 304L

304L wel d sj aierstud,ti hu i n varying médhani s

experi ments with LSPwC on SS 316L reveale



15

esistance, and a 30% to 40%[ vhppeasedihh
nhancement in SCC resistance>®dn®&$ebtFQatiL. w
emonstrated that LSPwC can inhibit SCC in
16L. Various researchers also reported si
PSwC on ot her[ 7@)] TdMWt evred tsi ngl vy, S 0 me r
ontradictory results about the nat[u/r8¢ of

eported RCS on the peened surface during

he wor ks of [Pra]Hbavlkearcan &tatalra)] £8O0HI . ' s

SS 304L revealed the presence -pfir RZISeonegih

This is corroborated in[8BA¢l wokERBRwWO,f MRealvan

t hermal effects competition occurs during

attributed t o abl ati on. After t he LSPwC,

contraction is resistecl|lbyssRTrSowmdithg mat e

n the subsurface region is because of the

wave propagatiomni waormhpkassies sbndi8m]Jand n

t remains wuncl ear how the LSPwC can affe
ncreasing need to see how t bmarRTaX eo np ltahye as

he SCC. The effect of LSPwC on SCd nesi st

this work and its effect on SCC mitigation

26. 2 Laser shock surface patterning

As discussed, the LSP develops RCS and gr e

wave pressure and | aser energy incré@ase th
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phase ¢ 7. Both these factors can detrimentally affect the SCC resisfarke® , Thed ]

SPD associated with LSP is always accompanied by a surface roughening effect with
deleterious surface featurg¢s8 3 , Bndirfjcrease in surface roughness causes stress
concentration and promotes more pits on the surface, leading to crack initiation and
propagatior] 2.4 ] T hphasd¥d@rms on the grain boundaries deplete the chromium and
cause sel ect i v e-phdse sleeadpingtaipatmfor ordcks ttomeclediedand
propagatd 8.3HEnce, this situation outperforms the beneficial effect of RCS and grain
refinement induced by LSP. Manyphasetanddighe s c or
0 naffects the SCC resistance significarith8 6 , L& @tJal.[ 8 8eleloped a method to

heat the specimen to reduce theduring LSP. Their studies conclude that with the rise

in the temperature of the specimen,dhd ncr eased first, then redt
summari zed that dubdhastempeamnat or enatt i 9@, i S|
SCC resTh;QF‘-ahaee transformation is a funct

t e mp e[ &&dimitgate the harmful effect of surface roughness anddigla novel
method of lasebhased surface modification, namel y
(LSSP), is developed and applied on ASS weld joints. The thereahanical coupling
effect during LSSP -phasetrasstormatigOalilie lhsedrmsed t h e
shock wave during LSSP simultaneously caused strengthening and patterning effects by
forming antiskew surfaces with an array of micro indentatipn9.1This reduces the

effective contact area between the corrosive environment and the substrate] s@rfacke

a corrosive environment, reducing contact surface area can reduce the corrosion rate.
During LSSP, a composite heterogenous sldidid-air interface forms on the substrate,

making the surface hydrophobic with low surface energy. LSSP has enorrpboateqms



17

for diverse research areas such as corrosion, weaglsaifing, heat transfer, and anti
sticking surfaces. Implementing LSSP can create microfeeale surface features on

many metallic substrates such as stainless steel, copper, aluminum, zingranch tior

diverse applications 9 @ 6 [ara etal] 9 deinonstrated the superior corrosion resistance

of laserpatterned aluminum. They concluded that the msmrale surface features prevent

the corrosive species penetrating ability and direct contact with the surface. Saqib et al.

[ 9 d@ejeloped nangcale surface patterns on SS by laser texturing, revealing enhanced
corrosion resistance. The authors summarized that the-patterns reduce the fractional

area of the solidiquid interface and effectively reduce the interaction betwegrosive

species and the surface. The LSSP experiments on current research work focus on how the
pattern imprinted on the ASS 304L weld surface affects the SCC resistance. The micro
pattern formation during LSSP -phase, geamr r el a't
refinement, and RCS. The LSSP experiments can provide a deeper understanding of how
the output parameters of LSSP affect SCC resistance. The next section discusses the effect

of mechanicabased peening techniques on the SCC resistance of ARS\&d joints.

26. 3 Shot peening

SP was introduced ifmatihggopad®bt0ises oofenhamaeap ¢

[ 22]However, this technique has been effect
for t he past seven decades. SP refines
transformations, i ncreasing work hardening
RCS. Spherical shots made of different mat

used in this process. These shots are direq«



18

i s working on compressed air. These shots
that the materi al is elastoplastically def
induced on 9t8h O DHher i adeeced stress I mparts s
decrease the susceptibility to failure ori
hi nder crack propagation and pTlkheekhéeyfanpag
factors during SP are peenfi2ikdGenéeereabkbliyvy ao
i mplies the area of the surface that is <co
the considered surface drid@d® JChso ocsa wegr esde vheyr e
parameters during SP[d®&d [Zlhe ad][ dgdasdewnadtr.eed SFF
experiments with varying pressure on ASS
resistance. The authors identified that 0.
SCC resistance. Grain refinemenes ebreelrogwe sO .a
MP a , whil e pressure above 0.4 MPa highligt
Hi gher SP pr esOsiurcdcetirnicmeemtsaelsl yt haeff @2l ng t
addition, [ OG3boveat tdalat SP treat ment can er
SS 304 specimens. The authors indicated t h;
mitigating the breakage of [tlenNplrotedtmiver
shot peening (MSP) on SS 304 and SS 316 wel
aut hors tested U bend specimens made from
a80AC. For mat i o rJ{baseannadn oi snttrruocdtuucrteisoon of RCS
were reported. The salt spray experiments
unpeened wel dBi, g&B3fea@hbhpwnHowever, after SP,

observed on t e g@s(ee)nddl hseu rafuacheor(s reveal ed
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formati on and RCS prevented the crack init

316 weld joints, thus improving the SCC re

F i g 25 Surface morphology of th@) SS 304 weldp) SS 316 weldc ) MSP o e
weld,andd) MSPbéed SS 316¢ 1wWell]d. Reproduced

Thecurrent research work on SP of ASS 304L weld joint focuses on how peening coverage
affects t he RCS-phasgaraisurface reughings® Ties research Primarily
aims to correlate these factors and compare the effect of the output paramBkeisith

SCC resistance.

26. 4 Ul trasonic i mpact peening

Peeningwith high-frequency ultrasonic oscillation existed in the early 1960s. It involves a
frequency of more than 20 kHz applied using cylindrical working heads to the substrate
such that the material is subjected to SPD and RCS induced on the surface lodtilagesu

This SPD helps in grain refinement, microstructural modifications, existing RTS removal,
and closure of existing microcracks1l 0 Bhe dense layer formed during UIP on the

surface improves hardness, wear resistance, and corrosion resistance and enhances the
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fatigue life of the substrafe 1 0 Thése deformations developed during UIP cause changes

in the physical and mechanical properties of the subsfrdtee pr omi si ng adva
UI'P are process parameters that can be eas
wide industrial applicaltd4D,AE@limanwamporetnte nt i al
in ultrasonic peening equipment involve a higiitage power supply to operate the

peening gun, a transducer, a concentrator, and an impacWheh the electric power

supply is turned on, the transducer produces a standing wave, further amplified by the
concentrator and then transferred to the tool. The tool transmits this vibration as an impact

to the surface; thus, the material is subjecte®RD.UIP is widely considered a promising

repair method for structural assemblies manufactured using wéldndr e uniqueness

of UIP is better controllability of process parameters, minimum energy consumption,
potentially no pollution, ease of operation, and accuracy. To conceptualize the UIP process,

a cylindrical pin synergistically oscillates and impacts altfregsurface of the substrate.

The high frequency associated with UIP causes the substrate to be mechanically peened
with greater impacts within a short peripdl 0 This repeated impact induces incredibly

high strain rates (f0sto 16/s)[ 108 The UI P process changes
and mechanical properties, such as surface hardness, corrosion, and wear. The UIP
develops a gradient microstructure with gradient variation in mechanical properties.
Abdullah et al] 1 Ostaidied the influence of UIP on welded stainless steel 304 sheets. The
results indicate that UIP increased the fatigue life of weld joints by 120%, fatigue strength

by 29%, hardness in the weld metal and weld toe were higher than the base metal, and
improved corrosion resistance. Microstructural modification occurs during UIP, such as

dislocations, dislocatiedislocation interaction, and formation of mechanical twins. Ling
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and Ma] 5 dairied out UIP experiments on TIG welded 304 SS sheets and elucidated that
UIP induced a hardened layer on the surface, andfirlgagrains were observed in the
hardened layer, which increased the corrosion resist@ieen its capability to change
surface integrity and mechanical properties,dheent study of UIP on ASS 304L weld
joints discusses the effect of RCS and grain refinement on SCC resistance.

2.7 Stnrdauicned martensitic transformati on

Based oratrtbeoni reqqrui | i bphamedi ags #\@pil gbabdov e
26) Thephase in ASS 304L is metastable at r o
st rianiduc e d m*%prhtaeres)itde{ul(ﬁ)hm'PtSFaDlsformation de
the strain, str aiiﬁtnr amd feqgr mantdi d re mpse r dait fufres i ¢
a rapid qF‘atransIDunrimlagion, the composition <c
by peening process has be{Etnracnosnﬁnmorrermﬁiytirompo

formati on i s attribklsteald mea htameé sdiiss lod ¢ & thieo A .

l ow stacking fault energy ( SFE) . @F‘eneral
transformation, due to the high amount of

the strain rates are |l ower than %t &pede, requi
the excess dislocations can i mpede the act

di sl ocations {év‘mdarpsfeo{relrrlaOt]iDtukneimgisdzdisqareenin
t ec hnsiugcuhe sas L QUA tarnadh i LgShSPsdSPDi mcrcaitr s , ( Wh i c h
ﬂ‘transfo«rtmahtiigohn.latsheer tiinmee nrseiqtuyi,r ed f or hea
deforming material and the surroundings i s

and t he | atent heat of exother mic phase
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increasing the temperature of 4tﬁ[hje1‘IZﬂegﬁformin

phase forms on the grain boundar:i

es and

selective wdiesvseollouptsi oan poaft h for cidd®ORYg to

de

n u

(O

TECIA e 2
1600 — B-0.53% C y
A1536°C L+ b-ferrite Tliquid (L) gl
L+ §-ferrite B 1483 °C o
y + d-ferrite. — .
1400 =100 00 .
D 1320 °C
— anstenite () liqu[id“ELl)H + austenite(y) liquid +Fe,C, I
1C1147°C F
austenite (y) ledeburite I
p + ledeburite I +FeC,
g ) i +Fe,C, :
£ austenite () ’
B 800 +FeC, i A
g a-ferrite—1" /7 T T e I I I I I K
& 600 o-ferrite H i
i pearlite pearlite pearlite ledeburite 11
Uzi +Fe,C,, +Fe G, | + ledeburite 11 +Fe,C, -
: End TR : H : : S
400 {57 i i +Fe,C, ' £
s 2‘. 3
a00 | TETTTTTT T T e e—
20 T T T >
0 Steel 2 1 % Cast iron 6 wt 2% C
Fi ga&6a e kcraornb o n . d iRagm[@aidlulc]e d
28Research gap
Most of the Iiterature on 3GCGC nmi tpiegat in@n tier
was focused on RCS and grain refinement

under s tofatnhdei negfgfreacitn

orfef i neomme n3INCICh N gianRIC& n

subsurfake aeédi bhen,a it e papaheaksaep doonp @SgCdCe r e s

wer ewallolt esBwablmnddresitanding this knowl edge
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focuseasf oact hef peeni ng oaon RtClSe assulrbfgaua e rmacmeed
region and t hneiitri geaftfiRd8rdE DdM4ISCWel d gton end s . I
assisted microBdhaseprahdchbargGoaaan|(S@Bglomes
initoathieosur face and t hei rr epgrioopna gvae ri e ni nvoe
The <current research can provide a deeper
parameters such asU4RICSse,gran ch essestfllB@Eremno y g
mi tigation mechani sm.

29Pr esent wor k

The present investigation focuses on four peening techniques, such as LSP, LSSP, SP, and
UIP, on ASS 304L weldoints. The SCC experiments were performed on U bend
specimens made from-asceived plates and weld joints and subjected to different peening
techniques in boiling Mg@GlI This work understands the effect of each peening process on
RCS, grain refi nementphasesand ifs accraation oouhg B@Ce s s ,

resistance.
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ChaptdaatP*xri als, Methods, and Charac

This chapter presents the materi al used,
characterization methods. The weld joints,
speci mens were studied and characteomzed u

on the welding process, peening techniques
3.1 Austenitic stainless steel

ASS 304L plates were acquired from Grainger Industrial Supply (Reno, NV, USA). The
obtained plates are based ASME SA240/ASTM A420 standards and closely resemble

the materials used for nuclear canisters. The plates are cold rolled with a dimension of 150
mm X 150 mm x 5 mm thickness. The ASS 304L steel is fully austenitic. The chemical
composition of the steel plate indicated inrable3.1.

Tab3l€hemi stry of ASS 304L plates in (wt. %).

C M n P S Si Cr N i N
0.03 2 0.04'0.75 0.75 18 8 0.1

3.2 Gas tungsten arc welding

Before performing the welding experiments.
produce -ar o neg.l eTWe si npgrloev iVd egsr oao vset rdoensg gwe
relatively easy to fabricate. The V spacin
from one si.Beg3lfiaf)be oé&éaitgegs on ASS pl ates a
These plates were subjected to-46BAW IiUslienrg
voltage and cur-t4nV ardel2@| A. aThea 2ASS pl at
after wel dimhigg3¥ne()d)h.owhuritnher more, the wel d

into pieces for mechanical and microstruct
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20 mm
[ |

Fi gBIr®chematic degirgpneofpltahes(a) bY sch
and theeGOAWg process (c) before weldin

Il n reality, the ASS steel weddeswgai e rleigok
a perfect joint. The present welding exper

joint in DSCs.
3.3 Peening techniques

Before performing the peening experiments,

defects to ensure no visible defects were |
mm X 50 mm pieces perpendicul arenongheThel
peening experiments weared cUnbercd espeoeani wendd

wel d joints.
3.3.1 Laser shock peening

The LSP experiments is conducted at LSP T
robotic ProcudoE 200 Lawéert cPRedni Ng: SyYdfFema

experi ments were performed without a prot
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actwaPwCo6edOAISSwel d specimeqdBz(emne dJhhewrmpiicn
representation of the 30% and 50% Foivgeuwrleap 1

32( bOc) .

a) b) c)
8 S 3.2 mm E 3.2 mm
E £ - :
E - £ 8 2
= o : =
£ g g
o
& & g
z‘ z. ﬁz.

Peening direction (X) Peening direction (X) Peening direction (X)
FigB8ZEea) Actual photograph of the LSPwC
pictori al representation of the LSPwC
respectively. The peening is carri edppoiu
and AZo6 direction is the normal direct
The peening direction is the X direction

performing LSPwC experiments with 30% and
the Y direction, which is consideredalthe s
to the weld plate (out of t he pTaapb8l2ze) ThEhe I
confinement |l ayer used was water. Among t |

opti mum parameters (based on surface rough

and used on U bends.

Tab32e SPwWC parameters.

Sample desPower densd)d Overl app

L SPwAC 7 30
L SPwC 7 50
L SPwXC 9 30
L SPwC 9 50
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3.3.2 Laser shock surface patterning

The LSP experi menthSeuwfkeaeecbmgiuceedi apeand T
Mechani cal Engineering Department at the U

the LSSP pro€eg83es shown in

Base Material Molded Base Material Graphite Sprayed
Molded Base Material
& /\
N > ;,,'\%/\
W (,\0"‘, @& /; —— Laser
> B
& =y eam
K\

Patterned

Laser Shock Surface Glass Confinement on
Sample

Patterning Molded Base Material

Fi g833Tehe schematic of the L

The LSSP experiments were conducted by pl a
the base materi al ( BM) . Next, graphite was
mol d, which acts as an ablative materi al

gr apchaateed BM containing the mold. The int
devel @apop@wmmduced plasma. The confinement medi
t he pl asma anpdr elsesaudrse tsoh oac khiwgaghv e pr dMpagat i
Anskew surfaces with an array of miTahro f ea
mold is made of SS 304 wire cloth with 100

Mc Ma sCtaerrr  ( USA) with an open area of 30%. C
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coating of graphite were selected. -The LS
switchfddc Mdhser with a wavelength of 1064 n
|l aser intensities wer? adbpGe¥.coms@Wwthec @B.s5 1.
GW/ ém These speci mena, weB 8P In@nRan dDSISRSErP

brevity. The design of the L SKIPg3rfleaThheegi on
SEM of the mBil d3di(é)s havwn cihn i ndi cates the b
mol d. The bar region acts ami apatats&kr, n sanan t
surface. The mold was kept equidistant fr ol

HAZ, and BM. The actual LSSP' edgas& )304 L

Fig$14r(ea‘)‘Tr'1e desidn of LSSP'"ed region, (
L weld joints.

3.3.3 Shot peening

The SP experiments were performed at I ndus

USAJhe SP experiments were conducted on th
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FZz, HAZ, wantd BMfferent coverage, such as
speci mens ar e-106 s5 08P atdefd GSP &SP brevity. . TI
the SP iBi gdbdean . i Bt ai nl es s -i ntcehe Iwacu tu sweidr e s
The Al men gauge of the A strip was empl oy
magnitude is given in ten thousand of an i
82 PSI wasameeedr sThhesepgplaf or SP onTak8Ba | oi n

The actual SP experiment PBMig3tr(edbprying cove

Tab338&P parameter s.

. . . 5
Specimens Almt(ax)lntensny Media Coverage (%)
SP100 100
SR500 12 SCW 20 500
SP1000 1000
SP

a) Compressed Air
a1 —]

Shots

Nozzle

A  Shots

Target :i P’

Fi g3sTehe (a) schematic of the SR O0@nd (b’

3.3.4 Ultrasonic Iimpact peening

UIP of the weld joint SesvpeesomCmegpgoatt Poo,
Company (Al abastE®he WBIBbpmaced®dSAWas applie
controller and proprietary magnetostrictiyv

set to produce maximum amplitude (tool 0 ¢
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speci mens were clFang@®@é(da) owiat woa kwarbKieng ar e
mm. -@fAicdonfi gurati orFiigla(es)e)d. facJI@P n i s 3
and has a 3 mm radius on the eRrRdgdo(&l)B ,was
foll owed by the weld facefragdenbgnatoushi
25 kHz is adopted in this experiment. ul pP
for a coverage rate of 18 s ecounadrse pienrc hs q uTi
UIP'"ed specimens had the si-gnaauee oa&mpgl enp

mi nhutes was r-&Afermrd eldd. 38 orBarsutUds as UI P

Fi g6t (ea) Wel d-pjimi rctonf(imurdati on, and

3.4 Characterization techniques

The BM, and we-mdupoedt anwepel hehed with Si
si zes. Then, specimens were subjected to
containing di fferenmt s pagittisd luelrwymizpesss.t e A cloc
0.08m particle is then used for final pol i
anal ysis was peteDf2orPAteadsean (BrBkekerrMadi son
Di ffraction aKippadatusowi edmpalogyiendg wirtohm 23 0 A

wi tah scan speed of 1 degree/ min. The micro
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etching the speci mens using Car pnt elrhés €
mi crostructure wa-60ZX®@lpA uk e do wcsh Shcgo pESMSEM |
J a p a n JThermm Hcientific (Scios 2 Dud#deam) ultrahigh-resolution SEM The

mi crohardness test was conducted on the FZ

Tukon 1202 (Buehler, Lake Bluff, 1L, USA) 1

3.5 U bend preparation

The U bend specimens were made at AAA MFG.
ASTM -®30 (2003), and the drawing depicting
i Fi g3#7ell13 A nut and bolt setup was made on
the spring back and keep the same stress |
SCC testing. Two U -beandisveeregl anaede, faomd faesr
from wetlsd jTohie U bends are made from wel d

techniques, and the time for the first app
and compared with unpeeend U bend made fr
speci meno matrleececfeaisved pl ate an@i wd8(ea)j] ocainndt |
Fi g88(eb). Once U bend is made, t hElye alt &P s ul
and LSSP on U bend are conducted by LSP Te
Surface Engineering and Tribology Lab at

Uni versity of Nevada Reno, respectively. T
ldhustri al Met al Finishing (Pl acenti a, Cal

Corporation, a Caterpillar Company (Al abas
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2X #6.60
a) [ / _
[ | |
—12.50 50.00- 12.50—
—3.00

b)

26.00 15.00

All dimension in mm

Fi g37nali mension of the U bend -97p e(c2 OnRe3

a)

Fi g38&rlct ual U bend specriameaisv amh dpel dtra
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3.6 Residual stress measurement

The RS measurements were conducted on the v
weld joints, and U bend specimens subject
(Dubl i n, Ohi o, USA) . The RS measurement of
and U bend specimens subject edTECMatetiaBSP and
Testing Division (Knoxville, Tennessee, USA). At LSP Technologies, the RS

measurementwer e conducted usingrayStréétsaetbm&t

modi 6geadmet ry (Gt emghniheuedXammd sMn Blefore per

actual meaes ucraelmebnrtast,i carh wad reen SbBc 3édd Lu piowg
resi dual stress measurements werTdhhecodmdleat
removal technique measures the RS and full
depth direction. The material removal was fj
solution (which is composed of u6 oVole. % npde r5
vol . % methanol) on a ElectroMet 4 system f

|l ayer remaeatalonsormand strain gradient corre

Similarly, RS measurements were made on th
surface-samfdlalcseu.baper ture size and | inear o]
consistent result on the weld, obtained f
oscillation. This setup provided the most ¢
So, thi $sioanfwagumuaed to measure theiRS$, of

SPoéwal d joint s, and U benSlismisluadr ley,t eRIS t me d.s
were made on the U bend specimen atThtehr ee

RS measur ement parameters usedTah34dT&8R Tech



34

RS measur e ment TEC-MateatdialscTéstend Diaston utilizesl a TEC 4000 X
ray diffraction system, and data was processed using a software named "SaraTec Analysis
Manager".Table3.5 shows the parameters involved in the RS measurement at the TEC

Materials Testing Division.

Tab3l4d®Smeasur ement parameters at LSP technol ogi e

XRD parameter Description

Radiation Mn K U

Tilt angle (0°, £18.7°, £27°, +33.8°, £40°)

Tilt oscillations +3°

Aperture size 3 mm for base material and 1 mm for we
Linear oscillation 2 mm for base material and 3 mm for we¢
Pl ane (Br agg 152.3°

Xray-Voltage (kV) 30

Xray-Current (mA) 6.6

T a b3l5 &S measurement parameters at & erials Testing Division

XRD parameter Description

Radiation Mn K U

Tube voltage (kV) 25

Tube current 0.200 mA

Collimator Circular with a diameter of 4 mm for weld joil
Rectangular with 1.5 x 5 mm for U bend

Linear oscillation 2 mm for base material and 3 mm for weld

Plane (Bragg's angle) 152.5°

Xray-Current (mA) 6.6

The RS measurements were conducted from th
covering FZ, HAZ, and BM. Measurements wer
8 mm, 10 mm, 12 mm, 16 mm, and 2F4 gt efrom

(a)). Then, subsurface measurements were ¢C



35

Om along the e&Zedptdchi rdeicrtdcotnBo g 8&Eb howmei RS

measurement spots on theFilQ3¥eend. speci mens

a)

b) c)

- B
l l l _'Direcﬁenofmeasmement

(6
25um, 50 pm, 75 pm and 100 pm

Fi g3dTehe RS measurement |l ocations (a) h
wel d joint showing the subsZnof)adeée rmeasu
surfa@gée &®dmeasurement on U bend specin

3.7 Stress corrosion testing

The SCC experiments were -92rf20 &)X ibbmaskdi lo
and the setRipg8l€ 1siMdwhne imai n components i n

Erl enmeyer flask of 1 Liter with a side op

tubing for the condenser. 400 ml of test s
di ssol ving 60®80B gm olf5 MglClof distilled wate
heated on a heating plate and all owed to b

Subsequently, the trap is attached to the
condensemecareed. c oWh egso Ituhtei oMg Cslt arts boiling

temperature is maintained at 155.0 N 1.0 A
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of the U bend specimens is immersed in the

should be of the same material to prevent

Thermometer

Fi gBIr0SCC test set

Once SCC testing was completed, the failed
cracks in the SCC tested specimens were

mor phol ogy, and cr ack pr eplalglaLltA o m Tweurcen Sstoyp
( JEOL ,0, T alaiperno $cientific (Scios 2 DualBeam ) uirggh-resolution SEM

and -26M0 STEM (JEOL, Tokyo, Japan).
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Chapt drasfeased peeni n @ StSe owrerl idg y eoS nd rs

This chapter discubasedt peecafi Ngct eafmdt @a els.
novel obhS$he SCC resistance of ASS 304L wel
|l aser deve-hbpgpbdsanauhtrate plastic defor ma
LSSP induced RTS on the surface due to the
of LSP6ed and LSSPéec&vwael d hjoawigmt § heh cwenee R
used, ftehde WeSSIP j oi mmtagsannhdwadke &KRCISown t he subs
is attributed to the high l|ltacepateinermyt ads
The LSP andgtL&iSP catisrdmentBp wos & th@haamni on
novleSStPechni que sruaduwwced rtolueghness Uafntda sveol um
compared Thbetheesd&Swce of RTS on the surfac
both peened U bend speci mens. However, the
in the subsurface region prevented the SCC
crack propabat bah ktt haincdk ntehsreo odlgabielr wreed . w T h e
testing on LSP6ed and LSSP6ed U bend spec

compared to the unpeened U bends.

4.1 Effect of LSP on SCC resistance of ASS
4. XRIphase analysi s
The phase analysis using XRD on BMigmud eLSP

4.1. Five significant peaks in the diffracto
be an austoemasgdad opmha(ckCHDAAl1ca)d MHmbe P6ak g
after LSPwC is attributed to pel®@BB88dfs (The

demonstrates t hat LSPwC | ed ndwcetdhemad & @
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transfO{F)maqﬂhwansformat?irpf»n +Hisetypically at
intense plastic defofMmabPAbh theske8Pbgdt bpej
t he pre{EépehnacseeTh)ef intlé‘msakg/ lmdgitrhet o i ncr ease
power density. Similar resul t[s7,8We me whe gdr tt
aut hor s obser\/emﬁwiﬂmlmhmmréaaﬁsiiom pédwer d
on 304L. It is conspicuously observed that

towards dampowemnmg2strain in the | attice.

|—— As-received——LSP-A——LSP-B——LSP-C——LSP-D|
- = =
= N - b2
= ) = = iy
- ?-J 2 il N N o~
[l s =
121 B8 8 g 8§
= = Jla =4 A ) S =l
& 7] > — ~~
w |12k e 8 = 8§
E 12k &g, = =
g L: o e, X Pal W V—
¥ |~ |s — & o =
g ZE & g 5 §
1" = " &k
o S = )
8 8 o, a
(o) P 3l
ZA o - -
| I T T T T T T T
40 50 60 70 80 90 100

26 (°)
Fi galr>RDi ffr acft otgheamBM and LSPwC
Lu e[t78&llso observed a ﬁwintoh oanmci narce s ei n
, there are conﬁﬁlriecptoirm@doli)swerﬁ

rat e. However

300 series while performing LSPwC. For exa
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reveal ed tmﬁ{37hb$]ﬂ®h};ee ionfpr ovement of SCC re
refinement and RCS is higher than the detr
Opti mum selection of process parameters d
fraction of marDurnisng eSGQ ttmsetinnaguf‘-p'b(abecti\
occurﬁ-.phﬁflscerms on the grain boundaries and
boundaries. The $%Ihadsete\/ialleopdsi sa opautthh ofnorofcr a
propagate. SPD'"s positive benefits, such

adversse)q%fhfaasﬂ:eOZ]One way to minimize the sec

selection of SPD process parameters.

4. 1.2 Surface morphol ogy

LSPwC created di mples with periodical feat
Fi gdaz(ea)d) . During a bare LSP treatment, tf
which causes SPD. When performing | arge sp
with the materi al | eads tloevpedr toikabldéss daafyaecre
result of the rapid heating and cooling of
deformed. Additionally, as the power densi

|l ayfelrl7]l't was observed that peening di mpl e
more crater morphology with increased asper

were made byl Wajngngt L&EPwCalblhoWwg43 Mg
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400-pm : : . 400, ym

400 pm; W L _ 200 jtm

ga42Tehe surface topog+Aaphy) Bfl. StPwa-C(LaS)Rn

Fi
LSPWC speci mens.

4. 1.3 Surface roughness

To further understand the changeéi mansiuor alc
i mages of the surface were extracted, as
t her mal heating significantly altehrrneedsst he
(Sa) was calculated to quanRiigdBet haseachese
overl apping ratio, Il ncreasing the power de
findings are expected due to a higher dec
I nterestingly, when thé¢iagu8feh@p) 1t dtece swad a
roughness was relatively | ¢Fwegra3feh(pdn) 1t hésf i

i kel vy t hat t he |l esser coverage of t he
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mel ting/solidification of the relatively

Collectively, these findingsigwpmeort the v

a) Sa=3.10 um Sa=3.67pm =

30 pm

0pm 160

281 um

©) Sa=2.89 um =" Sa=2.98 um [
220 240

200 220

180 28 ym 200

25 uym 16.0 180

/l 140 0pum i

0pm 120 e

120
100
8.0

*0 o® 80 i Y
265 ™ £ 60
’b") \ 40 40
20

0.0 0.0

43Ae vi sualization of the 3D surfachk, p

Fig
LSPwWwGC (c)CLSBwf€ (-D)s pediwtens.
1

4 . .4 Resi dual stress

To better comprehend the effect of LSPwC,

the FZ, HAZ, and BM were measured and compa
i Fi g4 eFor thEi gwed(eh)j,oitretnsi | e stresses wer
due to thenwkedbdmsheatnhing and cooling rate.
compressive as we move from FZ to HAZ and
occurred frbm9]BagorFdZ t hi s regi on, the RS

compressive plastic strain was developed
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LSPwC, whi ch 1 nduscuersf aRR@S ont 6tshevogubh noti n
along the surface of all/l the LSP $p@airmens
44( a) . Al t hough such a finding can contr a:i
have al so reportfe8d, 81 mi2@irkeflifnlde ngari ati o
roughness, this finding can be attributed
shockwave propagated through t hesurafteead ads
obser Féd) 44 (Bb()e) .-L PR,stt he degree of compr es ¢
increases with | asairr f aneemsigtiyoni n wi hb &h
i mprovement béwintgh a50 % iGgWé(etinp -DSPa€amet er
can i ndlaagteh iRCS compared to other paramet e
From a SCC point of view, this is very c¢r|

LSPWwC in the HAZ and BM regiond$. tlemshare spe

at the surface, the magnitude of compressi
maxi mum ( &nfoaurndt i5s application). Afterwar
stress starts dropping tildl it reaches zer
consistent RCS in the HAZ and base materi al
t hedwaetea is probably due to inconsistency

stress measuremendrsi nq déeree waetl @ls darmseirstpent
getting consistent welds and having consi s

are challenging.

The RCS zone typically esxstuefdcef rTemgi imee pu
decreasing as the shock wave int[leqS]iFtoyr i s

subsurface changes, ASS has high work hard
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a) Weld joint : ; Surface

=)
~
g

f——Surface——25 pn 50 pr 75 um 100 pm
LSPWC-A'

Residual stress (MPa)
]
1
Residual stress (MPa)

—100

T - T T e’ :
0 5 10 15 20 ot i

T T T
. 0 5 10 15 20
Distance away from center of the weld (mm) Distance away from center of the weld (mm)
800
 — Y nr 50 pny i 800 ]
C) Surta 21 0. 754 100/um d) —— Surfaco—25 pm— 50 pm— 75 pm— 100 pm
2 LSPwC-B z :
600 - : : : LSPWC-C:
- : 600 - : :
400
= 7
2 ]
% 200 z
2 Z
: £
- Z
: " T AN D e
Z z
=200 + =9

—400

Al B G HAZ " BM 4
-600 T T T T :
0 5 10 15 20 =608 T T T :
Distance away from center of the weld (mm) 0 S 10 15 20
Distance away from center of the weld (mm)
800

}—Surfuw—lS pnp— 5() pnp— 75 pme— 100 um|
: LSPwC-D:

e) 600

Residual stress (MPa)

¥ | HAZ : BM

T T T T
0 5 10 15 20
Distance away from center of the weld (mm)

Fi g44lre depiction of the variation in RS
joints, -Ab)( AL)SPWSPHL-CLSBwWE (-2)s de&diwtens
Fz, HAZ, and BM.

Cold work induced by surface treatments wi
residual stress. During LSPwC, the surface

grayish because of | aser irradi athieomr eiarcttiho
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the ASS 304L surface with nascent oxyge

active pl asma, and the intense electric
fusion of oxygen into the samplleayseur f ac
ickness depends on the intensity of the

wed residual stresSi mirloar 256s WMPtas twe r3e5
ks of Pr avieBelnKiinrmyr petr faFrmed LSPwC on t
wed residual stress of ®MmOfMBPam DbéDd5Qr M
gle | aser peening. They revealed deep R
to 100 Om) from the surTfhdace ofxdrd emd latyieg|
ferent from the base metal and typical/l\

y |ittle meaning as it is a superficia

Q

r a[j 8 eggpoarlt.ed similar residsafFrfateesseqgd

or bars in XRD data acquisition are bas

—

rai ght ' ine or similar mo d@p r. o fTihli isn gd,a
ction of XRD tilt angl es. Hi ghly wvariat
ds, will create much variability in the

s in the residual stresseméasdanmeaeemeporfe si

=

egated microstructure, the presence of

—+

orm nature. Also, it is very I|likely du

ore performingV IspRwC metnlse wRS eofmelhsur ed
end. These are designated as A, B, and
d, Spot B is |l ocated at the flracmmget lsd de

nge of Ft lged @a)b.endpot A, B, and C show
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magnitudes. Spot C has the | owest RTS beca
A and B. RS at Spot A is measucemebemé atnly tt I
surface to see the variation i n RTISI.atSipon ZA
from the surface to the subsurface.emThe RT
(Fi gaasr(eb) ). Fu-At aeW ,dpehcei Mens were subject ed
LSPwWwC parameter, and the RS were quantified
sudbur face The RS var+dAataindniUaftepFéS®IWEe dni |

(¢0d) .

1400 — 1300
a) U-W = Surfacc b) U-W }: Spot A
1200 - 1200
& 1000 211001
= =
» = 1000 1
@ 800 - g
w Z 900
s 6004 B g
3 =
2 ‘Z 800
8 4004 &
700 4
2004
600
0 - - - T T T T
Spot A Spot B Spot C 0 20 40 60 80 100
Depth from surface (pm)
400 , 400
C) [=Spot A==—==Spot B~ Spot C d) ——Spot A: Spot B Spot ('|
U-A-P U-W-P
~ 200+ ~ 200
= £
s z
E E
= -200 =-200
< 4
-9 %
—400 —400
-600 T T T T -600 T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Depth from surface (pum) Depth from surface (pm)

Figdhk depiction-WfspREimen(an Whe suW-
speci men along th-A-Pdepthld -W#) Spotd B, (c
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The RTS on Spot A is reduced to al most 2
LSPwCb6ed U bend specimen behaved different
the surfacean) (antmend h2 @-A-P §p gtds(ed)n) +HeHPed UU

speciFmgd ((ed) ) showed RCS and whose magnitud
from the surface. The-APCS hatweS3Ip at mB X0 rmusnp e
at dmnO0dept h. -WHoOrs ptelce mé n Spot A and Spot B
bet weam t8m, 0GB hdy were stabilized around 40

been reportfe7ddO]by Lu et al
4 5Pl astic strain

The FWHM can give insighttful i nformation a
usually proportional td 1t2R24dT hliesv eils osfh opw na sft«
joint and LSPwEo@d6 weSlihcjeoitrmte iexperi ments
various power densities, the | evel of plas

of the LSPWO gAedsj¢gmmansobserved relRitgwreeto

46(a)), suggesting that there is a refineme
atomic[La@8B8{Theiss was especially evident al on
al |l speci mens was the greatest among the

intuitive comparkFkidg ddoe ttthe IRBSc feoasna im FWHM
the combination of heating and cooling fro

is also a contributor.
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Surlace

Weld joint

100 pm|

| b)

—— Surfaicem—— 25 = 50 pm— 75 pum
: LSPWC-A!
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Wit
S



4 8

However, the rapid cooling rates from the
sur face, thus resulting in a greater F WHM
surface, the FWHM decreases (whiwrgth) .i sWhken I
observing these changes along the surface,
afterward, the FWHM gradually increased an
to thienifom m heating/ cooling wowhhn Amend Zt
LSPwCoéed joint, thaend noveenrsliapy ooff 50 %W icel de
in the weld joint due to Fihgablfegh &egumdéardl
7 GW!acnmd 50 % overlap yielded consistent R
to other specimens. This is becausel eoafditnhge
to higher plastic deformation. Similar con
et [dlld8ulri ng nanosecond LSP on magnesium al |
FWHM in U bends, there appears to be an in

surface and subsurface, aFnidgdairheyp )ar.e far g

34

'd) — Spot A Spot B Spot C b) — Spot A Spot B Spot C
32 U-A-P 3.2 U-W-P
3.0 3.0 -\
T8 \_/_\ €234 )
=] E
Z 2.6 E 2.6 4
2.4 2.4
2.24 2.2
2.0 T T T T 2.0 T T T T
0 20 40 60 80 100 0 20 40 60 80 100

Depth from surface (pm) R

Fi g4 e FWHM eAfP (aan)d-WPb) U
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|t can be visualized from the figure that
FWHM decreases for all the spots consider e
shock wave pressure along the depddt idom ecft
Spot A and SAPtami-PoUs ptelca mé n s, it can be i
di fference i n FWHM:i ndhuice di R-WHU es rpt eac h wareelund i bnegf

U bend prepar al isomec iFnoern,t htee nLsSPAnd <stcrreosssse sa

the |l ocations near the WwWelbe&nde RiSe nkeiagswnmee ime b
44(e). Relative to the weld joint, all spot
deformation from LSPwC treatment. From an
increase. This is |likely due to adddtbynal

the U bend.
4 65t reersrosi on testing

As expected, extensive cracks and-W natnednsi v
U-A specimens around 12 and 15 hours. Thes
appearance of the first crack to se® the s
t wo pieces after 42 hours of testing. This
appl i dcdatgiud(es) di spl ays aWcomeptiemehh yardil ed
W specimens failed near the fl ange region
view of the-Wvhplelcy mfeani IFsd 48(ebi)c atTendk iemr | y f
t heA Uan-tW Bpecimens is attri bumaegdnittawdeéehdaT ]}
(discussed in section 5.5) and their coars

wel d specimen, the origindalt heodr e ngr airres e
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the direction of the bending and contain a
MgGdol ution | eads to crack initiation and c
early breakfhgd tdfl et Heaey@r on the U bends du
grains in a corrosive environment, l eadi ng
[ 15,T/h0e] summary of -Ahan\WCTs tiersdia tchhieSQC i n

typically initiates at the triple junction
along the grain boundary to anothe24]juact.i
arrested SCC has to be reinitiated for fur

t he numbegr aocifn tbroiupnldear y junctions and the

before it reaches a <critical el eingdrhe asTelser
probability of c¢crack arrest, | ead4.2pT hteo  a
grain size and SCC susceptibility samuerdcirr e

the presencea &fi gRTShhavce reff igh@&@,n swhervea sa

probability of SCC. The nature of the str.
tensil e, it i's mrne&5Khsec ecphtliobriied et oi 0HGC c a
di sintegration of the oxide fil m, causing
condition increases the charge inside the

j oints. Pittingreo3@@6IiChH oodc adwer § olmesf cexped]

inhibiting pla44j ve film repair

TabdlesCC test on U bend speci mens (before LSPwC

Speci Crack CrackCrack wCrack prop.
observ Il ocatobservesudburface

(hrs) the sur
U-A 15 FI angYes Yes
U-w 12 Fl angYes Yes
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SEM i mages were captureé@i fad(ea)t haen ds u(rbf)a c(eb
Spot A and Spot B near the fail eHi g8 € on)
(e)eThe observed cracks are transgranul ar,
wel d [[opd2 h[ike i ntergranular SCC can be contr
and | ow all pgRB¢r had dibtsieacrved SCC propagat e

direction ¢fL29dénsi |l e stress

Fi gaal&8XCC test eWl s(pecitnmeen W b) t he ma g-W,icf,i
and e) SEM of the cr-Wckpeoinmeme surface

Furthesecttcirosasl SEM | Mhagper® dipetheehai wedeU
understand the nature of crack propagation
Mul tidirectional extensiJ\e acWaske qpigmav@Ivno b ¢

at | ow maghiidgf4ice(lci)oon Tihnese i mages reveal r a
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from the suwsfuadeacctwo citkibke ofubdi fferent | engt!
sudburface region propagatingmaagmniof itcdat iboun Kk
i mages of such crAacakn¥® dpsermed I Bi gaPedsen:
(b)d). The observed crack i s tTrhaen sarrdnyu lfaari
of -AUanW dpeci mens during SCC testing demon

the SCC resistance of the DSC welds for nu

a) Surface

Cracks of different length

Sub-Surface
Sub-Surface

c) Surface

Cracks of different length

Extensive cracks

Sub-Surface
Sub-Surface

Fi g4%XCr ossescti onal SEM i mages showing cra
surfade i(Mmurdwlce t oAstpheec ibmdrk, i(nc)ssuf da
W, (ds)ursfusdbce t oWtdhee diurh&kn.in U

During SCC-APe satnMiPgUs@re cWU mens, every 12 hour
taken from the testing chamber, and OM i ma
surface of the specimen. The presence of R

caused the initiaftfbemnwernciSpdkrsP ranntiPdle Bj | a



53

speci mens at 122 hour sFiagmnd @le2p0 ch surtsh eo fs u
topographW-P og$pédediemddn during SCC testing ho
surfaces cFangair@agk)en Afnt er 120 hours of tes:s
observed on the flange region (Fbg4lnvee)h Spo:
().) Both these specimens were tested for ur
subur face and grain refinement due to LSPw(

of the speci men.

Multiple cracks

Fi gd4Y @M s htotwe surface t o\pPo gy mepdiymeonf nteha
during different SCC testing hours (a)

The cracks t haiV-Papmpearianknomfttlee B00 hours
Fi galr¥aadand the magnified view of the flange
of the U bend cont aihii g4dlrigbh)e. cTrhaec kt oips Vviinedw

on t-W-B Us skiogMiiriecn) .



Surface cracks

Fi garilsCC t eW-Pepge dJi menvi(eawy, f(rbo)ntmagni Wi e

Further SEM anal ybetst ewreremeeoSItCarcec dePk s on
speci men. The correspondFingdiISEAMI) madiaud t ap ¢
cracks with random orientation can be visu
intensive <crack propagAt iao#V &mpedcihmenssur ¢ anm
significantly high RTS and coarsdigranemg.
and reduced the RTS in these U bends. Tha
appearance on these U bends. -AAPheanW®mmary

speci mens iTabdl2edi cated i n

Tabdl2e SCC test on @y tbeean)d. SsPweCci mens

Speci nCr acclkse Crack | oc Crack was ot
(hr s) sur face

U-A-P 122 FI ange Yes

U-W-P 120 Fl ange Yes
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(3 AT
j&% Crack propagation

Fi g4dt2SEM of t he SMPC stpeesctiende nU ne da, bf)l
magni fic@tdonhiaghi magni ficati on.

4 . 7Understanding the crack propagation from
Crosectional anaiWPsiasnAdBefls pei mMmansedaib provi
about whether the crack propagated into th

to the |l aser ablati-WwP amlclrevéebheéedSBwgen

resi stance -A oarpWr @Tdh et ot hlte r ma | effect arisi:
surface melting and RTS in the weld joint.
caused a significant delay in the rcarnagck i
LSPwC, these specimens could withstand 300
propagation to the bulk. The summary of th
i Mabdl3e Theseaeatoisenal SEM i mages were capture

Fi ga&(éb) to validate and prove the genuinen
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are reprrisedhitzgd)din The observed results r
initiated from the surduwrcfea cae er epgiogpma:-g aH cevde \
hardened | ayer containing refined grains

cracks into tindgbu0lk of the spec

Tabdl3e SCC test on LSPwCbed U bends after 300 h

Speci merCr ack oCracks propagsurefda
(hr s)

U-A-P 122 Yes, but @emly wup

U-W-P 120 Yes, but emly wup t

Branched cracks wesear fobce rmvegdditdma()bhe $sab
addition, cracks of diffewsentf acéngwhET@ower e
(¢)d). The crack propagated up to a depth
from thdhsserfksateati on can be explained bas
of tW-B &pecimen at the surface and a depth
vi sual iFzieggulrferbomt hat SW-Bt sBeof méeheb&gan exh
values below 10 Om, whil e | ocation A exh
demonstrates that the RCS effect will infl.
presenc-maghi hubdehy dRr€d®, 281 ong with the grain
as a barrier for crack propagation. The gr
cracking in the U bend subjected to LSPwC.
the surfaceiagmadclo prudkaglnttgodt B(hece) dmat eTrhiiasl

demonstrates that the SPD induced by LSPwC
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[ 6. 7] A recent stydye] bgi dahed etheael positive

refinement and RCS during Ul P, which prevel

No crack propagation

No crack propagation

Fi gaar38EM of the flank regirarckofpr plhgrad

subsurface in 20 Om depth from surface

cracks -sorfheesubgion with a | ength of

4. Prd®posed crack inhibition mechanism
Even though a crack is initi atsur foac e hei tsua

the propagation to the bul k because o0of the
hardened | ayer. Thd sdprede&®T6hdnh tthhee wse§ Riv§g
due to ther mal effect is not disruptive to
because the mechanical effect -davdéoped F aj
bel ow the surface with supeé¢erfidédall]snectbamcicad

similarly during LSPwC on ASS. The SCC mit
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depi cRieglriggna) . The FZ, HAZ, and BM are al so
into coarse grain HAZ (CGHAZ) and fine gra
t he -tward#&ened | ayer containing refiigluierde gr ai

(b). Applic®dtipamamettelme onSP he werh,d 4 wti nat st

Om, it is RCS. Hence, somewhere between 25
For accounting for the safety factor in th
preséngdd(me). Hence, cracks can be expected

propagation.

Refined layers Refined layers Refined layers

~"RTS ™~

RTS -

RCS RCS

—( SFESTFEY
(] aZa¥ s

b)

.

Crack propagation up to 50 pm

A

Crack propagation arrested below 50 pm

r

Fi galrd€r ack inhibition mechanism in (a)
|l ayers showing theOmresence of RTS wup t

The presence of RCS on the surface can del
sudbur face regionccackslgowwtdbwmuat[Bberdd hit &e
i mplies that the crack threshold [@abh80]Jcrac

Decreasing grain size -amaxirrrabesndadarey njumbet
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probability of arresting a crack before it
grain size increases the probability of <cr
propafdRjijlome grain refinement during LSPwC
grain refinement can del ay the crack initi
the crack appear aalldleeAt hmghdRE€S8usaadeihect i
initiation and pi1d@pHFgha&t iilot rofduct asoukrsfoafc eRC !
effectively preventeducrfaclk.pliopaddiitoonnt ¢
refinement, the surface roughness of the s
resi $tldR2¢dfdhese factors contribute different
refinement contribute positively to the SC
negative effect. High surface roughness cai
stress and str[eads] Tihrntsennissi ttyhef accnteorrs-Bason t

parameter on U bends.

4 9Concl usi ons

This work investigated the effect of LSPwC
analysis of the SCC initiation, propagatio

joints was summarized. Significant finding

1.Phase analysis using XRD -irnedvuecael de dmatrhtee n
during LSPwC. Il n addition, the intensit

intensity.
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ni ficant variation in surface morpho
ensity. Shall ow peening di mplleskewer e
phol ogy can be visualized at higher

surface roughness of the LSPwC' ed w
s is attributed to the high ther mal
erficial surface | ayer to melt and e
RS measurements showed the presence
the LSPwC'ed wel dsyuypnfate, Hblwevpr es e n

erved. The FWHM results demonstrated
d joint.

ing SCC testing, tAenplh adpattcu menfailsul
hi gh RTS and-A-PoanWk Ugpeadinmens heh dwe
the surface at around 120 hours and
wth a@madi pnoware not visible below 5
ting. This can be attributed to the

sence of -depshsREB:t and in

results demonstrate tphratc elsSR nigs ta chin

e the SCC resistance ASS 304L weld j
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4. 2 EffSconofSCCSresi stance of ASS weld joi
4. BZuxface morphol ogy

The surface morphology of the weld joints
I Fi g4 a)d). The LSSP experiments induced t
t he welTdhe] dbiamt .egi ons of t RegthFe)dhotsh ar
i's because these regions absorb the intens:
[ 9.The i ndentation is 1imperfect at i swer I
abl ated, s«AchndsBLRFPIgUSREH ). The (anergy was
at |l ower intensities to induce a perfectly
sqguahaped indentations were formed on 't he
mi ni mum energy dissi pagdlofeal)). tlhte cam r ma nuii

the patt ekingdlrdgfme dD) &P i gns more closely t«

i Fi g4rFee). An increase in | aser intensity I
abl ated. The surface of the hole region sh
meltingoamdi fecation. The effect of el aser
Ssubstrate was insignificant compared to th

separated from t ke ghlaFee(pf)d rrgek edr segphenscéal
were observed i n tCheanhdoDLeS $rReayii menn so,n wWhSi ScPh
to the high | aser intensity and | imited di
(Fi gdr® e()f[)2.1]Beyon&Wt Blmasers i ntensity, the

was wel ded to the substrate surface.
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* 20pum "
s ol

Spherical droplets

O
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i
¢

o B &
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S

50 um 50 pm

e t(ao)p oldS; @ hyBB,®F ECR,&8RaN d L-:

Fi galr584he surfac
f) magni i ad dvDL &B BoMi ntgh es plF

Dspeci(menand

4. 2.2 Surface roughness

Thrckiemensi onal i mages of the LSSPéded weld |
the change in surface tFoipgoudrbecaphge SP® and t |
effect of the LSSP affected the surface f e

LSSPb6ed specimens i s Fguaddtkiaf)d pd ahd iindurca
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that Sa increased with anGWhé@eadkeaiah | ase
(c)). The reduct-Dospediigait &@rn )t hes SIP i bui
uni formity in the PpPagdkEpni ke rA( caBrBfPBL 828 @ |
speci mens, the Sa values are relatively 1o

surface. Collectively, these fikhidgdailighs supp

54 um

Sa= 112 nm e Sa= 187 nm 45

of the 3D s@nf dMsSF

al z i on
-BSSPc)X,LS88H -DepedciSEBENs.

4. 2.3 XRD phase analysis

The XRD diffractogram of the welFd gdfri‘ent anc
The weld joint showedtfdevlel Is)i,gna (fa camd op(e2a
2(2R2aks. Using CODMattchedle tphog thes awert &em ¢ 1 ¢
wel ding of 300 s eddietea Miptder M@ & d ® n t[oln3t3H b e W

However, the presentdeifieaensititneg a(thieonwed ldo werdch
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analysis on the wedbpeéakoi ppsdi &l yoduehow &ih)

din the Twheel  SSP i nduced SPD on the weld joi

underweYyH[(#15]

—— Weld joint—— LSSP-A—— LSSP-B—— LSSP-G—— LSSP-D
5 e g N
~~ ) Q & E‘J, N
3- i \‘{JL gjL O ?{J\____
©
N
= g 3 5 g
@ 2 Fa LN LA
L 7 =]s
o —l = = — —~ —~
£ | 22 g Q 3 &
°)l.’:‘ A SA_ A5
1 2 g 8 S T g
| S S 8. 5
T T T T T T T T T T
40 50 60 70 80 90 100
2d (A)
Fi gar&XRDi ffr acft otghamwel d j oi nt. and
Al LSSPb6ed WqFlpdwajsa-:-irttrsahssffm\mmrhbéoml.early v

FigdX?2 hat the {iﬁpleazlnsibggiorﬁ to increase Wwi:

i ntensi t[y7Z@8&mo restt raalt.ed t he same results dui

304L. However, some stidimim@Sesthroa\dewrfidmhgealtaSme
on Al $1713.a4léen] addition, a pronoundemndg lpesak

compared to the original position. 't i s w
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to | ower difff34a4kBthiogghaeamgpeak shift was obse
D. This can be attributed to the higher | a:
D.To calcul ate thQF‘-phalsampdnraﬂ;reacttihoenw)e)Rf[b pro
autofitted using Origin software (Origin L
corresponding volume fractilpa3d3dfTlhphasaes awa .

t he volume[F‘-pfhrabsset'sti/vgmji&l The vol wm® fract |

angdi én
0O Orn péeééeéeéeéeée. Hypy. (
10
8 -
6_
s
=
o,
2
0 ; ; ,
LSSP-A LSSP-B LSSP-C LSSP-D
Specimen
Fi gaarEh@ni n LSSPbébed weld jo
The durtvtea ng resudii sr eivnecarleeads itnhga twitthhe an i nc

up to 32BndGWHamther, it decreased. This i
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intensity, the time required for heat tra
environment is | ess, which increases the t
the martensitic ti&m®s fldrRmateiérehceliramoiaciale xd @uny

effect during LSSP Gis superior in reducing
4. 2.4 Microhardness

The microhardness variation on the surface
the FZ iBi gdird®wnl tins evident from the figur
surface is increasing wit# amdi-BL&Jdtacsiemei nns
showed 74% and 118% increases in surface h
t he Mirngheér work hardening from LSS atndl owe
LSSP speci mens, the increase in surface mic
to the weld joint. This microhardness incr
wor k magr daeanihi ghef 7DaBle gmdiemsi ¢éfyi nement ¢
effects can be <corr elparteesds utroe tshheo cikmpwaacvte oof
whi ch i ncreases t he di s ldoicsatoicoant i densiinttyer
eventually str ¢gnlg3t7h eln3s§ ptkh eh BnBaFDLeS PR L I me n s,

contribution of @8uwirsf alcesshatridaaresshd rgmai n |
hardening. The grain refinement caBRebehcor
strengt h2nl 3tYW]s( Ed.e hardneds s a@fr at meissnattehea iaa

strengtheni nNgremredsemrct entesxainstance to di sl

H(= + A é6é6ééééé. By. (
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The SPD associated with LSSP at | ower | as
intensity. This can induce more refined gr

surface hardness.

600+
T +168%4
———————————————————————————————————————————— T

al

o

o
1
+
(I
a1
[y
S

+118%

N

o

o
]

w

o

o
1

Microhardness (VHN)
g
1

=

o

o
1

. . . , .
Weld joint ~ LSSP-A LSSP-B LSSP-C  LSSP-D
Specimen

Fi gaard he microhardnessdidff etrbeentwellSdS Pj

4. 2.5 Residual stress

The RS measurements were performed at thre
W specimen. These | ocations are named spot
the middle of the U bend. Spot B si & atrh ea wfaly
from the flange side. W iseg eRS mmaeaa saur & merste
i Ri ga2Ca) . The bending of the weld joint

the U bend specimens. The highest RTS was ¢

bending effect. Spot B on the flange side
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|l ocation on the flange side. Finally, spot
(no significant effect from bending). To u
depth direction, subsurfaceWmemsairamehoc avai

A (elh5i ntervam Gipomothe6Osurface). The RS me
direction on the U bendFisg&x@bme)n. a$p stp oA A
an RTS of 1172 MPa, and a gradient variati c
subsurface. The RTS cthecompaeedbyod? hete S

the surface.

2) 1200 4 —a—U-W b) 1200 + —a—-W

1000 - 1100 A

—=
5]
S
=

800

o

S

S

L
=

Residual stress (MPa)
2

Residual stress (MPa)
-
g

-
=
=

o
&
S

T T T T T T T
Spot A Spot B Spot C 0 20 40 60 80 100

Location Depth from surface (pm)

Fig/_dl.?((b A dep_ict(ai)o—WU@pied?iSma)rf on t he (bs)u rsfuabc

regi ofw spedi men at spot A

Next, RS measur ement s -WaeS SP csopnedcui cmeddd. ofTnh et
parameter is chosen for UoHRetnd s pexpdeaenetne d at:
Sa, Oamdsoci ated -Di plar amet &rSS®an positivel
resi yt2aln.ddd2] RS measurements were conduct ec
surface and subsurface (anm)o,nga st kKsehgodierde tihn di

| t was observed that after LSSP, the surfa
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RTS. However, i n the subdDwurfiaage LSS, on heRG
and ther mal effects competition ofct@,r&7] an
The bare LSP exper[i8®ehnt sSS f3 0NdaLt asrhag weedt RaTlS.
and RCS in the subsurface. Thi s i's suppo
Pravaeenkpp&atEwdn atthough graphite is appli
intense energy evaporates the graphite dur |
of an oxide | ayer beswmdudgda fofcathe npdldt®i]lrng 4d
Once the LSSPb6ed regions cool down, the <co
This develops RTS on 1t4hdH oswervfearc,e t(hoex isdueb sluar
be attributed to the synergistic mechanica
causetsninfoomr m plastic strafj@2hanadadohi ni mal I a
that the RCS induced in the -80bMPRf aSeacheali
RCS in the subsurface region can be attrilt

during LSSP is used for pattern imprinting
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500 4 —=— Spot A—e— Spot B—&— Spot C

LSSP'ed region

Residual stress (MPa)

0 20 40 60 80 100
Depth from surface (pm)

Fi gixle A depiction of RS di SMLrSiSHue ¢.ior
4. 2. 6 coStrroesses®mni ng

The initial SCC assessmentAs amddt eUwc 6 hd bot éd
bends failing at around 15 and 12 hours, r
of coarse elongated grai ns -Anan\t iddgphe cRTTE nesn
fial ed bet ween spot A and spot B. The RTS a
Spot A. Both these factor $ ldRfTdhet p3S @G ernexi
RTS |l eads to the premature rupture of the
structure facilitates smooth crackopmpopag:
initiation, and eventluaHe, repipasisngatcoonos
the vigorous <c¢chloride environment. The <c¢hl

extended exposure of thaudesbhbemnlde | BC D oii hii b

mi crocr acks form on t he surf ace of t he U
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occur s, and they propagate to the bul k of

crack propagation to the bul k i[sl2ba]jJsy beca

The SEM i mage of -t &et-Wdsajgdekcsi menn st hien SChG sec
(SE) and backscattered i &tligdir?6aongaBagh) mode
represent the SE and BSE i mages Foogl4r@ct ed
(¢)d) represent the SE and BSE i mages <col |

visualized from the figure t hatW nsipcercoicmeancsk.:

Extensive cracks Extensive cracks

Crack propagation

Fi g4225SEM of <cracks obser vWds perc itrhen siumr f$
(a,b) at 200X and (c,d) at 500X.

Extensive <cracking occurred on the surfac

observed. SEM i mages-swernte otnalodn tfthreorh atihh e dc
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whet her these cracks propBlgat®Eiand BSBE iibm
such crackdsiagdazFaho)wnati nl ow amiigga2fFe ¢)at)i on

at higher Mmamgwl fitcadeé oaf cracks was obseryv

natur e. I't can be not itcheidc kfnreosns tchrea cfkisg uweer e
SCE&fested region. This reveals the destruct
The tiwrddugrhacks represent material | oss, an
a) Surface b) Surface

e AN L 122
N Y i TR

Extensive cracks Extensive cracks

- 3 ‘I\‘tﬁj:‘\:\v A
Crack propagation RN Crack propagation
M

Fi g423 EM of <cr ackss wrmfsaaseuetdoacsedMiod p & diiemedJn
BSE modes (a,b) at 200X and (c,d) at 250

Once the SCC -Aeanm\W nddp eocni ntehnes U s compl et ed,
t heW-USSP spAftti mehervals of 12 thokiermem t he s
testing chambemonnauwrnhfececxea mfi i & n gt MBLEESKT he L

speci men showed crack initiation after aro
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(bet ween spots A a#ML SBSP. sTpheec i Snefi § &3 sehdo wh

(b) The magnified view of t heL SSUP fsapcesc i cnmreanc

(%)

howhi g&x4eb) Even after seeing the crack ini

it failed. The specimens failed into two pi

—

estingWiL86Pt hpeltli men was to check whether

S ubfsauce region help to prevent crack propac

mage of the crack observed -(Wh&GCReaspespmer

surface iFki gdd&wn) d)nMul ti ple and branched
orientation can be visualized on the surf a
structur al component s.

Fi gd245CC t@3UtWweldSSP spedh maagniafnided vi e
regiSem, of the-WALCSCSPf rsoprecU(megnl0@Kadasad

Similarly, SEM i mages -sveatei cmptd fuS Rhide f &@doimme

to see the crack propagation in the subsur
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that a through crack was observed from t he

SCC f &Fiilgaz®&)( I n addition, multiple cracks

regiFo g4%te)

Multiple

cracks

Fi g2 SEM of tshwer fSCaGeufrtiiaarmdth B S&#) (20 X an
1000 X.
4. DidBcussion

The SCC mechanism | acks a unifipdedaeassoript
SCC i n mainfye rsecad®@C i io $s. taalghewopr oces s, beginr
initiation, followkekd byackackRspbepppgatessa
first step iIis the incubation period; durin
Pit f ormati on depends on the nature of t
roughne®ssEhe amdesence of RTS®rofnf @ chtes stuhr asctea
t he pas[sli43THae laohl ori de i ons attack and the
stable passive | ayer on the specimen surf a
on the Ther ffaoacened pits are in a metastabl e
during the di4t3]ghewpht st agemed on the spe

anode, while the other region containing t
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these pits transform into cracks and prope
di ssolution rate increases || 4&8dcee |LeSrSaPt iomg tth
bend speci men showed RTS on t he Tsuurrnfbauclel aent
al[.14rdelveal ed the detrimental effect of RT S
correlated to the bare LSP technique durin
RCS in the subsurface regions. Theslpowsenc

down microcThick litomiwrmdetaesleys t he crSaicnki | garro wt

observations wer d 1rdébgdorted by Gill et al
However, the inpattdeicns odumnifngni lcHBP Trheed u c e
reduction in both paramet er[s2.4d & gchaeudsuecse t

selective {&prsassod,utdroenatoifng a favo.ra'ﬁ)'ﬁie pat |
phafser ms on the grain boundaries of t he a
di ffusion of chromium to the sur&Reeinghi s
SCC testing, the crack i WLtSiSa&lPt is@re ctiimmer waN
to tWespleci men bedawdeae odwfiitthosSvee vemd once th
the surf aWwleS®SF drheciUnen reaches the critiec

surface and to the subsurface regions.

The presence of RCS in the subsurface regi
the subsurface. A high magnitude RCS in 1
propagation from the surface to the bulk

[ 146]l n the amagniceudd RChin the subsurfa

devel op on the surfaddeaRCSpnHn mpddaet es utbes utr H
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insufficient to prevent the multiple SCC f
pressure shock wave devel opednadgunea ttuad eL R,
the subsuFfgaxea)eprensents the crack propag:
wel d Unodienrt .t he influence of RTS and chlorid
the LSSP6ed ASS weld joints, -awmdapgikt tirmintsii d

and the formation of microcracks on the su

The magnified view of the Fegdh@d) Taget oaf
|l ayer, which contains RTS and RGSolinditfhiee &
Once SCC initiates on the surface of the L
it propagates on the surf ddce dmgp tvda etwh e f s U
wel d jointFiigd2€ho)wn si s howsp aptittesr,nsmiacnrdo e X
surface cracks on the wkEkl diuntde rnftac eDusr ifnrga cL
effecti vteheg irretdaurcest i on bet ween corrosive S
i's simil arBaxot etrh emoQaeslsifeor descri bing the
[ 79, . TH & ] Apiactrtoer ns on the surface act |ike p
valleys. The chloride ions prefer to attac
the surface cause passive film breakadke ar
initiation from these projections, propag:

thickness direction.
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Refined layers Through cracks Refined layers
2 /IR e
SCC initiation
Pits on projections
% ; s
BM HAZ FZ HAZ BM RTE m D ,:I D I:
a-phase Through cracks |:| El Eﬂ |:|
® Rrs RTS [] [jEyj[]
RTS [ ][ ][rrs
Top view

SCC propagation

Through cracks Front view

Fi ga266€r ack propaga@) oweli(oh) LiSiS&@dtedvi ew o
(c) top view of the weld joint showing i

This demonstrates that dwnoogurlLsSSPwhiach elde
prevent the crack initiation on the surfac:
j oiThhte pit formation ti me -dfufri agonSgCCRAE,st
refinement, s u r @ naTchee rtohuegrhmael s sg f faencdt arisin
surface melting and RTS in t I8ea niléed ell §gyyadct .

the crack initiation on the surface of t he
4 8Conclusions

The effect of LSSP on ASS 304L weld joints
mor phol ogy, surface roughness, SCC initiat

weld joints was summarized. Significant fi

1. The surface morphol ogy studies reveal ed

surface with increased | aser intensity
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However,stppedi dabpl ets were observed b

at higher |l aser intensity.
2. The Sa increased with increases -Dn | ase
speci men, which can be attributed to th

3.Phase analysi s u:si\hg*ét X#® Ds f e v Mai t necdr net ahséehde
with an increase in | asel sipnetce rmsaiatsy .t hHeo
|l ower because of the higher surface te
[ mit{&ﬁhaéne transformati on.

4 During LSSP, RTS was obeeausd oh the ma
rsolidiTheatsuwmsur face r egi8d0n MPhao weadh gReC S
5. The SCC studies showed pnWmdJgaaciemd s ;| utrl
attributed to the high RTS andW-lcDRBR se e
speci men showed c¢rack initiation aroun
speci mens fl&8i0l endouarsouniche | mprov-&vd SCC
LSSP specimen can be at 0rfainbdutSead tad otnhge w
presence of RCS in the subsurface regio
6. The SCC crack i riattitetrend pam jteltd i mincracmd p

on the surface and along the thickness

The LSSP experiments on AS8d3G4aL cual b <chd
However, proper selection of process param

enhance the SCC resistance LSSP6ed ASS 3014
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Chapt ere cth:a+iacsa®eld peening techniques on ASS

This chapter discussedatshea efefeend thgy d fe cthwmo g
and UAB®Wedmnm joints and their d&ornrheltatcihoin qgtu
i nducentdaghniigghude RCS on the surface and subs
hardened | ayer containing nanograins on th
peened weld joints increasedntafstfm&mheﬁd@eand
transformatUil Boedwwelr@ajsoint did not, which
SCC resi $hantkePbed U bend specimen withstart
failure because of the synergistic 4éiffect
phaseSPéed and Ul Pbéed U bend showed i mpr o\
unpeenedl hle sheenfd.ndi ngs demonstrated in this
are winalbled f epcrtoicvees spponsgt t echni ques itno AeSnSh a n «

304L weld joints.
5.1 Effect of SP on SCC resistance of ASS
5.1.1 Surface morphol ogy

The surface moredeoil wvgd oDpgedihmemsand SPo6ed v
using SEM in two differ emitghbiraggh irfupgtauri eech sp
l ayer with minor def ecrtesc eciavne dbFes pgvBitgeardelni z(e o
(PTYThe SP6ed speci mens showed a rough surf a
steel shots. This roughening eff(Ercghlresul t
(¢chd) Many di mples were observed on the

mor phol ogy. The SEM micrographs show peen
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separated regions. The mechanical i mpact 4
Ssubsur f acled 8rlletgi ®an be vismiati agdapgh otmhadthet
fraction also decreases-l1W0tlpeacmeaseshow
heterogeneities ané&i dbni@,lldds loth wehse chigdrace
increase in coverage reduces the di mples

overl ap showed a simid@n(e@frend with cover a

X %5
\

[ndeniationgveriap

Cracks

50 um
Separated particles

Cracks Separated région

!.7/'
y

500 pm x\/f SOpum |

Fi gbk®he SEM of the surface mor phol o gby)
recei vedO0Q0¢, ¢d50,05,pP as Rl (&P e i) m&SrPs .
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Hi gher coverage | eads to Hmiog @ @Eegdhon matTiha rs
devel ops more separated Fig@glr(eg)sh)and Trhatse rcia
attributed to the increased ex[plbsUCaviit mes
and cracks werelobBGespedi mantihec &Pse of r e
on the substrate surface, which increased

and cavities was al[slo50]Jncreased with cover

5.285.u r fraughmess

To further understand the change in surface topography after SPditieesional images

of the SPO6ed surface wer erecixedspecinengad shanmd c or
in Figure5.2. The surface roughness parameters were derived by drawing a line on the 3D
surface. The surface roughness parameters considered in this discussion include average
surface roughness (Ra), average maximum roughness of peak height (Rpm), and average
maximum raighness of the valley depth (Rvm). The Ra of theeasived specimen was

3.1 um(Figure5.2 (a)). It is observed that for the SBD0specimen, the Ra = 4.5 pwhich

is increased compared to theraseived specimefFigure 5.2 (b)). Further, with an
increase in coverage of 500% and 1000%, a reduction in the Ra of 3.9 um and 3.4 um was
observed for the peened specimens. The reduction in Ra with coverage can be attributed to
the impacbf the subsequent shots on already existing micro surface features, which leads
to local displacement of existing peaks. This affects the heights of the peak region more
and the valley region legs 1 5Thé variation of R Rym, and Rmis shown inF i g b3 e

The SP1000 specimen appeared smooth, although it was subjected to shots for extended

periods compared to SO0 and SF500. This can be attributed to flattening the edges of
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the previously formed dimpleshis demonstrates that increasing coverage beyond a
specific coverage effectively reduces surface roughhekss Qomparable results were

reported in the studies conducted by Unal gt dl. 5 3 ]

a) R,=3.1um [« b) R,=4.5um g

00

Fi gh2Tehe 3D i mages od)-taee®uedrl,p -58R n(dh e-1S0P0
speci mens.

At lower coverages such as-3P0, the roughness of the surface depends strongly on the
indentation density and their overlap. However, multiple overlaps increase at higher
coverage, such as &0 and SRL000, reducing the average surface roughness. This

observation can be confirmed with the SEM imagds ing bulr e
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—
~
1

Surface roughness parameters (um)
- *a -] ;
1 1 1 1

~
1

As-received SP-100 SP-500 SP-1000
Specimens

Fi gbXTehe variation surface ,roRU gahnddesis e p a
and SPb6ed speci mens.

5. XR¥phase analysis

Fi gbh4id | ustrates the XRD phase analysis of
identified peaks corresponding to the weld joint align with characteristic of austenite (i.e.,
ophase) 1 5 Rypically, deltaf er ri te (0) formation is repo
ASS 300 series, attributed to the high cooling rate in the GTAW and the resulting non
equilibrium solidification [ 1 3 Bigwever, our investigations did not reveal peaks
corresponding t@, potentially due to its lower volume fraction in the weldment. The peak
generated after SP treatment on the weld joint is composed of peagbhade anthe | h

phase. Al |l the SR%bade. TislewtalsjthatiduringsSP sehtmdhte d
transformatio m*}.m(addiUQn,nhe 8P céused ¥ rechuction in the intensity

of the 2(200), oN»2@p, yand he( 31 Iifasepealisk ©.n |

decreased with increasing coverage, while the diffraction intensity{ﬁopeaks
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6] h pp Al JA‘ ¢ p pincreasedThe SP1000 specimen surface contains the majority of

| F‘—phase. Following SP, a notable observation was the shift of characteristic peaks toward
smal |l er 2d angl es ¢ omp a.rlteidwidely recoghized that or i g i
introducing RCS shifts the peaks to lower diffraction anflels 3 @ompared to SR00

and SP500, a maximum peak shift was observed on the surface-20@® This can be

ascribed to the higher peening coverage and higher plastic deformation associated with the

SR1000 specimen.

—— Weld Joint SP-100 SP-500 SP-1000
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Figbh4& eThe di bfrabeowebh joint and
The grain refinement during SP can be analyzed by calculating the crystallite size of the
SP6ed speci men uHal (W) eguaton. Te prdvided agsiadion offers

information about the crystallite size and microstrain on the surface. Astedlica
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T a bb5l1,ghere is an observable trend where the crystallite size decreases with an increase
in coverage while the microstrain exhibits an increa$ewever, the crystallite size
reduction was not prominent in &R0 and SPLO00 specimenslhe SP induces grain
refinement on the surface and subsurface layers. The reduction in crystallite size depends

on the parameters used for SA 5 0 ]

TabblleCrystallite size and .microstrain obtained

Speci mAverage crysta Microst®e

SPLOO 64. 49 3.15
S O0O0 51.91 6. 21
SPLOOO 44. 41 6. 98

To calculate the phase fraction:nandiﬁthe XRD profileswere autofitted using Origin
software. The corresponding volurfraction of these phases was calculated using Eq.
(1)[ 1 3Bhé volume fraction o6 & andy"is® & The variation o6 andd rduring

SP is shown il a b5l2.dt is clear from the table that rincreasing and is decreasing
with SP coverage.

Tabsl2eehe varoamnmaddurdfng SP

Speci 0 ( %) 0 r( %)
SPLOO 86. 45 13.5
SKBO0O0 69. 20 30. 8
SPLOO 35.96 64. 0.

5. Resi dual stress

The RS distribution on the surface of the weld joint encompassing FZ, HAZ, and BM

region was measured and depicteérin g bi5: lecan be visualized from the Figure that
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RTS was present in the FZ. Noniform heating and cooling occur during welding, which
induces RTY 1 1 ®Bhg FZ of the weld joint exhibited a maximum RTS of 150 MPa.
Moving away from the FZ, RCS was observed in the HAZ, and an almostizess state

was observed on the BM. SP caused weld joints to undergo a high strain rate, during which
plastic strain deeloped in the matrix, inducing RCS in the weld joint. In the case of weld
joints, the RS quantification is purely from thihase however, after doing the SP, the

RS quantification was composed of RS friqphaseandy F‘-phase[ 1 5T ¢ inconsistency

in the RS in the FZ is likely because of inconsistency in the weld or the RS measurements
in the weld. In addition, it can be due to the segregated microstructure, the second phase,
and the weld bead's namiform nature. Also, it is vg likely due to coarse
grain/anisotropy ef f ec t190)spétenentwas consideredsféro e d
RS measurement. The RS measurement is conducted on the surface and subsurface region
covering FZ, HAZ, and BMK i g b5 (l®). The SP100 specimen showed a stable RCS
distribution in the HAZ and BM regions. The BM region observed the highest RCS because

of the almost zerstress nature. The RCS induced in the HAZ was almost stable. The figure
shows that the SP process inducgghiRCS in the subsurface region. Almost stable RCS

was observed in the HAZ and BM, with a maximum RCS induced at a depth of 25 pm
from the surface. It is anticipated that along the depth direction, RS will gradually decrease
and eventually reach zero aspecific depth, a phenomenon known as the depth effect.

The introduction of stable RCS in the weld joint can stabilize the passive layer and prevent

the pit initiation on the surfade 1.5 ]
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i gbhx e A depiction of the ve@r)i stuirdmcien oR®9)
urface and subsdODacepecégiean of the SP

The RS measurements were carried out on W Epecimen at three distinct spots, as
depicted inF i g b6r(a9. The chosen spots were labeled A, B, and C. Spot A corresponds
to the top of the U bend, where the most pronounced bending effect occurs. Consequently,
Spot A exhibited the highest RTS. Spot B, located on the flange side of the U bend, showed
higher RTS lhan Spot C, which is positioned on the flat portion near the bolt section and
experiences no influence from bending. Further, RS measurement is performed at Spot A
in the subsurface regions (up to 100 &m)
variation of RTS along the depth directida { g 6r(bg). Spot A showed RTS 1172 MPa

and a gradient variation in RTS was observed from the surface to the subsurface. The RTS
decreased by 47 % to 648 MPa, at 100 e&m.
U-W-SP100, UW-SR500, and UW-SR1000 specimens at locations A, B, and C on the
surface and subsurface, as showh in g b6 (@-(e). The SP changed the RTS on all the

spots on the U bend surface and induced RCS on the surface and subsurface regions.
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The FWHM variation on the surface of the weld joint and18P specimen is shown in

F i g %7t The work hardening associated with SP processes can be obtained from FWHM

analysis. The work hardening rate is typically proportional to the level of SP2 SPD
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during SP introduces lattice defects, increasing FWHNI 5 Bhg SP process creates
distinct plastic zoneg 1 5 Thé figure shows that the weld joint exhibits a lower FWHM
compared to the SPO0 specimens. This difference can be attributed to the segregated
microstructure and coarse grain/anisotropy. The observed increase in FWHM for the SP
100 specimen compared tlee weld joint indicates a refinement in crystallite size due to

lattice distortion and microstrajn1 2 3 ]

10
Weld joint SP-100
8-
=g T 1 I :
::z: 6 \}“‘I’T T <
= ]
—
4
2 * F ¥ s
. FZ | HAZ il BM .
0 i~ T * T ¥ T 2. T
0 5 10 15 20

Distance away from center of the weld (mm)
Fi gt eA depiction of FWHM vari altGOons poencitr

Fi gbh&id |l ustrates the variation of FWHM for
observation of FWHM variation during SP with different coverage reveals that SP can
induce a high amount of SPD. The SPD effect is more pronounced at spot A. During U
bending, spbA possesses significantly higher RTS than spots B and C; however, after SP,
almost similar plastic strain is induced even at spot A. For all the spots considered in this

study, the FWHM decreases with increased depth from the sudiaoe closer inspection,
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it can be visualized from the figure that with increased SP coverage, the FWHM on the

surface at spot A is increasing significantly.

10 10
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SP’00 ath00&Pspeci mens. This demonstrates s
refinement onlob@e cpmpiaonked Sl Pwor k i nduc
imease the | ocal yj eb58]Tet sengtth manhel yhheeR

withstand SCC testing in an aggressive chl
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5. Ste@®mggosion testing

The SCC tests were first performed osBUand UW specimens, and both U bends
experienced failure at approximately 15 and 12 hours, respectively. The falgd U
specimen is depicted i g 9 (ag, with a magnified view of the failed region shown in

Fi g9 The notable presence of high RTS and coarse elongated grains in the U bend
specimens, such as-W and UB, significantly influenced the SCC resistance. The
combined effects of high RTS and coarse elongated grains create favorable conditions for
crack intiation and propagation. High RTS causes premature rupture of the passive layer,
and the coarse grain facilitates easy crack propagation into the bulk matérialA |
multitude of transgranular cracks were observed on the failed specimen. To assess the
extent of SCC, the W specimen was subjected to testing for an extended period, even
after the appearance of the initial crack. Eventually, th&/ dpecimen failednto two

pieces after approximately 42 hours of testing. This failure can be attributed to the
continuous proliferation of the crack on the surface in the corrosive environment, leading
to extensive crack growth in the subsurface region and eventual failur2 Th¢ tested

U bends, such as-B and UW specimens, failed near the flange side (between Spot A and
Spot B). During U bending, the original coarse grain of the weld specimen gets elongated
in the bending direction. The elongation of the grains is maxiatitire top of the U bend.

The development of such a high RTS on the top region worsens the situation. During the
SCC testing, the protective £0; passive layer breaks under the influence of RTS, causing
the rapid dissolution of the surface. This leadgitoinitiation, and eventually, pitting
corrosion occurf 1 2 ®hloride ions expedite pitting corrosion by inhibiting passive film

repair[ 4.4This situation ultimately leads to the SCC initiation. Once the crack initiates,
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the crack propagation to the bulk is much easier because of the coarse grain. SCC resistance
can be correlated with grain size. Higher grain size in a susceptible material like ASS and
RTS in a corrosive environment causes a higher probability of[SCQ FRefined grains

have higher SCC resistance than their coarse countefparts ,. EBM ilnages were
captured from the surface of failed\W depicted inF i g b9 (&), (b) (between Spot A

and Spot B) to understand the crack propagdton g 5.9 (&-(f)). Fi g 5.9 (e®, (d)
represent the SE and BSE images collected near the edge of the failed region (location 1).
Fi ga9(e, (f) represent the SE and BSE images collected from the surface away from

the edge of the failed region (location 2).

Fi g e SEM of (a) eWsnppdceitnedny, f(abi)l endaWyunsi pf e ceidmevn ,e v
cracks observed oem stpheec i anernf acne SoEf atnhde BUBE mode
(e, f) Il ocation 2.







































































































































