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Abstract

The primary objetcd hvestohbapgpthe cfasitabl gt i sel y
surface modificatubnhrasohncqpe@Wpkeeowmigas | e
titani LOGomankerayal |y pTlir)e &Hmd dhiavwdmeg ICdPent e d
wrought iandheAdd¥sahdfdyTi vely madcwd atcd utr ledi
wi despread applications i nTlaeasegasoheuaad b
omnal YPWdgprocessing parameters, including
1000 mm/ s)ofdnddistamde (rangi ngasfsreamimzmhm.t4

surface integastgomduiucectred PWAngvaging altera
topography, residual str ess  thernedsasxgnsitimas s .
operaivi mdionvatmiegs wir r @aw g hamels snsi whi | e maxi mi zi
i mpacompr essi veanesisduallilcoht hiasslnesst ext , ut

traver sie. &aOODs mm/ s )-ofamdd as tdad)@gmmved to b
benefGCampmrlehensive characteri zuat il csmvieordgal sur
characteri zastucoht EaehNKiRdPard BDBD Vi ded val uc:
i nsi gthhweait retmg cehtaind e me Inmylpast i ¢ ,dmaftemrmatli are mo

and the evolved damage.

Il n summary, UPWJ peening demonstrated si gt
strengtheat mghit s research | ays the foundat
modi fication techniques for tiitasemriowsm axlel cayn
bi omedi cal Faptphercaobopbdonsmi zati on of peening

enhance fatigue strength and wear resistan
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Chapter 1: l ntroducti on
1. Research Objectives

Titani um parloddouycsed i n both wrought and
foramse widely wused in major industries, suu
hi ghr etnegdihght rati o and corrosion resistan:i
titacnompropénantysa critical rol &oi i adetgeuremi nven
corr osi dremagrimeepi n gFaotri ocenxsamp | e, AM titani
exhibit high surface roughness that has sh
[ 1] ,Su[rZ]lacei nuoraagteasltlyur gi c al statepo@geagphy
(e. g., roughmees hariroasli opypperties (e.g.,
Applying an ampdopricateosutbatbe surface i
directly influence their perfor mance, i nc
operati be8hbhanhace treat ment proceasegoat e
processi ng meotdhioddys t hese charact erals,t iansd |
chemical [t3Meabmeghtshe utilizati on safchmashal
shot peemindg | (@Sk) shodkhapeemi dgm¢hStP)at ed
conceitwabdmrehance the fatiguénstimhermgtitrhstfan
strengtheni ngi ntercohdauncies madivsanttoageousi mtompr e s
thmeet all i ofsuhéteacempmobnt selbnmead eriesli 8¢ ance
fatiguenictriaactki on .Mome plealgdagsdtfi dmese techniq
I i mi t,atiinadsudi ngc admutsa miprod tkibhoont otehnrboeudgdhi n g , an
mel ti M@A]l]r,Cae[kbslequent !l y, al t er natdevvee |lpoepeendi nagn
i mpl emented to oveofc amiertehmetna ti lionnitegdo ens n g

Recent adv andee méfme e nninng itesobhnoindy prior
enhancing efficiebay ahdoréedkbkesngntostagscol
i mpact during theélmrockesme wyp mashayuoklsd avoi
generating hazardous substances in order t
Thsee equi reergeelnltr hbsysead new I nnovawatver jmett hpalen
(WIPYDvetrhe ywvad esshjaesh e en used for a svariet:’
inclmdchgning, cutting, surfacempWkipsaratio

1



noveepplication of waterjet technology that
deaeddsn t et ims pdtdevratnitaalge s ,iotf sWiJoRy | df ibrestment
water -cest mewi um ftbhe peamesdgéaombr e afford
t h&@8RmndS.P SecWhRId y¢c onesnivdierroendme ng iah d ¢ eb &€ mi gt
the need for har mful c hdarhieoaléesdu@n niga z dred a
materi al clo7Tha mitldegtsi osnur f a ol wedra nsakg ecsf i nduc
mi crocracks aomreexpefcd rma wih@eme svsautrreggoj leiitgpact t |
surface, compared to other mechanical sur f
uni f orm cobveeaolhi@ewverancompl ex shapes and surf

cont rwat eechjeeecsi on and focus.

An i nnoeatafwWdaPknown as ultrasdiiPWNIpul s e
peeniimnmgpresently Bwdeomdewletl opsnemita the gihnol
pr esvwautredrh ies asphpavwosa camrgo npi astne myteinaelr at i ng desi |
mor phol ogies with the requisite surface r
wor k haamdencompr essi we t thceosntpdrupaithrgs t neslsani ¢
properties OdfWPipplee nissabgasltsa@t stohraen pWhPccaer be
ntroll ed moeadiancgt mmpatoeleyl, component per f
rvifc®]nl itfhe s met hod, however, an appropri
ch as jferneqgpueenscsyyrod fandtirsavaepesead, consi der ¢
all engiom@eacbt ain the optlmumsswi daetyg &omwm

ugher surfaces tend to promote fatigue c

O O o < o O

mpressive.Heceskedublhbdbsfeoésmvieys research 1is
utilization of UPWJ as a sur fsame orbduagthme n't
and sAtMat es. The investigation wil/|l encompa s
parameter configurations. Subsequentl| vy, t h
of UPWJ peening parameters, enablings the a
while ensuring the absd@hee-avkehanyg dbjfecmemn
reseiadgricvh ded i nt o-ttalkseksf:ol | owi ng sub

- Applying UPWJ pekehaangbwoyt hwit hegpur pose of

processing parameter s, -onfafi nd,iysittra rarcveel rastel o



t he -ppecesnti ng characteristics (i .e., resi
surface roughness, etc.)

- Conduamt icng@ s tcrhuacrtaucrtaelr i zbaetfioorne aannadl yasfitser
evalamd eundtelrest @eainfdecti veness of the pro
def or mawwoo k haanrdd egneinigne ment i n the surfe
| ayer .

- Anal ygnpegni ng -paenedns mgfsace ,topghbhnaghbyg
residualeast rreesan st aoaceaet,chf olldrooweeds sbhy sel
opti mum UPWJ peening condition for tita
This information can then be applied to
given application.

- Eval ufaatiinggu et hsrtdruegnig ty édn & wersali ng f or t he opt
conds andnuse this information to more
i mpact (s) and ef.ficacies of the process

- Appl $Pnng ti tanium alloys with the purpo:
counterparts

- Pr i nhtiigmhg nAsM¢ i t apnai muttslmp | otyhiennga P \Wdeeni ng
condioni d,ivietmha itohfea | ii ghti s men ehfofde pabss veae
pr ocessiinfgMinred thsotdr vy

1. ZThesi s Outline

This thesis eéglhtarpiwdatewsree de aictht ochapt er i
contribute towards t he oadtjteaittn needna u lodf bteh emem
that this thesibasiesd Phoe pmanmceidviicduplapeosnt ri bt
aut hor and associated research coll aboratol
chapters (Chapters 3 to 7). The specific c

ChaptAnovlerview of the entire telaedhi 3 ndti rvu atl
chapter i s provi ded, al ong withnadr idgiisncads s

contributbhbhns. smaddy



Chapt At h@aroughr evitewatelrevant i soptbBedhentsda
first section ofont hiist amhesupre e€ai lalf obyysu,stehse i r cl
char actaemrdi satpipds cati ons. The second section
mechani cal sur face cnoondviefnitad aotniad i yt eucshendi qfucer
i ncl udibreqg edf mditrissrwb a cLkasse sl eyar c h g agrse iind etnhtei ffi

foll owed by a proposed scientific approach

ChapB3@A&dpublished aodresasi papehe influence o
Ast-ahd di sURWX epe &Cmi andge oaBmer ci al | y pluir)e tit
alylios provided . Tinsthdy ichapstiegatl ¢ ir giac alo
mechani cal i rpalopckictgpesructur al evolution, |
roughndept hinesi dual ,stgersfsacnee aisrud emealttisor
surface scrafohtharmoess the obtaTinesihatat a

peened counterparts.

Chap4aApublished ,wouhnalrifhpea pasprpl i cati on of |
on -6TA4V al liosy pr es ent.€&de isnt utdhyi se xcahnai pnteesr a r
speeds, ai ming toUPWlengeoday chigh & o rospubr af saecte o
characfeegusf ace miocxribdaeif oo antastui reof,na,c e ,arodi g hn e
mor phoangl@gyner ati on of compues$sarcae padansdii dwall

stress3Apfofther aim is to more fully under:
devel opment through UPWJ peening.

Chaphbkdhre appl iUPWMiI preeaMNi§g AW parts produce
| aser powderPBbFed nfied shiaars el(sns etdh iP B F s6tP&l d/y |, L

Sspeci memrse pwesrieadg an opti mum set ,whi JRWWwepee
obtainedefwomk @EhaepieaaEecedsemnltthe AM wermponen
compared to UPWJ6pAgE£¥ neadu mwir @enuggidmt tddaictuldies st u
is to determine the abenebpir epadoecregsstingf megP
trough surface analysis, suchsuad amecmoutgrhwn
topography, resi dual satrels sh grechreexags i ohn ad

contributions of t wo of the common machi ni



al so evaluated whe®BFappl wir ioghd tViha @ mtTso,n @dr i or
UPWJ peening process.

Chapé:e€heshaptoemn stehse otmechani cal surf ®&£d&d resp
4V al |l oy loassuebbjeececnt ed t o UPWJ peena nsgt.udTyh eo fe
indentation hardness, scr aec.hiMigocrdaonstsrsyctaur
chemawcaloyfsitshe wear tracks are also incorpo

material 0s response.

ChapZAanr evaluation on the f-@AMAlgualslbeeyhageeate
in this dbdRidptrer anbotai aed UBRWIiopuegehn ifnige,x ur al
t estAnngppeerailng, combdiatt inemd from the work pr.
utiltcaeckcvadlatagee respomesient unmenrdi Nnigr efeat i ¢
Fractography is imthmedédatbugevmechanphbins

Chap®8Belrhemaj or conclusions drawn from the

recommendfadst wmes WwWomr&€hapdeegi ven i n



Chapt8ackXground
2. 1ITitammdmts All oys
2. lHLstamRyoducti on

Titagiliugnh e f o uarbtuhn dnaonsttme toanl ce aurrtah | comin
al umi(rAd mi(rFenand méyngsvi tm a concentration
eart h'[sl.dlrnuesnti t3¢ G@RdTirparielheeo 6 Ti Omport ant r
sourdad amili.dme di scovery of titanium met al
found by Wi lliam Gregor [il®] thdulrihhdygeaarts cl at
Ger man mahmEldapgr oth di scovered the same el er
nametdt atmifumr the Titans[ ¥¥prm GuU e ekt tmyrmmhtod ov

to separate titanium met al from ore wusing
(TGl which was finally achi evliend 1b93 2Ma tWi H ehw
Justin Kroll produced major sambhintd &l off um, t a

i's regarded as t he f[altZheesrpiotfe tthhee tmettaanli'usm ti
with dxXggdnni(thNr otgleenr e e 5 s e nebnindal leelnsys s uppl y of

can be used as feeds[tlaxX]lk for titanium prod

Large scal et iptreodiuuvinni @ges>oifed t he USA, f ol
UK, FranceThelapramcesest ci nvol vien tdectupiregeMg e

inert gas, resulting in a poroug lddndcespong
producing sponge, i tenigsatgietsasolil@omd mgdi dodnu ¢co.f T
i ngot s. Here, the production ofltidred etcitt d mie

takes pl aca&cuummeart & grrermedde (MAR)nNn a col d he
fur nlapcoen. compl eti on of mdei fomiahg mef timgot:!
i's nec¢®ssnan nt ai nT hheor necag et rberit, i Y .e X b @ rso burstuhael | y
applied to produce s moothdht iwagroki nsgurqghacass s
forging and rolling shape the titanium i ntc

and castipdO¢l ectrodes

While titanium all oys twlidier RixgRpprodat
have coemesrnaiemnflduent i amitfhaedigrorutiinl i zati on ovVe

various a@md iappioasch is tmetdeawhalpep npenotc ec
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mini mize maltreracédi twiacsnt et o cast,asgtaond op o wcd
conventional neaAMmnfett isthampieurmpralclesyseshas b
f oboroabademéec emmeaplar ppbredapp ss@aacAM partais pri
| aypelra ymearn nveirao mput er ai dedodelfilddgn (fGAD), t I
feedstock materi al in the form of powder o
an energy source of | asflerFhesaklteont e apr, o
ofl i gqvet gchotmp b er metamite@agsniaodtei t ani um component :
industries such as aerospace, whmelde cmaé dudceiv

production. time and cost

As def it hAemde riigt@ine tteys tfionmga t ansdt alnshAS T (
F27,9@mmonl vy used categories for printing
deposition (DED) andDpgOwdveorl vieresd tfhwes iloonc a(l R B
met al powdeiThpioswdeesriseg -eanelmiggyh heat source, s
el ectron b-eammrgy¥yhbebmghhen melts the powder
substrate. The apheloaess, camdi aseshe mheéeri al
desired |3hPeB R apeao ctehsisnTimay alt pbwder i s unif
on a bui Adihgghhnat ggr ime aleas®murare xlse ctthreonn ubseead
selectively melt the powder particles, fus
that specific | ayer. Once a | ayer is compl
| ayer of powder is applikdyemnayteorp.unTthiils tphr
3D componentMoirse fdaebtraiMddst dodnt & mieum altlhheg s wi

foll owing chapters.

2. 1WBy Select Titanium All oys?

Tablle pZ2 ovides an overview of esbmameatf ath
titaGommaroedt hesysneemséithcas aluminum all oy
and its alloys exhibit a distincti vliehecombi
mai n chasta@mtdeitsatnppuera!l i ng f or a avraehiiigtisy o f
strehgwhdénresairtlyy hal fnchelswedy ttopgamdal | oy

therkighespecrbitcasdreaoagt Ad¢ @omp areisd st amfc es
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strengftohr rdamttoer paé semtse @-1[i In6 |RJipguroe t he t e mj
of -BOAC titanhawmeah|l gy®ater specific strer
metallic material s, | iTkheli sa | tuhmea nmajmo ra nidn csd n
selection in aerospace[ 3]gines and airfram

Tab2llgdi t ani umchmparctfdm®ilstics

Mel ting TAd@per 1670
At omi ¢ Numbe 22
Al l otropic Tran b 882U

CryStalucture BCE)yY»HCRO)

Room Temperatu 115
Yield Stress L 1000
Densit¥y (g/c 4.5

The other attracti ferpwrwex@aemtpya rsafd ittnidteasnsi

st eiesxxeel l ent cor.Tbhbexoeptesnaliammcer esi stanc
can be attributed to its high reactivity \
adherentanddusrtaabbllee oxi de | ayer on the surf:

titanium has proven to be a relild@bt @nichmi c
all oys have desirable elevated temperatur
automobile engine component s, where super.i
applitcampemat ure$ 1.dp tad | & @s iAgentiafiinctameti rpor t
strengthhe mpervahiudcleessed t he operati ond@ll.6l]i mit

Lower ther mal conductivity and ther mal exp
aral s@dvant ageous i n applicamighs$i nweé ve dt h
Moreoevemusbé of its position in the peri of
properties of the titanium atom make it suli
a wide rapdgé]of alloys



400 |-
Composite

) . Nimonic 90 and
Ti-6AL-4V Tnco 901

200 L IMIG85

U.T.S/density (MN/mz)/(g/cm3)

Aluminium

0 200 400 600

Temperature (°C)

FiglAhkcompaof sespeci fiemperangtrle Vo[ 1L&6i]fferent

2.1TBtanium All oys Classification

Titanium exists in two differUpnntd abletoa r
(bBure titabpghiams ewvipgds saeesasied @u bhoadygs BEIC)t ur e
at high tempemMNaROr edowabonv,e WBBRmadh@és 2&8nD e
AQpon cgo@luirregtitanium undergoes an all otrc
crystaltrrsdamstfod umeex agpaakedc | OH@P)Up ha[slsu]l t i ng
The HCP uniUphaskl aofl the BEBasri ar eebkhefma
shown i n2 Thieg ufroea m2i trioonB C ®ephas e HC®phlmes e can

—+

ake place martenscantcradlllyedrnwadalae atlida rf f airs«

terafsndi vi dual proper tTieshad hihgherwor epshiasste
def ormati on, | ower ductility, anisotropic

creep rles2]stasce mportant atphaote bkat thar
tempe(etturaeissuss)igni ficantly influenced by t
both substitutiTohseml!l | @ryd ngatedadsggmtristazved | nt
groups ,Usnamedigseadj | i zer s, b a sfetdr asoms Tishee i r
Ustabilizeuckl ameAlt s, O,btM,anasrud C,e nmrpabir sad utr hee
stabilizers, i ncluding Mo, V, Nb, Ta, Fe,

9



hand, there are al so a Haewe nmiutirmd | beil repmentt

transus telmMge Taeludd f ect of all oying

el eme
titani ussmhabibbegmaitn chRilF3f.yr e 2
T, \ / 0.332 nm
(a) (b)
Figk2zeanit cell of al phabphfalsOplhaéb) unit

Bbcc P
o+P B
% hex a
——
Ti Ti Ti Ti
neutral a-stabilizing -stabilizing
[-isomorphous B -eutectoid
(Sn,Zr) (ALLO,N,C) {Mo,V,Ta,Nb) {Fe,Mn,Cr,Co,Ni,Cu,Si,H)

Fig3lenfl uence of alhpecbgsegdithdmamtjeniodn | oy s

Tit ani um cadtl eogyiosm i aarpel @ fidsh e-8ly @+wfal | oy s .
Th @JT i all oyvacopnsssigratiepueo et aomanmew htehralt |, y

anneal edbbeawwni mé n onl y mpihnaosie a(melid@t s o f
Ti al ypiysal | y %besnttaabiinl ilz etros ,2 resul ting in a

vaoddbphase. Hreassehgtelheod plays a gweatkabolletin

wel dabof Istehlgl 6ps. baond Ualarbygh al uminum cont e
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excellent strength characteristics, abnedt wexeind a
31802 693 ACIhE+Dial | oyrst aiprh alscathhei n  $teme et huerye ,
shoaw glsearmr emagtth,l owercodpat ilhietttyogmr oup s menti or
earfTyprcally, thdSdes alalbowhsi zecho wteestualt®si tnign 2 0 %
b-p h aasteoom t e niphee gltansut@ mé-Ty abhl sps kmewasbaabl e
all oys, -1&ombted iarb i 1 0 z esrnsa laln aafdsatdant i[ 41i0 Zne rt sh e
foll swichtghoen € r ostructur al an&€Pmecd@mddi\Eial pr

(alh+®&1 1 oy) are explained in more detail

2.1Cémmerci dltgnPume Microstructure and Me

CPTial li ayUTi alliawaahabl e in four differe
contents ranging from 0. 18% (Geade allep OO |

i ncreases, so doeslhteh e rleswellc eo fo fhypihealsdmad thr e
these alloys helps regulgataéd ntshe ngi 42 anpafo vtets
tol erance. tA choyndpraorgiesnon of the chemical <conm

of f eTuir gPadeslablk2, 2lsasedd ionn AS[TM7ktandard

Tab2l2zeChemi cal ¢ ovhppondd) tmionn mum g o minar csitalelsy puonr
t it aanlildioly?]

Yi el Tens Miinmul
CPTi S O Fe Stren StrerEIl ong

( MPa' ( MP&z ( %)
Grad M08 M. 1 M. 2 13 5 240 24
Grad M08 M. 2 M. 3 275 345 20
Grad M08 2.3 .3 380 450 18
Grad M08 X.: .49 48 550 15

CPTis typically hot roltheed Jephas g[elfilile hdd
Since the constitutionlphfastehi ¢ hael Imoyx rios tprue
than t hGt#éaldfoyBhe propeTiiabl oys C®rbeotdhet er 1
composition (i.e., OXYygeinn cwinltemltat taenrd dperto
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grain si ze and prefelrnrederomsi eat atmearmatfit e
satisfactory strengt h, creep resi stance,
charact er-Tistaldlso yamfb s@m cteb roift tdluec tfirlaect ur e be
is common in BCCUphhaasgso,y ouwal icfriyebsy etehviesr a p p
t hhentrinsically ofniHS® copist at hldlt a pheamees o f
a distinct anisotrqgpyni mpaméddiltandidahals| wdlya \ci
the el astA)of RGBudairs Yary in a range of bet
par al | edxitsh)0 0thaSPa (stress axaxiTgher pxmcei ¢ @lr
wel dabti HGePTigl oy made possible by the fact t|
el eméhtdt oyi ngt maltdiddsoearst i ally dé 10t react t

Regarding pl asttih@PTd e faolkTrioaytyaioh@ Pofcr y st al

structure has | inirteddkeracetdi ve wlsi g hey sntuembse |
possibilitiesicompar i ytqdBati@)|l.«altitp ceyst ems o
crystal structures, namely basal, pr-i smat.
4 1.0ke prism and basal pl anes possess thr e
arieghependent . This results in & hto-Mmothew f f
criterion, however, states that at | east

homogeneous pl apol ycbegdioapdna a modpbét smmpde
up of a basam aeaniptaneannot be regarded as ¢
Henceslip on pyrami dalt opnadmbeesr dokiEp @®y s tream
f ur tClhoenrs.i dertih@Tit hadxihsybuctt i | e behaviour as
activameohamwte alninngaddi ti on tsoystckhe sesualy
di sl ocTahtpiroinndawiynni ng modes Utdietnatniifulp@ dgrien p
{ 1Ic1} ,d{dq2} 1.0]
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(o]

/7 {1011} pyramidal plane

L {1010} prism plane

J \

& | \ .
NN \ <1120> slip direction
, A\ P a,
basal plane {0001} AN
a

1

Fi g4 @8l i p syst ensr yosft ahld xbddrouncatlu r e

2. 1THA4V Al l oy: Microstructure and Mechani c

Ti6AdM she wiokeal W+hiseadni.uwlatal f oyst devel oj
United States in 1954 and has since become
aerospace, bi omed[ t.@Jt, rearodn & wtmpreataitwe e, t
microstructur e @pohnassi€Pt(st g niwnenrhi Isyobsodf arset ai n
BCEL HAlremMdare the maj emealtlilho ytiFreg &g tohfe r
el emAsttabUTi zplsase dhdanauses ot 884 AC, i mp
strength at hi gh Vtaedndpse r dau aitrielse Bletwat . @h as e
temperatures, i mpartinigOlhi ghaltlooywhotter r a
combination of strength, ductility, fatig

temperatures of about 300 AC they can be u

TiI6A4YV all oy is available in two grades:
known d®erxtLrla (| ow interstitials), 1s very ¢
reduced | evel s @(fr @ dudeuerldootwilod\gd, s ukceE a d82%3e
presents the c¢hetmh e dtiéved Ymgroisiam ti sogpc corfdanc e
ASTM BRIbébse i mpurities affect the alloy's f
tol erance, so the reduced | evels in grade
compared .t oAgcamgarbi son of tensil e proper:t
strengbBk4Vodgrddes 5 ahadbl23 21 s shown i n
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Tab23eChemi cal sfeogré iARiI¢ mewt . %) all oy in accordan
B24g5..7]

Ti6 A4V Al Vv C O N H Fe

Grade¢5.-66. 7 3.-456.5 00.000.:00.(0.0: .
0:Q. ¢

Grade 5.-66.! 3.-456.5 O00.000.: . 0.

Tab2ldeA compatriteecrsidfe off 60 &®r 6l €98y grade 5 and g
on ASTN 18365

Ti6A4V Mi . MPa UTS (I Min Elong

Gr ade 828 895 10

Gr ade 759 828 10

The mi cr osTib A-8Vuries afnisfpcshreemlicobip osi t i on
pr ocehsissitnoghgat ahg@geatTeheiast i s mad@anmosdsdisblad | a
show the abidibyoad wmwadee gof Ipnhatskeatt rraemmgd
cont r ohlelrirmogmethr arcieesaplie i t) lxdolloprga, t aeinnf | uelnce t he
6 A4V microstructur e, resulting in three di
equi axed str-motdaftes(,iuahds)bTwé b u me sa | amel |
mi cr ostr udtteiutraeeni dmraltl oys nfereodrbptbhacbe tTioel @ c
thé+fphase fielThdépthalsewisatmoase | i ké&dgyato in
boundari es, resul ting Wl atyheer faol romagt i tone soef
Subsequent cooling cllpd @gd etsh e hart egetxatiem dodi n
part of the same vari &sdalade dtiliden yBluhregseer sp | rae
continue to Bgowi wiuhtnl ttklecyol emd ewsnttehrato
nucl eated at di fferenbgmgaian.n Dhiundasycal kb
nucl eation Taed rgsoaWwt hng mi crostructure is
consistingUpolfatiensdisve pdautiao lean iwe ¢ hb pmatthrel x.et @
Figu%a)2 shows odn | exm&mp lae micréadvVual bog t
sl owly cooblpddisieZlom t he
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Ful ¢ guiiaalk srta uctamr @ a resul,tanddbnsiest yst

randomly orTaarcthe ke yegrn daibmussit] oiyni ti ally under
defor mat itomk whielled.i nAfter this stepld +ab sol t
field wildl generate a microstr | diFjrgesrteh &t

5(bprovides an example of ,aefalté¢g BRU2ax e dl
allioy t hi  1li0f®hanbe tdteh e@rr olcaEmsda mlgi -mweua ke b
mi crosimvol ywese four distinct fspthaagsees :f i(ell)d,h
deformat Usfphiaset iée e( d, (3)U+mhagst aikldat |
finahlgy ng andébreswitm@str eatmoednatl. mAscra st & !l
enclose equl aAxdedr pi n mE #Mataihaene 4 d@ne d a f

mi crostructure -5(g)shlJown in Figure 2

Each microstructure typranhast uong uienfclhae
on def dorehaavndnmrconsddmeeaharyi oal t pt agplgbudni es ¢
On t hatnemotmei,crostructur al sfteraetnugrtehs ,arneds ud u
foll owed by del ayed tchreacdkt hicenairt$ @mn dhjoamr oosntsreu
of bettegsi stoanccreeep -carnadc kf aftoiogwtiem.st aywcd amel |
structures fpaodturdeen ghtihgh but i mi t ddl ldyuct i |
equi mxesdac uotff ieres bett éat dgygakeiinsictognmmpgatots s on t
of I amel | ar [ 4.84lutcit ma teesidya,l bni c rcosmriurce ut B8
advanofagbeth fully | amel ksaao uaThder seellleyc t @ guni
appromprcabtetructure depends on tamelaspéeei fi
modi f hedeuognht r ol | i ng the processing conditi

treatment, def or matdilon, and cooling rate
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:,; ALY, “‘_:,i’. "’_:_ 4 :5‘_.."» .
oty (IR A
B TR A
(c)maddal

i g% ea) Ldmdililcarostr A8 Vr el bwl Ji cbpdilaesde ffri oenh dt
1.2b) Ful | ymiegmuo satxrewdc@ 214 2 [allf@l jooymeBd&i mi crostruct
presaemte il Ml [8&24 all oy

2. 1Appl i cartiitamd uonf Al | oy s

Titanium alloys have been utililziem tiend di
to aerospace, automotive,. Axhmemhtabnheed i e met
rational e bdhitrmal pawdrer ot Mgy s the tha lklei cal umi r
all oys, for such applications is higher yi
resistance, higher modul us of leth Beetriosiptay,e
fieldwo of the more <cl assiadalf apv Biigc attoi otnt
combination of high andemgtrhbewigphdhet owt dein
strength, |l ow density, and go&drcrespaneesi
1% of the Boeing 777 airframe wé6iAgh¥Y amsd ma
b-Ti alTliaolylso.y a c ad wsrot for a% pafoxti mat ey g6 i
aeroengines, cpmpmasfdery 9 enc ttihoamsli SRost atl iardge s
and nonrotati ngercgimpeosn eanrtes amo talkeegro sihgni fi c
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Ti6 A4V aFi gyGdee nPo nsatnr aetxeasmp | e ofwitimhGEADuUM us

aeroengedef or Boeing 777 aircraft.

Ti

Ti compressor spool
(front part)

| Ti booster case |

Fi g6 A&s c hematdsectcirmosfsiGcRageaeroengine and the t|
var iseuwds[iloons

Ti t amil U dayvse o ng been useédsiast acsoirmMrmmsEBh®mi ¢
t r adicthieampaolayle nd miamd mFthi@iPEis alelneey exampl e t h
wi dabgd i n pr ocehcsh eemuciap meanntd ipnet rios halms ¢ a l
us édrudsaend solielhleat exchanger sSama @fr etshlsalrex a
CPTi usage airlei dtheddu SSfnmMLPTabl e 2

Tab25eCRTappl isé amt ii o[mdluls]t r vy

I ndust r Equi pment Environme

Condenser, heat Agueous sol ut

Power gen scrubbers puri tyqntSaOi ni

Water pl Heat exchangers HS containi
Petrochemi: and down hol e 2
Chemical i Di ffusion wash

Met al pro section of Chlorides co

17



The obmedindaulst r yt ii tsa ninuem' asfs tmeolrlei swheeld appl
areawvanor e t han otnaeareridnaoipsediangolr essms@oLtreel s,

al |l oyTsh e eapcp | Tixlalt otyhbei iofme di c alsmoish dysthmpedi c

(bones, hip and knee jointandedavil mndeldiea
t heior rosi onbiroecso nsptaatnichei,|l i,f vt i @gu*a cdlracmtgitcht, |
modulOs$ eoi ntegration is known as the mech

me diicnapl Imeartteandl begin tolgr on ovetth hedl baes t ii tc.

modul us of the -bepmhatemédeset atkboculodsmee as pos
modul usewhfi cthoni s i n tt@hle QRaaply e s-Diverldthh rati
ma k®is ailldeyls for the manufacturing of I mpl a
and strains of the human body Whirlté emaniom teg
titanium alloys possess excellent fatigue :
applications-t & hmt duoHeogMeivieet,ydmg such applica
characteristics, such as surface roughness
bi ocompati bilntteyr andomsetol he geéneéeaaliflamteh en
roughneiswmplodptr oo es bone i ngrowth behaviour

Tradit mphavetrse, pimiamhar i0 fayn@® A4 Y Exampl es o
CPTigr(adiemp3dsaasntbomsang| as edentiall ubsrtarcakizétds ianr eF
[ 106 A4V imowthdesgtdl oy for hip implants, kne
and plates, all of which require Fgaaud emec h
8shows -@Adevaliuctyi | i zed as hi p. | Ophreets ecr@ rap oonf
vanadinuei®4 V causes toxicity to -fheehtumaanhb
al |l oy s6 ATiNkbe aTbiA2 .T5 Fes whkes eqdueevnet|Ieypie da.l | oys us
nontoxic elements such as Nb, Ta, oZabl and
advantages ovegGAdd/onuverctliuadnanlg Teinhanced f at

modul us o(fcled saesrt itca ttyhe ,ba@ama e Impgtoive dmdd wlcu
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(a) (b)

Figktea) An exaTmplger aoade a3 CPs h 1,0 dnked cpk eatt se a@ mp |
buccal tafb eGP ma[dele

Figa8 enAexampl e of hip i mpdangAdNoimdlonent s mzq

Besides the areas mentiomdd oamayv es,evteir t
appl i cataeuwotnosmoitni vetulteadugtaty on of titanium a
appl i catsi arhse potenti al anddomscuyiwmemmwdewe cl ee |

efficikerading to | ower emi s €erothasi,sawmpglreams an
val ves, valve springs, connecting rods, su
systems in the car body area héapeatbheeéeni nd
Fi g woe. Howevadoppttimenmpassduced automobil es

considerabl e chaliltceonsgte ,s epnrsiintairviiltyy.due t o
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Powertrain Armor

Connecting Rods
Pistons Pins
Valves

Valve Springs
Valve Spring Seats
Bucket Tappets
Camshafts
Crankshafts

Crash Elements

Exhausts
Stabilisatoren
Suspension
Springs

Decoration

Sealing Washers

Brake Pistons Wheel Bolts

Fi g29.%20 meampolfeist apiot m'ng i ahreaindi alat emoti ve app
[ 1.2]

The use of titasevereaksi agdpahndiosg aiomer
prodluichke eyeglass frames, camer as, wat ches
Gol f club heads are thé mosmanicbemmepoapphdg
indu¥hey.combination of high strength and
utilization of a |l arger c¢club head, l eadi nog
mai ntaining th&d&eohub heaeeldetspeelicycle fra

running shoes arefsbtmeaont bmrusagmpl assport

2. 2onventi onal Mwecthhaond sc a | Surface Treat ment

Il n various applicatrensjrepafbacduaeby re
resi stthaencseur f ace behavior of titanium all o
perf orReasnidde.masti tersesgt ed duri ng rmarewgfuedtt krgil m
factor in comd®Femt t H atiplpu mepme alt emiuc dlac e
modi fi cat i,smn ctpeoclsnanhglurdgd nagsd nmhege ni ngmmo el y
i nvestbhiyg arteesde anrocth e@mh gthac e t he sur f @ae cah asro
introduceobmpnmefsiscivade $§ e.2imdunagl thtese techni gu
invol ves the applicati onmatfe rhivaglhtasime chanpc e
desirabl e compr estshrveceu grhe sgldaisagsi cw edvdafsaaresmsat i

hardenindhiesketcécon.ppowesdeoompr ehensi v@deover
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convenpgdemaltghowsed for tsi tanc uwmdian d( ®&PHhot p
ultrasonic(U9Y8mBhldgpxeemi s1lyo(cLkS Phbegewiheg f urt her
emphasi mewly devel opesdc pwae seipg gen(medlghh)ad d

ul trasownt eplPeV8le)d .peeni ng

2.2Shot Peening

Shot peemcgiomgensti @anal sur f aaoeedbeodthhnaeni c al
aut omo taevreo sapnadc ew h incu sptrriimeas i |y applTihed t o
procesp hesgsengmasl t he petetnd mlgarmke dtitee mat er i al 6
compr e d2dd Asicchemathscp r ofc ess i s di240d 1282y ed i1
Teaionf bomisaridsnembr odboemogenedwastelcadted or me
The resdlotr masaanmperoefssi ve resi dual stress ¢
Subsuyr fleedaa x hgnsi co mp 60rse Miteh i IC@mMPr essi ve res
stresses occur when the shot displaces the
[ 1.Bly har deni n ¢ itcsohnep rsdrsfiensee riersii ts & sd ricavaake k
propafgdfiiihomdihieticompressi ve resbSbhealkasthr ¢ he
surface usually form a stress gradient, Wi
i mpaotuedr surface and decreasing through t
str dg2s3g9s

The dept h anrde sradjuneeltbed e &d fe rsraivréead slpy
inclatdbohgsi ze andi matetiarrd ocawWesfjasagey mai n
t ypesswtfi IsiB®eade isnt eel shot,, gdnadd $ badta rcdeerra mi ¢
shot maemrern atlcso Mpreeast seirve A¢ sniedu a hat gchosnensoyne ¢ s
scal e meestuhteo peeni ngi s nd &@tnesg gryiozsendd Mt e n 8 i t
(medi um ,i n€Credibi gh)sicrafl edBiThHiy9 cl assiftfheati ol
Al memp 6st it luisckkdnre ssSeasda n dyanten i nt ea’dli mgnt etstii o
madecaolfdl | ed gpsrismugjsetcaeeld to the shot strec
of tAifmmer exposure, thebygtranp At mevhagavgleus
of the arc defl ectii an ratgtanid enckcna s tArt de inagfh @ tryh e

intensity indicates that more kinetic ene
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durpeagnkwmrgt helmenopercént age of a shiprefeamd emgar e
di mples is kponwh asocbdtdke hagedadBe WWigaee and s
corrosion craoaks hmaynpppaaed areas swirtelssno
effeedks

X \
e
Compressed Ail e
E—— —» %05 % 5 % o §

AN

FigdX@chematic ISBIiroddied2dt i on of

The performance of the shot peened comp
rolling contact fatigue, st 22 nawonbreo s i cofn
researchers have Sd2tnu dsiuerdfr gpdhee | @il dileanlc es torf e s
weagmnd fretting behdwi8q g[r2[d}5]tp rniamaruyn raée d oy
enhancing fatigue strength is believed to |

t hr oswgrhf ace pl asTthiec fdaetfiogrumea thh eomavi ocy dlse c ha

—h

atigue (HECYQ!l eanfdatliopwe (LCF) regi mes. I n
Xperiences cyclic |l oading at high freque

racking. Thus,actkhenurce iagtiaamcea st @ her most

T O o

ropefRaliCeFs . it 1s ienpostantetoohamacht hprso pa
roughness is not expected to [bleO]aSHEi&gin]i f i c
al so have controlwkthrdgaef foact s Fortftinaigt omg u

two highly | oaded surfaces. The forces an
surfaces result in col d,awelwldlnlg as detea ah noe
par i ccloent r i butoiftnhge tsou rsfcaccrei n[g7 ] . For a shoti

roughness of the surface reduces fretting

decreases.
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In tenrmeurofface roug®fniitn gheddtbad samnift hmet
me an thfRA gwhanmiuehsi n t h eORra@ n5y edmffa c2e. 5mi cr ost r uc
residual stress have a stronger cdr2r9el at i o
i's cruci al tthoo ukgehe,p tihnatmitnhde, way a component
on t hibsecdusen any stress religdpothdtumegr
Luet.ianlvestigat epdbltisehi enfopfnd ofte ad ipgdnett | Ppeened
6 A4V althogr hi gh [cyIElh ey | paedscsaginrter ol | ed pee
syst emShwiztah e etnotwestirhdeor mal t o the target su
was S110 cadtameeel ,wi mBnd8f oom a clchwearrage
main purpose was to find a balance in op
compr ersessiivdeu a l stsruedsachbi glbbugheesastrmisesismpo
concentration paobstqmoréeandvlicgw,ngdihfdatrgsel tlg f
profil ometdryl andghoksesi dual strletslsomglassureim
gual ity was i-prepeamivregd poyl ipsdchsitng, parti al roe
resi dual stress during the BPThasihi ngompcloce®
was consi streende awd ttihed rog8hewher e they found t
enhancem®hs &roompr omi sienfbled evempr e sii L @ viee s

straensds negati vdg 30yrface effects

Yanegt (&210.17) Smaleysdemiovetail joint specin
the fretting wear anfnad@.l1lfir emtatdi nQfnafitbee t gueh bdew
mechanism in three stages: firstly, preve
roughness; Secondly, restraint to crack ini
ofasur f aclarsdemimg | ayer ; and thirdly, conf
caused primarily by ¢oampheSRiétwe, rheasdi dsuiagln i
enhancement on fretbthdVg dbatiqueé[ J.loji et o atmip

SPi strai ght faodrawpatrazloem,o miaocal | vy vi abl e s u
techanques frequently empl ogempbdbnetcl a&x dmanign |
gear s, turbi ne pearct3sH]o weeowarretcd ii m gc hradrdasgt er |
met hod pose engineering challengestiliios S p
met htood pradre ciaale® § r ernoeubgunr f acraparoedt he unpeer
mat ewh iagddrthe t e rsiuorrfaatcee[| 3.®9jhegoi hegr thm@ahtenige i
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di f ftiocuglutar ant ee uni f orm mdehnei nsgu rifmatceanlisii ¢ k n
and behaviour of the peened [|A¥jeradcddiet non,
to the nature ofSRtohec opmpolceexs sc, o mappopnleynitn gg e o me
compl iTcheetreed i s al so the risk of confdminat:i
Consideri n-gne nnthieo neeld® Prea § s cmmost, b e recommende

applications.

2.2URtrasonic Shot Peening

Ultrasonici shatceopkéenwogki ng s8Rfxxeettre
that the shots(hetdstenemhdt dFfr avgmaagai asbds
surbgexeitation of apl@btsaswmi schemasdoecacet
11, he rel atiWRgppasrianmpdse consists of an ult
transducer that converts the generated si
sonotrode that | aunche[s3.4]lhe khyp®Hwattr atshoen itce
vi brattygmwidadl lay f r equaereemtyéfdr fom2 @ileHEod el ectr i c
A |l arge numberbeafdisvi bhat edrgéobtsurface ove
S nce the ¢diilgrttheobsal b$§ 1 nsi de tnhoemiwialdrl at i
random, the i mpact di aeetitbes Thautsdo mheep et
mul ti dishichpiaocntasl wi t h hisghaisn r malni g l®ameen sciatu
odi sl ocati onsl adlteidouImait manel v p

Fig2YsSchemathie8Po b cienscsl tdengpeci f:i(lc) cwonm gRopni eenctes,
s h@3t), e n calng@ds)u rled 4
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The microstruct wmrbaobuySHange sa bdrioruegchtt i mp
functionalityUlbffrianiet amicumsalrlueayures can be
regionponbdbcée&sSPadiemdtoaltsh,e creation of iIintens
strash3.Klamet eala.l @ &ecetd cor r osi o N6 Athevh aavfitoeurr
USPand t hey showted USIRGA4 Vb wsiunrgf ac e region
nanostructures of 17 @Gmo RE pn esscaapnt nkibni ga eed eepct
mi cr olSEdMpmages of t he uMApleVe naerde apmrde slBR eTdi i
12Ascan be seen, the milcSPorsetartuncet nutp led id sop Id @ywd
def orrmegdtoonssuch an extent t hat diUsatnidn gui s

transbodoipmades became challenging.

Primaryo_~.

~

- ~Transformed B -

Fi gBY25EM micrographs ®fAd¥oalutopni hrehee@ali unj
(b) wultrasofndarc 5 hndithn]pteeesn e d

Wh eint ¢ ooncersp dirtsen g f a c e greonuegr hadt®eRds t oy SwPa s
shownstiundya c ondu cettetdnlabty tShohen nmeaaghkR eme(aghum eds
for UaRi6 A4 Vspeciwmasn about t5Hh®a% flotheeaount er part
specienetnlser | assddr ecbot ghoicmeEhée g B[¢3.@]t
shoul d be thneot ext etnitat of sur face canghbneess
contmmwaltlhed he . JhaenenhfPri eme®ssiUdg ti me have
by 2hu[a&lAJjccor dtimégi ntoi ngs, the surface roug
with peenibrug dd,wreanttiuvaad,ly stabilised after &
was attained.
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0

o2

=14 annealad shiot ulfrasonic denp lazer shock
peened  shol poencd rallod psened

Fi g2Y33 compari son bet weenbAdhVe smeatre nreadu g hsn ensgs
t hSeP, di$PP ec hnli3géule s

Compar etle tUybriPRaé¢ g®negareater magmpt eseisve
stresses in thangdepetdssart acdacthiiresd&Pdhifphe
assuring enhdgdncedo tfheeprogthemiaicitse ri sw itche nat
the compressiveUSRyHdeni charsgesnewiotfthr @ ces8 sib e
variables thatt ktigckeadcsorprfe ssiresSheéagdalkt s
of peening time at 15,620V spdaébmBesmiswietde Dy
Zhaety .[a3l8tjlwas dettehranti nasl peening duration
compressive Ildaapewrda nt FE-DBkmre sisngr ease i n har
concurrently produced wihihc Kinhesesodrseavelde @ tr
appropr i aftoer WBIReattriecant ment poisessantcihall | tem ge
compl ete peening coverage and Ilimteebimsy a
advanU8Bsesscongireemegr ® c e sssmaalsl iatmouvwgeerssn doefr y
only a f ew hgoreadpnda®$ of
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Strengthened layer

Strengthened layer

Fi gRI4Thé feodt USP

processing time on the depth
| ayer6 Af ODOptical :fnag
d) mi

agpaphsedof anfad ) USSP aamidn( b)

2.2L383ser Shock Peening

Laser shoxcknnpeenicngnselddat edelay emelv® 6 0 s)
alternative technoldSRgsg cai d Wwhe k ptalgatt esgrivhao lg\wu:
t he wuvathe gdft ensi ty papml $ed stas&me ke soli d sur
dur st i osual3l0y [nIsSTlhe | aser @uaimpes O6ptt dd@dtma
i mpi ngermeatuhg the forimani melno $lhaey @ace of t
subsfThare. are two disti ngas acdovmpsadpaegokcsd sosf |
First, atibpagse oofadrsloayweontb potatmadgri al surf
from direct thélearsadr, clhovdsdhmle! dwi t he surface
hedath. addiissa corni,f iecviagplo rlaaayeesr when exposed to
a plasmarlobaogdirzati on | Mht ke ilD@matzad i pboner ea
high pressureshwitikchwayendehat e r a ha gtahhgghs i n
surfPdcaessti c deformation of the material occ
dynamic yield sty riemdguchi ngf ctohmeprmatse viealr esi
mat efThal absor teamt beo aotfi mg ywocheag kopafot mé d
wef Bi9K,L]1bl af &9 imeastlef ocllikleQuPbzZn[ 4.2]Second i s
transpat baeat adagdr t o confine t heCopnlfaisnmeamegnetn
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can be achieved by wusing various materi al
Per§,pezxndersdbﬂ'ehre.nselection of a suitable t
depends on factors such as the s.Hoswewvatre m
the most commo ndfyf eucsteidv ea nmalc3drsit a[lAdsd fjse nvdatd idegr
ot hLeSPr od ss s hown -16[n4.&]i gur e 2

High Pressure Plasma

Inertial Tamping \

Layer or < N\
Transparent Overlay

Laser Beam

Ablative Layer
(Paint or Tape)

Pressure wave

FigIsschemaepresehhalpiroond e4s4q

The effectL®Pnessessfi shgreatly influenc
| aser parameters, the target material, and
overlltayshoul d be mrot ¢ d ciadh atfl lmesktmear ,pawehsesruer ea n
increase in plasma pressur emalgeacfe diehsei @ uaid o g
Str[eds®s] asma pr es s urbey caann uoneb erre goufl aphlbeada ene t e r
wavelength (from 532 nmhOt ¢ o), a9 & sgei®nz es pEl | mm@
to 6 ,mmangde | se ener gyl q]l, J[HHH9ha o004 @Bengipaid S ¢
| arger | assemndpehosiee pulse durations | ec:
t herefor e, hi glibe sBebedtabnsofe&tS@sprocess
attained t hr odegh gemm edp prreatpa i(aM@EI)i r e a comb
besar f ace fpirrotpiegue elsi fe and corrosion resis

mi crostructural damage.

Kumat ealp.l or ed t hep uelésfea gtyblLesi® pl racsceer she
surface r o-64hVWweesiaadfaiTri , antdh wat ewi t hout th
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abl ativencohai wgnét abased bl ack [p4a7 hRr coni t |
Figd@® it was reasoned that the | aser peen
roughassee measureldd roarglmegeasd m (0. 1&nto 0.
| nt er etshtel nhilagyh v ® bt awmerd per f ommiang . L$SRiIi s f
was attributed ttohhet®@eredgybct heombaert,i af | u
where heat is sufficiently transferred vi a
[ 47]The benefit of applying an abl ative coa
val ues were slightl yt hseawngr etsh &xctl usivel yhn

or water.

0.50 -

= el

g 045 - { L

2 040 4 ol S 1

2 035 .

2 030 A g T S

§ 0.25 b il

E 020 oAk { oy

Z B : g
0.15 1 Lo AG

— T —T 1
-10 0 10 20 30 40 50 60 70 80 90 100 110

Fluence (J/cm?)

FigXeSur f ace meaglthrneisfsiviet B rdtra anerd | gherMd Ve § 3T1i] .
W, AjandCWC denote | aser peenjamg iwmatwat,evi,t haicro
respectively

The extent of plasticlL IRS opamattli wprd @ panudc
the | aser ener gy aendhalwenbsetru dife ¢ atstsee se v Rlent
i N-6 A4V subjlLeR4eddje AdoVs a mpeesetu bj et S®di hg | aser
energies ofwhGaBss amalc t7i. ©g elit hoenecisea nopFli ety WrK e e .
17d i s pslealyescrtaends mi ssi on e(l &Mt magre ani cfr otstte pwyn p ¢
LSHi6A4YV sampl es. As ant olvipiamideidc, atti loenr eo fwa
deformation i#A#Wemuapaestjsudatliur &iisn dichad i on
p ha(sFei @-u7r@ Appl vmashggl e | mpiatchs of &B&r gy oft w
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found that some dislocations still assumed
( Fi g-t7rby. 21 ncr enaugmbrdga dadfrestiompdancst] ocat i on mul t i
was appaahengtthewistidtiys| ocat { Bh@a7d@) Alsed he | ase
energy was increased to 7.9 J,| ddallioxzed iwint
t htephaEei dermhdeg hofi nwiemsi bhg wa swhalns op ereenpg anrgt e
sampl e wirt mpawbd s(l Faisgel/. g 2]

. . s 6.3J+1 impact
N Te K s

Dislocation ¥

;. -“""i:-::

Grain boundary

6.3J+2 impacts 7.9J+ 2 impacts
Grrain boundary

By <

Dislocation cell
B phase

Dislocation tangles

-';3’:11!
Fi gBYZTEM | margeergt Vofin the (a),umapedehadecostiortiko
(b)J®iL Bgl & (icmp@otd bl e) anndp a(ddd o wh 19e)[ i4drBd act

LSPs r egar dperdo vaesn ar ewd leallcveemSttiomfeodr it cr e
deeper resi dual stresseswhindlo dalemnsxna & eact e
depwhti ch i s5 rtoiumgend ydldMptr emfv eSPE SR Apaoeédc e
a smoot hdrd.9% Ne ¥ acLeSheed rersisegs t he pot dnrmtei al [
s surface due to the extreme heat

materi al
reaching opey,.AP38pPO0Decul t, this technique
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all oys with | ow.Ilnall siohgnt empe h& ghloovees s esi ng
witbw repetition rateslftowmlhiecbomai sbwsempeont
lasdmnpkeni ng waveL SIRR)v @l ogemyr @aac h o fc ol nabsienri npge e
the advantages of [BBAndly daymiaami <{ DR BM@] g it

The main powrepovanwasthe material's microst|
by subj edtSiRng eilteviad e dWLtSePmpiemrvad luwrees heat i n
component to a specific temperature, which
materi al and the Thempitmgenmedhiemmngs eneédchani s
l ocking of motbh rl cduSgdhi faln@dé.MBiPgbns epeti ti on | &
peening i(sHRAmPt)haeamaeappdeaehopedThaeoruka mmegnt

principle of HRLSP relies on an identical
di fference is that it empl oys ianplafcomrdre p o we
peening]| #.6The¢ essesctbetti ve approach offers th
compressive residualstdqitante ages cil ostelre tournfha

to the i mplementation of | ower energy | eve

2. Waterjet Peening Techniques

Hi epr essure waterjetthsscubgrmeocol @ody elxapd obaen
decades, with early r es[e3rvcer dahtei nyge abrasc,k s

Q
o

vancements have beemwamapdreoectieng stihne vaaprpil o ucsa

=}

cluding smathtaeiobgeasunfface trle@Mimiesnt s, .
relati vel y trheaadagregjlcentotahgaute swaod f i r Storr epor
rface modi { 5.ddtiisomp rsofccasidviedrs ttdhe extcept.i

seBi@hessursd rewa@tnent onuoushye ismpiwnmgesur face
ompohéidi{cst]

o < u 9
c

2. 3MédchanWastmeRogfeerti ng

MechanW)msofsuch tpaesence Wwagklnopakbses
and hits thetmatiempadt cpfré tashte ggrho doweicask tlhoea d s
sur flafc atphpelsiue dpa e sesxuastehdea t e ryii &Il @sh,s heaengt asti
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def ormgtinemai éandt he[ HNhrefnracae secti on of a mat
subjected to stretching and plastic deform
restraint, |l eading to the introduction of

Hence, the WlRspdodtco®sxsonamr beitnon ciolmprressi(
stress ofnsuar frefbcesegbent age hardness, , stress:s
and f atwiigue bleiwielnihr omve@d i gitbHsex r if mfcle u[e3oju,eg ho e
[ 5.5]

When studying the |liquid impact on a so
take i nto Fowlinlsawlienrgthlaman iicnl8 Fitghuer el i2qui d e
compr essi b et lbe hiawp roarcu c iprhca steh e tph'ewsad emre k-
hammef fldeittehhe hi ghtpeefauséhiesmajority of t
by liquid i mpacThios it impgalg)b |cpadutssessn tiisayon@ne r
effect was defi,aed by HakkeXied]ia3EFEquatio

o — (2-1)

whearepresents the iIimpact velogdahgarod tthe I
density and speed of sound (shockjavred oci ty
represent t he denswititylh atnhde sspoeleidd onfat o urad
component ), restpleects veed d/ . ofKnoaovumady i n water
speed of sound,i kEqtdde icamonl ibde mabteepriiiali ed as
0 LW (2-2)

The equaftspeefioof sound Heywa@@®@3 :was (g

® U QU (2-3)

whewis the acowlrsitiddwatverd oics mghbowhi 148Rhe val
i's condthalrhte rteefqoZrac-4 oman be pbmpl i 68U as

0 phthgt o (2-4)
Foll owing the initial i mpact pressure, |
l' i quid flows in an incompressible manner, e
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the pressure on t hanuacedn thBoawlenraxli |si0opdredca SPuRIES S C
which persists for a cSotnapganraattiiovRg | [ye alrsosnbgeeer
calcul ated 26$45%¢g Equati on

O -"0 (25)

whevreepresents the wvyelsodihtey defnstitag jodeti o died
Knowing the eguailsytipf Eg®B&gmnbe rew8litten

~

0 T ow (26 )

P, 1. stage 2. stage

l'v ’ {»

h(J
F 3 '
&
: i i /1\‘
N\ |/ ; i r

++> p > +> p > D

Bl

Target
P: ¢ ¢

A J v

FigRY@®8 schematic oé&asdliiqgdiindatigaptasét}ja goens

One of the benefits of WJP is the high |

flexibility for the treat ment of compl ex
cover age ofwitthhe osndryf aacesl i ght ,ckamagetihersbe
of this process. The process is relatively

of vari abl es compared [t29T|o&WVhEBr ppeelbseagi $
character-efzfeaelc taisvecoasnd enwasr onmemteas!l Inyotf rgie

dust during tHe8]s.ur[fSabcle treat ment
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2. 3PRocessi ng Watre®®mgestte mg i n

Fi g2X®ehows a sitthvenpartoiccensosf adi ngf t he i mp
processi ndlhpea rppameatneertse.r s i n tWlePaaeeb@ebpred
t hset sonfdf d (SsOpawvrad eeprrjeests ur e, number of passes
(geometry), nozztliemda,i aamed eirmp fexpeofabifde waintga |
choogptei mal peening parameters carefully so
without having oainhseumd aatei cé ae fafcea @trg st i cs,
roughimMegsWhihlewet er pressur e, nozzle geometry,
few examples of wvari abhtee b e todtnhtea h atvlee akne i mp
parameters influencing the interacti-on bet
offdi st ance and 4tflr.avheobde morxadd, di fferent g
are empl oyed rfoourn dWJnPRo ziznl cel s ahfgtt oanni o¢czasl | @nsolzlz | aess
abrawatverfAWTutti ng[ 4njo,zEh&®I]choice of nozzl e
determined by the dompliedi $yr fodcd hfei rciognp,o n
materi al being treated,tiardrntodeneinn\Wdind et dh aa
can be per fwirtmadutavsit hWe oparticl es, Wietpendi n
the addition odr emsbtreapri eees ipvaa triediedsuand st r e:
t hheet al baodmeactel ceablThicbhaughiese rdissifiacthedi ¢ al
appl i cdatnicensan i ompghaet ssbtetidioete guwatwih atrshte
ti ssue. thidowe Vi esr ,alsoanet hmdb rraisb o fpisbge ddéé si n
t peeesed wWahcedul d c osanprrfoand es ei Tnhteergerfibtsye pr ef er r
empl ogp tainnhiezveed of AWéx peesing, ex@aposure ma

devel opment of stress raisers|[3Wwhi ¢€bB0hotahb
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High-pressure Water

_ Nozzle

Incident Angle
Nozzle Diameter

: Water Jet
Standoff Distance . 3
Ll &
Aécn /
. &-\‘1‘ ¥
Coverage Diameter ¢ »
| Workpiece

Fi gY@ chemathét P o 6 caedsaspt e[d6.1f]r o m

2. 3W8t etjreuct ure in Air

Il n order to select approprpeaetneifnpgac a me h e
surface integrity, fundament al wadeirgsetndi
i mperAdcc vredp mgvitessisbhcbe distinct ameadhecar
gener al struwhatueejmdanthuyrtbiva le nrtegi oaf,i nmaai n r
regl[ éh, [ &E2¢h ¢HB31 hese regions has distine
consiveamdsel ectoif i g dtiAsde parteasnednt €D hign | Rii g u aé

regi on, situbeébkithred moedil &t,eleyxhi bits g¢onsi st
and plays a <cruci al role iIin genSmati ndhea
magnitude of this dynamic pressure is | owel
deemed capable of causing |l ocalized plasti
WIP puMMposgson is primarily wutilized for p
coatingThemavaégi on, al so kfnlodwined wa,s it ewhde ro

cont iwatoairsjremmds o dropl et $. oHend,e twhae er mpgaop
peak | oads that exceed the dynasmirch gpaetsisalr ¢
def or niehtypse@eni ng predomiemanhbl!| § 6 gt olohfe$ Fii m atl h
region, which succeeds the main region, [
region, the water droplets gradually decr ec:

in producing any significlhatactomprioweimeat §a
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Overial li,s crucial to positi omivathergseaempilneg i n

purposes.

nozzle

Initial Region

solid e . ..
8 i Applications: cutting, machining,
fluid flow i
hole piecing etc.
et ' i’aﬁﬁik_fflig . R?gilon ing, peening etc
fluid flow pplications: cleaning, p g etc.

B A e N N LT

Final Region

Figd2@chematic of iwattehr§leHi rstructure

2. 4urrent &eswWadrealj eof Peeanngm All oys

Over the | asdndiwdberdalrlael ersesearch has bee
pot enWJRBrlocoefsses as surface tr eatinmecnltudmentgh
st eebl2s] i, 6[6G4] umi h[pdF| , [ 5ldndo[phe]r| 6af8 B..oO]y[s6 9 ]
The main obijeovesei pdwoitodhnesh dwaas bahdocendet
compressive aadipbhhelnt stald eslegs aldnaéroofattiahoen s i
surface ,souffhbégae str elnigdmre aonpdDiufreda tziegdu e h e
significance of titanamdn adnlavfgoste s ovfa rtihoeu sp
resemahehsubsequent sedéeptom weviewroivi dee aa
regardi ng t B Paepcphlsa pgputein el dtnaonbi lul atyhsi s assessn
based emitive@ad at i o,n ncoaibaehglioyn ¢ € sRoughagegss an
ASu-urface Byakadi gEdEmhlainfce ment o.

2.4S0r fRmughness and Erosi on

The i mportance of surf acedtrooucdchen esasctarnd

havae si gninffilcusemntce on. f At i gwe wetldenkgntohwn t I
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roughnescsanv arleuseusl t d oan cneinctrroa ts torness,s whi ch i |
reduction i nAfmatmlgeny esft i gmgti omns have been
hotwhper ocessi ng Wd &raanfmeteheet s t @ighness of. titan
One <crucial watr epmjetstessruries timaemvpi cmalchoasgaea:
pl amajaor r ol es uintsaalclhen e e i Aprgaelpee[ratidi.lebsj.E€t e d
Ti(3.2 mmantdioikd M)6. 4 mmltl toegk® r e atTrhents.ampl es
were positioned ndbhéwhépmypr ddveasg ebndoecizéd w
consttraammter se s peegeadn do fachsst & hn jp/amhielre changi n
presstulmeanige of 14T0hd oiR28u0I aMRcae. r osf pphrime s s v
CPTi TBifd&d4\VWweforewpeem mgn and 0. WUsOasd ylespec
surface profti lwandeWdeRvo wrhh it ghlee t poes280e MPa
resul t edavanl thd gy hfeTirR &b30.t 7h a6 A4 MRa&=2. 4 Om) ,
when comparmwad efrgeedtdbmrdassud ,f a c e irnocurgehanseesdsr | y
with an increaddédeiynawasbbergpi®eras eavda i pmar t i
t hweat er stt beamshusaviegd 0, #80, andugith@) . | n
jet pressure of 280 MPa, the addition of a
Raval ues f-6r BO&BWIR hin the5r@mgei of wBi ch
abr amarvtei cl e si ze waRaamdstuechadtdediiwomt Riaggu g e
2-2 2 orhTei6 A4V WJ peenedpauti akleismeveddnieit thh e
surffadaoé

25 pm

Figk2XHeposition of abr a&sBA4We ppearnteidc Isaus f (a#£&0 )c a
abrasive [WAdO]peening
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Simil ar resear ch haGA4bWe eanl |cooyn dbui cotnmeedd i ocna |1
t woat eprrjeetse ir @40 andL i3l ti MEAAL.] DWW ihfeaw a | ue of
the unpeened s amp lthees awapsl iacraotunodn 10.f3 WInP, a't
and 360 MPa resulted in Ramaleasedfsddf dcOm
Om, r e s pMa « t dntehsdt yhseurr fr aaiey hpnaer sasm ehteeyr a,mwalsy z e d
remargrabdtyer when higher jet presstiremwas
hi gher Kkinetic energy DbPeoilngs hterda ncsrfoesrsr esde cttc
wat eprggeented sampl es are -AdFmwintslk hat edwmi or ¢ g
andamage initiation Aatolahangi7@pCcabbugdaede
pot endt iallAWhpfenegn i nign rmesv atni ve technique for p
met al orthopaedic i mplants. The -6sAdrvf)ace r
resul t AWXlp efernmansg f ound t o obbet alwéendedd tphars mah &1

coatuitnnggi zed for cementless fixation in met

Fi gR225EM backebtatitmeaogeeds of cr-6#&4V seegrntadeas2d),
treat ewdt eartf bptrse$ s (evPa, BX 036D 7.MP a

Apart from t W& Pmaiimtbreondeufciitngofpl asti c de
the fatigue bhifglke!l owoirky ngatweit hstream has t
or surface damage. I f the peening processi
titanium all oys, it owi || cause microcracks
to theceor&mpd ebot h aref oomésthidgu & dl iufna esfi rtah
When mahesruraflaceed ® $ulgpjheetr osi on, there is

imease in surface roughness as mometmdtser i
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treated with water | @toutydcdsinfoefn@egrismitgbnugd e ge r b
oferositdire sbBof athat Ire®aesesobaoci al to identify
achieving a ctorngatwmdmtadutsucdwasieng any har mf
Dur wiag eprejeenth eger osi on process inipiasesndi |
cratehese surface, which subsequently .merge
As the cracks continue to propagate throug

t hseur f acmatodr itdile i ntfod.3dmal l er pieces

Sri vaestt laawlaxepleai ned the various stages of

i mpact of water droplets on the surface. [
surface exhibits a shallow depression, and
When theoddopglest with the depression, it | e
period and results in a higher i mpact ©pres
and the interface surpasses a critical v al
armé s walls also compress the Wwa#vér, which

Barretufad@lbihvesthiegatnpdct of traverse rate
titani um6éAdM)oyuwsaTnegp ¢ eni ng. SBEMiol iexami ne t
mi crostructure of the eroded surfaces, they
traverse rate exhibited greater erosi on, W
with deepeBraswernddernc uthse. dependenexp ®od u,ree otsii
Chil emalB.hve mentioned that the prwidiuhct i or

mi ni mum s urcfaangeb rerachd iaain nisdvesagd e et d a

Fi g223EM i mages of e-6é&d4d\e davsdutosprejecate doht Ta tr av
spee@) od. 0Oan@/).miOnm[/ 5 Jn
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2. 4S08-8r f Bvcad u @Miicam s tHaurcdtymensgs, Resi dual stres:

ThwPBrocessel amhverythe microstructure o
the plastic deformation Iindedeodi by wheer e
upn the Vaurbasemicrostructur al chamagds, S U
t wicnasn be detected by appgroapriingsttaa moiece foisrcem
grain misorientation, ascawelbe ade tgerraminn ebdo ut
and el ectron backscasi@®hakdk rfa@wadtiGhHy e mpEBSP
EBSBnalysis to observe the grairmi nef iimente
mcrostr uetAdiVe acthoFied by t Mhpehasrea,nsd dWdnerde s u
peerdiémM| ated i nver sespowae {4294k n g8 epehhabsFed f ar
evol Ktriaggn di { KRBb & isgusgigse bt sattkaed anndersehi ft e
duel @atoti ce distortion in tAme exafnfad &f XORD st i
pattern and the rel eWhihs phasgrtszfhedjorki aui

Il n adbDat monand KZZébowdutbedWhBsSHEB®AY on
all oy at a pressure of 70 MPa, a traverse
ranging from 20hdynund &t mmis ¢ rmonfafh achigd thagn d e
bphase tccaameshient tphlae d nldieghlder st andiortii Wiitst &
the formédphaswepfsodohthat the beta phase forn
mi crostructur al cdewmeglesp meamt cofn-shua rbdartees & aiyre
According tohendeximumescf aswhfsade hh @vemnde aag t |
di stance of 34700grhmym ealqmoadt tdboubl e the value
the untreateklg/cRPhmdiTheone@ad®68 for this is t
di stance, the power generated is effective
to iddstecati camdmopdefmsamioati on on tThee i mpa
minimum surfaZs8 Kywasmea =< ad fba ch nfdorf f di st anc

mm.
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Figd2®Wn example of -6XNRN pait ogr hebor®wianedj after

p e e ni6nOg
Wat epeeni ng, similar to other peening |
effectiveness in enhancing the mechanical

compr essi ve rSeesviesdttaalt i s rleaee been conduct e
benefici aWlRhf eatdsicobhg compriesstaai umsiadtdu:d
Chil emaal6dénducted an i nveshiiqghesVu to n6 &Xoh e
MPaon the &4V0ddeoVhiey mani pul atwedmt hbetr ane
oB4. 7 tnmin&Ss. 3,ammd/ st andoff diofl2arcenm it t618Be 5
The results indieda@dt eP at heets utlthiee dWIJ B agtl ast i ¢
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Ssubsurface | ayers as well as Amo kthte dJdvlidr deg
exami n,eadmprheessi ve resi dwalP osro CPTsis ebsb dglener at
4V They fwhutlloee t @amount of residual-Tistwass i
within t260r MB@e tMd’fa, t he T8 3 b vaanlg esdtwreeesns |
400 MP&O MPampr esessiivdeual stress distributio
explorwibafoirdV coupons at two 6Bi WP ajnadt p
240 MPa -2(JWIWls presend 8 itrheFiagurih diad fihodighat
the stress penetration depth for both exami
at each depth was higher for 3t6lDe MBamel es t

sample treated with | ower pressure of 240

400+ P 4— WJP-1
e BLA —v— WJP-2
200

s p v‘
& .200- P
= o
— A
b -4004 ¥
¢ @ i
b o
a8 £ ] -
-600 =0 w - ¥
# ®
-800 ——y . —
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Depth (um)

Figk2@Resi dual stress-6dd toruiploutsi, omp ofl o BLtglde ( Pi) ,
and waterjeMPpe ¢-m3 tPa aMP aB/&(@ | 7.1 ]

| t h asst dbtetechmat i ncor porati nWJ Rmay arse syiel tp air
hi gher compressive r eass dauaarhpagpruér ¢g¢ stsbaacseerdt h e
wat eChak krtaawa[a&b16.hrri ed out a study AW i nve
peeminngédreer ati on of refhAdMadThBoy es)Xreasys i of t
resi dual 9 tFri egsdg easrBaolwWwebletGtAd Mfteesad eabe bi t s a
compressivtreesiadfuald3551,wharrhatd diefcd gsesiefda c e
MPa paptr oax i @@ eflryom t MHewevefacéhis approach

significantly higher sur f haeber arsoi uvgeh npeasrst idcul ee
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by Aeol[@7,8]which ewdl e#®&Wdpefetnhneng h@ mechani
propert-b&4V,ofi nfdii cated t hat t @eulhtiigrhgest r an
treat ment was disisgplte attoaphrderddrdghe st h e.birhaes i v e

i mpact of these two parameter 828as Bmesbdtal

pl ddHtowever, an increase in both pressure a
materi al removal, |l eading to a reduction o
200
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2. 4Fati gkE®hlainfte ment

The materi al sur fcaoccred ihtaidoentsh e ss ghs r taoe
fatigue str erGetnte rfashtthryg liefteetd mer.ack 1 niti at.i
surface as a re®okt obftbhgcimet hbdadiofgenhar

hinder the crack initiation aitnthlkeessurffBae
sudbur f acewdtagprejreentb fneg i mprovement i n fatigue
progcseisnsce the interplay of the positive 1 myg

the negatiherett§keoeéessofaht gr such treat ment s
makes it difficult tOneompat bdet henmadhbefrgcetie n
peening, BR Ccenthasmi hobmal alter aPciroenatiens r c
a micarad er structure on the surfaWkddadase to
not cause such significant changes.

Only raedesarcthe d® e nduomt eedckami ne the i mpa:
WlJPBarameters onoff at i tgamCabmephaarhvilinogy st.he i nf |l ue
with commerci al grit bl asti n@Ad40W HlLat i gluleoy
Li ebdti cahld.p nduwritnevde satuingdaetri omoder ate to sever.
per f dorlmesd iwigt #¥O:pAA)Y t i cl es of aiRkgwmmarnsbkbape. a
pressure WbWwasipelfeesmed with a perpendicu
standoff distance of 2 mmWateaepjeseasveed sfeors p
t r edthiengwearfeac360 amaf €rd&Ge MBt&on d2,r'WsPpect i v el
TheaetigekavitdotWlRPfand BL speci mens was char:
uraixi al tension tests (HRwftfA. 1) aandpétcemeasn
t hnekasc,cor dtihdep T Mo ED466 6st andar d-t efdekse Lt eads.l
continued ur2l Ly caviedrmerhei (eavremN o u t . Tchoen dsietsiud nt's
of f atiinfglhe wihe g29)e r eveal ed that 1 ncreasing
240 to 360 MPa resulted in higher surface
fatigue resistance. i To slthmokerds tbadmadiy dttheasj ete h
prescsfud6® M&ases the amount of removed mater

which all ows a parti al relief of residual g
was | ess harmful than WJP for fatigue resi ¢
par asmmed presented much higher mass | oss an
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Mo r e dhvee ra wtomaritshched i n addi ti on to roughness
effective topogrambsii dpepaeadngnmt ¢ atti g viele be hayv

650w P
600 ® BL-A ‘\‘\
ELcB‘ 550 ] A WJP-1 —=—» 575 MPa
- on
s | v WJP-2 525 MPa
< 500 4
w 4
@ 450 \
“:ﬁ 400 1 = § 410 MPa
E 350
°a ]
o 300 1 A
<< 250 4 a
200 A 200 MPa

10° 10° 10
Number of cycles to failure
Fi g22@® h&N cosr obtfaoir@Ady (Gr. 23) in the I

unbl a
bl asting with aA)umiahidd ptaweo i gl €sg PB&s 3 6WI MPa
WIR (P MPa)Za]

st
)

2. Yl trasonic Pulsed Waterjet Peening

The techni gqweatseprujbecte s sedgi scan be categor
groups: continuous and discwatiemM@Wa)xs, tme

maxi mum pressure experienced at PR)h,e assolti e

stagnation pressure is relatively constant
wi t h t he& Wdouprefraactee.s -purnedsesrurtei gchondi ti ons, | e
operational expenses and power usvager j te c ¢

technol ogy have enabled the transformati on
water fer exampl e pu[l slaFomgwavitag ejt hbeg r ¢ P®J p f

hammer giepauet éPpirse snsaurree,pr onounced, rel ati
pulasnéddet water hammer pressure is typically
There are sevepal watders|stuc shprmegdhuacnei ¢ a | mo du |

which are responsi bl e fbn wahteeOMertde i whearciko
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this arrangement i s thepdritmstleed [o@Bdabfal ot vy
resonat imagn nalzzd etse genpé oytee di 5o rweahtee rgnentu |
flow. Howewdrf,ecti veness of di sintegration
insufficileh4] pul sati on

To address the shortcomings of the afor
wat esr j@n alternative techni qpudd rahs®nbeemrmodeg
UPWIJs a special i zwadt efrbjpett obmpuhesedtelggensy
ul trasoni c awiabh retadg ieetmisanwd & ht hA Peleamatgi Er dic
of UPWJ peening -3@ughoawmWihrep & gioreggalet het
i's pulsed intermittentl| ypr ens st uhr ed anwae &t W Hstagt e

target spr éasafsleuetTuhaet i ons i n the water stre
sonottryopdec,méd gt i hgegquueémcy of .20Talkkedlmsbdbric40eck
comprises an ultrasonic generigathegmretmeat el et
or pi e2,oeanedc tar[isc8 h olthfeske ssur e f | ulwad aetrij eent's
stream to breakdiupcriernteo pal sesci Bddia$ tcaenrctea i
exXxiting Tthed aonfdfz st(mecessary for the gknerat.

is a cruci al f acwatrheaimmefr ulelf W ewMieldiojz8n0glg t h e
The exacftf sdiasitdance depends on blohtenh -hmiaghe r
frequenpedt pul sed water I mpinge t He atdarnget
caudihreg material to yield mame eaa@addiel yt ou pee
deepetrha nfewened area. The shapefdf dtisda amuwles
fact -ofsft adnidst ance can affect both materi al
erogirdn
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High pressure
water chamber

Dﬁ Nozzle chamber

A

s Pulsed
-

Standoff waterjet

distance ,
o Traverse
<——— direction
Sample Oxx
4
Oyy

Fi g3 @ schematitchuslPMWgeengng[fllJocess

There are some rmmawdtfdirojagtcioonmpsariirsomultso t
cont iwaltoeursiTéate main difference | ies in the ¢
ofaregueloabejhaut i s virtually equal to the di
pressure and f apuwd,dvattheerajdeithme 86r t omes as | a
di ameter. This significant i ncrease in e
efficiency of tdfef jeiTht@ameaxtgi areema safanmodi f i
t hempact pr eswautreer jAedt rmmeéret i o nweadthe@mmiémpeact t h
presBurasul ti ng f rcdnm spgadlrissedi nwptiwest Bi gns br ta
greater than the corr,espooduogd sbypgmatciomn
operating undeidlomdead, cahewcoaadmparing t he s
4) @6y, (it is PRrPderactcoqd-+ tnfgafttboFjur t her mor e,
i's st aapeud stwlpd teaggoepte russtieng signi ficantly | ov
compared to a continuous | et. It i s a comm
gener ati nwga tpeuwljseeth a nggas continuous jets typi
[ 82]., I[®3dgddi ti orne dtuoc et ch ep coveePeNEiot neduiinegt inmn s e

|l evel s, and increasedscontrol over the pee

Kal | i edh[efldainv est i gated the i mpact of UPYV
ofsur gi c 2I3T i@ AdaWd ef or bi omedi cal applications
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changes in the oxide | ayer and surface rot
traverse rate. The results indicated that

roughness, which could potentiallg bodyeas
Mor eoSvtéoriek [ 8Bhve studi ed HUiPONde chie®blIAhdr aod e

with the purpose of creating surface proper
the implant and ti ssuenedtrn iomgedosthgage Nt ed) r AL
roughness rangd0f &m, anepmmida m@miper ednd physi
condition of the patient. They f dteruswdar o

speedO0 (rmm/ s) , frequencynd2aGriHzcandy 40 aktHe
crehasch) at a constafibhelyetonpcféesedgaudeentotd eets7 0o f|
20 and 40 kHz showat et laéresuagrmenad g s£Sngda vf @olmue dt ,ére

wheS$Saecreased with a decrease in the numbe
sur feafcfeect i vel y nac btaheer mgg ebge speed. Il n ter
signific&atallwelsi Jlbdr t hgr @®)a tdwe r eo fo bltOa itn ende sw
t hheo errequency of 20 kHz. The main reason f
the jet being fragmented into | arger cl ust e
The resultant iwateedr ocfl udsrtoeprlsetcsonwi t h | ar ge
hi gher kinetic energy to be imparted into
alteration in the surface roughness. Wh e n

constant f rveegruseen cayp saenddb stertaved t hat -htahe hut i |
trajectorySa &ldue ©, humghteao am netx i anutmr a0 e r8s3e  8s
mm/lsowB8a al,ee ® si anmiactreyc awintcewérat obasr ved
the expkrrmeastwith a |inear trajectory, whi

of repetitive Iimpaéssrbhcwater on the mate

2. Research Gaps and Scientific Approach

Il n gener al, the application of peening
fatigue strength of a workpiece, provided
stresses and work hardening are i ndtuhceed i n
extent of such 1 mprovements is highly <con

magni tude of the induced resi duahAmesng esse
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conve npteieonpianbgc eSRsreldS Rave already gained wide
and accHopwteareae. despite their ,adneanti aogieesd, eta

i €®hapile¢l ntr.odrFuocrt i &@kapnyp lregs ul t i n the for ma
rough peened surfaces, which habvwe ibnecerne afsa u
crack ilnhgsPathenus-entoédnsai thyi glhaser with sho

changtelseat eri al bypriopeucti eg t a mpatdi opnl avshrearse al
|l aser is applied. There is also the risk o
with | ow ®e3.3)ing point

W)JBas been indéehecfied aselation to the |

peening processes, as it can generate a su
sur fraocueghness, while also minimizing the
techniSgeues al research works have been car

fundamempimrdsess par aimeafefresct onfvredgVy Plpeods ur f a«
titani uRre gaarldBiywsgnena , sumoniahg r eoe@awuched to
ONWPW] pedniffger enits maitsetra@dMhsnl €r atbHe number ¢
tdate is quite |imited, a prUPnvedr yp eeemmpi hnags i
stainlsasnsd satleuedi ni um al |l oys. Nonet hel es s, |
viabl e met hod of generating pul sed j et a
mechani sm, there are | i mit bBedf fneucnbi évrelh&eiJss t u
peeminng i t anlimunk ad 8 jotygsafd H ayssimobfbaare ppacelde

optimizatUiPOWMprotes bend oparntidmeseeédt ppsaddi ti on
t hewmaes 0 r e s e acrocnhd uscht LletllP W) peepriroageflageaddA Moy s .
Within this gehamt@l| b esymsttaexnta,toiftcth esrteundfyl ue n c e
traver se s-pédéidstaanndc es,t aansd t wo of the most in
in UPWJ oreesnurnfggce textures, mi crostructur e
and fatigue propeDrtiivesn ody ttihe naium afl | @d/dbr. ¢
gap, the pr esehhpeesetnuidnyg ienfviesegcetic goat eUsP WIr,av e r
and ®fandi stance, won otfi ttehrei unmsal lcoynsnonT y u
namelRyi a®®wdd Yibot h &nddwee3rdee | ebcatseedd on t heir
applications i n aer os plahcees eamuathkeira md i cweelr ei
both wroughtA&aVi@r,adfeobddiiti vely manufactur
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Mor eoSvRes , al sof empt bgeduttloi ceodnpraa tee miighs UP W

and provi de a suitabl e Abasel ilhRRWJ p bBpeene nnign
mi crostructures,angdaoapbgrcephyo,ugheeissdwraflacet r
hardmaaeslis f a$ ¢ gatecvimtl numsarddetdd s\saarri ee

pcooaédss$i ons.

indentati on
UuP WJ

Tab2lteeSummary of the Wypeerilding tfoaadiearns omat 8P i al

Reference  Material Processing parameters
Jet Standoff
Frequency : Traverse
Pressure (kHz) Distance Speed (mm/s
(MPa) (mm) '
Al alloy
[79] (AW-6060) 30, 40 20.4 5-101 5
Al alloy
[73] (AW-6060) 100 20 5-90 10
Al alloy
[86] (AW 5083) 150 20 - -
[87] AISI 304 70 20.18 5-101 5-35
[69] Cualloys 50 20.38 55 2.4
Ti-6Al-4V
[84] (Grade 23) - 20 - 40-500
[88] AISI 304 100 20 5-101 5
[56] Pure Al 20, 30, 40 20 - 1.6
Al alloy
[80] (AW- 10-30 42.5 42, 44, 46 10-480
1050A)
Brass
[89] (CW614N) 39 20.31 35 0.21.4
[9] AISI 304 40-100 20 15, 23, 31 5, 15,25
[74] AISI 304 20 20 10-100 0.252.5
Ti-6Al-4V
[85] (unspecified 70 20, 40 43,77 1-10
grade)
Welded
[8] AIS| 304 - 20 10-100 -
[81] Al-MMC 34.5 20 25.4 1501000
[90] Al-MMC 34.5 20 25.4 150900
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Chaptd&tt3asonic Pul sed Water-PetePeen

Titani um

PSi ahlp.ur. AmEtga#@d%Z iTéeW. DomdlkKlsPr.h Plucknet't

liDal housi e University, Department of Mechanic
NovSac ot i a, 88 &d4dR2, C

2iIVLN Advanced Tddler6o|Roagiinebsow n8t ., , Ott awa, Ont i
3iGKN Sinter Metals LLC, Auburn Hill s, Mi chi gan

St atPagppeurb | i Slwed aice and Co,47[2hdgasp eTre c#h nlo2l 909g5y3
(2023) .

Aut hor comThebakpeni mentaodl Ipamareatuirieg Ilwa sd e
Pari aPo8irah and Dr . wWietvhi nc oPnl suuclktnaettito Al If r om
experi menta@dr rwideyk Rvaat®oa r Sailaohh g | Wi ph etphae at i o
first d rmaafntu ssar $ypgheer vi si on andnaedstrngt ofve

performed by Dr. Kevin Plucknett, Andrew Ti

Abstract

Commer-puakl yi tTani uhnas( @R oven indispensab
such as aerospace and -aotoemasi mg. dédmameset
applicatdharss bemMWeval uatedTif,orad hae dowvelt m
opti mise compressive sur face resi dual st
environmental-¢d gnthmam in@an,i ngormpeeni ng proces:
sustainabl e isunm fmaetehonbsd.i fURWI treat ment 1in
at a pfr eBauiiteecTdCPcoupons, maifnt di st agce ofa
and adjusting traverse speeds f-oboim Q@i09t ammc
were also evalwuated (varied from 25.4 to 4
mm/ s . ConSyPvasi awna o applidd ahl oheasame b@RB

experi ment al results revealed relati-onship
of f distance, and the measured surface rou
shwvn t hat UP WJ | mproves the surface mechar
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Rockwel | hardness (HRB) and-otffie dssn athcl Rha
traverse speed contributed to increasing
maxi mu3nd bPaM, whil e keeping the surfRa&e rou
<3m . Compari B¢ UMWIE wittudy hi ghl i ghTs the

all oy surface modification, while removing
can be detriment al i n many applioaoagb®&bns. C
4V (Grade 5) is also briefly discussed.
Keywordsi duatlr fsa a e smpsduisffiaccaet j rohag dmess ; ti
all oys; waterjet peening.

3.1 ntroducti on

Hi gh wvelocity waterjet processes have

applications such as surface <c¢cleaning, ma
mat ef 6lpnl sparti cul ar, within the past twenty
in the application of waterjet technology
[ 91] ,WJP 2ils aimed to overcome the | imitat

met hods ,SPanold®P aasnd has currently been empl
applications from aer ds/@Bdclen[tdoh]ibs opnrealc &€as ,
using solid media, a high pressure water
contributing to the formation of plastic de
benefici alr ecsosapuradisis €.v ¢ 9 4 ]

|l nterest has recently fu€C€Wheand ndtireacretdi
waterjet (such as pulsed waterjet) technigq
in waterjef8WechprpolCONgi epeening utilizes an
hi gh pressures, use of a pulsed waterjet o
CWlWwith wultrasonic pulsation[ 34lshdebkogybedrl
Nagt [@)]9he phenomenon of wultrasonic vibrat.i

the periodic motion of a sonotrode in a pr e
rise to discrete pulses in the watetraifn ow,
di stance from the nozzle. The resulting cl
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a continuous series of | oading forces. Thi
to the Awater hammeringo effect, when c¢omg

pr es[sus]e

Il n addition to assisting in achieving t
design of tdgiwalateas puil saltliynwg water stream
particles, which makes it a |l ess hgda8rfdous
[ 73PWJ i s capable of delivering smooth sur
toget her with surface hardening effects,
fatigue strength. Owing to its distinguis
aawg red momentum among [f28pbarehtostsnofesen
have been focused on elucidating the peeni
for a range of materi al s, including al umir
all oys. A summary of xhei madee obhyYsvahaoueda
groups, along with processing parameters u
6.

Lehoetk §g6lB.bave made an attempt to analyze
structural anisotropy of copper alloys (br e
showed that while usiPAag svanhiecattompriessguen:
and at a eoofnfs tdainstt asntcaendof 55 mm, t R aver a
acquired by UPWJ was not only influenced b
strength and har[dé&e]sHsledocflBiB hee wioir g pti ed et he i
waterjet pressure Pa)h drhet reanguwr fodc el Oernt s ild

of Al SI 304 stainless steel. They conduct ec
of 5 mm/ s. I't was discovered that the sur:
effect, caused obfy wahtee ri ndprionpg eentesn,t i n whi ch
erosion was ~1.24 mmPaat Milca ophraedanerses ofe as

confirmed the strengtédehbswgf ancee haagison wi t &
Om, by ~392 HV, while the [[&a8]ti al mi crohar

Sri vaestt gqaBlhbnder t ook UPWJ peening studies

joints and demonstrated that the residual
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the selection of peening coRadictoinotnrsi.b uA ewa
increase in the hab0Onéms teepedepthhnot haoo
at a preskPaur efhofs 2vsMcl osely attributed 1t
occurring duri nf8The rpeeseind unagl psrtorceessss gener a
for powder metall urgy processed aluminum
UPWJ at a frequency of 20 kPdlz bypwdAmpbBadri e
[ 9.6lhe traverse speed was varied betowéen 1!
di stance of 25.4 mm, with a traverse speed

compr easessiisdeuraedd s s -2(1&2PaoMi,ndwhi | e the maxi mum s
depth was obtained for the | owemt Thayeaket
reveal ed that the compressive stress i nduoc
localpa@red cl osure within the i mmedi atad subs

[ 9.t her researchers have also stated that

plays an i mportant role -eriptemgnsubgut haceg
inhibition is primarily rel at ed.Atjto itsh ea ladc
essenti al to acknowledge that external app
temperature, can influence or partially re

under s-pecvwvice tanditionsheFatrtdes rélabeviar
under cyclic | oading i $98&] sToh[ed 9rpevliadteedd iinmp
resi dual stress upon surface hardening has

Kor s u[nlsCkOg]r al umi ni um and ferrous systems.

When it comes to tieanfndBveael dopssuskaldl it
of using UPWJ on the surface roughness of
applications. The chemical (oxide | ayer) a

peened surfaces were stedi dcby wadynagotik

attained by UPWJ was promising for increas
body. I n addition, osseointegration, whi c
bi omateri al into the eorpoeddchgdl|litoi bg ba

roughening of [thels pzaenenssqgudmace of this gi
i mpact of roughness on surface o0sseointegr

applied to roughen the surd&Ardcve aofl oggn fwmsg
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osseointegratideamwslisielss,mechespi te the growi
surface modification techni qu®i h&oe 1 enpaicn

unexplored in systematic studies.

As previously stated, although UPWJ can
may degrade the surface qualityamagethf 6EPW.
peening parameters,Pnothalzlzy et h @0 fwotr kips ez
(SOp, travée)ysensespekd ,dinoometler geometry, and
M) . Consequently, due to the number of va
parametensi deredi nchat dengibheg mbs$ i f avxcaer abl
condition. Traverse speed has been stated
researchers, as it determines the [dd)fXposur
Additionall vy, t he s eolfefctdiosnt aonfc egn ad p tai ntad n
frequency, i mpacts the wultimate surface r¢
peened area. Depdmdiirfcacen di sé amoe plf ¢ lae ge
turbulent waterjet consists of three regiol
regaenshown schenBalt.i cTahlel ywaitrerFiegursega ructur e
i n F3g,urddasso been expl ai h &8] bEya[cé® hoefr trheesseea rr
has specific characteristics and thus pote

mainly wused for cutting and cleani pé.2]due

The main region is mostly wused for peening
in this region produces peaks |l oads with
strength of the material, that ecampiacmduce gt

of thel SWrfhce the final region, with smal

much energy, which is consequentl|l y6.Rheffe
Therefore, it i s essential to Il ocate the s
process when peening iIis being performed.
With this in mind, the main objective
opti mal t r\a v earnsde fsét paeheddOtpa nvchee n( s u-bj embt egi &F
t 9PWJ peening treatments; this iIis understoc

t o -TGP. The effects of UuP WJ on the microstr

and surface hardness properties wmaege atscs e s
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UPWJ proceGhAdiwihgl Gorfadlei 5) . Ulti mately, the v
a suitable peening surface treatment, wi t

veri fied when conppPared to conventional

Final region:
Main region: Diffusion flow
i ; Droplet flow I
Initial region: =

continuous flow / -
- ® @
*
4 L J

. - |
- (]
® g0
T Core \ o ©

®
Nozzle e

Figdrechemdtliustrati on of waterjet structure v

3. Materials and Met hod

3.2Materi al

The materi al utilized f or -TtaH d otye s twehd cshp
obtai néMd MasQaanrr ( EIl mhWmst edl ISkt ianeis$ . The t
compositioecedlvleddlye, ameasured using inducti:)

emi sspeoant r os@eED)y niddCePlI Vari an Vided PnoTalkiA
31L.Prior -OE®G la@RI ysi s, t he s amgob ke ucwianstnaii mmenrgs
HCI (5 m(2, mHNO TZanml HF H(dl memtuiladned t hat t
composition i scacmomaedisttiemAT irwaprrdees ticfimaerb eCdP by A
2, Whiscshdwmab3leThe-rasei ved wrought mat er |
ct anagmplaes with di mension ofs@80j écr&dlté.
rface treatment processponbewsuef maebi at

sur epar dldlastld pl ate for UP WJ . No further

e
u

to an average RpffaAsmd 9Poboghhmes ®swer the sur
n
equired prior to the peening exmpafrreemde ntos .
s

-rébeacsei ved©éd.
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Tab3leChemi cal c ornpeccseiitviieodn( CoAf vats. %) .

)y Fe Al \Y; Cr S Si N i Ti
CPTi

Sampl 0.12 0.0C 0.1 0.01 0.01 0.0 0.0 99.¢€
CPTi

ASTM 00.: 0O0.: OO0. 00.: O00.: O0. OO0. 0909.
St and

3.2UPWJ processing

The UPWJ peening treat mermrctesawmeplees by aa
a waterjet machi ne, movdLeN AlddSma nldR dNIOB c hhot€
Ottawa, Ontariotr@aspdal), tWwkei ¢dhucanmedi um
psi at 10egpmrchhused a forced, pul sed wat
ultrasonic energy input.PaA waen snaavntthaj ete dp
ultrasonic fr eguenscuybsefguz@bblklexpatrti meat at he
spegd,was vari 8d00romm/ 200@hti beofkfe edpisntga ntchee cs
at 25Nédnemparametrici comalFlue bherar&énandt ede
of f distance, namely 25.4 mmwer3el. dbo smeam &84
second varied par ametsere,edalolf @ETAEA) domBYaslt la nt
experiments, a cacfi rsiuglengnbzgtei mahdes steel
1.4 mm wsied, an incideMoetheghtar@@) esfur 9@ce
the UPWJ peening pr oarefdosr,t hadl sgnaganweidnfg etdhse @r
in F3lhue®ws ure unifor mi tayn ionv esrulraf papcien gc orvaetrea ¢

selected in beltaweeern. each peening
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Tab3dlzePar ametric condi ti ons -Tuis esdp ef coirmelnPsWJlw i ptehe nv
traver saen ds psetfeddnsdl i st ances.

Run Sampl Vi( mm/ s SOD mm)
1 CPTi 200 25. 4
2 CPTi 300 25. 4
3 CPTi 400 25. 4
4 CPTi 500 25. 4
5 CPTi 600 25. 4
6 CPTi 700 25. 4
7 CPTi 800 25. 4
8 CPTi 900 25. 4
9 CPTi 1000 25. 4
10 CPTi 1000 31.75
11 CPTi 1000 38.1
12 CPTi 1000 44 . 4

Ultrasonic

transducer - Water jet Chamber

.~ Nozzle

- Pulsed Water jet Begin

Standoff
distance

2cm
’. N

Sample surface

Fig&2aSc hematic il lustrat iUPWJo fp eexip eargi- mg rbt) a IT h
anfdort hé peening scan strategy.

3.2SBot Peening Treat ment

Conventional shot peening was conducted
Ti all oy (Grade 2), using fresh speci mens
Canabl ast systemEumddhdelheMl QuR,beXa S Rtalnhaed a)
Al men strip test procedure (using type A A
[ 10Mds used to ascertain the peening inten

curvature of a flat standardized strip whe
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(Z)O beads, with an amerwg@re dusencttas bDhe 29
measur ement for the nozzle diameter was r e

the nozzle and the speci men was deter mined

at messphc conditions at room tempkEira&duee, an

Four shot peened samples, processed wit
0.24 mmA, were initially prepared. The O6o0op
roughness, coverage, and residual tsot rtehses,
UPWJ peened sampl es. Il n this case, sampl e

mmA were subsequently chosen as this peeni

|l ow surface roughness and a high magnitude

Shot gun Sample

Shots

Standoff
distance

Fi g&3®8chemati c ©SHKPlrwstersast iwdant hofcer ami ¢ sho

3.2M4Aterials Characterisati on

The microscopic appearances of theexeivedand peened surfaces were analyzed
using a Hitachi S470@ield emissionscanning electron microscope {ESEM; model
Hitachi S4700, Hitachi High Technologies Inc., Tokyo, Japan). For this purpose, the
samples were initially washed in water and then submerged in methanol to make sure there
were no pollutants on the surfaces. Theye then sprayed with compressed air to dry. To
expose the underlying microstructutbe crosssections of the aseceived and peened
samples were metallographically ground through abrasive SiC pé&is and 500),
followed by a9 um diamond padThereafter, they were polished witblloidal SiG®, and
t hen et ched uswhitlyisaknixtude of Gysirofluceiaagic(HR), hitric acid
(HNOs), and water (kD).
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Using the same FBEM system described above, EBSD examination was
conducted on the polished cresections of both the asceived and selected peened
samples. EBSD measurements were accomplished at an electron accelerating voltage of 15
kV, with a beam arrent of 15 mA. For each acquisition, an area of 300 um x 300 um was
scanned with a scan step size of 0.5 um using an HKL EBSD system and a Nordlys Oxford
Instruments Detector for EBSD acquisition (both from Oxford Instruments, Abingdon,
United Kingdom).In relation to the normal of the electron beam, the sample stage was
positioned at an angle of 70° with respect to the detector. HKL Channel 5 software,

provided by Oxford Instrumentgjas used to analyse the EBSD data.

The corresponding crystalline phase investigation was carried out usingagn X
diffractometer (XRD; model AXS D8 Advance, Bruker Corp., Billerica, MA, USA) with
aCuKU radiation source. Data were gathered
pei od f or 2d A8G range.Bhe dument erhpioyed® was 40 mA, while the
applied Xray tube acceleration voltage was 40 kV. The relative, percent intelRgjiyof
peak fAXo (it i s ei plhpeaksiothescurrentwotkimealc(ldded 0 2 ) o1
via Equation3-1 [102]:

Y — pPTT (3-1)

where |x denotes the reflection intensity at the "x" peakn d ) Hs the total of all

reflection intensities under study.

Surface roughness measurement were conducted using confocal scanning laser
microscopy systenfCSLM; model VK-X1000, Keyence, Toyko, Japan). The surface
roughness parametd®s, Rp(highest peak) anv (lowest valley) were recorded for each
sample using a traverse length of 7.5 mm and cutoff lergtf(1.5 mm, according to
International Organization for Standardization (ISO) stand@B88[103]. The multiline
roughness method was used in the present study; to achieve this, 20 lines were digitally
applied onto a randomly selected area (i.e., image) of the surface under invesiigasen.
lines were evenly spaced at intervals of 15 um from one another. To ensure accuracy, this

process was repeated five times for each analysed sample, and then the average and
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standard deviation of the repeated measurements were recorded. The meaRay&pes

andRvwere plotted against the traverse speed and-siffiistance separately.

An XRD system(model LXRD®, Proto Manufacturing, Ltd., LaSalle, Ontario,
Canada) with CiKyradiation source and Ni filter was used to measure residual stress. The
voltage and current were 30 kV and 25 mA, respectivitg average of Xay elastic
constant (XEC) value was calculated from five separate measurements, equal to 11.89 x
10°% MPal. The distribution of residual stress generated through UPWJ peening was
determined to be isotropic throughxwandi axi
Gy) i n the surf acgwas subseqaently exclssieelyumeasured as the
primary inplane residual stress. The magnitude gflame residual stresses was measured
for diffraction peaks of Ti {213} lattice planes with Bragg angle of 142°. Thigysinme t h o d
of analysis, explained by Noyan and Colj2@4], was used to determine the value of
residual stress along the longitudinal direction of the UPWJ peened samples, through the
associated analysis software XRDWIN. An average of at least five measurements were
takenfor each sampleTo obtain residual stress distribution as a function of the depth into
the samples, thin surface layers were removed layer by layer via chemical etchant (80 gr
sodium chloride (NaCl) saturated in 1 L watep@), at room temperature (25 °C), and
using a Proto Electrolytic Polishémodel 8813v3; Proto Manufacturing Ltd., LaSalle,
Ontario, Canada). The chemical corrosion rate was mainly related to the corrosion time
(around 2630 s) and the chemical flow rate (5 L/min), at a constant voltage of 40 V. After
each etching step, theepth of material removal was accurately determined using the
CSLM system.

Surface mechanical properties were assessed through both indentation hardness and
scratch hardness testing. The indentation hardness analysis on the surfaceseved,
UPWJ peened, and shot peened samples was conducted using a Rockwell hardness teste
(model Wilsor2000, Instron, Norwood, MA, USA); the Rockwell B scale was selected,
with a preload of 10 kgf and a final applied load of 100 kgf. A spherical tungsten carbide
indenter, with a diameter of 1.5875 mm, was utilized for this analysis. Thev@be¢&sts
were performed at room temperature (20 K
measurements were recorded for each sample, and the average Rockwell B value is

reported. Furthermore, scratch hardness testing (model Tribolab, Bruker ChepicaBi
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MA, USA) was conducted according to ASTM standard G171. To achieve this, a Rockwell

di amond indenter with 200 em tip radius was
on the ageceived and peened samples; tests were performed under ambienbiesdit

room temperature (20 N 2 UC). Each scratch
load of 10 N, scratch track length of 10 mm, while applying a constant tip displacemen
velocity of 20 mm/min. The scratch hardness was subsequently calcatateding to

Equation3-2 [105]:

oY — (3-2)
whereHS, represents the scratch hardness number (in ®Ra)xhe applied normal load

(in N), andw s the scratch width (in m). To ensure accuracy, three individual scratch tracks
were made on each sample. The measurement of the mean scratch widths was performed
with the previously mentioned CSLM system and associated Keyence Multifile Analyzer
softwae. The mean scratch width value was then used to compute the scratch hardness
number, as outtied in Equatior3-2.

3. Resul tDesandsi on
3. 3EflLfsefft aver soeb Srpfeeede Mi crostructure

As previously m&nt UBwéd peeaehniTad hwmgdd eCsP
conductedangwensivepeseds. To evampatéshoweUPpW
region, the initial asbewssmentransyoéw.ee 8ap:
Fgur-#shBows repr-S&dMmtaagteisveofFHE he pl anar sur f e
t haes ecesavmepdl e and those that wer e ilhPWMlegpeen
34 (a) 34bid ,sutrfeace refcef hredasampl eandashadntai |
topography i mparted by t he umdahlieniwi i hs tt ehpe.
(200 mm/ s) ,i nast hpeBekRsiegnt dagr@aege®f pl astic de
induced to t htehe uwdtaecrej eotwdsngprtawl onged i nter
creaméeense valleys through matehananhe rrienngodv ¢
effect through the I mpi ageenstsstutrdifea ovea.t eTrh ipsar
causresgrescrse atei o p e nainndg of, mwlwiroonit rra dokust e s t
detachment of theamadRwiht@hdepr ¢ deo[fdlddsbujrefda c
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This effecRi g3t (gillrtesiesntalisso suggested that |
water droplets occur s, as the secondary f|
removal initiated by iIindudiFijgntsédrairt swtofss
erosion i s natirc SdildBymaa ilssuphl fay ®eoimd £ rar e pr e
in this i mage. However, it is wunclear i f 1t
more |ikely, are simpsyrfdacn@egeromei dunigng n|
preparation. T hissupspeoadred aryg utnheenotif digst alt Way :
appear t o be assocdiaattedcrawickls, sulmdi cating
embrittleméntgoédi hmegh&Pdiamegul ar i n shape

a brittle fracture mode.

When <conducting Rurmaaeumrmemngrhtinessr (t he
sample at the traverse sprecdalsuefr O®r dnend sa |
peening conditionsemwads uohbaervadugdathed8. &2 |
samples peened at other traverse speeds wi
which is essentially twao b-hdeesveoed magmpli é u
UPWJ peeningWlHbhesetheatl oWw traver seAlspeed
4/ all oy has al so been ihv@&di gat awdsbgi mhe a
t hat such | ow traverse speeds a6 &4 \ioal Ifaw,or
as they produce extremely rough saudfoygcds.
softer-6A4dh\agn iTti woul d be mewvereepépsive def
UPWJ peening. TherefdreatUPWéspetowngrateCcC
be of industrial interest since it causes ¢
For this reasorm,ert haen afloycsuss afn tthha sf uretsear c

speeds, in this case specifically those be
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Asreceived materi al

Pl anar sur f ace

m : Machining Direction
Ger——————-

Machining Marks .

:

Omm x1.00k SE(M) 50.0um

(b)

500um

UPWJ peened at the sl owest traverse
Pl anar surface Cross section
L5y

I
18

!

Traversg Direction -~
——————————

W
e 9§ v 8
&, «Detachment -

10.0kV 10.0mm x100 SE(M)

(c) (d)

Fi g4 Represen$BNMiivmadde&s of t h-eesagr faandde (ocf) tUPEW.
peened at 28@cmmbsal Cmo€s olsit rsuacnipu reess oobft ati hnee dC R
(b)r eecsei ved, and (d) after UPWJ .peening wi!t

Figusem@i des ex@8mpl emagés F&f the planar
peened samples at traverse speeds in the r
peened sample. Looking at the planar surf a
t hat t hter aavpeprisieedspeed evidently affects thi
peening th¥&¥valtukeacefwbO0l® rmm/gsut5igen dias5e @ 0c )mm/ s
the surface topography is noticeabeéegeiaVvedaer
sample (shown pretVBogys!| ywiimgFitgg high expos
area to the waterjet that enables the surf
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surface exhibited | arge voids due to the i
subsequent materi al removal. Using higher
is clearly apparent that the 9SMr ftahcaen ifsorr d
|l ower WwWal dems tcdhfi s case, the peening featur e
as lightly deformed areas. |l ncreasing the
formation of | ocal voids ries talse pma3dré e etdi d
an3ld5(f). On the other hand, the surface of
Fiug3¥ (g), was decorated with craters due t
beads. Theofavtelrea geer astizres wam. mleta siug eidmmd r tna
that there is evidence of deelpowmdkRieg 8 anc
5(g). These char acteesr ibsettiwcese,n alroan g rwsi,t hc atnh ¢
initiationtsimesttahatoatbdedéatigue | ife of

o
500um

!
N

\ Erosion Pits’

o

LT L S . - = T
500um 10.0kV 10.0mm x100 SE(M) 500um
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% 7 i
P ,"‘“‘7 Craters

-

10.0kV 10.1mm x100 SE(M)

(9)

i g8 RepresenSkEBMiivmadgde&s of the 64V agleat eod wihte
averse speeds of: (a) 500 mm/ s, (b) 600 mm/ s
000 mm/ s. (g)-SBEprmagetafi vheFECRTiacseang!l &.he

=
tr
1

FESEM micrograpfectoifonnsheofcrtols®i ULANIp lpeexe
processed at 506 mpm/ess etnd e 060.& IMfm/g s appar
di fferent erosion characteristics, ranging
mani fested in the peened region, depending
the suMobdc &0t mmmé&bA()Hi,g al tihtow ghf tthlee ssewrefra .
is | owered i n commérsi s(oans taoh admi@ )i )no fFtikge 0 e i
significant degree of undercutting into th
accompandregl rhiycraodr ack with a damt alr eprapmpag a
in the subsurface region. Wh7Zeh0 i mm/rse,asri elgat
similar peening features to those of the 5
intenfsigyrface urnegdidenicng . ( Hihgs i mplies th
decreases when increasing the traverse sSpe

experienced by the surface. When stepping
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upwards), UPWJ peening developed | ess sur f
the sample treated atur B0 @0f )}Mm/ st heprree saernd ed:
of peening in the surface, and at the s ame
recei vepedmnudad unampl e (showed (o) ¢vi dusolny tihre
observations, it can be stated tterast tthlee suW
topography and textur e, dependrongdbwyn & hmik
observations of surface damage devel opmen
microstructural/topol ogical -phad/@rti oanl |foor,

namelbyAd Vi ( Grlad@Blse) extent of damage develo
|l essened i R6AdWVe waslerofmominally identical

an intrinsically-Thardesumategi ah tbwer €B s

When it comes to comparing th&Peffiig@gct of
36 (ghows t-hec tcirorsasl mi crostrucTur sampl ¢ heA
shown, the surface oBRteveas pelcimudn i plle] esat
surface cracks. Material detachmendsg)due t ¢
whetrlee accumul ation of plastic deformati on

surface materi al too brittle to withstand

Traverse Direction

. S . e »
it i e = " __,_
1\, AN B

- = N A 3 |

- ll_'. \ ;
1A

&2 N\

-

Traverse Direction

-
b @
{ 7
\ iy i
e

Subsurface Crack Material Removal

Surface Inclined
Cracks

~_7
Long Crack (= 35 pm)

10.0 0.0mm x1.00k SE(M)

K

).0mm x1.00k SE(M)

(b)
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Traverse Direction

el g Y

Wear Debris

mm x1.00k SE(M 50.0um 10.C 10.0mm x1.0

|

L
10.0kV 9.9mm x1.00k SE(M 50.0um 10.0kV 10.0mm x1.00k SE(M)

YR Subsurface Tunnel

~ Detachment Sharp Crack :

(9)
Fi g8 Represen$SBENMiivimaddE&s-sefctti hmadcr ons £ r elsit ruct ur
samples after UPWJ peening with traverse spee
(d) 800 mm/s, (e) 900 mm/ s, a&areEdM (ifmaegled€&s s/ s .

sectional micrdstesamiiPeeadbt erhe CP

XRD patterns for t he UPWJ -Tainds asnmhpolte sp eae
di spliayé&®8gua). ThelUpirepleaase peaks was conf |
pattern of +keeiwvied gskaFnp | a&s Additionally,
appeared to have the highest diffraction i

in the XRD patatertnifie i@Rtseurgigelcseaisw dicht csoasi ti
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preferred surface orientation (i.e., textu
initial processing step. Wheln cnmoampeariiang btehfe
after UPWJ peening, the clearesttympacteot

peak i ncreagppd , (iwha.l,e poaahker s Tdemcr e ddhe d (

sugg
pres

sts that UPWJ peening either removed
nNt-recaetwed asamptnmy | @ttt ®ed axevel oped a

XRD

s
e
e

surface orientation at the surface through
analysis of the peened samples reveale
e

presencepamopedakeoccuMwalnge aadf a6 2. 9A was conf

pgmn peak was not identi fi erdedeni viehde sXaRip Ipeat |

perceptible i mpact of UPWJ peening was di sc
of pp ak,s p aqg, agdgp atMwRal ues of 35. 02A, 76.
respectivel vy, i n all the UPWJ sampl es. I n
amplified the intensity of the aforementio

To quantify the extent of the preferre:i
peening, the relR)) o¢, pprakmsremgnl dapptepel nasnicet sy  (
were calckdwaatidaowrutsB nghe r eisrul EBg(plre.s ebd fedr
peeni ngr,ecteh ewTealss@Mpl e reveal ed a pumeaefcerred
pl aneBRossiartochund 63 %. After peening, t he occ
noticeable for those sampl e/sr ajmegeen eod &t0 Ot rran
800 mm/ s; here the highest pdipfpfl maeR iwam hi nt e
observed between 36 % to 40 %. Nevertheles
speeds of 900 and 1000 mm/ snmmpl aprdst hei mia
to thatr edeitvheed assampl e. That suggests that
ppp ori ent atmmatmaonky depends on the UPWJ tr
sufficient interaction time between the wa
the texture reorientation through introduc
XRD pat heé&sPnamgl e¢e to UPWJ pee3wi(mmg,, dihwenprier
orient aammgn otrheeceaisved stated w&dP d mtsitrealdy

ppp ori entation demonstrated a full domi na
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observation confirms that treating the sur/

terms of developing a surface texture.
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Fi g8&fla) ReprXxRknnpadttdird@#His ampl es afteundl®WJ pee

vaaous extarmdawverdse as peagd wi t h &Rcroemaptamei nsto.n (obf) tRhe
i nt erRg,i tdafedBt2he mpeaks, estimated from the X
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EBSD crystall ographic anategsct isonmals sunmdfe:
selected samples with the intention of und
of plastic deformation owing to UPMAt epgckeni
near the surface experienced significant de
r the absence of Kikuchi |l ines. Therefore,
ither no EBSD patterns at al FoortEBEBSDr pas:i

o o O

ase of the sample peened at 500 mm/ s (the

ntense effects), the EBSD measurement was

the surface (i.e., from ~20 Om below the s

Fi g8 eshowsanvehee ddlRea pfsi giurroem (t he e x a mi
sectional -aeeaesvef ahe sselected UPWJ peene
peemsampl As i ndi ca8ed)dxdrHdngeud @t i3on I s par a
rolling directeoai ( &KRMhga tae nihadlraent ati ons i
are coloured according to B8&e)Yrillatchgaudtaed d .
t hat i n the | PF i mages, |l ow angl egrbamiumdar
mi sorientations between 2A and 10A, wherea
relative grain misorientations gHAeBast ear et he
depicted by whitevalhyggdd (aahk, clhv n d sl ,u srtersapteecst i
for sreeeaslad s@mMmpl e, reveal ed that the sub
equi Bkiedgrains, with nominal sizes varying
of t-hecaisved!| sampglest edTit hgt aitme exhibited
orientation, mostly due to the rolling te
manufacturingeceuifiedecfiRehe dhe crystallogr
CPTi materi al pdehgr avadPWbnfirmed through I
t ext ulTe ,f omixtils d nclined at an angle of 40A
towardsel t heg(RR) riexctdldswerovedc.nt ati on of the F
in t-heceaeaisved materi al-9,i nolsthaoiwmed nviFi ghB %D
directionasofweRD, aBlDtransverber dermstobnt fi

boundaries, the miecrovtdusctampeé eofconlseée sa e d

The maPpls of UPWJ peened samples processe
with the sample shot peened aFi @& @B)t,ensi t
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8(c)38(ach)yd, respectheemgre, an | PF mapf for t
700 mm/ s, was carried out on a broader are.
order t o provi de a comprehensipwenedalauata
simultaneouptgsamide 8hb el klisRurmaps of t he U
samples suggested the removal of-redei iend t
sample, similar to the results of the XRD ¢

in FBgureThe UPWJ peened sampl es ndceemomnfst r

HABs, thdaioomnodntLrAd8B8Bs i ncreased in the subs
of sl ower traverse speeds (i.e., 500 mm/ s &
|l ndeed, a ‘g« ABuaframM@&Bor mati on in the peen
pl astocmaltei on i s at 1 ts maximum, was trigg
under all traverse speedsyftace owegin @ainl odr @i

decreased as gecempanved tsda mpheemeapBreaifm @re s mc

pronounce@8(lm) Figeir&ti ng to the samplcddO0peece

mm/ s. The explanation her e ipsr etshsautr eatwattheer |
the sample surface, i f theshtdaeamgftdr mdd tphree
some degree of grain refinement wil/l be cc
hardening, along with grain fragmentation t

t hat a r ecenteds ttuhdey ohcacsurirnednicceca of dynamic r
of -@ALV alll@®ydwever, for the present work,
these grainsreaeeamodtasernon especially fi:
guestion as to whether any dynamic recrys!

current raotmprairalng the | PF map of the shot

it I s apparent that the grain fragmentatio
shot peened sample, which is due to the us
Thegr esencienddxednregions in the | PF map of

attributed to the severely deformed grains
poor EBSD acquisition.

72



(e)

Fig&8ea) MSEMEBSD map obtained f ocarg etchedd wéeudo s ur f
umpeerkk®&di -BEM EBSD maps obtained for the subsur
CRTsamples prepared wi5Bh tmADOr ¢nénfosp S&EAM of @ (
EBSD map obtained fotrhd hehastubpaeghimglicGBP egsiony ob

mmA i(eyer se fpor et He guampl es in (a) to
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Fi g89.6ri ent at hHeCrP a«fr yst ah s$-hecuelPWed mat er i al

0001 1010

Fig&I®n -S§EM EBS®bmaipned f or t hedoswnb stur faa cdee prteng
Onof the URWIspephed prepared fwi7tOnD tmmd vser s e gsept
the associated inverse pole figur
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The effects of UPWJ peening, i n partic
plastic deformation in tie fadd myofwatswienx pbh @t
EBSD analysis. Since ther&Tiaretbeael yshvihpemb e
systems assists with explaining [tlhi@Owobser v
main types of commercp2dl ltenpute Tiwi hwi nsvh
direction icaxpar olfl alhet HPh etrwisntsa,| ,whaenrde {tl1
direction is mpaxpenaoi culhpl HCK, Comglsidlal i ng t
rol |l i ng t erxetcueriev eod mahteecraisals @M dtthlee ctriylstt ed
of the surface along the rolling direction
thceaexis of the HCP structurecwhish Thaesebtot
incidenp2é dfeffoI®nati on tAwW msihmogwni3silhrader egiultrielc e
be seen that a relpali velpgps!|l awe-f paetdot OCR
sampl e, due to the maeawudiace dr-wingmag todurt IEdklIo,f

t hat no additional (annealing) heat treatn
procedur éaNJ PAfetaetrm@@nhtet wii nG appeared in the
UPWJ processed sampl es. It is worth noting

1000 mm/ 81i(d)i gurwhi ch had a | ower fraction
peened at 500 mm/ S3-11abJd 3@ A) nmsbowEdgargr eatf

of pR}0Otwin boundari es, which is evidence
addition, whenmn3llGon@k1{ oy, agroBpgrheed sampl e pee
mm/ s, the deformation twins were found to
of 100 Om, but not in thethaltRY dOwi heboonga
were present in the sho8ll(pe)ened sampl e, sh

75



(a) (b)

(c)

(e)

Figdltd a) SEMEBSD map of ({blpPh}d tceomstirlaes tt wiin hb o u
t her acsei Ted-SEM EBSD maps of paphdteonstlrastwwnth
for the subsurface regions of the UPWJ peened
mm/ s, (c) 700 mm/ s, aShEkM (EHB SO O0ndadp nonf/ sb. pa2nide ) c cAmt

tensile twin boundafi esampltethe shot p
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