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Abstract

Abstract

Nanostructured materials have garnered s
propertiegsr atimedoaraseri al s, such as wultrah
Ha-Petch relationship, t he abundant grain
conbute effectively to grain boundary stre
' imits dislocation mobility, | eadiicng |tidypo
t r eodd |, heterogeneous nanostructured mat er
mi srtauctural oObBetcéar ogmgeneiatriags i ons i n gr ai
compodcanohacilitate strain redistribution

|l ocali zation and enhancing overall mechani

Medi um and high entropy all oys -(M/ HEAs)

component systems, emerge as promising can
their exceptional properties |ike high str:
resi amanse® on. However, a key chall-enge | i
of f between strength and ductility, I i mi ti
Thi s chall enge I S further compounded by

mi crostrucobuanr alnde Weelfwtr mati on mechani sms i
Whil e existing studies highlightddwheh pot en:
as grain size and phase composition variat

opti mal combioation mét hfodsr, mi crostructu



Abstract

def ormati on behaviors remai ns i nsufficien
met astable M/ HEAs with | ow stacking fault
behavior s, i ncl-iurdd nmge d rmlnasd toiramattyy ,onwhi ch ¢«
rol eainmiemh pl assharcdernyi agdcapalilities. A sy
of the interaction between microstructur al
crucial for advancing the design of M/ HEAs

gapgsh,is thesis employs &iundlacei pg ogleasti ing d
and ther malt ot geatemeantes heterogenebasedanost
and-bfacsed metastable M/ HEAs. The heterogene
di ffereati bn mechani sms: gradient plastic
strain from the surface to the matrix of s
the unique thermal conditions and rapid so
andppruessed grain gr olvaiteh edff elcaseroft rtehaetsmer
mi crostructural evolution, phase transiti ol
properties and deformation mechanism are
effective strategi esduootrtidendeyr.c oArc cnogr dtihneg stt
main work done during the research study,

three parts:

Il n the first part, a repeated sliding w
generate a gradient n ebracs etdp bdabad?Z e H i TGaN S ) 0

RHEAs with a high <content of hed aphase u
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deformation and ther mal treatamesretd, gwhidc e n
plasticity and contributes to the enhance
decreases significantly when decmh&df@®ing di
nm at t h3ethePdh mm in the topmost worn surf
hcp phase is formed ndweedo bitclkee Yd erfcqr npahta so

activated wirtghainn ztelde gs eldfi ent worn subsurf

shuffling iasnldocmaritoinaldidol e gliding. Thi s
characterized by gradients in grain size a
suppresses | ocalizati on, significantly i mp

heterogenedugrsati muctizree amd hcp p-phasecont e
Ti Zr HBRAEA exhi bits an exceptionald.lly5 laoomd c 0 e
wear r atde 6 &tImhid NQ &), demonstratingnducecedpot el

surface tr enactemetnrtisb otl oo gei nchaal properties.

Il n the secaesntd apianr-prreetea $uilgtir anac hi ni ng t ec't
single point cubic boron nitride6Gmrning (
dep@&@MS surface -bayedp dabaphsCfiCeoHEASs wi t h
significant phase transition, eif d reicftii vent |
SPCBNT can i mpart“sd hingh hset rtavipmmorsat esu(rifCac e
and achiagwel at Wighrfadeveltlunbaometrowrughr
met hod radecaget ge@3 0 Gmzien ftriodl®atnmi xtcor e

the surface. Notably, duri ng ntdhuec enda cf hcicniYn ch
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phase transitions are activated in this GN:
be introduced in the topmost surface as th
strain rate along the depth diredtitdin.s The
GNS attains ~6.7 GPa, which is much higher

based -oasbdlighi on transmission electron mic

facilitated by the movement of Shptktey pa
pl ane, and the subsequent transition hcp Y
two sets of Shockley partial dislocation d

This phase transition mechanism a@afndcoor di |
atomic shuffling reliseyyens facdnticebdmmsedataems

produced by the plastic deformation on th

mechani cal properties.
Il n the third part, di fferent from the a
t hermapled | aser surface treatment pfoduces

amor phous micr olsd g adcpthdasadMreDrCaocHfECAcs. The
remelting and solidification of +{plwevegr adi e
| aser wietamspihdigjh cool i fighACakent ofi bdDes t o
formation of heterogeneous nanostructur e.
by simulation during | aser remelting produc
amorphous regions along gr aiom bmewrhdar isams . t

mechanical properti-amoofphtoluiss mumir@se rarcy utra
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to investigate its defor mdatnidar ede chrayrsitsarh | a
mechani sm. This wunique structure achieves
compressive straimi(t+2a8w)codpriesgi onmcte@ests

def or ndaitsiloonc,ati ons are confined within nanoc

boundari es, pr eimmodtuicnegd dcerfyosrtnaaltliioznat i on and
process bal ances strength and ductility
nanocrystabssagdaamobphndari es, highlight:.

based surface treatments for enhancing mec|

Il n summary, this thesis systematically
mechani cal properties amrd ha oifs aiseptoenrdoignegn eba

nanostructured M/ HEAs generated through su

n
o

ng -svteraa,tne hingahc hi ni ng, and | aser treat
interplay between microstructuriastmheamedoge

def o

]

mati on mechani sms, the findings prov
advanced HEANS pwiopherttaielsor eadvancing their

applications.
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Chapter 1 Introdu

Chapter 1 Introduction

Throughout history, thexploration for developing new materials has been gkesuit
of human civilization[1]. This endeavor has led to the discovery of new metals and the
invention of various alloys, which have played a crucial role in shaping our world for thousands
of years. Traditionally, alloys have been developed based on a ‘'major element' paradigm, where
oneor occasionally two principal elements, such as iron in steel, copper in bronze, or nickel in
superalloys, form the foundation. Minor alloying elements are then added to enhance the

properties of the alloys.

However, a novel concept for alloy design emerged approximately a decg@. ddpis
approach involves mixing multiple elements in an equimolar or@gaimolar composition,
deviating from the traditional 'major element' concept. These specially designed alloys, called
‘high-entropy alloys' (HEAS), were coined by Yeh ef3ll. The term 'high entropy' signifies
the high configurational entropy resulting from the random mixing of elements in these alloys.
Over time, there has been a growing interest in the study of IHEBE Nevertheless, despite
the increasing research focus on HEAs, the study of HEAs still needs to be improved, and there
is much more to explore and understand to grasp their potential and applications fully.
Continued investigation and exploration of HEAschgteat promise for advancing the field

of materials science and engineering.
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1.1Hi gehnt r o p y( HH A so)y s

1.1.1Def i ni ti on

Unli ke conveHEA®nabntdilmysmul ti ple ed ement.
equi at omi ct fceoanccteina msaddnoénl e ment | s [6hetl mesd re axd%
of complicated phases, HEAs tend to have so

t heir high configurdhieordall |l ewi ngpyqofit moxi e
configurational entropy of mixing increases

concentr[@tions rise

DS o m-Ra nil nif n (111

wheries nt he at omitch ferlaecnieinotn aonfd tHas esd the stglaat
all oys are divided into HEWewi figBldrdwi6rdR, f dur
medi-eammt r opy al |l oys |(d&&As0). 6WIiRt, h aledbtl(rRoipiy) all dw

(LEASs )g&wii® h6[8 R

Moreover, two parameters were proposed to

di fference d anOHntl®e mi xing enthalopy

1P pmmB ©p - (121

whegeaenrddenote the atomic fracthiehemedt at oes pe

0O B ; &0 B i1 O OO (131
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wher® is the enthal py of mi xi ntgh q&f h dehlee nbe ntas
at an equiatomic composition.phlars egermdri al ,s ot
correspondsli ok J/hri@o lr<epi kR / ml< &nd DA f$ erent pi
appear wvwirtihattiGoenanidn Wi th the fju¢t8prandcdeas:

in the r@gaal wies ([&J)

Tle hemthropy phaselsuglhiolkne € s smloirdnal 'y stabilii
entropy efffeeanrm iwhmt ehmat &lol i ¢c -crompeab dmpbase

all oy cofMpeostGithmsnsf.r eei nlgdrgtyedf mi xi ng

"0 0 Y Y (141

wher® and’yY are the enthalpy of mixing and e
Al t hough increasing the number «ofondamgwtriattu er
ent rwhpiych can promot e t he.Hfoavre niedr i{Oo nd eopfe nsdosl i d
omtomic size mismatch, chemical affinities,
This entropic effect competes with enthalpi
solution staktiAlgihtly ipi® saclelinvceaustewsei gh t he entrc
|l eading to phase separation or the formatio

containing multiple principal el ements.

According to the Gibbs phase rule, the nun

pressure in equlfibrium condition is
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P=C-F1 (151

The number of components (C) and the maxi mt

freedom (F) in a system are |linked by certai
mu kctoimponent alloys in an equal mdl|l dher &teina e\
the phase diagram. The formation of solid s
' imted to carefully selected compositions t

Given the equi molar nature of HEAs, differ

Gi bbs phase rules can be cipalihehg@mbgt &bhoygsg
to form simple phases, such asnshicdce roarb | fyc o ed
number of phases compared to the maxi mum pos
entropy characteristic of HEAs widens the s

favoring the -dmtrrmagy omh astkelshiit gito. ne . p h assoe s , ove

phases. I ntermetallic phases, i n contrast,
configurational entropy.
The periodic table comprises a total of 11

el ements are classified as neif[lflhe€Comodd ee mytal

these 72 el ements offer poteniliiTaHhe fwer suatiilliiz
HEAs is reflected in the extensive range of
utilized in the creation of numerous HEA com
Ni, Cr, Co, AIl, Cu, TiSn ,MnwhiVch Zmav éMod e iINdbn s St
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contributions t[¢g. HERA Wdkeeebapmgnstages of HE

particular emphasis was placed on the wutild@

constituent el ement s. Notabl vy, d@apreax i HEAA s |
i ncorporate aelme me musn iof Fioggure 1.1, selecte
Ni , Ti[lLandnh M he other hand, refractory el en
atomic sizes, such as V, Zr, Mo, Nb, barcd Ta,

structured (KRHE#P)ory HEAS

Ru | Rh Pd Ag  Cd
Ir Pt Au

QOO . ¢ i i s | i s | s
OO - [ ol o[ L

Fi gulrPeerli.odi ¢ t albd eed oif[7].eHEA® nt s

1.12Not atbH A

Singhase-sosatidn HEABcpmiamd faearct hdbrclcombi ¢ ¢

have been2.identified

1.1.2.1f cbcased HEAS
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The equcdadae@@udlr FeWMBEAN,] known as waer Cand ed
asi nmhaese fcc ,souMhiid hs alsutoincen of t Hle3lkhdbe wi de
Cantor all oys exhirbaom etxecnep e reanttu rgen a phei rgiyhio € semay
temperAat srtheo.wn i(m)iFRli lgue eh dma2redle wiomdg rate, the
ductilidwitimctrlreeaskekecrease of temperature, Wwi

cryogenic temperature in ekcoces of 1 GPa and

a b c
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Fi gu2(eR)elpr esent ati vasemnagi meeui wgs sof eslse CoC
six testin¢@lpt(dmp eSrtarteusree scur ves and (c) nor m
curves of diff efldnt)k Reipatecminda aiEAx TEM BF i
speci mens of the CoCr FeMnNi -tHyEpAes dnii stlho cpaltainoan

{113 ajdés
Based on the empirical wveri ftiheatmiacm osft rtulce
asigni fi oanrti tea fcfad c tpnrca poedristhyg cah e o 5t mcfikd inlgtt y a

eng( §FEE)pr oces ainglg .@uertrheondtil sg swealbll i shed that t
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def ormati ondimelch@at isons -shdpcedefwr mat Rgn and
i nduced martens)iptliay tcmramrcs fadr matliessnsi n mat er i
significantly influenced by the SFE and the
Fometals with | ow SFE veallues, f atchd idiaft feisc ulht
def or matdiuered t wi nning and martensitic phase
the applied str difBadsuircianlgl yd e ftohremad e foonr mat i on
alloys is mainly accomplished by di sHoorcati o
example, the plcaxugrelddief oemgtt bnough the pl a
1/ 2<110f Ljdnl atehleas ot ed i ng )F itghuer agsel 1linpd (bde ch 0 mo g e n ¢

as the stdraliemadintg etacet he de[Yl opment of cel

Consegqgseretrlay variants derived from the equ
all oying eleggmammod aacr croanposi ti PP MOawe olf ednm
underlying motivations f orSHR,/Hh etshee rveabryi afnatcsi | w
occur repmase otf r aanrsafr/o rdred toiroma[2 § o M hi wi Wieth g ber at e
aimed to create materials tihat dpass sexsesmpelnihfain
by the equi smedimumt rCopINaht oygh subj epchtaisneg t h
CrCoNi alloy to cold work followed by partia
strength beyond 1 GPa has beeamatc ht ke eax p é& s\
reduced tensil e dducot iapptryg x3iondaitcetl ryd ddmepas e s o

Cantor alloy, thed Cré&#F&indalhlighedi ypledyl str el
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more susceptible to reaching the -ttwimmiimg. S
Anotdreampl de -emgain at eMmCeCtNE EA n Figua)e,hdt 2 (Db
pri mar iweynptluanrdeerr di sl ocation slip during the
subsequent dde fexrpreavti ilramiciegh a i ns (>10%) at r oc
[182RConversely, avio®mion orheal ¢é9ogyi such twinnin
observed only underapplysgoxgeeeea dci ncgd nyd ihhiei iogohn ss torr:
equi at omioenpmounidinE ECBNIHEAISave beenwidtelvetl lopeaddi
of interstitial e l[le52eBn t whdiliagsHp éda Bt | NctandefOor
me c hanincrfasodeni ng pl anar sl ip substructures a

structures charact-ceengietdy bwalhlighatdi il plcert i ©tn

Kim eRhBianvesti gated the transformation of

temperature and 223 K. The results revealed
exhibits deformation twinning, whencuasedathdapm
phatsreansf or mati on occurs. Despite the differ.
relatively | arge el ongation at both temperat
rate at the | ower temperatur e,ofast hiel |hucspt rpah a
| ower temperatures enhanced the ability of

i ncreasing t he strain h-de demdegt rahieft Thns
mechanisms is I|linked to ae da&lchrewsdi s ml aSyFeEd

di sl ocation structure at varying temperatur
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| oopsdemsigthy di sl ocation wall s, and subgrai
influence the mechanical properties of the a
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el ements with hiwghdeemeell toiptetd pbentiemdreased r
appliclanhd oRBBEA compositions that are most

Mo Nb TaWw, Mo Nb TaVWw, Nb T[1¥ZrF o rA | eNvooabhspll detiieofimin

Hf Nb TaRTHEZi t h si ngskrRowed mpihals ec ompre sssi9ed yi e
MP a) and Wu=et iw0i%hy c(onsiderabl e strain har
def or MilaG Nwtna bl vy, the Hf NbTaTi Zr R HE&Ar deexnhii nbgi t
behavior under compredseomoamndstenstondefpr m
and Il nternal mi crostructure evoTwypi oal luyndetr
compressstwveaisnregssve exhibits a higher strai
Under compressi on, t he s ampled s r coantfiirdancstt uvari en
occurs due to accumul at ed p2parshtei o ostprr aeisrs | asred
state suppresses <crack propagation and enha
|l oading, necking occurs in the fracture regi
initiwatlcihomi,ts the [@¥Mareowhar denengi on tends
sl-d@mi nated deformati on, whliolmé naa rmeplr emreescih@am i g

can accommodate .l arger plastic strains

Thewenkov [28ft o al iinmueeds htglgeat mi cr ostructure a
properties of Nb25Mo25Ta25WHEAsRd wW2 CXb 2maMmnz
single bcc structur e afBtaesre damme alhien gneacth aln4d OcG

coarse grains, pl astic deformati e hnz étihkeer echoyl
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enhancing the mecyiaali daddltdbe sMPear tainels uwit i mat e

al262,MAa showd[2ifn Figure 1.
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The Cr MoNbV RHEA was de stiegmpeedr awiutrhe ex o eslnl
exceeds 10003V aTht & 2968 ktsed mmeadri antgu rhel gsht r engt h
the | arge atomic size and @eIna®tnisec tmwculed & smii
and the predemrewndesbbcabvnons plihren eadd db yt i wint
Cr elements (smaller atomic radius, | arger
modulus) is the main reason for the | arge mi
of tempering el ement si n\Nsbe masnide [Va smiitch c cemsptea matt
all oy mai nt ain excell ent me c hanMocraelovger f otrh
di sl ocatdamen osfl itpil@ flses snaht bal Médeh drcicsmtruct u

all oys provides muwlitnigplfeors | glpa sstyisct edresf, o raralta

typicall f1ijppVvangsBinguft e 1.
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composition plays a pivot al role in governi
effective empirical approach to estimate pl
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The crystal structure of HEAs correlates str
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favor the formation of bcc structures, where
8.0. In the interiMe.dl8&)t,e a acmogneb i(nvaEtCicoann 4abf@ 9b ¢
obsermhed.e phase types directlystimicuenead e
usually exhibit hi gher ductility and | ower
facilitating di sl ocasttirounctmateido nHE Alsn poasstersas t
and are subject [3IB Whbbbrl Betecksresrebance
| eilanigpo reduced di sl ocat i epnharsoebiHBEASsy .t eCodn steog uee
strength and har dMf3eBsFs rb etx almprhiet, e d hdeu Atl iCloiCtr \ ¢

with 5 wt% Niphiasfeor(rhca +dbalc) BédMmee |l iamcreed e

bcc phase fraction, combined with the strencg
wear rate of 0.71 N 0.01 mmj/ NLm, demonstr al
tailored phaBer tchoempnoosriet,i omechani cal propert
adjusting the alloying elements to manipul at
with | ower valence el ectronbavadtBEAS udtdc raesa

ideal =8sbpehr shwe promoting dislod¢3ti on actiyv

1.13Proper tAppd izad i HEAS

1131Mechamwiecmérti es of HEASs

ThEEAs offer numerous remar kafI2&63ffe ahtiughe s,
fractur e dtiofuf gelerregne s[R@BtHr eesn hanced tH4hpDanshtarl orsd abi

corrosi on4 IrTehseiisrt aunncieque structure and bal anc
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HEAs with exceptional mechanical and physica
(1) Mechanical behavion angmoemrdeapeHBAsIrecoul c
satisfy the requirements of | ow density and
applications in civil transportation and aetl

components i s criuvecnj9afi o ubies)dlmevsg ynaefsf iod yi el
versus Vickers hardnessghtplreaqiimog,HEAsiicratti me
strength and hardness compared to traditiona
all oys, BhMomgeé asse,s the mechanical propert.
depending on theishopWwasen6d®ifBhbDsieftfleorne,ntascont
Mo was added in Cr MnFeCoNi to form sigma ph
216 MPa to[4F65MPBE | arl vy, the 41 ke ot taheshovmi
Al 10Hf 25Nb5Sc10Ti 25Zr 25 HEAs exhibited ultir
that twins and hcp plates play a cruci al ro

mat efdiBal s
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(@) (Composites| Bulk metallic g! (AICoCrFeNIL N1.CrMo0.5Ta0.5TiZr)

S S N N
~ Carbon-fiber-reinforced comp N\ __|A12,0CoCrCuFeNi|
“ /

: =/
1000
: AlCoCrCuFeNi) 5‘"°°"/°"""‘
= g
z Glass-fiber-reinforced composites Aluminum nitride Tungsten carbides
9 Low carbon steel . —
£ \
‘6 100 Stainless steel Silicon
=
e
v - Nickel alloys
% Aluminum alloys . i1 ’\ Silica glass
> . / Soda-lime glass Technical ceramics
o \Metals and alloys| Borosilicateglass (0 (oeg)
10 100 1000
Hardness - Vickers (HV)
) e T (€)= e
steels anitas A Bce - 1 ” ° 4 BCC
2000 q 4 4 FCC1+FCC2
s TTETRC | g | G e e
S 1600 i > 4 ~ # BCC14BCC2 < | =
3 3 i ailys i B 3000 HCP+BCC
£ +a e 1B + \ FCC+intermet. c © FCC+intermet
2 1200 2@ ot \E @ FeCHHeP % | o BCCHintermet
o TRIP-OH .9 7® - + \+@ BCCsHCP * FCCYBCCrintermet
3 0Pl Mo topflanits T F £
o %0f . [atA PRy Rl 2 | =
= Lo R r o J 7] inless .
23 sioys R o - sttt F—< 0 0 2 & ] >
:I:) 400 o 4 N F ¥ ﬁ;& ** + Austenitic & 10001 i * * g
- & T va s ai @ Stainless steels £ | xS & >3 »
Mg 000 A o F 2 Y 8 Lo —= .AA
0 alloys . Low carbon 04 - T & )
Al'stoys Weols: Mgaloys  Alaloys  Cmeano"
0 20 40 60 80 100 0 20 40 60 80 100
Elongation, % Compressive strain, %

Fi gua(eMaps showing the rangéd¢ oaf syirealcd[8.gtarl e ma
(b) tensile strength vs elongation and (c) ¢

composed with3Hifferent phase

(2) Mechanical whelawieontp ealast udies cruassmsgeed-baaeti er ,
Cr MNnFe Co Ni all oy HEBBA mnéeemwnis thhfe meshani cal [
temperature and bel ow. These HEAs exhibit a
strength increasingdhs Thempersatdwree tde car esahsief:
mechanism from single dislocati on -imdweneeldn t

twinning and dislocationRAEAS i dgmo €Convatreaect:
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strai
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Chapter 1 Introdu

B Creep behavior: The creep behavior of a r
temperatur e, for exampl e, di sl ocation creep
[4 T tdemeendence plastic defor mati ongrbaeihnaevd or
CoCr FeM@B8Nicreep behavior of the AI Ti VNbZro0. 2
st rreeslsaxation [4PsTBeatr a@€F3&Kharacteristics al
with viscous glide by inter §4ch i ©mesotfatais asn aorcya

creep ratepowerys|l awtdame et he transients after

4 FatiguGi bhematvhatr : many potential applicati

components, frequently encount dEAaryec |circi tliocaad
i mporGearetr.al |y, fatigue failures occur throuct
and propagation, and the fatigue mechanism

compared i[BDForgueelaehpfi8eti gue behavior of wr ol
HEAs with dual fcc phases hayclbelemt @ eN)pes t (| J ¢
relations and fatigue strengtipoi hhi Peasds emgs m
tests at truoroem wietnhpear astress ratio (R) of 0.1,
mi ni mumUins)t rteos sma(x i dmakm sTthreesishu(@ yuee | i mit and
fategderance | imit to ultimate tensile stren
54945 an@d. 003802r@eipeditivehaygl |l y, the impact of
crack wasswdarmi ned for the Cr MnFsePRaped HEAmpaa

tensipemr isnuebnjsect ed t o a[b5lRdgae aweo 6Bt RgOelr a
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are notably superior to those of steel s, ti

zirconium al |-log sbeudl kd neeetratldiinc Zrl as s e

FCC HEA (a)|| Bec HeA (b)

Crack along slip lines Propagate in grains

Crack at twin boundary Initiate at grain boundary

Metastable HEA (C)|| Multi-phase HEA (d)

Phase |

Nano-precipitate

Crack branching
and deflection

Phase |l

Deflected at particles
Branching and deflection Initiate and propagate at PSBs
at twin boundary Initiate and propagate at interface
Fi gug&Se hleemati c il lustration of-badvedf-méddpdec ome

(c) metastable with phase tr gohafser[shRgEtAison fr o

5 Wear behavior: Wear is a significant prob
in a variety of functional and structur al a
metallic alloys with excellentsuwearn heegiedt a@
l ongevity, and efficiency of Thmed alkktlhihanceme r

18
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attributed to its high hardness, which not ¢
but also contributes to oxidative wear resis
For exhepWweartperformance Al CoCr Fe Ni HEAs w
temperature as the formation of a compact o
strengtheni ng[5Bn Tthiree Ts Zbh NbrTfadMoe HEAsandxwebi t e

wear resistance wi t'tmnL Blwndtwerar 2FrorfleND mant 317 10

respe¢tli vel y

1.1.3.2App |l i cfadHIE®A S s

HEAs have the potential to be employed in a
and functional materials. Additionally, HE A s
cer amipc sWwexhewéantand corr ossi ocnauns ebdeioas a mn o g, t k
resist-tempehagbard foad@Bra oihe s the introduct
el emetntlBEAS,n for example, Al CoGeFoNi2adali dBAS ¢
and corrosi AHEAPBds i whianke @porteintii tal pborweeark etros , b
pipelines in ships, motor housing, valves, o
of copper alloys and stainless steels, and b
mechani cal dprcooprerrotsii eodo ereeosviesrtbchre@@&@Ac an keep

Supemeicohrani cal propertiessind@Kwit deasahgghoht:
| n addiRHE Aasn,d tshoeme e o b eobbdeilcp fHEFASt ber mal bar ri

antdeaesi/weamsi st amats yt¢ thaatviered d -eempbrghur e mech
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Chapter 1 Introdu

perforfifPdeca newecthealtsesc @@t anunptmignci pal HeElAsme n 't

demonstrate unique and attractive engineerin

Anot her promising application for HEAs i s
|l ight weight el ements can reduce the density
battery anodes, and the transpodamaitng@nptli opgears
of certain HEAs make them i d8al Ffuart hrea mofreacgt
with | amellar structures can exhibit magneto
|l n summary, HEAs, with t heicamdtaelnytervald udti rong t:

met allic material s.

1.2Strat eljmpesMeeccharPi capérties

Li ke adiptoiloyncarlyreett allIsi naend al | oy s, HEAs deri
from inherent l attice friction, which i mped
from multiple strengthening mechani s ms suc
strengghannngehiaseménteainsd wacendhtsdtomamd b hemat ngn

twin strengthening, further enhancing their

1.21Gr aaboundary strengthening

Grain boundary (GB) plays a crucial heol e i
pl astic def ofrhmast isadamnr epnrgotcheesnsi.ng ef fect i s due

requirement for di sl o&Bs d manwss e oo fc hvaanrgyei ndg rgerc
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and the discontinuity of [IsPIBiaps el aome st hkee tcw eaesn
Petch relationship, it is known that reducir
t hper opagation of dPieslkchcagiuans onThen adeihaiyn ed ic

(d) is listed bel ow:

A o Yo I (1-1p

wh elbies t he i ndirsi ndiiec gkiarser s $Peeztetahh hcdNe mMér cusent .
di sorGlBesreecde ssi t at e dmosrleotceandmogny et se i nto adj a
i mpedi ment restricts di sl ocati on movement ‘
increasi Addstrengthy, grain morphology signi
mechani sm. Coarse grgiasnwbakenn@Bsl|l aadi ngt e
of tipédramd i ci ty i n stthreucs oalriedi fTiheedc efioc e 0 rei
di sl ocation motion by providing more obstacl
vol ume, effectively restrictinpags isnhtcewmcitn ofi

19 9y The comparison of synergistic strength

traditional nanocrystalline alloys9Q b3 h di ff
Whil e increased strength tlyigkremaalilty ornead u Intas oic
all oys, grain refinement notably enhances th
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action of GB and dislocations

3 o

Ultimate tensile strength, GPa
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0.6
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oS ol

v @
R s

CoCrFeMnNi
CoCrFeMnNi
[l cocrFeMnNi
Bl CoCrFeMnNi
® coCrFeMnNi
@ CoCrFeMnNi
W Co,CrFe, Mn
@ CoCrFeNi
* CoCrNi
P CoCrNi

A

@ CoNi
@ CoMnNi
@ CoCrMnNi
Q CoFeNi
@ CoFeNi
CoCrMn, NiAl, ..
i Cr, FeMnNi
Ni. » ¢
77 ¥ CoFeMnNi
A FeMnNi
@ FeNi
@ Al CoCrFeNi

*
Coarse-grained

- ®
L L
Qe . ®

I ntrodu

0 10 20 30 40 50 60 70 80 90
Elongation to fracture, %

Figu9(ea)l.l nteraGBrons dibeslt weani onBEA[®&J(tbh)e Cr F
Stredhwgdthility synergy in singhanpkbaystHdEASHNe
with composi f6iBonal variations

For i nsd arnecsegartch results of fully recryst:
grain size ranging fedmabtOyi eshdgtns tfidrémagetdisye ds
from 236 MPa to 8B&8r MPrRi,ngndut hesstchaonmed as

1105 Fomaterials withatoaniSFE,i stsansi ti ve

di sl ocation and deformati omttrwii Bismioluadl| Yy,e tat
size of HRHEB $a Wwiakdr control [[68 bwhincdraeta sterde abt o
strength and ductility as the grain ,0Nbowth r
and Td&d,esef materials
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(a) 1500 T T T T L T T L (b) 3500 T T T T T 5 T LS
© 503 nm
- 690
503 nT nm Np— % 3000 690 nm |
1250 - —~ 1.46 ym
g ® 2.99 ym |
s oy 2500 13pm 4
—~ 1000 4 5 35.1 um |
- 88.9
o é,zooo s
3 750 - €
o @ 1500 4
5 2
500 4 © 1
S < 1000 P, .
- ® Necking point ‘T 4
- - B
250 & 500t .
0 1 1 1 1 1 0 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 01 0.2 0.3 0.4 0.5 0.6
True strain, & True strain, &

Figutit@ a). Tensi lset rtai me cautr vesaradnedni (nly) rsattreaicn

CoCr Fe Mn Ni HEAs wit[Bpdi fferent grain sizes

Mor eover, gr ai mprpdtfiolerdeememfto rccaen tbheed ep has &
transfodmaitmngogn def or mat iTowl Rpfecetaswa sifit & d
Cr20Mnl15Fe34CoNi 11 HEAs after gr ai nstrreen giteme
and ma&idnutcatifenlLi tWhen t hergdacedan,pe-he. def or ma
t winengssgar ehi gh strai nhihgrdainit o daeelipieg hatuni f o
el ongati on.apRurttphifearsatra rce ,def or mati on, reducin
accompltihshmhaedthr oduci ng new el ement s, i . e. c
(Al CoCr Re@x ) I®,0=at0omi ¢c ratio) HEAs were prep
~25M et em5Wi t h the alloying effects of C, whic
to 14766MWPaang et al . introduced a uniGBuse di s
bet ween adjacenscal emicrempeef attice g

Ni 43.9C022. 4Fe8. 8A1 10. 7Ti 11. BR2.Bhiad limeyrsqgl ays
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persistent source of toughness by facilitat
briftrtdocda®@BesAs a result, the all oy demonstr at
includihmghulstr&ngth (1.6 GPa) and 25% tensil

with excellent thermal stability and resi st a

(b)

Ordered grain

® IU(” I Disordered nanolayer

4 nm
R

(c) 1800 (d) 1200
NDI-SM (This work) NDI-SM (This work)
1600
~ 1000 ®
& 1400 =
= & .
© 1200 Z 800F
g o S
S 1000 £ @e\
7 20 600 SN
20 800 2] .
£ 1= o .
1 = 400 e
a2 Ic) A O ~ao
=0 - DO ~type alloys @ T
5 400 :e" : - >
2001 ~e
" AD A ® LA L1.-type alloys~~«~
200 A Pe s Seo
A B2-type alloys ® -
() 1 1 1 1 () ' ' ' “l W,\ A ‘l VA( 1 ' -
0 5 10 15 20 25 30 0 5 10 15 20 25 30 35 40 45 S0
Engineering strain, € (%) Uniform elongation, €, (%)

Figultad)li.gresoluti-8mMmEMAADRge revealing the ul"
at GBwith a nanosc &b® mietsiod uriea 91 HAADFSTEM

corresponding EDX maps-typkermSGr omevbabl amtei
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occupa(td)s h ssetsrsai samcdurvee yield strength ver

compai @dhher bul k [ dered all oys

1.22Def or mandwanRllaseransformadilTennni ng

Strengthening

The transhdumatdi(@mRa&itiwaintdywadgced plasticit
observed invseeme esmplbpgethain HEAs to i mprove
met ast abypehn ¢ rytBepchaaussee. t he parent phase i s met
into a new phase when subjected to ther mal p
Curr emett lagillliocys can be meS&kEt aprachy ctalhiynghr
the chemical composition or dMoaregiinagi et f ea ¢ @ ¢
boundaries coul d bsé eivaedra eoegadfllde dwlsil ok ad fi foenr n

thus contributing to strengthening.

An exampl e odngnenaesrtiarbg |Wba ¥y e Beoquuu da tioami fcc cF e
XMNnNxCol0Cr10 (x= 45 at %, 4R PatPhe 3paradrd afnac
this isysmeeé¢dsrteadoucei ng the content of Mn with
f cc tToh eh ctpimdunaplh aceadn be achieved whedetheasoat
40 at 3kaBespeonhiicehll y ne with theSF.HIlen oFi gduerc
112, def oirmdiundaewd ensi tic t¥Yhapformathenp(fmary
mechanism in Fe50Mn30C010Cr 10 HEAs atsthe ec

additional obstacle of phase boundary to pr.
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har deWwhietngi e c ontderctrseafyg afi dai claing it et p apmase pl ¢
amssemdlimhpel msti ¢ ded tonhaaandidocion@inrdit Wu tsil mg at i or

slip, twinning, Thenchotaekiabd el ad Rip®.aEARAX C el

stredugctthi | ity tradeof f .
a o
(a) 200) ®) 400
40 60 80 100 120
2
;5 J—vﬁ.ﬁj_———_’ ~;,5 um
s§ s . 800
=g ° efc.c. w od
s " . . . &
ba| o = FegoMn,,Co,,Cr,o
L4 e 3 600 F (f.c.c. +hcp.)
2 Fe oM gNipgCo,Cryg (f.c.C.)
o (ref. 6)
£
§ 400 n
£ 3
& 0F Ref. 16 This work
200 0
High-entropy alloy praas ——— ORe!. 1
(45 at% M I 80 40 0 40 80
(A " High-entropy alloy TRIP 0 Change in ductility (%)
(40 at% M High-ents i TRIP v > L v
R s aten) Dual-phase 0 20 40 60 80 100

High-entropy alloy
(30 at% Mn)

Engineering strain (%)

FigurZhd.evolution of dEWoePRIaP idEARDe cahest)tiesrm s
and EBSD phddM¥e alagpmrsi caanld properties of Fe80 1
40 at %, 35 at %[2abnd 30 at %) HEASs

Similarly, t he phasfe hctpr arad fsor matninonbef ct
Fe40MNn10Co20Cr 2BMNi 109 .HERAs30Mn10Co [60pCa®d 5C
Fe42Mn28Co010C([6IR5 SAo thifEatrpthars e tr amad @cYenat i on
bcc transafdohranmat aiomi Fda®@@do 15Ni 15€fydt0 HEWYsgeni
t emper atbucrce sn.ucTlheeat ed at the i nt et Bfeccct ipohmnass eo
and graqoiudlol yabfuemrdant barriers (fPirgiB)i sl Dlteat i
initial phase constiameéei ent loér aa meiadgutaal bp ar

phase.
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& rue = 10% (stage IT) € rue = 20% (stage I1I)

(a)

(b)

Fi gulr¥di drostructure -debbumabohnhodupingh@7&Il | oy

with respect to an6Fncrease in tensile strai

Moreover, the TRIP éftiteaséd hdEADero enhanece
introducing a secomdBamapr pbased MHuZnpf €ax a( x
HEAs with varying Tab agpmhmtseent bAtpoh ialsegdtba aii Iniede |
t he quaternary equi at orhicpphdis 2d ¢élf dat el&E@Aas Wwhe
decrseaas shown 4i nThRisguirrehclpalasen ted ngtmief i cant
i mprsbtae ductility of the specimens, with the
phase transfesmaéessosnl athkeviatieon bxewnlidpe i nt
phases, niglaadstliid adef orimeedgairdry amd dike d ODRmMRA t @ fofne

e ndso wHEwWIistnhu | t-9 tpd gee strain hardening domi nat
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martensitic phase transformation, which even
simultaneously. The strengtheninglPeffect of
y71 ” “Q ” “Q (1-2 2

whelpbge dwwdre the strengths of the papr@mmtd and

fraare the volume fractions of the parent pha

—
Q
~

relative intensity

Ta1 Ta0.6

Ta0.4

(b) 1600 (c)
1400 -

1200 4
1000 ~
800 4

600

1#: TaHfZrTi
2#: Ta0.6HfZrTi

True Stress (MPa)

Strain-hardenging rate (GPa)

400 I
3#: Ta0.5HfZrTi 2
200 4#: Ta0.4HfZrTi
o T bd L b L bd L) » L} e L * T o v L) T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25
True Strain (%) True Strain (%)

Figuié(ald). Microstructure of Ti Zr Hf Tax) HEASs
Representati vestreaisn t)e uTthveal ®c osfrreechspso ddnngg st a

curves.
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The enhancement of strengthalarmdknstrregion tlea
various HEA sysithamse,d Lu dfn]Randd otihhee fABEHECY Fe Ni
withankpBadeos. exhempltreseaosfctensiesnml|l test of Al (
HEA eveal ed that def @mrmataeraeyma ntiwd mnd emmi n at itnhge
def or fapt i Wint h -ttwh en tdweifror mat i on c emmxhhiami tsIml, e ri th ¢
mechani cal proper &i eSsi nmd tl atr Hdgehf otd enmayit en rgant uprreo c e
t empegtateawr eni ng def or mati ofyment htaendi spm iaocrc csmp
activated i n HENUCOHE hiMmyv.HEAIstgwit rdi ndraitn t he |
grains made the primary contribution to th
mi crostructures created imy tthemperniimil ePlan d R
Fed9. 5MN30Co0l10@ir106COhe HBAse tr anls otrhrrea tTi RINP
TWIP HEA h |,ovui SEEexthhbpt mhpthasei tta ansf or mat

def or mas,t be ptwaese btowinnd alrad versd aarnides si gni fi ca

i mprdgvel d strength, someti mes [/felveR ewamplbke, t
decrease in grain size |leads to a rediumrti on
Al : CHEAFaNMi i | |l ustr[f@RedGrian nF s oed n enfielindedn®bti It ys

the twinniimogtdegadyisvtiatlyl i zed HE&AvV e lwdopfmétnwri enchd ang

on shamdening ability and tensile ductility.

29



Chapter 1 Introdu

16 - o Recrystallized
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Figur®al. Twins in Al 0. 1CoCr FeNi HEASs,; (b) ¢t
di stributicass ahdthecagstallized HEAs; (d) t

and twin spacing [#EBrsus mean grain size

The strengthening effect of twins can be a
to dislocation movement, 6 hemafadckr ei,n tdheec i tdwi
strengt heni ng €elfhfuesct tdfe tswirrengt hening effe

charact er i-Pzeetdcylpy @[@fH@IBormMenoted as
o — T
v, dgo (1-3p

whekies the twin boundar,fi ssttrireen gu cdhleinmen gf rcacetf if

30



Chapter 1 Introdu

wi th atnali st he average twin spacing (i.e., th

Normally, the strengthening mechanism in H
than a simple method as the complicated micr
for exampl e, i n t he [Tl 26 WNVenRONre2®@dadNri 1101

Fed0Mn40C[@ POECATINOe strengt heinnolgu de cphhaanses nt r an
deformation twinning whmhideas sdfoardbeli eerxt slaiop @i
ductility and strain hardening capability.
di sl ocationf meeéeipat ki af cdt sl ocati on, resul ti
t hleamel | ae twin becameddelnsninteyr oMi t Ti8tsthheewh inc

di sl ocations moti on.

1.23Solid Solution Strengthening

HEAsompsees@ralnci pal el ement s, primarily fc
Incor pgrodtuit e atoms into the solvent matri x er
t hrough a mechanism known [@§ sTohliisd sstoleuntgitc
mechanism arises from interactions bet ween
Consequentl vy, s ol isd gsno |faidaidommti Iyt tr eesn gtt d etnh ea gh i
(YS) observed in some HEAs, with approxi mat e
strengthening and the other ,haife.tograaidn t b
strengftr@@dmieng ol i d solution strengthening 1in

addi td wms toift uti onal Al and Ti sol ut es, whi ch
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tensile strength of ~1.3 GPa,s whiolwen nrca)i rFti agiur
[79Hi gdlensi ty st ackiinngt hfea upHintasc dpprnesvassiald B o gt ed |
Figuree)sol6dd solution strengthening eéd bina
from variations in | attice coordinates relat
by different el ements considered a fundamen

solution strengthening forl bBfh binary and h

200
) 1 b
= X ABTI3 MEA (b) AT MEA
= > COONMEA | F 60 5 CoCrNiMEA
& g
S T o
S s
£ ]
£ ﬂl}.* %‘
£ 4000
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R §
§ 2 30m
- - =
:‘ . E ""%
o
w [/ 4
rat % 2 M
0 T T T T T T 1000 T T T T T T
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and N, whi ch significantly Il ncreased I ts y
mai ntaining substanti al ductility atst heound
phase stability and activate phaseSitnmianasrfloyr,r

the interstitial el emenedn(obkheggbnghtgrbosfont
solid solution matrix in the form of solid s
which streshigé YS ata#di@GPat a6@eNl WEARD NbILr
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solid solution mamaniynt ewhsitciht iian c oerl pecomeanttes wi
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124Preci pitation Strengthening

Precipitation strengthening is widely uti
met amhaltiecf8idlhs s technique utilizes the solid
treat ment temperatures, where the formati on
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interacts with defectBhd of pmotdiucre @f hmmaeinp ini
is determined by the capacity to generate a
strong precipitat-mechantbalr phooeghi hheomosu
[BBR The devel opment andf proans eospstiinngi zoifn gv aarnido ur

this precipitation process to enhance their

So far, the formation of.ppndoviampbhgeepsBat e
precipitate, carbide precipitate and so on
enhancement of [848 Bletngitdh fi mu MHEAtshat Ni , Fe, C
applied el ement-st ri e@mn gntahnefderda oy Al&fptreoposed a
met hod t o i-denedtge tcuogrtpiolnee n tmu litnit er met al |
nanoparticles (MCINPs) into complex alloy sy
wi t hi nb aasne df ckce Co Ni HEA matrix tdhrAdé ugl hmisn MC I
reinforced alloy demonstrates excephioghal r
strength of upsitgmidli ®&nagdd®Ptai camdofa up to 50% a
t hereby over comionfgh tbheet wteyemi csatlr etnrggd cheTaed duc
controlled nanoscalieuptecighmienatnigomn fanmd]| INIPs
or ddeérsorder phase transf or matnitan bande loe meret
performd3hee coher ence otfr i MCIfNoPsst ewistt ha gtehnev gnude

hardening behavior, effedtyipyvalayimietnigg eht inrag ep

35



Chapter 1 Introdu

(a) w
‘ MCM MCINP Quinary L1,-type MCINP
EES— (Ni.Co,Fe)(Ti,ALFe)
o d
EEe oTi
g s o Al
= 2 i
H H o Ni
] H 20 o Co
£ © Fe
S
104
c d
© 0 (CIN. - SE—
= 1400F g . i ” j,w
& z g M i Cg
< 1200 o MWL g £ H J S
¢ 2 & o H /&
4 1000F 4 g ' ! N
£ £ . P i g (@S
Z 800 80 S000p g 00 | 1 H x
20 - @ .
£ 600 g E H
g E S s || A :
T 400 Base alloy & 250 T | o —o— AITIV7
5 (ref. 12) £ = 020 F : —o— AIBTI6
200 3 = V‘ H AISTi
= H
L L i L ¥ - 0 L il L L
e 10 20 30 30 50 0 3 L 10 ) 30 0
Engineering strain, £,(%) Tmcmi“‘s_l,(%) Tmesm’imt,‘_(%)

Figur&a)l. The precipit@hit)dedesedngi crMEAsal dodr ¢
and site occaMd NPy by i t wWef Ldcti onal otf he direy (

Al 7Ti 7 cod&lnlgayneer-sngaisn rgvepglkkasdeni ng orfattehecur
MCI NPS [@&BI oy s

The prexrigpttradesed wit h ctohnep ocshiatmigogne;of € he mp
stability is <chang& ntveegetihgeart.e dWatnhge ertel alt.i «
temperature and phase transition in Al 0.5Cro0
of phasef dfof acrdsli+tbice f c+d 2+b c+B2Y f c+B>.Y f cwchen t he

temperature increasddetprdanc i2gDiatadhtG@hs 6 a1 06 x AC
hi gh teshpéinmghér application of preel @wtatdroint i
temper atur e2i nichreeissiex €9 30.f7 Lnlm t o 780. 4 nm fror
a corresponding decreasél ©% asoltuhme GB astt a minls

t he el ement[@® Mdridgdwese ,onntr ocupcrteiconpi bat eB i

36



Chapter 1 Introdu

Al 0. 5CoCr Fe NI HESAtmsotfahliygyuenhardee with the ni
ovefbylOi mproving yield strength,, wohrikc hh airsd esnhi
i n FigiBrRhe Thil® e nchyacnicee df altoiwgue resi stance pr
propertipseof pt hat B pdhda sgeh, ewhnisah caxhyi, biptl ast i
reversible martensitic tdreavneslfdogrenahi goh. &Whsthi
precipitates and ability to undergo reversihb

di sl ocation consumption and suppress cyclic

1,000 80
a 1000 |- Al CoCrFeNi tension at RT b 900 : = e D fealetiorh,
[ Alp sCoCrfeNi [ svansiy SOT Aer2= 1% e
ae2 " -
o ~ 800} : / 2
2 © —e2 % 400 | g 5
£ wl i | € wf i 7y 4
< < —ac2e21.00% | T 200 ¥
2 *u | ,g 600 ‘: e 4 ] 249, % e %
2 3 2= 4125% | & 5 §
2 600 s 3 s = y " 4
7 e £ s0f_——— o2 )
J - | |8 T Tt
£ font % @ 400 [ ———— = 200 b &
g wof | 3 ol i 4
3 g v g %0 400 | £ o~ 1" cycle
2 § ; B a0l £ / 2 cycle
w200 | Strain rate: 60 / ‘s'_;.—;/ o— 5" cycle
«10°s" o e e o e 100 | "
1x80 8 2 B Cyclic hardening 10" cycle
e s : . - " P e . A : A
° A ) 1 . - : : ; : " : 0010 0005 0.000 0005 0010
5 s o ~ o 10 10 10 10 10 10 10 P
Engineering strain (%) Number of cycles - N e . r
d ® Total strain ampitude
® Elastic strain ampitude 8
High strain amplitude A Plastic strain amplitude 2 2 ° go @,
[ l— Basquin law High strain S10TE [ OSERNR o
. l—— Coffin-Manson law iy P . ..? o‘ﬂo
[T AN ] ===+ Total strain-ife equation 8 ° L J prco
3 . 2 L .Q? gee)
El 9 Low l‘,"‘:"" Deformation g ° 0(3@
Seae amplitude
b ¥ model 11 < > 8L
g ¢ : ‘B 10 o 3
& - Deformation = e o
L Al CoCrFeNi mode I o o ¥
1] © fo) e,
Low strain amplitude — g ° o) )
RT
i i . o
10 10 10 10' 10 10* - - L
10 10° 10 10° 10°

Reversals to failure (2Np :
Reversals to failure (2Np

FiguteMethanical properties of Al 0. 55QorGri Fne Ni
curves. ( b) Cyclic stress response curves. [
fatigued at the strain ampl it ude aciin Ohdnep,| &di
plastic strain amplitude versus the number o

Manson fatigue data for AI 0. 5Co[BRFeNi HEA an

l3Het erog®mectsire in HEAS

37



Chapter 1 Introdu

Likeaditional all oys, HE A sd uf catciel -otthiye, tcwhiaaid €l he n
t he I nherent compr omi se bet ween strength e
homogeneoussewswenmralctsreat egies have been devel
properties of HEAs through carerfdl mitaurnd sntgr wd
Compar edomnwietnme tohrmddsadj usti ng chemaocaapukampoc

mi crostructure offers a promising approach.

1.3.1Gr adiNamtorsuct @Neh HEASs

To widen the saphpilgh agtiroemngtirelalnd excell ent
mechani cal properties ar e primarily influe
di sl ocation movement increases deformation |
ensures mladastoinc défeoref ore, strengthening mec
resuhtseduced ductility. The key to retainir
strain hardening ability, enablingay hpl amatiec

inst 40 | ity

To facilitate strdekeiomaharzdtniomg eva & tha gotra iam n

coar set ypg aGNS desi-gh@@s iwmi ttlheamiidnt ernal grad
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di splay heterogeneows Ted odembhdor mat imerc hhnms in
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CurrenmtNY, hasubeedafbuliilotna tHEIAH0]2 1 . e. Cr Col
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solid solu@i]8ns in HEAS
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Simi,) aa y-gt abs HEA nanocomposites-fwaainlgt ai
FeSiB system into a crystalline -CpLtoiNewlhagl a
all owed the coexistence ofFBnchaaoncawystahbus
[1218 The nanocr ystsalikgikennes i g tya sneaShisi miihai icalsa rad t
effecti vfeodibaro¢c @rison moFRii gwrde alkh & haonmonr pihro u s
undeaerkes tphleasmaicn f | pwadwiro niga ttihen, absorbin
di sl ocations generated from t-amogphouns &ander
This plastic flow ob6tdheumpwmoephoulse phas ma thie
i mproving the uniform plasticity of the mat.
amor phous i ndanesaf baerabsatchediglieodaci mg a str

effect, compensating for the softening cause
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d) are concentrations of Cr (a&nd Chanpirlelsisd tvreat

St rsetsrsai n -ic)urYEM .i nfafges [ARl8def ormed pill ar

Mor eoateami stic model s proviadteomieduai mat iionns
mechani sms iqnwnwolevimgedeheetr acti ons. These m
as GB 6Bmidgirnagt,i on, sl ip transmiwhsieconhagoaged di s
understanding of the fundatmeent al-g siloed pohr onmast |
mi cr os tWauncgt ue[e2]9% hvesti gatneod pboyst anlanaosl ayer e
composed of-nutlhtiGuknaayteirmgn @5hdCo&3g | ass | ayers t
mol ecul ar simulation, which exhibits a high
stress of 1.09 GPa at room temperaturan It i
absorb dislocadi onegpflaansd | ac dieéd we matmoom hatis t |
interface, thereby enhancing the ductility
of thieamerylsad ad composietdeh amat @frh aaden gule omaesst
materi al s, providing a feasible approach tc
strength and ducti |lsfty.mmehitepdroywstoaxlaltii @l nhrutcd |
or sGBgliding across the namadhrey Otppsmsli dA&el rGBa n

as smbwgu3 0@ he.sA@mpda meGBoe t hecrcyrsytsalali nt er f ac

hedoetter slip transfer capability and can e
metal l i c gbaasall puwerposer by actdingl asat@ahg@idr ¢
me disiamel astic shear and slip transfer, effec
thattdher wise initiate fractures.
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i nvol ves
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and

may

treatments i ncl uvdmreslug udrafcaec epl asdtiicn g

applying intense strain to the surf

nanoscale surface | ayers often have a

di ff erm itnh ec onmaptorsiixt inoant efrrioa |

53



Chapter 1 Introdu

141Severe Plastic Deformati on

To fabricate GNS surface | ayer i n metallic
have been deveuopadeg mechadingl otpt rsur bace
mechani cal gri ndi[In3j0 tsrueraftanteen t me(cShvatTi)c a | rol |

[13]1 hdmgehr gy shot H&eniamg HESR)sONi c[18]8rf ace

These methods rely on intense | ocalized pl a:
nanometer regime, while establishing a gradu
the bul k, maintaining struwctdursdli nacdntiinreirtfya c

The detail edt eecihmoees snsi md methiogslf@RPE. I how
The SMAT process introduces plastic defor mat
higpeed spherical shots, typically sever al n
ultrasonic or me c hani cdil r eecnteirogm@armo Titenspsaicd @ nplro
def ormation and high dislocation density, CQ
surface | ayer. I n contrast, SMGT involves a

WC/ Co tool tip penetrandcessliindes aalron@tiithg aX

The contact stress and frictional shear tog
features. SMRT, although similar in tooling,
all owing s$moetkeonl suron and more wuniform st

influence not only the efficiency of grain r

nanost HESPu kK esndanafustri al surface treat ment
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pressure or compressed air to propel stainle
Fig. 1.31(d), i nducing severe plastic defor
processing parameters such assprpaye ndinsgt aprrcees,s ul
further enable suThacUSRapooccgssadbtperzat eé®nby
vi brations through a rolling tool head, whi ¢
rotating surfaceghoffrtelereweryk @inec et nalterhist at i c
of ultrasonic i mpact and compressive rolling

surface, pdemeitiwnwgdhshgadynaminc arcaad /v dryy.

(a) Sample (d) Affected area
High pressure air

Barometer

/C hamber HESP

Vibration

Holder Shots

generator

Sample

Ultrasonic
«—control cabinet

(e) Air compressor

Static force

Lubricant

USR

SMRT

interval

Figu¥®clHiematic il lustrations of (a) SMAT, (b

techn9Bues
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The wunderlying mechani smsi nofotlhveb e g @ n efraabtrii ocne
accumul ati on of di sl ocatiloenasdi dgr itnog tphleast o

di sl ocaltli omal | s wi t hg rtah en st rwa nt shf osrnialel €l n smui &sso rtihe

strain accumul ates, they gradually transform
divides the initial coarse grain into multip
| ow Bt mRrB4 Specifically, the deformation mech
SF, def or nantdi sh octwtm®n wall can be activated

all oys wiLt0838385wTibé&Eresul ting grain morpholog
depends on the materi al and strain Pplaeh anq
thickness and gradient profile of the GNS | a
di stribution of accumul ated plastic strain,

parameters of[l3@8hK Tlpadaasit queue abedmaneitdhrods

versatile pathways for tailoring surface str
of metallic all oys.
Except for the specially designed treat ment

close to the contacting surfaces are subj ec!
wear process of metallic mat erriuvacltsu.r eT hainsd ,d e ff
properties of the worn regions, for instance
and grain FHi38Beh esced umdtitomds f or modi fying mic

selecting or desi greisngt mat eraipapllsi cladi owear H
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repres-eqti Iniobmr i um, di ssipative systems that
environment . This includes the opposing sur
present and t he gd4ls38 Amdaare stsh en gc d rhteaset | art ea «
chall enges-ihducéthe gweamDatsipon eoft h&8l8. many ¢
attractive feature of dri-ooreqqamazeriimlrse dmorng
formicgostructural pa&tintgerhns can gadabamd meredif

a valuable control padameéi e eFomat & hZehasptle sajlgn
[13]tudied the formation of a gradient micro
slidingawenoomeséemp?®r atar efhiagwdr.eb @h 8y di s c oV«
t hat the compr essialeundtniad sl st chée® e ma eglroabdyi cetnht e
mi crostructure underi hthiegchsmgart hter dak .ctThei rc ore
were independent of the howeivek,K hept bsbdbfutha

| ayer underdedpmeonndvst dare ttmr®aak ment .
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Figu3ZZal.-feosbBonal c harTa iModNbi zad tl iogyn .adfft)etr h e r
bri-fgihel d TEM i mage, HRTEM i mage, particle si

glaze | ayell39respectively

| n adthGo QrnF e Ni HEAaesgspgrinhrmaarefmeint¢t iodn an
wearsi sfiltueande® the spontaneous formation of a
durindgl4weadNs debPigutede hiemPFBhmaee characteristi
CoCr FeNCI 6lE§&dAst to the surface, an equiaxed n.
grain size of approxi matel yemd4Be nremt & x ttehn dss |
nanol aminated | ayer, consisting of ekhodgated

a plastically deformed | ayer marked by high
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def or matfioornmst wiintsh t he imdireasiengfseephtar str e
formation of this gradient microstructure i ¢
activity and deformation twinningSF,Boitrhi toifa lw
grain diabe, cand olhheparreasmeldteipmsgp deapt gr ai n refi
decreasing structur al refinement away from t
in both the coefficient of frictiona namudewear

nanostrimgt in enhancing the tribological perf

..“_.\_"‘:'.‘ ;
-~ A
NC layerl= g S=v TR

= TR TS ASEE et

Nanolamiinafcd layer ) iy
l)..&,kj},;" < .

Fi gu33Er éssesct i onal mi cr ostrucltiudian g @wed FugNion
HE AL 40

142Ul tpraeci si on Machining
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142Fundament appseof sUbnr Mdachining

With the devel opment @fremachiomi Mmacmn ecingi dr
used to proceashsnmgaihfeacal gquavlifitriylUlattpdaeeac suoac
ma c hti mehniod ogyi tabl e for viamdlowdi ngy praest alfs s
met als and more chall enging mat esrpieaelds sltiekeel ,h
hard HdI420 W di ti onal ly,briitt tihet anl® ema tfeorri aH ar, d

semi conductors, [cé4aMemineovdjol emdhaglcass he prope

gualriet y,abi | i & wyidnotfe rpcrhoadnugcet asb iil n tiyphdeerfe rcchcamp ccrad n
industries, machinilMgl precision is developed
As moder n i ndtuescthr iperso dauncdt shidgehmand mor e r emart
i ntegrity, -prreesceiasriconn imma culHitmiang has gained i nc

this technology significantly nmpheas, ohaer
def ense, and aerospapeedingdiucsn r mashi rCiumg eneéc
t ur ngirnigndi ng, cuttirmg,adpaoli o @llHpInfaecdmneai-mgh ul t
precision cutting" refers to a cutting techn
at sever al nanometers wusing tools made of t
fabricati onprneectihsoed sc,ututlitmgapocpnebéesdiowni dadni n

compound machining, or-soaoambi yli#gRagabdi-ng wit

precision -patbhindi,asmondl|l ®urning (SPDT) is th
nanoneetveerl surface roughyesal Kdna@mPDH, i & witnc
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tool, characterized -biyametser i flejdtyiTledy a e ¢ng@d b d d
renowned for producing exceptionally smooth
hi@9hecision machining applications. The nan
surface with minimal surface damage.

Tachiaewati sfactesgultthaec mipniim@al circumstance

working emaichomeeantbohgwoakipalkel esutattiema @étl oso | s
cutting fluid shoul d[lBé& Aetdioanghoeol rse,gppeoptl v
used I n -prleei il dm & macewhti sntianmgd i nd h @r espean t®iuess ,
technol ogi edlomdd hmiaer-h eme d mELt4lsimihal swor ki ng
temperature is restricted,t hoamssd dlesw r esibemee on r
studi e@shasthawt hhearcgdb boertoimt r i de ( CBNI)f t @erneé st hawt
mecha@dé]§mFurt her more, the cutting edge of CB
to increase the wedge angl e aapl asotoilc ssttrreanign
machi ned , matsersthagwmidli 4i7. 3SThe har d-bgdss maft e CBBAI
e X hshbigth hardness at 100GPa, °Qi agixdcoed il deantt iuo et
toughing8& sParticul arl vy, CBN tools -absobiwohf en m

manyechnol ogi cal applications.
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(a)

(b)

Figu¥#@chHhematic dipagramiaht blutlt &d hg[l dlAt t ool e

Fi gu¥®Beulp.udfpr@ci si on turnfid8 under thr e
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