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KANOKWAN ANTANAM : MICROSTRUCTURAL EVOLUTION OF 316L STAINLESS
STEEL UNDER UNIAXIAL TENSION.
THESIS ADVISOR : ASST. PROF. WARAPORN PIYAWIT, Ph.D., 63 PP.

Keywords: 316l Stainless Steel/Plastic Deformation/Surface Relief/Contact Angle/

Surface Free Energy

316L austenitic stainless steel is a type of steel with high amounts of chromium
and nickel. Its notable properties include high strength, favorable formability through
mechanical processes, and excellent corrosion resistance. This makes the material
suitable for use in various industries, including chemical, aerospace, and automotive,
as well as in medical applications such as the production of orthopedic biomaterials,
dental implants, and stents. Artificial heart valves and stents are used for the treatment
of heart and blood vessel disease, among others. This is because 316L has excellent
corrosion resistance and excellent biocompatibility between the material's surface and
the tissue it contacts, making it suitable for use as an implantable material in the
human body. Bodily fluids cause corrosion, but the material also undergoes forces
from the body, such as body weight and movement from daily activities. This results
in continuous stress on the implant, which may lead to permanent deformation and
changes in the surface morphology of the material. These changes directly affect the
cell adhesion process to the surface of the material. Furthermore, the forces acting on
the implant vary in different areas of the body.

Stainless steel 316L"'s microstructure consists of an austenitic phase with a face-
centred cubic (FCC) crystal structure. When subjected to mechanical forces, such as
tensile or compressive stress, the material undergoes deformation. The resulting
permanent deformation may occur through various mechanisms, such as dislocation
gliding, twining, grain boundary sliding, and the formation of deformation twins, among
others. This can also result in a phase transformation from austenite to martensite,
leading to changes in the material's physical and mechanical properties. The plastic
deformation of the material causes surface relief that are signs of deformation,
including alterations in surface roughness due to slip or twinning occurring. If the

phenomenon or morphological characteristics that occur can be explained and



classified, it will lead to a better understanding of the changes in the surface
morphology of implant materials in the human body in relation to the amount of
plastic deformation. This research will study the microstructural changes and phase
transformation of stainless steel 316 when subjected to uniaxial tensile stress. We
will conduct load cell tests with a capacity of 50 kN using different strain levels of 2%,
5%, 10%, and 25%. The study will use microscopy techniques to classify the
microstructure, including microscopic surface morphology, and X-ray diffraction to
analyze the phase transformation that occurs.

In conclusion, higher stress levels increase both the quantity of slip lines and
surface roughness. The calculations of contact angle measurements and surface free
energy correlate the number of slip lines and surface roughness. These modifications
significantly improve the wettability of 316L stainless steel, as surface free energy plays
a crucial role in regulating material behaviour. This information is crucial for the

development and design of materials for medical applications.
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Fatiunguesawuilifiniiilassaiisanimeeawuludlasandneuy FCC Huaunsauuny
5meAUsENeU waraudRdang audsanuansalun1sunudensinnseunaeiy lay
WN5ANLTIUNUATeH A9 1nTe 3161 NUsenaulUsie laswley 16 - 18 Wasidudlansuia

b4

fnifa 10 - 14 Wesdudlagua daisueu 0.03 Wosdudlagiia uassguaudy 9 Tusu

[

s lUlg e uiauraInvany 1eanauuMTINanarAUAIUNIUABNNSAANSDUNA T

Y

auUATena LU ANLTase Anuudaussiernua anuAu udny %uagjﬁ’umuﬂwm 9
Ao gaunnll 51mesAUsENaUNINAT uAzlATIATIRANIA AIUAILLTILTT (M IAATIN AN
UFUUTINNTLEUIUNT LU NTEUIUNIINNANUTBUTING (thermomechanical treatment)
nsiuauLdsalaen1snnudn (precipitation hardening) agN154A 1AMLT U5
9991nn15uU55UANS (strain hardening) \usu sgrdlsinamanndnliaduooamuiin
AR 316L AAUAIUNIUABNITANUTILUUAAE AN TSEITAURNBI8INA (cavitation
erosion resistance) i1 faulunsldauiidesmsaudiuniunisdnuseding udesende
FnsUsuueiuim Wy dudsznevdulumasa mszdesiinnudumunistansounis

fAnnsouwuugdy (pitting corrosion) ladluanindwndeuiinaslsngs (5]

2.2 mavasunlasiassadraunaunsmulad (Martensitic Transformation)
nswdsunlasiassadisganinanassanuludidumannsmuledlumanndn
Satueeamuiifnnga 3161 duduiuaiulsznauniaail (composition) AMULAUTINTEYN

fulave (applied stress) N13wU33UA135 (plastic strain) wazgamadl lnen1sidsullai



a 49{ dy Y va < <@ v Y a aa PR
Lﬂﬂ%uuﬁqmﬂiﬂﬂiU‘UiﬂﬁMUmﬂ'ﬂllLL‘UQLL%’QIULM@ﬂﬂﬁ?iiﬂﬂ?«l@aamuumﬂLﬂi(ﬂ 316L vy

lassasrsganiaduseanulud fusunuasueuyssuna 0.03 %lagua FeUsunumsuay

'
o

atdiunumsenisiingumgiisuay (Ms) uagdugn (M) maasumadumnsnuled dagy
71 2.1 sadamsidniailudiunauegis 10-14 Wesiudlaeuna Badreiiiuliesanulud
afes Auudanseugueausaudldasnsadfiodiueundanss waglileisnaunse

Wla [6]

—

=

13Jelag Taloned MsdsuulaunsmuledniinainnisuusguiinnudAyeeis
wndmsunginssunienatiiatiuanundwssliduimanndlsatueoamudfndions
wilead1veensuUssUNR Mgy usannseyiiulangdwaludauinseussdududmu

nswdsunlasrlaesamuludilumanismuleduazyilinisuusguwuudanadin (elastic

a

deformation) a@s9nsiialainsinuledlagldnnuiunseusiinsevivelaenoumgias

9 Y

%

ngamailisumuiaainsinuled (Ms) usdinitgamgil Ms® laevildudnisiasuudas
wannsmulednlsanuduniouss a3 udunduniLagIfuiunsiiatiindieduss
3 s a & | a a v a a a . .
W1 inuled 1iAnd ules 1yu TIAdeTUNLAAUT YO ULNTY (grain boundaries)
n1sidsundaslasasieganinangesanuludiumanismulediauisaiadula

wilegamnfl Ms® 15011 M3asunasnsmulsdfiiinanadnuieien (strain-induced
martensite) §adsn1sidsumannfinuledisiAefouiuainnisussuanisuazdaemnil
JuAnfliAaLeTUY o -martensite HanwUElATIATNNANILUY body-centered tetragonal
(BCT) nmsasuudasnsmulesiminonanuesen a s‘hLmﬂﬂﬁlﬁmmﬂﬂmmigﬂmai,
szunULHn, ANaudnAweay way e-martensite NA1ATIATINANLUY hexagonal closed
packed (HCP) %3 nucleation sites Lﬁ/id’l‘i‘jjmm%‘fm shear-bands Wazn13tAn o'-martensite
%Lﬁmﬁﬁuﬁf\gmﬁmaﬂ shear bands [7]
nMsidsuuvaaanndinulediiina1nn1suussuanas (deformation-induced
martensitic) aunsawtan1siinUasuwlaanausimuled senduaunsd LLamé’qgﬂﬁ 2.1
ldun nsdlusniigamnfidnnitgumgiiFudunsidsumadumndmuled (Ms) naiinves
usinuledaziisldiedasliondoniundy nsddeaniigamaiiseninasudumsasuma
Dusndmulas (Ms) war Ms® nsiiauannsmuledaziniulngondennnuduns ouss

nsevimelane (stress-assisted nucleation) AITULAUN 3160 UG 991G TUN15L5 uFUNIS

'
a

WasuwUarsiiudunuaun)INady §aaneanudninniasin (vielding) ladiedu

1
= 1

% uagnsnlgavnefaaumgiiainit Ms® msasniinduneuy
<3

\ipgumnnlanaiiiningunil Ms

nN19LaeU (initial yielding by slip) kazarndusnsiulannaiunsanesiauil nucleation
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sites NANEAN Feasrevulnalaanisidou ANAY o 3AATIN (yield stress) Azanadiile

[
[y

gaungivindumile Ms© wazanueseansndulunissuiauismulyddalndiAssiv

a |

AIANULAY B4 PAATIN NUNTAINTT Ms® Urzgendnaueu o AN NRauniigend

9 9 Y Y
v

I Ao o = s sa a = & a
RIUNOIZRIGIY SU@ULEUG]U‘UGU@Qﬂ'ﬁLUaEJULL‘UaQLWﬁﬂJ'ﬁLVIuVLGUGW]Lﬂﬂ%qﬂﬂQWNLﬂiﬂﬂﬂaquﬂuﬂJ

<

Md setudsldfiinsnulediiatundnndnlSatuesamuiifnfiaamaliainiii (8]

Stress —»

Yielg
sr;?nqrh of og
g oy S

Temperature —>

JUN 2.1 enuduiiusseninanaaunazaamgilunsivasunladassasiamaunsinuled

< % Y a aa
Yaavannantiatuoadnuin (8]

Tulavenay nansenuvesaumgiremsivdsuudasnimulediiinananuaien
Tuseninansfuwseds nudnsunavesmsidsuulasnimuledanasisgumgiiimay
= a o o a £ a a = ] |
wazaunnsureseednuludiiudntatudAynavaosiiaisan lnefinanisdnwrdiulvg)
NUIVUINVBINTUNARAIEYN IR ARNSUA B LU aa@us U LAR18ANULA UL AYAIRN

msfiveunswimihidugUassanenisiavesunsimuladidy (martensite laths) [8]

2.3 mauUszuanastudaawiwan (plastic deformation in polycrystals)
231 nalnnisiaeu (slip mechanism)
nalnmsideuvesiagnuman diwasengAinssuAnuAuLazALLATEANNS
mauauaqmil,l,ﬂigﬂmaqmsumaiuwnmﬁﬂ%m?{ammaﬂﬂLﬁaLU%&ULﬁaUﬁumsmauauaqﬁ

Y d' [ = a 1 a a o 1 .
gnumnianinaaeullunaniiien lagianizag1aganisidsuluaswiumi (displacement)



Tumweuinsuseansstu elinsunussulundeuiu Tunsdfinmaasudumislindeudy
¥947319 (voids) ©38388317 (cracks) %ﬂimgﬁuumaumﬁu oy Tumanienin insy
Fra@iee (neighboring grains) azdudensinauuunanadin (plastic flow) Fafuuas i vl
Fagmvpaniinrmiuniusennaniilva (flow stress) tnnnitadnifen
miL?{amzLﬁm%uiuﬁﬂmqmﬁ@éf’maaawawmLmiuﬁq@ (close-packed
atomic directions) §saunsadainnlaainnisidegunvuaisvedlany szurvady (slip
planes) Gaiinsdnfveseznoumuutiuiigaiidnuazinnglasnmsuenszinessunundni
yuuiu lanegiiflaseadiawdn FCC agtfnnsideuuusyuty {111} Affians <110> dadu
srunuiinmsdafveseznoumuuiuigaiiavlaeefiudunioduiuszmendrafeswesus

avarmauynnu 12 Inessuuaddlulassas 19ananvaalane AaLangmnInis1en 2.1 [9]

AN5197 2.1 syuvaavlulassasiswanvaalany [9]

AN ULA

lATeaiaman FEU vAveszuau | 9wauszununbl ULV
(crystal Eou (slip i@eu UUTUF. U] arITUIY szuuidou
structure) planes) (slip direction) (number of (slip directions | (number of
nonparallel per plane) slip
planes) systems)
Face-centered {111} <110> il 3 12 = (4 x 3)
cubic
Body-centered {110} 111> 6 2 12 = (4 x 3)
cubic - 12 12=(12x1
{112} <111> 1 ( !
- 24 24 =(2d4x1
{113} 111> 1 ( )
Hexagonal {0001} <1120> 1 3 3=(1x3)
close-packed - =
: {10170} <1120> 3 1 3=(3x1)
{1011} <1120> 6 1 6-(6x1)

n1sanelagldnreninauUssus19vLsUILad 8L1annseu (Electron

Channeling Contrast Imaging, ECCI) sauAUn1saseudln1835n1smiaail v e@nwn

L% s

UJFUn

USTTWINITEUUNISLADULATVDULNTUY I@Uﬂ’]iﬂi&ﬁjlﬁzu’]‘uﬂ’]iL’S@ULLﬁSEﬂVIiQ‘U@Q




YBULNTUALAINEN MSIUTBUITIBUTEEEYIIvRLAUANTIA DY N3NTEBANING LAY
awdiusiuveuinsulsiduiiiansenuvesmsidesuuiiindengAnssuvesnunisidey
Tndfuusnnmeuinsulazyy 0 sevinassunumaidey faguil 2.2 vilidlanalnnisanewn
AIULAY (strain transfer) waznTzuIUNITLUIFULUUNEN (heterogeneous deformation)
nsliaenadeaiuvesszuunsideundn (primary slip system) UuszuIUYoULN YT
szuUMsAPuses (secondary slip system) ¥innuiiwauinsy éﬁ'ﬂgﬂﬁ 2.3 uanstanTsilagvas
szuunsideusesiifiueiinesnnmesfindrsfunsuussununisideudiisnanadsudaem
[10]

]
a =

JUT 22 amamanedianaseunfsgTuavunuinisideauudidnaseunsedandu

Y

LA

9998 uulnimdenuiqndanunsulsguansi ddnsazidu Ao 1ianis
WA ounuuway (n) awaredianasounfiend (SE) LaUYRIN5IA BuNBLTTUle
Toaraun1elutnsu dulug NAN19n1530UIUAUTNANIINITAIVOIAIE 13U
LU n151E o uudLEnaseunseldandy (EBSD) oedt uil & 1nd sulugy
(v) wanalFiiude n1snszanefianievesii i lagdayalannainany
EBSD fiAmne ND wadnnna suluisdesvostnsy "duniu’ vavenieiiang

VDILNTU [10]



SUT 23 nanoedLd nnseunszidandunaniuaunisid eud Tatauluinsunil
TnoLwadunLYa suLaAITANIWBILNTUE SYUNUATIayfouLanITEUIUNNS
Aoy WEUAY IS UL AN1aN15.8 ou LaviduUsEALnsieT085 U UL URY
YOIR 10819 (V-2) AINVYIBUDINTIND 10 UTULUAE 9P LENATOU (7 D)
Mndwmasuduaslugy () wanenisied oudivesialainduluninuiusused

unnansiunelaeulansyesdyaiunuana1eiu [10]
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JUT 2.8 A mea1e818nATauUN IR T INaUT AR NN BUZNISLE DUTENINNNTUVBIT U
Tnmflonusansinuniswdsgununislitusaia (n-a) nmeanedidinaseunfegd
(SE) wansliiuuaunisideulugeansy (Meunnin) Adanuduius fukagnuiiu

= LY

el' Y @ =2 N A 1y v = 1
NYALAYINUUUYDULNTU (9-9) LLﬁﬂﬂi‘Vim‘UﬂflLL?WNLLﬂUﬂWﬁLﬁ@u%l&lﬁMWUﬁﬂ‘u "N‘lll

al' a o v & a N P Y a
mﬂﬂumﬁ!@LﬁU?ﬂuUum@ULﬂsu (@) LLaﬂ\ﬂ‘WLﬁUﬂqiuagmaﬂLLﬂUﬂqiLaQULWHQ@'}ULﬂUQ

vounsu Tuunnsdynvesmaunsdeudnganisenngaludunsuiignuden [10]

=

(% s

JUN 2.5 AN 188LANATOUNTLLTINA UVBILAUNITLE DUV AU UT AU vauLNTu

s as o o o

(n) wanaliiudsusznnuauld ounsdu doUssani duiusAufdsdanud
RYITUUUYVBUNTY wlazdlvwnlvglyusenineseedou (1) MNaIERIULUaGY
a & & Ao Y = v & a !
duanmsouvasuiediu widnasly 5 luaseu wanslisivituaunisiiould
1Y & vd a = N o 1 = ! <
assfuludulanuiy Feszulaenisdsudunisvesgnasdens agalsiniy

SLYLMILATNITNTEINYAVDILAUNISIA puTInalilUd sunvad (A) nwaIe
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wsuuaddianasouvesiufiludvdsnduaddugy (v) wansnsdaldauszuunis
HeuNiselingod <a> MUNINTEINTLENITURALYWTa UL TN UTEUUNNT
dounan gnesian 4 wanidin1slaldaunalensivedssuunIsE ousesn

YDULVRVDINTU [10]

NFUN 2.4 Uag 25 LAAIUNUINYBITARAYDITLUUNITLA 8Y (slip

A a =<

intersection) #aAdefieduieiaunummaniivimihndugasududmsunisifiausmu
lagi [10] nsldndesganssdusoznenduniosdionildlunisnsinaeudnuaeiuiluseiv

wiluuastailuegned Hrelunisszydunisdou Julusesiivewiulanfislivunuiives

[y

~ A A a v a £ \ Y] Al S vy A =
anulonsinfeunvesialainduiinduseninenisudssy unsideuwmaiivideyaidedn
= ) a a o v = A a a X
NeatungAnssuvesdalawnduniglinnuinien waziliennuasenaNsuusguaIsiudy
o a v @ q' é{ 1 (Y] I~ a é{ o v
udalandunglunsufagiiuduuiy awadumssUsinunswlssluniu vivlv
TANUNUILUUYDIRALALATUALLINTY TRETNNISIALTUYDIANUAUILUUL AL VUL 9ALAR
Ufduiusseninafalaintuvesnanluszausng q Ineenienusnveunsu (intergranular
interactions) @sanunsadnasioaudiiganalaesinveddan nsideuvesAalantuluuin

d‘ d' 1 [ o % a o %} & 1 r-:’lj dl'
YY18UUTEUUNISLA audl uana st udunssuiunisdrdyludfduiusivand esain
falaltuanunsaLAaa U lUANNSEUIUNANALRNIZLANz 9N 8T A AULAS R NNSEYIN [11]
2.3.2  szUULEA (twinning)
Y Ao < o [ o A a a a0 v i
ANMUAUNINTudmTunIsluasliasannisiinnsaauazilantdasninlu

laveniilasmdnuuy FCC Msiinsyuuwdn 1HaRinauudauss o 3nasIn Aneitesiv

[y

msinnsideutuegiveamniiiiudidy duluudidioaamgiianas szuruudadivualiuis

wnIuwinisloavesdalawndu (dislocation gliding) 1Wunalnddgvainisuwlssuanastu

< a LY [y

1ASINAN mnﬁmsmuLLNmﬁLUuaﬂ‘i%ﬁvTﬂﬁLﬁmmiLLUig‘Umai FIUUNITANYIVBNLNEINY

o w

n15ANIsIa o sEuIULHA vienalndu 9 MAnTEnIensuUsuanisiaudfy

o

\eAuANNISHinveInalnatNdimaden sulssuads Jedmanen1seanuuuiantinin
1o mnanansamvauantAginaannIsuUssUasimazaudiunislidvesianilanienis

wnne [9]

a

Tud a./. 2021 B. Uzer-Yilmaz @n®1n15:a3 ubiulaseninawas (contact

>

guidance) vouraauzSaNasyialnalovatalaun (GBM) uazriinuvedlasiasnganinnas

i

AaauURTanavesianisly Jununageuaniaguannailsadueeanuiifinnge 304 i

a a v ¥ L2

AUVUNTUIY 1 TAALUAT NAFDULSIAINDUNNTT DY A8TMIIANLLATEA 1074 s ! Tae

9 Y
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NAABUNUSUIUAUAS ARG AD 5 way 25 Wasiud WSuuRINoUNINISNAABULTIAS

ad v

Fe33 9T uluar i usessasansazaeiiusenauludae nsalunsn (nitric acid) 10
fadans nsnlalasAasin (hydrochloric acid) 30 Aadans Lavundu 30 daadns N1
LﬂgauLLUaﬂiﬂiﬂa%ﬁﬂaﬂ’lﬂﬁ]’mﬂ’liLLU?E‘UQ’]’J% LLamé’quﬁ 2.6 4 (m) wana slip bands u
WAaLLNTU WALRLUUITUIURYINU annealing twins, diugy (3) wansnalnnisidouuussuny
nsideu wazidledndiuusuinsves deformation markings Rusnniy AU (1) 957
éleNSL‘ZngLLiQﬂ’i%VT’]Lﬁmu’lﬂ%mﬁalﬁ%u\ﬂuLLUSE‘Um’J’i Feftmonalamsiinauudausdulans
(strengthening mechanisms) LLazNﬂauﬁﬁwﬁuugﬂ (3) wanany deformation markings 910
msnsulddunnuesonlivinfy wansduuananawan dearludarnamdedudanis

wUszunnnsifinszuiuiln auvisdmanonuulusivediany [12]

undeformed

U7 2.6 Mmswdsuulaslaseaiiaganinninnisudssuansvesmdnndlaiy 304 (n)
amidnggansIAiuas (1) nmaneganssaiBidnaseunuudesnaaestuay (ve)
noun1suUs3UnT Uandlaseadne annealing twins (A) Uag (1) ANE18aNTIAY
BIANATEULUUADINTINYBST LITUN1EMAINTTUUTIUNIT TIUSIaATILATEn 5
uay 25 Weslfus MmuaIRU wane annealing twin wag deformation markings, (a)

anwgiuliUaided, micro-crack kag twin Y0¥ UIUNAINITUUTIUA1IT 7
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Usmnumunsen 25 1Wesidus way () deformation markings 9093 UUMAINTT

wUsgUansTivinanuesen 25 Weosidus [12]

24.30m

0.0 o s6um

80.50m

-100.30m

Y
S

5
S
1

N
S
I

o
1
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£
]
S
c
8
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®
2
9
&

i /\/\j\v\ a

T T T T
1 2 3 4 5
Horizontal Distance (um)

o

(@)

¢

Vertical Distance (nm)
o

4

Y . : eyl e 7
0.0 0.2 0.4 0.6 08 1.0 12
Horizontal Distance (um)

2.7 pnangnnaeganssatisieraan ian1sldianeiuvesiiuily (surface relief)

wusgu (n) 3D (v) height images uay (3) Line profile LARITE NI PN (51D)

a Al

Wun N dqnasuszvesfuiumendanisudsguansisuiuaiuaien 5

f @ 6

Wasidua (A) 3D (1) height images whay (2) Line profile haANITZ8ENIALUIF

& Ada s o a a a
WWNWU‘V]‘VINGﬂﬂﬁﬂﬁgﬂa\isﬁufnueﬂ']ﬂﬂaﬁﬂ']iLLﬂizﬂﬂquimﬂimqmﬂﬁqﬂJLﬂiUﬂ 25

Y

Wosidud [12]
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915U 2.8 niluansauduiudseninadnsmsifiuanuud s
ALATER (strain hardening rate, SHR) LA¥AIALATEATOIT UNLTAKIUNTUUTUNS 7
Usanamuasen 25 Weosidud dunsivdululaninginssuaiuin3enass (true strain)
LAz AILAUASY (true stress) 1098 warunaaeuly sveei 2 nsiuanuudusadae
AIALARER LT 2nMsiAnszIIULR uarsedaIn (Szaed 3) mafuaundaussse
mATEn anaso1amsiinszuuldalalldenn uazszozanying sseedl 4 Sunsizenves
sruuudn Maldeunazindmulsdifnegusaidewilvinsiuanuudussnenuiaien

Aoudnenad [12]

16000

& 14000 2

> Q. 600

< =

9 12000 ;

[§] O 400

c b

%0 100004 1 in 1 v g -

c [

()]

- 8000

S - -

g 005 0.10 015 020

- 6000~ i True Strain (mm/mm)

2000~ T T T T

0.05 0.10 0.15 0.20

True Strain (mm/mm)

i s 1 [y <

JUN 2.8 N9LaAIANENTuSIE IR I INTulERIinINAIIATEATUAIILATEADTS

v '
a )

YosguIUeaamULFn 304 Fuiedagldnuasuanatadn 25% [12]

Qe

91 B. Uzer-Yilmaz ba@nwibazidus n1shiausfuuesnuia (surface

e =

va d a v

relief) sipanUAnuRIvesanislunaznisinizinigad (cell adhesion) ¥in1snaaedlaenis
VAFOULTIRINUTIINAIUATER 5, 15, 25 uag 35 Weasidud ve3913n15uUsgUunns e
v a . -1 4 a d' U (% - PN

FRTIAIULATYA (strain rate) 10-4 s~ AIAIULATUATILANG A ULN BNALANITLT LAY
wdawssludndrudSunseng o nagudan JedsglnifanilasiadaganiauazaudRnuRag
WANAIIAY NUNTISLAATUATATEINURINALAANN 9 TIARTU AD TTUTULNAINLST I119N8
(mechanical twinning) N154deu w3ounsmuled navesn1sulssuasuansliiiuianie
FUNUNAAUMLAANTWUTIUD1IIAEUSIIUAIIATER kastinn1sEafivanTy (grain

elongation)
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ATINAIAINNYIUNURILAEY (average surface roughness, Ra) U99TUITY
NAFBUKATIAIAINAINTAVRIN ST ENVBIvBRmaIT og U URlAe NS TRy uduiaves

[

vounaafoguuiiuintan fasuit 2.9 uandifuidgududatuanas iediuiinanisuys
sUnmsInduneminaznszgluuiuRIntedy uansAraLanInvesnIndenves
fui Wisudsuiulessamanmafiuasudadudefimalasuefidudnnueiosues
nsuUssUans waragldmnuduiussemineuududa (contact angle) AmnumeTUNUAILRAE
(average surface roughness) LazAIINLATEANINIAINTIU (engineering strain) LLaﬂﬂugﬂﬁ

2.10 wansliiunisanasegeresdumsyluiliog1adaau [13]

undeformed 5% 15% 25% 35%

L. O..0..0.a0

Surface
Wettabiltiy

Microstructure

JUN 2.9 A9e189INNABIRANTIANLIIDEABULARIT YL TIUEIVBITUIY (topography)

VOWUNUNAFBY Tervy o Ualliea (distorted) lunFouiunsudszunns [13]

904 o Contact Angle

~#- Average Surface Roughness ‘EL 600
} . z
80 - S
o { F 400 g
70 I TR F
8 e, g
= 1 & &
3 1 L H
S 200
60 3 5s F g
lo”” ’ [ o
50, T T T T T T T
0 5 10 15 20 25 30 35

Engineering Strain (mm/mm)

JUN 210 Auduius sevdnanududa (contact angle), AMung uN udLadeY
(average surface roughness) LAEAITULAS 8ANIITAINTTU (engineering
strain) [13]
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NnHansageuLandliiud ieseiunuUszUnNIWAY 35 Wedidus
9InFuauFudunuitauveruituiiaeds (average surface roughness, Ra) Liuduan
17.58 10 595.29 wiluins yududavemeonii (water contact angle) anasann 84.28 1y
58.0703 dauAndssuiiuiadassfinduain 36.06 Ty 48.89 LANEIAADATTINLUAT
wagmImEUi st ulvendsdnunriuiafitadennnsliaue furesiuii uas
ilugmaifinturesnmsifiuduresdmdsuiiuidassfsfosiuuin afiindsugaan
nalnmsiiuariudus fafiutududadiutuuimuminedsn iamvnassanaide
duandiiiuidnvasiiuindiiaannszuaunsussuansannsolilunisesniuuianils

luiiiednguszasdlunisinuivseddaduunsivwaduezsaiuuuuiuiaian Jailug

(%
g a

ToaguIMsiuUTINuYeTEUIULEA N1sideu tazinTnuledignnseduuuBununagey

Y 9

v
a A a

ImUI%LwﬂﬁﬂmiLLUigﬂmaiawL‘flu‘i%ﬁﬁﬂ53ﬁm%mwluﬂﬁﬁﬂﬁmmwuN’ﬂuigﬁuhﬂmmm

£ '
= a =

n3au AT LazUTuUTsauURvoali uily ATNEIUaTE I UTUDIAAINUTINNT

Wé’wuqqﬁa%”lﬁumﬂﬂaiﬂmiLﬁmmﬁmwﬁaLmLLazLﬁuﬁuﬁi’mawauLﬂiuﬁﬁwﬁamuaq

Y

v
a [V

(energy-rich boundaries) %305z UULHAKAZINTY FIUIUTARHUTINUNINTRADYTUTWIY
nageuiulsguanis wWesidud aw1sausdiinisugnanei dnuiangnusuyss lng
nsruumsuUsIvansausainluldimedngussasAvzaenisanaiuvedlsald wedlanis
WU53UNMTVRITUNULAL I URY wingwuuansaderaiualdRvesiuiInuang1aiy ¥
919ANAFBNTNDUAUBIVDITATIUAY [13]

Shuai Wang wagaadz [14] lavinisfinwmaudfidananseiusienisgiuy
< =2 = Ay Ao ¢ A ¢
Wy lngnsmaaeunsandlukunnui lunuideiiingusvasdiiiefnyinareinis uusgy
1nnN1sTUgUEUsonswWasuLUatlassasganianazaudmdsnaveunannanlsaiy
poauliningn 316L JBUNUNAHOULTIALUULHULAZNAAOULSIATULLILNULAEILAAS
o = ey = a a A v = ¢
AIFUN 2.11 Fununaaeulun 2,4, 6 way 8 1adluns gnEnnieinITaInAaauULIIFRLUY
lulaspaufiunesdnvuinu Anduusuuneunisidesy (preformation) 10, 20,30 uag 40
Wasidus mua1iu FannaeuunsaieniuIunaven stuguaeiu NAgouRsaie aunsens
FUMULANTN INHANITITENUINTBUTHIUMTTUTUEUANTY ANLLAY 0 AATIN VB9
wianndliatueeamuidfn 316L asudueg1au1n @1u1saesuiedinisivisuwdas

WUIMARTEnIeN1sHUTsU Inginnuduiussenine AT waAATends Lang

Flaguit 2.12 [14]
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(%

JUN 2.11 FUUVAFOULTIRLUULHLLAENAa UL TRl UL LILN LAY [14]

600

(43
o
o

IS
o
o

nom

Stress o /MPa
w
o
o

N
o
o

—— 10% Cold deformation
——20% Cold deformation

—
o
o

30% Cold deformation
—— 40% Cold deformation

0.00 0.05 0.10 0.15 0.20
Straing_

JUN 2.12 AnUduiussenInemuAuRsaANASeA9se. WeUSunauninsuuszunls

AN [14]

Mishra wagaaue [15] latauadnssunuuladanalulassasieganianiunis
wsgtannsafiduidaldaesuuuie msaagvesszuUNaTiAnINAILTEU waziAnan
nsuls3y AszuIunNTARLUaLYBs 316L ﬁﬂ%mmmmﬂigﬂm 9 Yrglviaunsasey
ArwdiiusssrinsdnuasluiafivdsuuaduuasUnunmsudssdld wagannsiduld
\ueveunvessruuklanniaflulasadisiiunsulsguannsaied uldans
dnwar Ao MsaanefvessEuULHalAnaINNSEUIUATNIIAMSeY (annealing twins)

LAYNISNDAIVBITEUNULNALTINA (deformation twins)
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233  mswasunUasnsmuddn (martensitic transformation)

ﬂ']iﬁﬂmlﬁmﬁumsm?{ammaqLLuumi‘mu%aﬂﬁl,ﬁmmﬂﬂ’ml,ﬂigﬂimamﬁ
aAUTEALLANAIITERI M RnTLedsaTinannswlentianaueseauazn1sLie
Juedvaiiinainmnudy Feiaelidnladeduisriunswdsuamuuindmudinily
wanndldaduoeanidfin Fe-18Cr-(10-12) Ni filaiiafios 7 dAmdssuaning soas
(stacking fault enerey) 91 TA8L i UUNUINTDY e-martensite Tun15L5 uA uN15LA A
o-martensite Inetaeliinnmsiandeaiiuauidounsazuay msfinwildsaanginssuns
Wasuwlamnanavedansnanmdniasidennazdnia (Fe-CrNi Alloy) fiusunaudiia
uansuiomuauiaiosnmussoeamulng uarlideyaisdniisrdunsindundea
vosunimuledlussamuludiidnnuadoswarndinundsnuanind sleaviiiunnsnetu
3R N LNATANNTEI8AMNAILANTATEI LT ULLAR 1B IENATOU LATATSIABIULTDS
BLANMTAULUUNTZLIINSU (electron backscatter diffraction, EBSD) ”agﬂ'ﬁ 2.13 uay 2.14
W ewauIwuIAnA BafunIsiindandeaiiinainnisudsadiainainueien Taewiy
AudAYYeIN T AnLazn1siAvlnues o' -martensite fagui 2.15 lussdusznauiadl

UUNH UazdnIIAUATEANLANGaTY [16]
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blockya'~ -

[001] 4 [oo1] N.D.
Y, 0 €
[111] [110] D
[101 [210] T.D. o

JU7 2.13 Taseadreeunisudsgui 10 wWesidudvesnisanvuialunisialu (n) aau
duiusszninanimane ECCl uag EBSD wswuleduuuuiongnssyuasuny Nd
(IPF//R.D.) uansliiufian1sdniSeswdn (v) SeauiBonveausasiiavasnn ECCI

way (A) AW ECCI [16]
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’
[0o1] [001)
v.e 5
1] 110
(101 (210}

sUR 214 Taseas1as1un1suUsgud 10 wWesidudvesnisanvuinlunisi by
(n) Taviguau 18Cr-10.5Ni (v) Tavizuan 18Cr-11Ni (IPF-b: szuiuLiaideng) way
(@) Iﬂiﬂﬁ%’lqmuﬂmmigﬂﬁ 30 Wesidusnsanvuialunssaiuveslanswau
18Cr-11.5Ni [16]

Individual SBs (€)

Nucleation . (Intersections of SBs are not necessary precursors with the presence of €) Intersections of SBs
sites Intersections of SBs i
) ( Blocky @’ SBs (SFs.€) SBs (SFs,£.twins) SBs (SFs,twins)
l)clormatmn: SBs (SFs.£) + i +
strceure Small @’ units Small o’ units Small o' units Small @' units ~ wt.%
10 12 Ni
—————— Y aT = A T e ——m ————)

Increasine SFE

JUN 2.15 WNURILAAIAUF NN LS T8rInalATead 1N U1 TWUsTUuasna s Ui dan
Amdsuauini seanlulanenauninlasfienuasinia (Fe-Cr-Ni) 18013

WasuwlasvasUsunatia [16]

2.4 AISMIYUAUAHLATAITAMUIUNANUNUEDE5E (Contact Angle and

Surface Free Energy)

AIANYINAVDIIN WS NURIVINURANANNAT IS atiusan1sEaINE o UATISY [10]

o o J a

fienwdrdgysoaudrdulanisdiinimaesiagnisnisunng Wesnmdnndlsaduid
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Tasiflouagnatioy 10.5 Wostdud AlFlUIUNINITUNNEG N1STALNNZYRLUATILS BlLas

a aa

nsaseluleilduaunsninluglaminisiaie AuRnddnyaelulasviaulluaiunsodae

v
I~ a a U

WAL URIA WA IURAUNTELA [17] A1UN1UTINUHILNARBN1SENN1ZUBILUATILSY

a

uAaiiunsas el AdlLansT IuILTad LUATIS N YUY 1eTTBdAAY Laznyln

(%
a [y

yRLlusEAuUlua1NNsagugINIsEnnIzYeakuATs swaznsnasvesbulasialal lae

e be

=)

Snuaziinzvosiiufinsuunlae mstamendonansimididnnsounuudensia ndad
qavssAuuseznen wazlilndidnmseuaiUnlasiiwes (X-ray Photoelectron spectroscopy,
XPS) nMatsziiiunuansalunisiloniivesiiufialédvinlasnisTayududa waznisin
USinauguing wasmsBainizvesuuafifenisndannmsingidssuuiiuiamanndilSaiy
anunsavilalaenisldndesqanssaingeatsaus (Fluorescence Microscope)
nsfnmAuduTuSTesauEIUTesiuRasen sl ULl fuay
aulssteiadlodnaamyadfefingniimsusudsuiiuioig 5 P9351nHUTYY Lag
irihnaAsuulasvandannsadfiunisBainznszen fadudsdysemnudiiavenis
Ugnsnituiien [17) anumervesiiufiauasiazesdusznauymanivesiiufinvesnisugn

gedunuImndAgylunsMuaUHAseIMTININ AIUNEIUYDINURITLALT LA TOLY

1%
A a

Auaunsalunstinsgan Faduanuamisavesiiuiavenisugnanglunisatvayunis

Wwigulnvensean dslingitesiunisainienaduveseadaineinsen (osteoblasts)

TUaudansiansaanvasdumarnszuIun1sUsulassas1 sl

a

nsUseidumuaLnTalunsidenfanasnasuinuia [18] dwmsuimannanlSady

= Ao as d' [y J v o a g v o W [ LY ¥
316L ll\‘]']‘lnf\]EJ‘V]?TﬂTEﬂLﬂSﬁﬂUﬂWHNﬁNNﬁWLUu{]QQUﬁW?}m I@mmm&immﬁimﬂ%mmmﬁau

(% [ [

neakuUTRnNuNa Ingtuiinyuvaaentuuiuiy tnefidieg1sunuinn1swusun1isi

ANUATEARN ) LazlAesuIeIINTanasveINFuRausuenfan ST UYBIA N UL

o IS

warANLaNNTaluNITIen FI3NdudSUNISIRLNISEALNIZUDUYARUUNURITAATININ

9

[
=

VINISUNE N13anasUDILALRTEDN1ARAINAMUNEIUTBINUR Az WA S WAL TL D una
a A a £ |
mmﬂﬂalﬂmit,aauuazszmuLLN@W]Lﬂmussmwﬂmmigﬂmai
ANMUFUNUSIEUINNAMUNEIVVDIN URILALAIUANS DI UNS T anUa I mannan
13aiu 3161 Inawduninavenalnmsuusiuansdeandivani anun 2.16 Mmwainnnges

9aNnsIALLIREAaULAAdlITALIIAUATEA 15 1Wesidus dnuusiuRIYIT UL

a a

aded kanan1sinu)Asevedn1siinnisidaunasssuiusia (slip-twin interaction) &4

[ 1 (3

nsiiauisentilinnudAyrenisneuaussvetuad uUNNuiIT09TINMeY LD INazLiY

o

WA UUUNURILAZLTIN1TAZANVDIIUTAUN I WD UA NS UNISE PLNZ VR YA A UUN LRIV
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% IS 6

YanTanmmsnisunng uasannsaaguldiinisuszuanafintu defeenuannsaluns
Hondiunndu IﬂElﬂaiﬂﬂ’liLL‘USE‘U‘WM?{@ﬂﬁ’liﬂq'm’mﬂEJ’]ULLagwﬁﬂﬂﬂu‘U@Qﬁuﬂ’JﬁQ\i‘ﬁu [19]
FannumeuiiusazdruIananenn ufseyniavunaidnninsyiuluaseu (ugas
mmmﬁwﬂmﬁaﬂsz@ﬂﬁsimwa S‘zfqLﬂummﬁwﬁzgma%amweuaqﬁuﬁamsﬂqﬂmaﬁ"u,mmhq
Auluusiazan msdladaunuimvesdnwaziivesfandinnluraswuinsng 9 1uds
éhﬁ’aﬂumiﬂimﬁummﬁwﬁ’ﬁgmaqé’ﬂwmsmdwﬁiumidqLa'%mms%ﬁmaﬂﬂisg]ﬂu,azmm

LD SUDITUTENINNUY [20]

[
a |

JUN 2.16 FugIuiiuRIvesiuny (n) Jununaunisulssuans (1) Sunuiriiunsuusgy

A1MSNANUASER 15 LWosidusd [19]

N135A eI TANE99uAY (surface free eneray) 428181419357 vounandl
Ui dustus duresuds Tneldyuduianinnisnanseninaniuazrennasd u q iy
water—dimethyl sulfoxide (DMSO) Tasin1sWaun3 8 udlun 1Al s @ sl (surface
tension) dmSumskaumant dsuanddidiuin nsldnmsuaunanes 9 slnansaananul
wiverlunsialdedralideddny vhldnsmnuandnuinduiediinety Tnemuddeily
wugthmaialndlumswenndinuiivesansnalosnduaosdiu fe veunarduiiiivs
(Polar) uazdunszaNe (dispersive) damunzdmsunisuszgndldlugunuuiiviuugeves

Tuiaa Owens-Wendt Gauansfiaguil 2.17 [21]
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8 DMSO

benzyl alcohol ¥

< 6
= formamide
N> 5 ethylene glycol
a\? glycerol
8 4
+
= water
= 3
2
1
0
0 0.5 1 1.5 2 2.5

d, py\1/2
/v

guﬁ 2.17 WHUNIW Owens—Wendt @115 polydimethylsiloxane (PDMS) Taglduaainan

usgvidvaevile [21]

AMNAUNUSALRR LTSV AR A I UT A NS UL T IR IR TE NI VDT ILAZ VDA
Taarnaunis (1) TAsun1sHaISUIINNENIUSEUNINRITEAANNAIUUTENBULTIT AL LT

nsea1y (YSL)

YSL=yS +yL + ZJgSgS - ZJgEgE 2.1)

ledl YL Ao wiefsiyvesveunad (gh) fle dwdsenouiitivesvewas (gf) fie
| L A = a 13 P P~ ] =
d1uUTENOUNTEINLAIVDWBINAT kAT ¥S A LIFIRIveIadl (gf) Ao drulsenaud
& < dy =« ) o &
T1veads kay (gf) Ao drulsenaunsyanefiverauds

aunanadulaaulaveIvoLde-ra unaI-veuual gnaAuANlAEANNISYOIEY
(Young’s equation) @1n137 2.2 ¥9 ySG uag yLG uWNULSIAIiisenInewuds-uig uay

& o w LYY Y] 1% a a dgl" a aa 3 dy

YIAI-uiid AuEeU YuduRaveeds (0) 9198nauNAgIuvesiuI NS sukaslule
WeAuNaLAil FlASUBNENANVOUNAIMAFDU NITUNUAING I UDATEYOINURINARN
aun1s (2.1) asluaunisvesdaiaviluglumayududavas Owens-Wendt aufiuansly

d41nns (2.3)
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gSG = gSL + gLGcosH (2.2)

d ’
gL(1+COSG):\/;% ’g§1+ gsP (2.3)
2\/;{ 8L

aun1si 3 awnsavsusulnmiduaunmsdaduieyssdundsnuialeense Tngld

gL(1 + cosB)

Wududsauuay \Wuduusdasy ndsansvesarudulunsw

09 |(IQ
[snlav] |eaf e

P
2 (8L

Owens-Wendt Mdudadufio gf uazidsanswegndn fo gh



uni 3

A5 UUN15IY

3.1 Faq aunsal uazansadinliluntmaaes
3.1.1  Yagildlunismaaas
Dwmannailsaidueeaauilfninsm 316L UKW UnY1 2 TadLuAT WU
ASTUIUANTIALEULALATEUIUNNTNI9ANNS DY QﬂﬁﬁuﬂiﬂUﬂﬁiﬂﬂﬂaULL‘NﬁQIﬂEJ@Tﬂ%uQ'm
PILLIATEIL ASTM E8 [13] dnuaisfununadeuunsafauansdasuil 3.1 YanSuduildiunan

= wa L2 dl o U
NIUAU LLAZFUUALAAIANIAITINN 3.1 UaY 3.2 fUaInU

25 mm
Gauge lengt

T

5U7 3.1 wdnnanldadu 316L Nldlunisneaes

d' ! )~ I3 Y YY a aa
AN 3.1 a?umﬁll'ﬂrl\‘iLﬂlIGUENLwaﬂﬂaqliaUN@@ﬁL@uu@ﬂLﬂiﬂ 316L

a [ $4 a ¢ ¥ = a 4
519 (HaAATIENAIBINATALATIZAUTIIUE NN I8LATRNAUALASHLABS)

dsunew | Cr Mn Ni Mo S Si C N P

ng

‘lf']‘i/iﬁﬂ 18.00 | 2.00 | 14.00 | 3.00 0.03 0.75 0.03 0.10 | 0.045

A15799 3.2 audRveavannailsatiueoawmutaninge 316L

auvRvaanannanl¥atusaamuilininge 316L

Cold drawn and Yield strength Tensile strength Density

annealed 310 MPa 620 MPa 8000 kg/m?
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3.1.2

3.1.3
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aunsalitléluntsnmaes

1) inFesiodntunusnluda

2) nsgaunieddneunslua (SIC) uay wednargiun (alumina powder)
3) usumesuasd s dutaualng

1) yngunsaliniesuimeassiildiuasazaedidnnslad

5) 1A3INILLLWAN (magnetic stirrer) wazyAlinuTau (heating plate)
6)
7) wasdrgliihnszuansaazyaans b
8)

e

AnAT
TaRfnasuuUndInes wazwaulinesuuuninea

9) Wosluilnes

10) gunsaldmiuanuvasadosng o Aldluiosufoinng
aswadifilFlunisnaass

1) nsaala3n (sulfuric acid, H,S0,) 85% LNSAILATIEY

2) nsaeanasn (phosphoric acid, HsPO,) 98% LNSAAATIEN

3) nsalelasaaeadn (hydrochloric acid, HCL) 37% LASALASIZY

6

4) nsalumsn (nitric acid, HNO5) 65% LASAILATIY

4

5) nAwwesea (glycerol, C;HgO5) INTAIATIZH

a A A
Wr3aedaN ldlun1snnag

1) 1a3 pasiasagalnlidia (EDM wire cut machine) 8%a MITSUBISHI ELECTRIC §u
MV 1200R
2) \estatiusiunuuI T 8% LAIZHOU HUAYIN $u MOPAOZDE

3) LATDINAFOULIINIAIELAT DINnEDUBIUNUTEasA (Universal Material Testing)

S9e Instron $u 5569

4) 13 eshnTeinsdeauunesssdidng (Xray diffractometer) 8%e BRUKERaxs
3 D8 ADVANCE

5) ﬂﬁaqqamﬁﬁmmuﬁamawa% (laser scanning microscopy, LSM) ve Olympus
JU LEXT OLS5100

6) ﬂﬁaﬂﬁgawsiﬂﬂLLaﬂ (optical microscope, OM) fvfa Zeiss U AXIO Scope Al

7) ndosganssAtiusioznen (atomic force microscope, AFM) B1e PARK SYSTEMS
JU XE-120
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8) ndaatufinnmuuuAdnea (USB digital microscope) 8%a 1ZOXIS JU 1600x
23762

3.3 35MInAaeg
331 Aswisuluaunageu

1) miéfm%umumaau ﬁm%umwmaaummmﬁm (rolling direction) A2
YPIAKAYIUIIATY 1IASFIL ASTM E8 fagudl 3.1 [13] Inentsdadusufendosiniaises
(laser cutting machine)

2) N15TARAT uIUNAdEUA2835 1T 9na (mechanical erinding) FAneny
(grinding) Fnnszaumsedaneumslus (SI0) 91nnszay neneullanden (Rausues
ASTATENTIE 600 800 1000 war 1200 Audsu) IRt uudsy wardnduin (polishing)
Tarensinegiu (alumina powder) ¥u1a 0.3 wag 0.05 lulAsiuns axady

3) Mt uuRdeusEATATTlYTA (electropolishing) fmunldtusu
nedeuii i1unsessuAndanaidudauan (anode) uazuiunenduiaau (cathode)
ansazaneBianinglad (electrolyte) Usgneusiensadansn (sulfuric acid, H,SO,) waznsn
Weawo3n (phosphoric acid, HsPO,) lushsidiu 40 wWesidusuay 60 1Wasidud muaiu

Tdusesuluiin 3 1aad 1ian 10 w19 gaumgdl 30 srwa@ya LanInsAvLLas lNH1LANAS

]
=

UN 3.2

JUN 3.2 mssiswadiilialidmsunistniaguanuneaeumedswilin

3.3.2  NISNAEDULIING
UL AW UINIIUNITAIRUAUSUIUAINULAT IAITNATINANUA LN US

SLPINAULAULALAIIULAT IAINNITNAFDULIIAIIUNTEIIT UITUNAADULANKN A4



28

a

Uil 3.3 dvualirandalunismageuniornuiflunsiedeuiivesnseaian (crosshead
speed) fifnasil Ae 0.5 fadluassound urfogluraunnsgiuvesnsmaaouLssRamn
UIMT51U ASTM E8 [13] NAADULIIAI8LAT B9nAdDUBLUNUTEAd (Universal Material
Testing) 104U3 Instron Ju 5569 lukwunuferfutunumeaey sualvanead 50 Ala
sy

Avuadsulvlunisnaaou Tdun Aumunduau 2 fadwns a1uen
Sudu (Gauge length) 25 HaaLuns WayszEyesEninafiduda (Distance between grips)
40 fadins

1) 34 (load) fuFununaaeudenaiesnsoaisnnail 0.5 Tadluns
Aol wazvganismaaeuileAnASERisUTiudidvuald (0.03, 0.06, 0.12, 0.24,

0.45, 0.9 waz 1 HaaLUAS/UAaLUAT)

700 . Yield at 288 MPa|
3%Strain
600 - 6%Strain
12%Strain
¥ 24%Strain
& 45%Strain
5007 ® 90%Strain
- / @ 100%Strain
o % UST at 635 MPa
S awoq :
a /
v - - 4
& 300 - Yt \ |
>
P
200 [
200 /
100 ,'I
100 f
P oA
0 T T 1 1 i 1
00 02 04 06 08 10 12

Strain

JUT 3.3 nsmlanuduiusseninemnuiuiasAnuesenfiUesidudanuasensig 9

1%
a

2) N5IR528E AR 60 AT UIUT VI UNAFBUNYTALTIAG NILAENITIA

| 1 6w = Qy = 6w = = = [ IS U 2
38EJ%M']\??Z‘VVNQQUﬂimq]‘UEJWUUQ']u WBRUNIUIVLALARDUNILLUUTZEENITUANIVDITUINY

9

[24]

3) 159 (load) Mewadinwss (load cell) Nl Uasdeygal (transducer)

nuseinseyilududayeramalai
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3.3.3 MIUATITVAN YL NNITYLIER

1) n519a0UlAT9A319801ARIENA 093aNTIALLAY WTBUN1TATIUUY
LNSNLEIANLUTUSIUANS (differential interference contrast, DIC) WAENADILTIDLHBY
Tnewn3ondunusenssuaumsmddaning (metallography) wavansavareiadusosin
V2A Fildhunanvesnsalansendn 10 fadans, thndu 10 fadans waznsalusdn 1 dadans
Tsmsgutusuadlumsazansnsadunm 25 - 30 wiil figungiiviesgaumgd

2) asnaeulassadramanuasnsidsusladismaianisiaeauusdsng
IWBI%QQJLE‘?’IEJ’JLuu (diffraction angle, 26) LvinAU 20 219 100 89A", increment angle 0.02
NGkl

3) maaaaué’nwmzé’myuﬁuﬂaL%aﬁ;aﬂ1ﬂéhslﬂﬁmﬁ;amiﬁmmamammm
aunu 5 x 5 luasew, 10 x 10 luaseu wag 50 x 50 luaseu lngldluun Tapping scan

4) AFIVEOUANNEIURIIBALNUAIELAWES Faeduaaosiiidunu

AugNa1e 0.4 lupseu

5) MydnAyududa 18msveauuulieRniuil (sessile drop) Inyudura

o

Asfgaumaiivies tngldveunamegeudessin laud W uazndwesea Jadumriafng

[
a LYY

UBIAIUY VB UNUMIBENTVAFBY YoUUamMAFBUUTUINT 10 Hadfing dudaiunuil
Jwnan 60 Tuil Us1avesrenvesaiIvuiuilssgniuiinlagldndesganssauai noa
wanaNseaAINTsinyudulauuiuiivesedn fagun 3.4

[y

lgguh 3.5 uanauwnuiin1smaaedlagasuresuidel

JUN 3.4 MsnageunsInyudua



I3 % Y a
wiannanlsady

v

(%
Y

ANTU

=3 1% Y a 1% a v Y
numannalsatuniemiesinnlgainlnii

v

LS EURITUIIUA D LN

v

= v < I
£ NAFDULIIAINIYAINULIIVDIATRALEGA 0.5 UU./UM 1

v
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TAANURYIURNIVDITUIIY

A28 LSM

1ATIEALATIATIRANIA

A28 OM wag AFM

v

% 1 £ U 1

TnmyNduianIeIenen

3

v =

WUURIRARNURILazTUTNlAe

linaasganssmunInea

AATILALATIASN
= a
NankaznIsUasUY

wlanie XRD

FIVUTIUNANTITVIOADILLRS

JUN 3.5 uansunuian1snaaedlagagy

a3una Weus1e9u
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NAN1SILaLNUSIUNE

41 Awwmsdygusazdnuaziuio
neneanndesganssmiaunuisiaire’ uandiifiuameturesiuiauagnis
assnmansiRvesdnuae i lussdululasunsvoandnndl¥aty 3161 riunisulssy
wansazuil 4.1 (n) uandlassadreganiemesiiogisitlaildiuniaudssy Tnsuansiui
Aouuvusundoulsiiauetuidndes Mauinisvesmnulsiiauetuvesiuiiveandnnd,
1¥adu 3160 firun1suUssuLansdissUi 4.1 (v-2) Mendaussufinnueien 2 Wedldud
(U7 4.1 () ﬁuﬁaﬁwigﬂ%LLammiizmmLNm?jﬂﬂa warmisliliaeduresiiufiafiingn
dunsideu (slip lines) wefiusinamaedonuiiniy dumsdoulnduounsuasiauniy
Tunswimun Swfudunsdoufivhnueguuszuunmsideuiunndsiu sU 4.1 (@) uans
Fudouvaneiduuuiiuinfiulssundantinuainaien 25 Wesidud mudaaurendy

nsideuwaiTuegiuUTINUeINITUUTIUIINAILATYA YWIATNAN Y3DTEEENINAIN

Y Y

'
o

ARER D9YAgean LagidunsidauniuinIuvibiinnsiaideimisdugiuine1ves
WU
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Abstract

316L is one of the well-known austenitic stainless steels with exceptionally low carbon content. This alloy has
good combination properties of excellent corrosion resistance and good toughness. The plastic deformation
mechanism of the face centered cubic (FCC) austenite can be determined by its stacking fault energy (SFE). which
mainly depends on the chemical compositions. For the typical 316L stainless stzel, deformation behavior of the
low SFE austenitic phase materials occurs through dislocation slip. Deformation induced martensitic
transformation (DIM) also involves during the deformation process. Both plastic deformation features and
martensitic transformation would be visible as a surface relief. In order to elucidate the relationship between the
surface relief features of 316L and the amount of deformation. the surface relief features were investigated by
atomic force microscopy (AFM) and phase transformation was studied using x-ray diffractometer. Prior tensile
deformation. 316L surface was electrochemically polished to eliminate the deformed layers resulting from the
mechanical grinding. Uniaxial tension was performed with a constant speed of 0.5 mm/min, to 2% to 25% of
strain levels. From AFM investigation, it could be suggested that the deformation degrees had not only affected
deformation features but also the martensitic phase transformation. The AFM topographical micrographs
demonstrated slip lines, deformation twins, and intersection of slip lines. After 10 % of strain level, the slip
intersection was introduced. Deformation induced martensitic phase fransformation occurred at these slip
intersections with topographic height difference shown in the AFM measurements. Morphology of slip lines and
groove patterns evolved with inereasing percent strain from 2% to 25%. Surface roughness (Ra) was increased as
the deformation degree increased. Besides. martensitic transformation can be indicated by XRD profiles.

Keywords: 316L stainless steel: plastic deformation: atomic force microscopy; surface roughness

shapes and sizes. Surface condition of the implant is

Background - ;
g one of the crucial parameters that affects the implant

Stainless steel 1s one of the most general used iron-
based alloys in various applications because of its
good mechanical properties and formability.
Stainless steel can be categorized into four different
types according to the micrestructures: ferritic.
austenitic. duplex, and martensitic steel. Austenitic
stainless steel has been utilized in a variety of
applications including chemical processes. medical
devices. food packaging. automotive components,
and orthopedic implants. 316L is the austenitic
stainless steel that contains chromium. nickel. and
molybdenum with very low carbon content. which
can promote corrosion resistance due to the existing
of Cr:0; protective layer on the steel surface [1].

316L does not only have excellent corrosion
resistant but also have good formability and
excellent biocompatibility because of the FCC-
austenitic phase [2,3]. With this combination of
formability and biocompatibility, 316Lhas been a
suitable candidate for medical implant materials. It
can be mechanically formed into various complex

osseointegration. Topographic and microstructural
alteration would be taken place not only during the
installation but also during in use due to the applied
stress on the device. The advances in the field of
dental implantology are related to surface roughness
in microscopic desizn that affects cell responses and
osteogenesis process [4]. Therefore, it is important
to make a better understanding of the deformation
behaviors and surface topography development of
the materials wused in these applications.
Microstructural — changes caused by plastic
deformation in austenitic stainless steel is mainly
occurred through slip and deformation twinning
mechanisms.  Additionally, formation of strain
induced martensite could be also observed [5].

Deformation induced martensitic transformation
(DIM) in the 316L would deteriorate the continuous
protective film resulted in decreased corrosion
resistance in more oxidizing environment. The
protective film could also be continuously shattered
due to the loading conditions of the devices [6].
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Microstructural and topographical evolution of
316L surfaces would be employed through
deformation strain hardening and strain induced
martensitic transformation. Under tension loading
ciretmstances, deformation features including slip
lines and deformation twins are gradually generated.
Whilst increasing strain. deformation twins and their
fwin intersection also serve as nucleation sites for
martensitic transformation [7]. There have been
explanations about the relationship of surface
topography and deformation amount from previous
work on 304L stainless steel. which is a variant of
austenitic stainless steel with lower Cr and Ni
contents than in the 316L. Uzer suggested that the
deformed 304L under varied plastic strain tension
loading with resulted in different surface relief
features. The more strain was applied. the more
surface roughness was increased because surface
morphology was directly influenced and distorted by
crystallographic  changes. Therefore. surface
morphology is one of the key parameters affecting
the design of the implants and cell adhesion [8]. The
surface relief due to deformation features including
slip lines and martensitic transformations had been
investigated and categorized by wusing the
topographical differences [9]. In case of the low
stacking fault energy (SFE) materials, the nucleation
of a'-martensite could be observed near e-martensite
within the individual shear band. shear band
junction. and the deformation twins. These
deformation features can be found at different strain
levels. Consequently. we can conclude that o' variant
associated with the transformation strain energy
[10].

In this stdy, we proposed a new approach to
identify the phase transformation from austenite to
marfensite at microscopic level by using microscopy
techniques. Optical microscope (OM) and atomic
force microscope (AFM) were coherently used to
investigate the deformation features at the 316L
swrface. X- ray diffraction ( XRD) has been a
traditional technique to identify phase compositions
and the phase transformation in crystalline
materials. The surface morphology evolutions as a
function of the degree of deformation was examined.
AFM measurements made considerably findings to
classify the twin boundaries from the phase
boundaries.

Materials and Methods
Sample preparation

The commercial- grade 316L stainless steel was
used in this uniaxial tension loading experiment. The
two mm- thick sheet with the chemical composition
(wt%) shown in Table 1 were prepared according to
ASTM E8 by laser cutting into the sub-size dog bone
shape. The dimension of the test sample was detailed
in Figure 1. The specimens were mechanically
ground and polished using silicon carbide abrasive
papers and aluminium oxide powder. respectively.
Electrolytic polishing was employed in order to
remove the mechanically deformed layer, and to
obtain a smooth and residual stress- fiee surface. A
sample was placed vertically in a polishing bath as
an anode (Figure 2). A copper cathode plate was
placed 30 mm apart from the anode. Electrolytic
solution was a mixture of sulfuric acid (H>SOy) 40%
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v/ v and phosphoric acid ( HsPOy) 60% v/ v.
Electrolytic polishing process parameters were
listed in Table 2.

Table 1 Chemical composition of commercial grade
316L stamless steel.

|
I

|

i Element Wwt.% Element Wt.%
| C 0.02 Mo 2.02
Pl 10.09 P 0.029

| Cr 16.76 N 0.06

! si 0.46 s 0.027

| Mn 1.77 Fe balance
I

Table 2 Process parameters of electrolytic polishing.

I
i

| Process parameters

I

| current (A) 0.20
3 voltage (V) 3

| current density (A/mm?) 0.02
| temperature (°C) 15

I

! time (nunutes) 15

I

L

1asi-static fensile tests were performed using
Instron 5569 universal testing machine with
maximum testing force of 50KN. The constant
crosshead speed was fixed at 0.5 mm/min. The
traveling crosshead was interrupted at a tensile strain
of 12 mm/mm. 25 mm/mm. 45 mm/mm. and 100
mm/mm, which made the samples deformed by 2%.
5%, 10%. and 25% strain, respectively. The tension
tests were all conducted at ambient temperature.
Strain value was calculated by dividing the
elongated gauge length by the initial gauge length.

Characterization

Surface morphology investigation was carried
out using microscopy techniques. Optical
microscope (Zeiss Axio Scope Al) utilized with
Differential Interference Contrast (DIC) mode was
used to observe the microstructure on the sample
surface. Atomic force microscopy (AFM)
investigation was carried out using Park Systems
AFM XE-120. AFM measurements were obtained
by using a Cr-Co coated single silicon crystal probe
with non-contact mode utilizing scan rate of 0.22
Hz. Different scan areas and scan sizes were
employed across the tested samples. Surface
quality was analyzed using the average surface
roughness (Ra (um, nm))—mean arithmetic
deviation of surface profile from the average line
measured along the measurement or elementary
section. Phase identification was carried out using
X-ray diffraction (XRD) technique (Bruker. D8
Advance) with Cu-Ko radiation. XRD profiles
were obtained from diffraction angle between 30-
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100 degree operating at room temperature with
scan step size and step time of 0.02° and 0.5 s.
respectively.

26 ram
Goucs langth

ion of tensile

Figure 1 D1

P

| it i

Results and Discussion
Surface morphology investigation

The optical micrographs of undeformed and
deformed 316L subjected to different strain levels
are shown Figure 3. Microstructure of undeformed
316L (Figure 3 (a)) contained equiaxed austenitic
grains and annealing twins.  After 2% strain
deformation (Figure 3 (b)), the parallel slip lines
started to appear in the grains and annealing twins
were also observed. With increasing deformation,
the number of slip lines increased. Microstructures
of 10% strain and 25% strain are shown in Figure 3
(c) and Figure 3 (d). respectively. At 25% strain. the
deformation slips and slip intersections were
revealed. Slip lines were oriented in different
directions because muti- slip systems were
simultaneously activated.

AFM micrographs in Figures 4 exhibited
topographical morphology of undeformed and
deformed 316L. The undeformed sample had
noticeably flat surface. Figure 4 (a). AFM scanning
showed the topographic surface at microscopic
locations. Slip lines and multiple slip lines were
obviously observed. The higher deformation degree,
the more deformation features were revealed.
Surface roughness measurements were performed at
various scan areas across the center of gauge length.
Deformation features on the sample surfaces were
examined by measuring the height and the width of
groove patterns. Each sample was statistically
evaluated with at least 50 measurements. Surface
roughness (Ra) values are listed in Table 3. The
average groove width and Ra were increased with

FPPO6

increasing strain level. The surface roughness was
maximized at 25% strain. Therefore. the increasing
surface roughness could directly indicate the
increasing deformation degree.

(©)
Figure 3 Optical micrographs of 316L surface at different
strain levels (a) undeformed (b) 2% (c) 5% (d) 10% and (e)
25%.

E Table 3 Average surface roughness and average

1

1

1

1 _groove width measured from the AFM micrographs. |

| Strain% 0% | 2% 5% 10% | 25% |

| Average surface E

: roughness 928 23.10 33.03 5036 | 62.78 :

! (Ra).(nm) |

| Average groove \
= - 046 0.59 1.04 132

‘width,(pm) !

1

1
1
L S S I e o o e e i e
From Figure 5. deformation features appeared on
the deformed 316L surfaces such as slip and twin
can be identified. The line profile in Figure 5 shows
the cross-sectional - height along the line
perpendicular to the deformation features. The unit
of the x-axis is um. and the y-axis is in nm. The
surface topography of slip lines in the 2%strain 316L
suggested that a variety of slip systems had been
activated (typical slip systems of FCC lattice are
{111}<110>) associated with surface height line.
After 5% strain sample (Figure 5b). the surface
height had changed. There were comparatively
smoother and groove patterns were more uniform
comparing to the 2% strain sample. This could be
indicated that the deformation features shown here
was mainly deformation twins [11].
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Figure 4 The 3D-AFM topographical images
demonstrate
slip line patterns at different stram levels
(a) undeformed (b) 2% (c) 5% (d) 10% and (e) 25%.

Topography images of deformed 316L surface
after 2% strain and 10% strain are shown in Figure
6. Figure 6 (A) indicates annealing twin due to
characteristic of a twin boundary. The twin ribbon

FPPO6

shows mirror characteristics of slip patterns across
the twin boundary. However, at higher deformation
degree. Figure 6 (b). slip lines (marked as yellow
lines) are continuing arranged across the boundary
plane (marked as blue line). Surface relief
measurements across the twin boundaries showed
the zigzag profile. Figure 6(a). On the other hand.
after 10% strain. Figure 6 (b). the height profile has
changed from zigzag (triangular) to rectangular
grooves. This could be suggested that the
topographical changes resulted not only from
deformation features but also from phase
transformation. Surface morphology of the
deformed sample at 25% strain is shown in Figure 7.
There were many activated slip systems on the grain
surface. The slip intersections were well observed.
The angle between the primary plane and the cross-
slip plane is approximately 78°. The crossing slip
occurred when two different slip systems were
simultaneously activated in the same grain. The
intersection of the slip lines within highly stressed
grains can possibly be the martensitic nucleation
sites in plastically deformed austenitic stainless steel

[12].

®)
Figure 5 AFM micrographs and line profile analysis
on slip pattems at different strain levels
(a) 2% and (b) 5%. The vertical scale in the insets
indicate the groove height.
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Figure 6 2D AFM topography images of
deformation twin and deformed surface at
(a) 2% stramn and (b) 10% stram.
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Figure 7 AFM micrograph shows intersections of
slip lines on the 316L deformed surface at 25%
strain.

Phase transformation

The martensitic phase transformation during the
tensile loading was analyzed by X-ray
diffractometer. The XRD profiles of undeformed
and deformed samples are shown in Figure 8. The y-
austenitic with face-centered cubic (FCC) structure
was solely observed in the undeformed sample.
After tensile testing, a mixture of y-austenitic and o'~
martensitic ~ phases were identified. After
deformation, the body-centered tetragonal (BCT) o'
phase (220) can be seen from Figure 8 at the
diffraction angle of 65°. There were significant
structural changes indicated by XRD profile in
Figure 9 (a). The doublet structure caused by the Ko
and Ky radiation were noticeably seen in
undeformed sample. This could be indicated that the
original grain sizes were quite large. After
deformation. asymmetric broadening at diffraction
angle approximately of 43° were found. The peak
broadening increased with increasing deformation
strain [13].

From Figure 9 (b). the diffraction peak located at
approx. 65° was attributed to the o’ (220). The
intensity of the a’ (220) diffraction peak decreased
while deformation degree increased. The intensity of
diffraction peak would refer to the amount of phase
presented in the sample. However. during tension
loading, the o'-BCT transformation grew in the new
orientation and could be aligned with the other
preferred planes. That would lead to the decreasing
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of diffraction intensity. At 25% strain. swrface
morphology of this sample showed completely
different from the others by means of slip

20 (degree}

Figure 8 XRD profiles of 316L
before and after deformation.
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diffraction angle between
(a) 43-44.5 degree (b) 60-70 degree.

Conclusion

The relationship between the swrface relief
features and the amount of deformation induced by
uniaxial tension loading in 316L stainless steel was
investigated. The evolution of surface relief features
would indicate the deformation mechanisms.
At 25% strain level. the slip intersection occurred.
DIM occuired at these slip intersections. AFM
topographical micrographs showed an increasing
number of slip lines and average surface roughness
increasing with strain levels. The increasing of
surface roughness was directly related to the
topographic of deformed features such as slip. twins.
cross slip. and martensitic phase transformation.
Utilizing of AFM measurements and XRD analysis
can determine martensitic transformation (from y to
o) at microscopic level. Twin boundaries and
martensitic phase boundaries could be differentiated
by surface relief topographical changes.
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Abstract

316L stainless steel has been employved as a medical implant material owing to its advantageous
biocompatibility and durability. The microstructure and surface charactenstics of 316L play a crucial role
1in implant application. Diverse processing methods were utilized to modify the surface properties of
316L to customize the characteristics of medical devices. Mechanical deformation induces changes in
the microstructure and causes changes m surface topography. In this study, we iniroduced deformation to
316L by applying uniaxial tension at strain values ranging from 2% to 25%. Durnng sample preparation.
electrochemical polishing was employed to eliminate the deformed layers generated by mechanical
grinding. After the tensile test, a contact anple test was conducted. The surface relief of 3161 was examined
using three-dimensional (3D) laser scanning microscopy and atomic force microscopy. X-ray diffraction
with CuK radiation in the Bragg—Brentano (6—6) mode was also employed to identify the phase
transformation. It can be concluded that higher strain levels increased surface roughness and the
number of slip lines. At higher strain levels, samples exhibited a martensitic transformation affecting
topography changes and the surface free energy. The contact angle measurement results and surface
free energy determination showed improved wettability following plastic deformation. Determining
the factors that affect surface wettability requires an understanding of the relationship between surface
free energy. topography. and surface roughness. Deformation-induced martensite can significantly
increase the surface free energy and wettability of 316L stainless steel (S8) by altering strain levels.
It is important to consider surface characteristics to understand slip mecham at grain bound
particularly in cases where surfaces have been electropolished. Nevertheless, the surface also mamifested
deformation-induced martensitic (DIM) transformation. potentially posing a risk to the passive film and

ie:

1. Introduction

316L stamnless steel 1s an austemtic alloy with a chrommum content
of 16% to 18%, nickel content of 1024 to12%, a maximum carbon level
of 0.03%. and a molybdenum value of 2% to 3%. Possessing superior
properties such as biocompatibility, mechanical strength, toughness,
formability, and corrosion resistance across diverse environments
(mchudmg chenmcal pritng. crevice comoston, and oxdation resistance).
316L is well-suited for applications in temporary orthopedic devices
and bone fixation implants. Fixation devices stabilize fractured bones
and other tissues duning the natural healing process.

The surface characteristics of 316L stainless steel significantly
influence its performance as an implant, with surface roughness being
akey determinant. Surface roughness typically ranges from below
0.1 pm to several micrometers for fixation implants. Vanances in surface
topography at different roughness levels impact cell attachment, growth,
bacterial adhesion, and biofilm formation. The surface roughness of
implants plays a pivotal role in bone tissue anchonng, wherein rougher
surfaces improve cell adhesion and tissue development. albeit potentially
compromising implant stability [1].
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contributing to corrosion, consequently reducing the implant’s lifespan.

In orthopedic implants, the study of biomatenal—cell mteractions
has focused on evaluating surface wettability through contact angle
differentiation. The contact angle between a substrate and a liquid can be
used to determme wettability. Interpreting the solid’s surface free energy
1s one of the most significant applications of contact angle measurement.
This energy can be calculated using Owen and Wendt’s continued
Fowkes (OWRK) techniques, equating it to the surface tension of a
liquid measured in the same unit (mN-nr?) [2]. The 3 16L stainless steel
1mplant wettability enhancement can be achieved through surface
chemistry, surface roughness, or surface topography modifications.

Hence, surface topography and roughness characteristics are crucial
parameters in matenal selection. Diverse manufactunng techmques
exist to augment implant surface roughness, with surface and bulk
modification methods emploved to enhance stamless steel implants®
biomtegration and mechanical strength. However, mechamical treatments
such as tension and compression may induce modifications in the
material’s microstructure and mechanical properties. resulting in plastic
deformation. While these alterations can impact implant performance,
their interaction with the environment is controlled by the properties
of therr surface layers.
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Plastic deformation significantly enhances surface wettability,
improves cell responsiveness. and faciln tissue—implant i i
[3]. Various plastic deformation schemes can effectively modify the
surface roughness, surface free energy, and wettability of 316L stamless
steel. However, a comprehensive understanding of microstructural
changes during plastic deformation and specific insights into surface
topography evolution through deformation remain elusive.

The 316L austenitic stainless steel. characterized by low stacking
fault energy, undergoes deformation through twinning and shp
mechanisms. Additionally, the deformation process can induce
martensite formation or deformation-induced martensitic transformation
(DINM), wath DIM mereasing proportionally to the degree of deformation.
Amplification of DIM phases may destroy the 3161 passive film which
is crucial for the material’s biocompatibility and corrosion resistance.
Damage to the passive film could expose the metal underneath to
corrosive conditions, potentially impacting the implant’s performance
and shortening its longevity.

In our recent study, we amm to elucidate the relahionship between
surface conditions and the wettability of 3 16L stainless steel. To
investigate this phenomenon_ tested samples underwent varying degrees
of elongation under umiaxaal force. The evolution of surface topography
in relation to the degree of deformation will be presented through
various microscopy techmques, mcluding atomic force microscopy
(AFM), 3D laser scanning microscopy, and optical microscopy. Phase
transformation was investigated using an X-ray diffractometer and
nanoindentation. Contact angle measurements were also performed
to assess wettability characteristics and measure surface free energy.
This information is vital for gaining deeper insights into the role of
surface charactenstics m the biocompatibality of implants. This research
expands upon previous studies that emphasize the importance of plastic
deformation in influencing surface properties. At different stram levels,
plastic deformation can lead to varying results in the surface topography
of a matenial. along with its surface free energy.

2. Experimental procedures
2.1 Materials

A sheet of austenitic 316L stamless steel 1s 2 mm thack, characterized
by a chemical composition of 0.02 C, 2.02 Mo, 10.09 N1, 0.029 P,
16.76 Cr, 0.06 N, 0.46 51, 0.027 S, 1.77 Mn, and balanced Fe, was
emplovyed in this umiaxial tension loading expeniment. The tensile
samples, prepared according to ASTM E8, were laser-cut into sub-
sized dog bone shapes. Figure 1 shows a schematic representation of
the tested sample.

100 mun

25 mm

Gauge lenglh

Figure 1. Schematic of the tensile testing sample according to ASTM ES.

T At Mater Mfimer 34rd) 2024

Figure 2. Electrolytic polishing experimental setup with a cooling bath_

Table 1. Electrolytic polishing parameters.

Current  Voltage Current density Temperature Time
) [0 (Amm™) [SS] (min})
0.20 3 0.02 15 15

2.2. Sample preparation

The tested samples underwent mechamcal grnding and polishing,
followed by electrolytic polishing to remove the deformed layer from
the surface. The electrolytic polishing solution comprised 40% viv
sulfunc acid (H2504) and 60% v/v phosphonc acid (HzPOs). A copper
cathode plate was positioned 30 mm from the anode. The parameters
for the electrolytic polishing process are listed in Table 1. To maintain
the electrolyte temperature at 15°C, the electrochenmcal cell was placed
1in a cooling bath filled with ice, as shown in Figure 2. After electro-
polishing, the samples underwent a 15 min ultrasonic cleaning in ethanol,
followed by drying in an ambient environment.

2.3 Mechanical deformation under uniaxial tension

The umversal testing machine (Instron 5569 Model, Norwood,
MA, USA) equipped with a maximum testing force of 50 kN, was
employed for the tension loading of dog bone-shaped samples at
room temperature. The testing was conducted at a constant crosshead
speed of 0.5 mm-min!. Following ASTM E$ guidelines, each sample
was evaluated with a traveling crosshead interrupted at 12, 25, 45, and
100 mm'mm tensile strains, nducing defor at 2%, 5%, 10%,
and 25% strains. respectively. The strain value for each deformed sample
was determined by comparing the elongated gauge length with the
1nitial gaupge length.

2.4 Surface characterization

The area roughness (Ra) measurement was conducted using
Laser scanning microscopy (LSM) with a 0.4 pm diameter laser beam
employing an Olympus LEXT OLS5100. AFM was carried out using
aPark Systerns AFM XE-1 equipped with a single silicon crystal probe
and Cr—Co coating. operating in a non-c mode at a scan rate of
0.22 Hz. X-ray diffraction (XRD) profiles of the 316L sample were
obtained using a Bruker D8 Advance instrument with Cu Ko radiation
(wavelength of 1.5406 A), and the investigations were performed
at room temperature. The diffraction angles were scanned between
30° and 100° with a scan step size of 0.02° and step time of 0.5 s.
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2.5 Contact angle measurement

Contact angle measurement 15 a techmaque for evaluating wettablity
The sessile drop method was employed to measuore the static contact
angle at room temperature, utilizing two different testing liquids,
water and glycerol. Measurements were taken at the center of the
gange length. To perform contact angle measurements, 3161 samples
were positioned in the focal point, and a micropipette approached
the sample surface until a 10 pL droplet of the test hiquid touched the
surface. After 60 s. the shape of the liquid droplet on the surface was
recorded using a USB digital microscope. The average contact angles
and standard deviation for each sample were determined through
statistical data analysis based on at least five measurements. Figure 3
shows the contact angle measurement setup on the sample surface.

Figure 3. Schematic of the experimental setup for contact angle measurements.

Figure 4. Contact angle of (2) 5% strain and (b) 25% strain samples obtained
wsing the Drop Analysis (LB-ADSA).

2.6 Surface free energy determination

The surface free energy 15 crucial m determiming the wettability of
liquid testing on a 316L surface [4]. Surface free energy calculations
were performed using the indirect surface tension measurement method.
The assessment of surface free energy at different stram levels utihzed
the Owens—Wendt method modified by Zhang er al. [5]. However,
water and glycerol were employed for this study instead of ditodomethane
owing to its toxacity. The following geometric mean relationship for
solid—liquid interfacial surface tension, derived from Equation (1).
1s obtained by considering the interfacial energy contributed by the
polar and dispersive components (ySL).

ySL=y5+1L +:||2§g£ -jee &)}

Where yL is the surfare tension of the liquid, liquid polar component
Qz{): liquid dispersive component (gfL and S is the surface tension of the
solid, solid polar component (gg): and solid dispersive component (gg).

The balance at the three-phase contact of solid—{luid—{luid 15
governed by Young's equation (Equation (2)), where vSG and 7LG
represent the mterfacial surface tensions of the solid—gas and hqud-gas
interfaces. Young's contact angle (8) is based on the assumption of
a smooth and chemically homogeneous surface, which is influenced
by the test liguid [8]. Substituting the surface free energy obtamed
from Equation (1) into Young's Equation leads to the Owens—Wendt
contact angle model, as shown in Equation (3).

cosf (2)
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Equation (3) can be reformulated into a linear expression for
1+ cosf]
Ak as the dependent

directly assessing surface energy using

-

variable and J% as the independent variable. The square of the slope
=)
1n the hnearized Owens—Wendt plot 1s g‘é, and the square of the

intercept is equal to {g_g . The contact angles were determined using
N
the Drop Analysis (LB-ADSA) plugin in Image] software (Figure 4).

3. Results and discussion

3.1 Surface morphology and topography evolution

The surface relief of 3161 was examined using T.SM with differential
interference contrast imaging, showcasing surface roughness and 3D
construction of the submicron-level surface topography m deformed
316L (Figure 5). Figure 5(a) shows the microstructure of the undeformed
sample, presenting an almost flat surface with a slight relief, likely
resulting from mechamecal grinding. The evolution of surface relief in
deformed 316L is shown in Figure 5(b-e) using DIC images. At 2%
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strain (Figure 5(b)), the deformed surface exhibits annealing twins and
relief morphology originating from slip lines. With increased strain,
slip lines near grain boundaries develop in all grains_ along with active
ship lines on different slip systems. Figure 5{e) depicts multiple slip
lines on the deformed surface after 25% strain. The visibility of
these slip lines depends on the level of stramn deformation_ surface
valleys, and peak heights. Compared to the undeformed 3161, the
deformed sample shows a significantly smaller average grain size,
and the mcreased presence of slip lines leads to surface morphological
distortion. The area roughness parameter (Sa) was obtained from 3D
laser microscopy. yielding Sa values of 0.062 um for the undeformed
sample and 0.350,0.695, 1.017, and 1.667 pm for strains of 2%, 5%,
10%. and 25%, respectively. As noted, the Sa value characterizes the
surface roughness at the submicron level. Based on the 3D surface
topography, the surface at 25% strain 1s rougher than those at lower
strain levels. Considering the roughness value (Sa), commercially
available implants are classified into four groups: smooth (Sa = 0.5 mm).
marginally rough (Sa = 0.5 mm to 1.0 mm), moderately rough (Sa =
1.0 mm to 2.0 mm), and rough (Sa> 2.0 mm) [6]. For 316L stainless steel
bone plates, before and after deformation, all the samples investigated
1n this study fall mto smooth or margimally rough categories. Surface
roughness is an essential quantitative descriptor of topography, with
alterations influencing the structural charactenstics of the surface [7].
The surface topography of deformed 316L stainless steel was assessed
using AFM. as illustrated in Figure 6. Figures 6(a-b) represent 10 pm *
10 pm scanming areas of the deformed samples with 2% and 5% stram,
respectively. The 3D reconstructions of the atomic force micrographs
exhibit topographic features with varying contrast levels, indicating
an mcrease m the nmumber of slip hines with nsmg stram In Figure 6(c),
the 10% strain sample reveals a higher concentration of slip lines than
n the 29 and 5% strain les. Slip intersections at grain t daries,
observed in Figure 6(d) corresponding to the 5% strain topography.
are common occurrences. However. the topography of the 10% strain
does not show slip lines intersecting grain boundaries. These findings
suggest slip transfer (transfer of shear) duning plastic deformation [4].
In summary, at 5% strain. slip lines converge at grain boundaries,
wiule the topography at 10% stramn indicates nomntersecting shp lines
(Figures 6(d-e). Atormic force microscopy (AFM) 1s a powerful tool for
exarmining the microstructure to identify and investigate slip intersections
at grain boundanes under vanous stram levels. Detailed observations
at 10% strain reveal significant changes in the deformation structure.
Slip lines, which can appear linear or curved on the surface, exhibit
notable alterations in orientation Figure 6(a) illustrates these affected
changes, highlighting the intersections of slip lines and providing
insights into the complex deformation mechanisms at play.
Sigrificant dispanities in topographic height vanations. reaching
up to 400 nm at the grain boundary. are evident in Figure 6(f). The
AFM image (20 pm % 20 pm scan size) shows a cross-sectional line

profile and the corresponding height measurements. For medical
implant applications, submicron topography plays a crucial role in bone
bonding, while micron or coarse-micron topography is essential for
the long-term mterfacial stability of endosseous implants [8]. Surface
observations made by AFM commonly use slip lines to gain insights
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into the motion of dislocations. With an increase in plastic stram,
there is a concurrent increase in the concentration of dislecations
within the grain interior. This leads to various intergranular dislocation—
dislocation mieraction processes associated with the ghde of extended
dislocations on different slip systems [9]. AFM observations can
observe these charactenistic features. Figure 6(g) shows shps activated
across the surface of the 25% stramned sample. Slip intersections act
as precursors to martensite formation as proposed by Olsen and Cohen
[10]. Ths stram-mduced martensitic transformation occurs at ambient
temperature, signifying that martensite is formed at nucleation sites
generated by plastic deformation, such as shear band intersections.
To confirm the occurrence of martensitic transformation, the phase
transformation of 316L can be evaluated morphologically at a micro-
scopic level and through XRD analysis. XRD provides information
about the crystallographic structure of martensite. In the context of
surface observations by AFM. the development of slip bands provides
information about plastic mechanisms_ revealing the tendency of
dislocations to move cooperatively in clusters on closely spaced slip
planes or individually and independently. Observing slip steps at the
surface [9.11] has been a valuable tool for understanding the cooperative
motion of dislocations. The mformation collected at the surface 1s
representative of the deformation within the bulk. aligning with
observations from surface morphology analyses of deformed Cu [11]
A deformation twin at 10% strain, as shown in Figure 6{e), indicates
an annealing twin characterized by the features of a twin boundary.
The twin nbbon exhibits muirror charactenstics of ship patterns across
the twin boundary. S. Mishra er al. [12] have proposed that twin
boundaries in deformed microstructures can have two possible ongins:
(1) the decay of original annealing twins and (2) the formation of
deformation twins. The deformation process of 316L at different strain
levels facilitates the identification of the relationship between relief
morphology and the amount of deformation, predicting the degree
of deformation that leads to relief features.

3.2 Phase identification

XRD profiles revealed the presence of austenitic and martensitic
phases in 3161 before and after deformation Figure 7 shows the XRD
profiles, with the primary phases appeaning at 26 approximately
corresponding to the austenite, including y(111), y(200). v(220). and
7(311). Figure 7(g) demonstrates asymmetric broadening at a diffraction
angle of approximately 43°, with the deformed sample at 25% strain
displaying the broadest peak width. In Figure 7(b). the o’-martensite
(200) exhibits a weak reflection at a diffraction angle of 65°. and the
ntensities of diffraction peaks decrease with mereasing deformation
degree. Figure 7(c) confirmed the existence of s-martensite which
15 in good agreement with previous study [4.15]. The XRD profile
exhibits a broademing diffraction peak of o'-martensite (110) with
increasing deformation. The broadening diffraction peaks indicate
adecrease 1n average gramn sizes, as observed in the LSM images.
This slight increase in peak broadening and peak shifting can be
attributed to the types of deformation mechanisms compared to the
topographic charactenstics.
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Figure 5. Laser scanning microscopy images and the inset of 3D surface topography of the 316L surface at various strain levels, (a) undeformed, (b) 2%, (c) 5%,
(d) 10%, and (e) 25% strain.

(a) (b)

T

Figure 6. Evolution of surface relief in deformed samples at different strain levels, (a) 2%, (b) 5%, (c) 10%, (d) slip lines meet at grain boundary at 5%, (e)
slip lines do not meet at grain boundary at 10%, (f) topographic height variations at 10%, and (g) slip intersections at 25% strain_
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The effect of roughness on the in vivo performance of metal implants
has revealed both advantages and disadvantages. The corrosion properties
of 316L are important and require careful consideration mn material
selection and the mamufacturing process. Plastic deformation can damage
the passive film on the surface because microstructural changes during
plastic deformation typically involve martensitic transformation_
twinning, and slip. In the case of metallic medical implants, the
topmost atomic laver of the surface comes into contact with fluids,
and the passive layer provides corrosion protection. However, 1t 1s not
impervious to plastic deformation. potentially leading to allergenicity.
The nickel content in stainless steel may serve as the cancer-causing
element that could be released into the body during corrosion [13.14].

3.3 Contact angle measurements and surface free energy
calculation

The contact angle measurements of multiple liquid droplets on
316L surfaces revealed different wetting properties. The level of
deformation affected the functional wettability of the 3161 surface.
Figure & shows similar trends for two different liquids, with contact angle
values decreasing as the percent strain increased. These findings align
well with the observed topographical changes in the LSM micrographs
(Figure 5), indicating a significant effect of surface charactenistics,
such as surface topography and roughness. on the wettability of 316L.
The contact angle increases with the average surface roughness (Sa).

The calculated surface free energy was determined from the
Owens—Wendt relationship by comparing the contact angles of water
and glycerol on the surfaces. Figure 9 shows the Owens—Wendt
relationship between water and glycerol on 316L surfaces processed
at various degrees of deformation. As the degree of deformation
increases, the surface roughness of 316L also rises, leading to enhanced
surface free energy values. However, the surface free energy of the
deformed sample after 2%6 strain (Figure 10) was lower than that of
the undeformed sample. This suggests the presence of key factors
influencing surface free energy. Ye Tian ef al. [4] described that
e-martensite introduces the nucleation of o' -martensite and facilitates
1ts formation at individual shear bands. With increasing surface free
energy and the prevalence of deformation twins, slip intersections
become dominant nucleation sites for a-martensite. In our study,
the surface free enerpy decreased from 6.75 mN-m! to 4.37 mN-m!
for the undeformed and 2% strain-deformed samples, aligning with
the XRD results that identified of martensite phases in the deformed
sample. Our findings align with an electron backscatter diffraction
study on SUS321 stamnless steel nucrostructural evolution under different
strains during deformation-induced martensitic transformation (DIM).
The study observed that e-martensite was likely mitiated within the slip
band, challenging the previously assumed classical inttiation theory
at slip band intersections. Slip bands were identified as the preferred
nucleation sites [15]. Volume expansion occurred owing to the sudden
reonentation of C and Fe atoms duning martensitic transformation [16].
Decreased surface free energy drives the nanoscale lattice reorientation
[17,18]. The plastic deformation influences the formation of the passive
layer owing to the presence of oxide. The outer layer comprses Fe(III)
oxide, while the inner layer comprises Cr(1II) oxide on the steel surface
[19]. A study on the influence of plastic deformation on 304 stainless
steel passive film reported changes in elemental composition content
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owing to the oxide passive surface film and deformation-induced
martensite miroduction through cold rolling [20]. Results revealed
that the oxide content decreased if the o' phase was less than 6%.
Furthermore, after deformation under 10% strain, the polar and dispersive
components of the estimated surface free energy values decreased.
indicating a reduction in the surface free energy of the 316L surface.
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The nise i surface free energy was ascribed to the plastic deformation
behavior, a phenomenon explored by numerous researchers. Henry
Buene [21] clanfied that the total surface tension of the solid was
nfluenced by surface charactenstics such as relief and crystallographic
orientation. Peaks and valleys on a surface contribute to an increased
surface area as roughness increases. A similar study highlighted that
deformation features significantly change surface topography and
increase surface roughness [22]. This increase in surface free energy
was linked to plastic deformation behavior. At elevated levels of strain,
particularly at higher degrees. the intensity of the y-austenite peak
decreases.

4. Conclusions

The evolution of the deformed surfaces in 316L stainless steel
correlates with the strain variation Comparing the topographical
features observed in AFM with the phases detected by XRD
measurement enables the identification of deformation mechanisms
and the sequence of the DIM transformation. v — slip lines — o',
during tensile deformation. Results from contact angle measurement
and surface free energy determination indicate a higher degree of
wettability after plastic deformation However, the observed DIM
transformation on the surface may damage the passive film, resulting
1n corrosion and a reduced implant hifespan. Notably. the 10% strain
sample showed a decrease in surface free energy. In bioimplant
applications, deformed surfaces are found characterized by a mean
roughness falls falling within the 0.062 pm to 1.667 um range.
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