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NATTAPOL PINTITRARATIBODEE : CORROSION BEHAVIOR AND BIOCOMPATIBILITY
OF DIAMOND-LIKE CARBON COATING ON 316L STAINLESS STEEL FOR
PROSTHETIC KNEE MATERIALS. THESIS ADVISOR : ASSOC. PROF. PORNWASA
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Keyword : TITANIUM-DOPED DIAMOND-LIKE CARBON/ TITANIUM INTERLAYER/
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Objective of this research was surface development of austenitic stainless steel
316L (316L) for knee implant. Using filtered cathodic vacuum arc technique (FCVA)
coated diamond-like carbon (DLC) to improve corrosion resistance and
biocompatibility of 316L. This research synthesized four films with Ti doping and Ti
interlayer, there were 1.DLC, 2.DLC/Ti, 3.DLC-Ti, and 4.DLC-Ti/Ti. The surface of each
film was characterized by x-ray photoemission electron microscopy (X-PEEM) and x-ray
photoemission spectroscopy (XPS) to compare the chemical structure of films before
and after corrosion testing (Linear polarization, LNP) in simulated synovial fluid like
synovial fluid of osteoarthritis patient. Moreover, this research also tested
electrochemical impedance spectroscopy (EIS) to compare with LNP, and bioactive
testing. For bioactive testing, samples were evaluated hydroxyapatite (HAp) formation
by infrared spectroscopy (FTIR) and scanning electron microscope (SEM) after soaking
in simulated body fluid (SBF) for 28 days. The results showed DLC-Ti and DLC-Ti/Ti was
higher general corrosion resistance than DLC and DLC/Ti as compared to polarization
resistance (R,) of LNP, For Ti interlayer (DLC/Ti and DLC-Ti/T), it could more improve
pitting corrosion resistance than DLC and DLC-Ti byconsidering pitting corrosion
potential (E,). Additionally, biocactive testing showed that Ti-doped in DLC could

enhance HAp formation because water contact angle was decreased by Ti doping.



Based on the research results, DLC-Ti/Ti was suitable more than the other films for

applied surface improvement of knee implant.
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”ﬁ@ﬁaqé}’ﬂumimL‘q"aulsusuaq%gumﬁauﬁmmzamﬁauﬁwmﬁmmaaw%q

132 nsgvaunmsudulssiuiafiauladnu Ao medeflawesanslsinersnlu
syUUayINA (Filtered Cathodic Vacuum Arc, FCVA) Felduantundauasueundie
WS (Diamond-Like Carbon, DLC) waglymydey (Titanium) NSEUIUNITARDURINIY
wiadla FOVA fifuusddnyiivesmunudsd

1.3.2.1 ANUAY

(% '
A a Al

1.3.2.2 gaunildmiuianiurnlduaeiadou
1.3.2.3 ANUUIVRIYULATOU
1.3.2.4 dndlnndmsunisensn (Arc voltage) uag (Bias voltage)

1.3.2.5 avwduazsoun1svinau (Duty cycle



133 thiunuiidumsnssuunmsindeumuiide 1.3.2 ideswiauided

Foamsnudastoluil

1.3.3.1 Aipseidunudaneunmloduasmannalfadueean dfaituns
waeuiImewmelinaininsalnlviinlassaiasidenvoinsgandussdendusialndvey
(Near Edge X-ray Absorption Fine Structure, NEXAFS) uagiafiaondisdlnlndidnnsou
awnlasalny (X-ray photoelectron spectroscopy, XPS)

1.3.3.2 fAnwngAnssunisiansauvedlansimedsnsliiuediluaisazaiy
f\fwaawaamaﬂu%am'wawﬁ’ﬂwiiﬂsﬁaszhLﬁlau (Phosphate-buffered saline + 1 n3u
Hyaluronic acid #iedns, PBS + 1 n3u HA fiadns) Lﬁ@lﬁlﬂé’lﬁsmamamsaiﬁﬁ’aqgﬂﬁﬂu%
w1 TeedndndlniwazanunuiniunssualnidenIednmuiloauan wddasziua
nnstnanbsiedu A0l wu adnglniiinisinnseu (Corrosion potential, £.,,) AM
nundunszualiwinisiansou (Corrosion current density, iy, 8MSINITAANT BU
(Corrosion rate, CR) Araudunulnanlsiwduy (Polarization resistance, Ry) Wudu

1333 N153LASIEW AT ULAA DY (Surface characterization) 9105
SR unudanoumes wavimsnndiliaduesandfafiiiunisindeuiagiomain
awnlnsalnUuiinlassasiaezidenveanisaaniusediondusiialnaueu (Near edge x-ray
absorption fine Structure, NEXAFS)

1.3.3.4 gsazasfmnansfilinagevanudiiuldnisdinim fe a1savane
T1899U91na1lus19A18 (Simulated body fluid, SBF) Juansavanefidenlunismaaeu
anudAulsmsdinmesTanilslusnamenywd Wegaudhiuldvesnszgn

13.3.5 nsnngeuanuinfulaniedinm nediduaudiugluasavanely
19 1.3.3.4 figaungfi 37 ssmuwaifea Tuszoznm 28 fu nduthiununasnuaade
(Ca) wazvloavieda (P) Fadusmiiudiutsznevedlensondesmilng fondesqanssmd
BIANATPULULEDINTIA (Scanning Electron Microscope, SEM) wagiiasngimiasnusenau
n1alassadrnaivssasiaeldmrue1ind ud198uns1isa (Fourier Transform Infrared

Spectroscopy, FTIR) ifieBusunasiuiu
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aa
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143 lw@dvinis Mbiieingenisiteus iunuaui wnaalunsiage

o

FWouagiaunszninnszuiunaide lnewasuiildtsaieanudundsdifuiniunsuay
fndnwlundvesnisnaunaiunnulummaud anaujvauazinaluladinluldasdy
AINTINTER INIFNEATLALIAINTTUNTWNNE

144 ludsdeny Wunsadvayu Tilemanseduasunsfnwssiuiudiafny
uennifuaiuaivaruuiiolumauanideu diovenniwd maluladszwinmuieny
aAMsAnw Massiazgnamnssy suthlugusslevinsdon Ao duauanuiunmnaiiy

I8 Nmuuasiasugiavesfnely
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= awv oo Y
NEW bASITUIVININY IV

2.1 n3zqn (Bone)

a

ﬂig@ﬂﬁmﬁjaﬁamz@ﬂ (Bone, or osseous) Wuiilaii el eriuiludwasiiany
iy Sdlasiadeesitnislszneudenszgnuagnsrgoou Inefivihfimquiname dae
Tun1swnd eulms Jestueforzniely ndnwadifiaden wasdnifunievanuaeeis
wismuaglduliiuiname nssgnisiuiueadaoudedeslasiuiivesnsegmdundn
\ndeefunid winindainnnuaadeuneamlnuazuaaifounsvaiunsiuduiiisadng
lansondezwilng (Hydroxyapatite, Ca;o(POg)s(OH),) ?fﬂl,ﬁumiﬂﬁsﬂauﬁwwial,mﬂmga
uenanissdineannaudulusiudulofitisnudaveureanszgnlinszgnianuuduss
uafithiintios nseqauUsld 5 Ussiam Iéud nszgnena (Long bones) nTepndu (Short
bones) ns¥gniiau (Flat bones) nszangUsedudou (rmegular bones) wagnszgnluvdu
ﬂﬁﬂﬂJLﬂf@ (Sesamoid bones) (Betts et al., 2017)

dwsudandudedefifilade (Synovial joint) Usznaumensegn 3 Fu o nsEan
AU (Thigh bone %38 Femur) NseAnNTLLe (Shin bone 138 Tibia) kaznsenanazUl
(Kneecap %30 Patella) ﬁ’auamﬂugﬂﬁ 2.1 Inenszgnduvinaznssg nutiudadulssian
N3¥ANEN? viwthilunsiundensseresdaii LLGiﬁm%’Umz@ﬂqﬂazﬁﬁqLﬁuﬂis@ﬂiulﬁu
ndaiile vhnihidestududuainussdnuesnisse Tuduuagresnssgnisautiusiude
nsxAne@au (Articular cartilage Wag Meniscus) FaflfaTiGeunariu (Fudszaviusadeaniu
i) iletelestulazsessunsegnifleseldmioldsunisnssunn Uinudenseudeinasil
Hoyuna q AFend1 “@Borulade” Tnsidoruivendnveunanfiondodunszgnsounaran
L oaniui isendn “urlade (Synovial fluid)” (Adrain, 2021; Betts et al., 2017;
Ortholnfo, 2021)



(n) ()

Quadriceps

Bone

Articular
Articular cartilage

capsule

Medial collateral

Synovlal Meniscus 4 ligament

membrane
(inner)

Articular Meniscus

. Fibrous Lateral collateral
cartilage

membrane
(outer)
Posterior cruciate
Joint cavity Anterior cruciate ligament
containing ligament

Bone synovial fluid

JUN 2.1 diudseneuvesdesiewartewd (n) dnvasdereviianilute uas

(1) @ruUsenouvaIlawn (Adrain, 2021; Betts et al., 2017)

ilade (Synovial fluid) WWuveanariifidnwvaniln Ussnause wandun (Blood
plasma) luianafignudadieiiodeludosiudluanavesarsvdedulesigioiausin
(Hyaluronic acid, HA) wag WUshilalnauau 4 (Proteoglycan 4, PRG4) dwmsuludaiinuyud
fiflaniwund thladofusuing ~1 §03803 uasil HA uay PRGE arundudutssaas ~3.2-
4.1 waz 0.035-0.24 fadn3usiefiadans awawy wavazivsnaanauiefulsadeiidey
dm3u HA veslsatelind enazdinududuey i ~1 fadndusiefiadans (Hu, McCarty,
Masuda, Firestein, & Sah, 2012; Mazzucco, Scott, & Spector, 2004)

Tsadawidon (Osteoarthritis) WulsaAnannsdnauinulfvesludeituazwy
liunluggeong lsadaigndeuanannisldnudesiaunsegneoudes 4 dnvsenio
denanasly sufsderinssewinensegniissezdiosasaurilinszgniinisiden duaziin
nsegneen (Bone spurs) dsralviionnisiiuuin daanslusudl 2.2 Tao Tsadaiindenuys

adeeoniu 4 szey (Apichantramethakul, Sroisong, & Eiu-seeyok, 2018) laun



1 Joindauszezisuwsn (Minor osteoarthritis of knee) WuszaziiLia

I 1

7
nsgauidunsegnasuieyay 10 MIUEnszgnienasIUTIMYeUYRIdal JUe

Tuszezildlifionnisuinds wisadiannisisteriaiinisiasurinnig

) =)

szoedl 2 Yo dentdntion (Mild osteoarthritis of knee) usveziigayde
nszgnoouLariinmaAnTesnIzanIBnINtY uisrzderisdaldiseminanszen
duruanszgrviudsdandiouauiifianndarund duaslussesilaziionnis
Uindoidntios Toianasiidedudam

seuedl 3 TaliLdouU1unans (Moderate osteoarthritis of knee) tuszogd

'
= =

aidonszgnseunaniinnszgnioninniy sadstesrindludeniiszesfiuauas
auﬁﬂﬁmzaﬂﬁmitﬁam%ﬁmé’mauL.LazﬁmmimmLﬁmmﬂmimﬁmﬁﬂwﬁmﬂh
(Water of knee (Synovitis)) ﬁﬂaaiuazazﬁﬁmmaﬂm%LGU"] Jorln Toude vy
AundiindeWidedinniy sauidlonnisdovaauiiewinduseudow
Sauavnaunilotauudusosas dwaliderniirusiunuasadesinanas

seozdl 4 %LG{]’]L?@&JWLLN (Severe osteoarthritis of knee) %ﬂlﬂu%a%jmﬁw
voslsadaindou nszangauiinsaaduiiuiovas 60 uasiinszgnienvuin
gy nszanvihudewaznszanaunniniuliiitesineseniteton dowiinig
Sniauanniu uazndminlufedesaniliinadendvonsegnunniu svosd
AU28d0In15UIA UL Toliagy (Wlae [Wuew uagiruiv) Jeltn

PANMUINTY A TRsUsTEITUNTINNsewazwmBualaduin



Articular
Cartilage

Meniscus

(8

Loss of joint sps

44

3

4

)

JUN 2.2 wanenswIguiiisuseninederinan ndnanazdeindeuanin

(Ortholnfo, 2021)

Wnsshwlsadanden wuseanilu 3 33 (Apichantramethakul et al., 2018) #iadl

- AW/nsiawn 1 msshunlaeldlden (Non-pharmacological treatment)

ANSARUINLNLALN1TDNNIAINIY
YSUA UM AL 2 dUSIUDINISARNLA L9V A LS IR w1 ey
Yo
U o’dgll
N3SNEIMNIRYEERT Y
nsUszAumeayulng

vy A ¢ a v '
ﬂ'ﬁi‘ﬂmiﬂﬂwqx‘iLLa%q‘UﬂimLaiNsU@LsU']

- Ansiawd 2 nsshwnaenslden (Pharmacological treatment)

nauefimueueIn1sveslsa (Symptom modifying drugs) T
- grussianazanld lawn Paracetamol way Acetaminophen
- widunisemaud bty aiiesess (Non-steroidal anti-
inflammatory drugs (NSAIDs)) 1A Ibuprofen loxoprofen way

Pyroxicam



- w1d@msulYlung u Paracetamol wag NSAIDs Li'lana Ao
Tramadol
- pdmiun1s@mdnde (Intra-articular injection) v uenlungu
Corticosteroid laun Triamcinolone wag Hydrocortisone
- AR e USULUA BulazYzaonisid enveenszgne oy (Structural
modifying drugs) lsiA Chondroitin sulfate wag Glucosamine sulfate
Hugnitaglumsdaeseiinaaslunssgnoou douuvunszgnesulas
g

- BTN 3 MISnweeN1IHIee (Operative treatment)

N15809nA89819 (Arthroscopic debridement) ﬁ’m%’uﬂﬂwﬁﬁmmﬁa
widealsiinn flemisiansewidada iamﬁy’wmauiaqmz@ﬂum
- NsHIARREINTERN (Osteotomy) Wlun1sHIdARazUTUNTEANLE Y
AdUINTiAN19AsaT AT panuTIN U a1 L Annseninnda Tag
Fududosldmanidluanls mnzduiiieifiongdesuasdoindaden
liann viediderindeafivsnuifen
- msHdaUasudaandisuuisdiu (Partial knee replacement) unis
Wasudhuluvesdow Tilunsdldihefiderddadltisnuazdndunis
voateiiuargnazi1dsliiden Tod Ao unanidnazdvurndn Ll
utamnn ansnsoasiwiinduldnely 1-2 $u
~ asHaRaLE sutelditen i anue (Total knee replacement or
arthroplasty) \lunissindafiseauasuiadariatonun fanszgnduan
nsegnuiudsuazenasiufensygngnastt mnedmsudUnedisidewmi
donguussaultiannsalinisdnwisauls
dsumsidaiasudiissiiuuusduasioun Sudufesinszgnseuuas
nszgnildevneviodniausen udihianderfiensimnianlansuasnediues unudidiu

Mieenly ddluuanduguin 2.3
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(n)

Polyethylene
sits between
the femoral
To fit the and tibial
femoral
component
\\

ot ~——Fits onto
‘ the underside
of the knee cap

The femur is cut A3

g

— Polyethylene
articulating
spacer

— Stemmed
tibial plate

_Inserts into the
" hollowed-cut tibial

(v) (@)

—"

)

.

JUN 2.3 uansdhudsznavvesiantew (n) Snwagnisndataiiiiten (1) nsendn
Wagudalniiguu1ediu waz (A) MIFALUG sudaligus e

(drugwatch, 2021; Ortholnfo, 2021)

[ =

2.2 AN ININ (Biomaterials)

9
Taane¥inn Ae Tanigniumaunuedelzsniedudiusiig 9 lusianigd
Wouanin Jannietinindedlidmadedosiinig Jannis@iningnuanainianlavang

areUseinn laun lave wedwes windnuaziandsusznau asuanslunisiei 2.1 Ja

ma%’;mwgﬂ'«iﬂLLuﬂmmmsﬁNmmaﬁa@Lﬂu 3 4fin (Hassan, 2011) LA
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aaa

- Fagnie@inmuuuideenieuJisen (Bioinert material) Wuian i lafidana

nsgnusiendiduiukaziduiiveasiinie snteazadiut o swvudule

[

(Fibrous tissue) 8afinfuianlalifilosnnliliiniusessninalioonduian

fogaty svglillen ndiefidunasmanndilsaiy
- Fagmedinmwuugasaans (Bioresorbable material) i uianiifey o o
aansuazgnunuiialeilods fieg10du wi-lasuaaldeuaain (B-

tricalcium phosphate) waz waaLanRALadA (Polylactic acid: PLA)

[

s o aaa . . . [ [ a a Ly {
- IAAVNYININLUUVINUE NS (Bioactive material) LUWIAANINANUSEILWIN

(%
Y 1

Walde fredrau lansandaznlng Inwmdeuwazlavenau e

M1319% 2.1 UoRuaztaiduvasianuszaneng o dmiuntmisunng Rues, 2012)

389 U2 Yaide nsululgeu
= 1 e
. Bnviey Taiudauss & 4 D
NWodlues P b, Weldaugnanaiiie
FusUlang FRUENNANUNIANIAN
. , NALNUNIBNITUAN
; LANUNUIUULN
lany IRNIER O\ nsEan
HNToUlAde i A )
\ATDIHBLNNg
| | - NALNUNTEAN
ausainulafiu .
- : Wuaiuusenauues
L3N INNY Wag
N )i azlnn
WUILTINBUTINADA .
NUNMIUANTTH
AT y NIEUIUNITHER
IGNIER % -
Usznau YULDU

wmannénl$aduooandfnnga 316L (5S316L) Wunsafiliedraunivansdmiuian
EHLuLﬁaamﬂﬁiwmgﬂ A lUanansadnialadne siueUsenevnazideuldineninlans
Tnidlen Yanenanlnndey lanenaulaveadlasdey Tuuinuaudfimannalsaduesas
dAANTA 316L F9UAMUAIUNIUNITAANTOU AIUUINUIANITININ AUATUNIULT IR
wasAUEIUNIUALEITF agnslsRmunuiimdnndlSatudilianunsanunstanseulsd
winlavglnndey langnaulnnilsuwazlanenadlavean Jedamallidaunsalalusianie

& @ YY) v = a o =] =
wywdiduszeznaiuule dutagtuideldlanedmaninmden lavenadlnmidouuas
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lanenaulaveadlasiounaununanndiliadu lnengulavedinanildodade sia1umng
(Kamachi Mudali et al., 2003; Simon & Fabry, 1991)

A15971 2.2 AuandAnInavesiandinmiminlane (Eldesouky, Abdelaal, & El-Hofy,

2014)
AMANUAYDITEN
. AUNUILUY AMULTILUINN UDQFAVDIENN
" (nSusiagnunAn WIINA gavieu
LYURLUAT) (sungUnaana) (AnzUrdna)
nsznn (Natural bone) 1.8-2.1 130-180 3-20
Tang il
Tanznaulnmiiey 4.4-4.5 590-1117 55-117
(Ti hag Ti alloy)
lavignanlauoan
lasidley 8.3-9.2 470-1896 220-253
(Co-Cr alloy)
wannanldaily
7.9-8.1 170-310 189-205

(Stainless steel)

3 Y VY a aa = = YUY a A a A a Y o
Lwaﬂﬂaqiiﬁumaaﬂlmu@ﬂlﬂi@ 316L LUULwaﬂﬂaqliﬁUNmmeﬁqﬁluﬂLﬂaNﬁﬂJL‘ﬂ’]ﬂ‘U

[ o b4 13 [ Y a 1 dg_;d 1 . 1 14 [ 4 Y a 1 dy
wianvinlesAuseneuvasvrinliatiunguilisandn Nickel Base denalviininndnlsatiunguil

limavaussivufiserussgavesuimaniloegluanmunAdsdldnuludnuaeialuagng

WWSYANY druNaunIAlvaunannaitsatduesawmifalagUszuin As da1suautiesnin

0.03% lAsiiley 16.0-18.0% AniAa 10.0-14.0% ludiufitiy 2.0-3.0% nmsiinifanauegag

glvaunsadusulafinsziinisgadigs uenanismluduituazdisanleymainnisin

nsoulanvulazinmuvasndslunisldauaiuang ¢ (Dillon, 1995; Sedriks, 1996)
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winsggnieiiisuiinananmdnndladuoemnidninge 316L ddedes Ao
o1adamaLdesios Ny wdluszze1 (Simon & Fabry, 1991) usldlefiarsanisauifinis
na Fauandlumiedl 2.2 wuirdaudinenadia uenanddsamnsadafuldfudeide
e mielddheuarineagnnintaglavenaunueteavdadu 9 Soilvmdnnd 1Sl

[ d'

paawnanansa 3160 Wuaanuraula wuizNazihluwaulvdaudfduniunisianssu

q
[

Y v 1% = aee 1 a g a 1 '
ﬂ??NL%WﬂUIﬂVI’N%’Jﬂ’]WWUN ammsﬂaaalaaawLﬂuwwmamma wazarunsaldluszezen
TngrunsusuljanagiawRuedou wetduwuwimslunisanduyunisudansegndom

=1
Wienluaunms

2.3 NSTUAUNISLAADURINIEAISUDUAANELNYS (Diamond-like carbon

coating)

MsiAdauRnfensUsuAdIEm®S (Diamond-like carbon, DLC) 1Antuiiensusy
winfinwlalasasueugniinlinateilulessme (lonize) waunnsa (Decompose) Tuguvas
awaw‘%aiaaauué’aLﬁ@mizhaiaumuqggig’]mW%Uﬁmmﬂﬁ'ﬁmmﬁuﬁﬂL%mh
wanaun (Plasma) luindouuufinvesiagity (Substrate) Sstuiadouniusundemesils
31INNTEUIUNTAINEIAINITTMUNBaNte 2 nau muUSuulalasiaw (Hainsworth &
Uhure, 2007; Robertson, 2002) i

- ﬂdmﬁiaiﬂiwmﬂ Ue3AUIENOU (Hydrogenated tetrahedral amorphous

carbon; ta-C:H)

- ﬂfjﬂiiﬁlaimwmﬁ uo9AUIENBU (H-free tetrahedral amorphous carbon;

ta-C)
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Diamond Structure
~ High Hardness

Csp?

* Filtered Cathodic Arc

* Pulsed Laser Ablation

* Mass Selected lon
Beam Deposition

High-Density Plasmas:

« Electron Cyclotron Resonance (ECR)

* Inductively Couples Plasma (ICP)

« Electron Cyclotron Wave Resonance (ECWR)

* Plasma Enhanced CVD (PECVD)
of hydrocarbon gases

* Reactive Sputtering of graphxte
in an H-bearing atmosphere

* lon Beam Deposition from a

hydrocarbon gas precursor
* Sputtering
variants
d z‘s
{ m

No Fil

Csp?

Graphite Structure
~ Low Friction

gﬂﬁ?‘i 2.4 waunwlakuulnsninvessruuasusuLazlalasan (HEF USA, 2021)

] & s 1Y o) N ‘:4' 1 o s N

UM UAITUBUAAELNTIITUTUARD UTIUSENoUMElATIaI 19U 30 AONAITUDUN
fidnwaurlassadananliuuuaunse adagiu (Amorphous carbon) Un@lusldnwausieu
NAUlATIAS19HAN 1ATIas19UTENOUA N USET NaNAUTE NI 1uNTIWA (sp? carbon
bonds) kaginys (sp® carbon bonds) fauansluzun 2.4 n1smuavautAvestunioulvd
AunMATURER UMM 9 Tunsiedou wu AAndliih (Voltage) Andlwihluuea (Bias
voltage) wassnulenouvesn1suau (Carbon ion energy) AN ULLUYaslanou (lon
density) LLazqmmﬁmaﬁa@mwﬂmsLﬂaa‘u g i'fumaaumiuammmwmmmamﬁ’ﬁm
Ad1eUMYS Wi Anuuds Wedadandu wazaudosnonsviugisenadl WWusu mews
dupdisuasvauadumesIslianyasdundovunslidvounsy Auaudiniluve sty

a s v o o a{'

LAARUATITUDUA LN TLUTIINAN BaZATIASS uandlumisen 2.3

Uagduismsadstundouansusuamemnmasiagnifwuliivainuangds laun s
wdeumelenaall nsiedsumedlonsu n1sAdsumvadnm eI NN TOULUUNANIY

% a [ I3 2V U ada |1 QJgj A 6 %4 e ¥

nszRuamarA1slsanensn Wusu uiagitdmalvituinfounisuaunmenysiilasaasnaiay

wa

andRssfudsuanduguil 2.4
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M9 2.3 MaFsuifisuguantRveseiusueduguiumYTLazLNSING (Hainsworth &
Uhure, 2007; Ward et al., 2014; Wojcieszak et al., 2015)

H atom Density Gap Hardness
Material sp® (%)

(%) (g/cm?) (eV) (GPa)
Diamond 100 0 3.515 55 100
Graphite 0 0 2.267 0 -
Evaporated C 0 0 1.9 0.4-0.7 -
Sputtered C 5 0 2.2 0.5 3
ta-C 80-88 0 3.1 2.5 80
a-C:H Hard a0 30-40 1.6-2.2 1.1-1.7 10-20
a-C:H soft 60 40-50 1.2-1.6 1.7-4.0 <10
ta-C:H 70 30 2.4 2.0-25 50
TiO, - . - - 4.8
Stainless steel 316L - - 7.9-8.1 - 2.9

A15L5AND19N (Cathodic vacuum arc) Wuwmadanisiideulioinlinaiauives
YagadovalausuaznisauauiazaIn Gunadaaisisinetsniideuidudiulug fe
wellaflawmasaslsinansn (Filtered cathodic vacuum arc, FCVA) wiasanndunadinili

va o a a1 A ] o a £ A o o a £ =
AaudRTUAToUNA 1Y Taundeas AduUssananstndd wazAnduussdniusuden
musn lagliiuszveanys (sp’ carbon bonds) galatisiesar 80 vadlassaslusiiveide
B 3EMININITONINIBARDUNIANIVARLLAIVRITanRRUTERUllATATTISENNTT Micro
. t:glll Y a ! gj A o v aa 2/ o £
particles Ingauniatineliinynunnseshutuedou dnsuisnisuidymvilalegldunain
] Y U gV o o v & @ o °

wiwdnlnindasaalaesingy 90 ear imthiidusiinseseunia agauAua naauly
vuziieiu lnesedlieunaiilunanmdihaunsaaenilulimiannglessuiign
) I | a = a & Y = a Ao
JadvagngluvnainnounazannsenulasAdouuuRi LNy Auandlusui 2.5 wadail
Toidy Ao TundouniiauAunglugailiusdanissenin@unuiuiungous

nsiaauiuneluyiliusdninizduefsuiuiunun vseinnsvaaaeusasn

vpstundouamsannlula 2 35 (Love, Cook, Harvey, Dearnley, & Wood, 2013) fe
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- pdeufiduuirwedlansiiaunsadainglafsenined uusuduad ey
(Interlayers) laun Tnden (Ti) Iasulleu () 38neu (Si) wazisanu (W) 1Ju
#u Tneindevasuuiununoundouduindsuasuoundames dansiadeu
oradulansdauien (Monolayer) Waevanedundou (Multilayer)

- L?Jaﬁmaﬂwéjmﬂﬁaumi‘uauﬂé”]mwms (Dopants) ¥rganAnulAun1sluLay
Usuussiusesewinduedeunas Yag luietostunisvaadeu tnesigiidey
dulewn [Fu (Ag) Tulmsiau (N) geesu (F) uazlmmdon (T) Jusiu usn1siie

| 19.1 a 3 = I elen @ a1 °
519919 INALUUINI sp” anaIILTULYALAAIAIINLTINAIARY

a o dy = 174 a a 6 6° a 6 v Q’.II =
mATeiGenldeiiaflawesailsfneninlussuvangyinia lunisasituniou

& P ) & aa & & = a e & N
AISUBUARELNYTINE DRNKUUTUAT O UTTITO UL I 05BN SEANIEYBITULATBY

Bias (-kV)
| |
Sample—"
Cplasma  Tiplasma
- @) o0 @) -

t t
nsulator OOO 88 OOO /nsuaor
Arc power 00 Arc power

C cathode Ti cathode—
(-kV) o O (-kV)

10000°.. Coo000!
Anode Magnetic-filtered coil Anode
1-1.5x10° Pa

JUN 2.5 uansszuuilawmesualsanensnlugyginanldlunsduaneituntou

LR

(Wongpanya, Pintitraratibodee, Thumanu, & Euaruksakul, 2021)
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2.4 walladndisdinlndlvtudianasaululasalnl (X-ray Photoemission

Electron Microscopy, X-PEEM)

Bndisdlilndivtudidnaseulilasalntidumeiaildiasest 519 ssdusznaums
Al uariuszndverianniouiugnnmilournundesganssmidinaseuluszuudnaine
sefuga (Ultrahigh vacuum) wiadailduvdsiniiauasdulasmseunnaniduitouasdulae
50U (RIANTUMTL) AaLATIIANLENATUELSdsanslalewan (Ultraviolet, UV) Ae3ed
ond (X-ray) 1undsnuildlunisnszdusidnaseulingnosnainitufisvesTandisosnis
3A5129 Tnesziuanudnveanisiaszsdduaniuialdiiu 20 unluans Wuseaud
wnzausenuiiudnwianefiuiavesian Inefinadages ldun wmada Micro x-ray
absorption spectroscopy (u-XAS Tul#un Near edge x-ray absorption fine structure,
NEXAFS) T vann1sTiasievinisgnnausediend uwazdnimaida Ae Micro x-ray
photoemission spectroscopy (U-XPS) Isi’fimwﬁwé’ﬂmuﬁuaﬂﬁLﬁﬂmauﬁmmaaﬂmﬂﬁuﬁa
fesedidng Fafnandmngnisalinlndidnnin vaesnaiaduseloviotrannd v
fiferdostunsiased fuis duedeu wazsesrosewinaesiiufaluseduuluuns
uenaniinmaefildarnnaia PEEM Stdnansonandliiiuiennuunnsiisveusiazuiian
[desnAmdsuressiauiazviatandesinlndidnaseud ivindu ilidiuaiy
uANFNITRIT AU arsMULNURY uanInEStansndonuinniuandrstulunsles gy
Ieee nafllaanmsinszisemain p-XAS Wunsiinansmuduiussznineming
umdsnuuas (Intensity) wazandsulnnew (Photon enerey) uidviunadildainmadin
u-XPS 1JunsluanamuduRus e nINAIAMUTUNSRULES (Intensity) AUnsaudn
wileavesdidnnseu (Binding Enerey) feifunissaunngeannmeaila PEEM Saufumaila
p-XAS wag p-XPS Liseiu Jegnldegisunsvanglunisitnsiesisis wazesnusenauniuall

a

YUNURIATANLANA19 UL UTE e Ul UATOUDITEA VU UIAT L9U USIUTDUADUDINTUNTD

[
a a

Fundeu NulTunuuinafgninnseulasligninnsew 1Wusu (Konkhunthot, 2012)
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Projector
‘A~ lenses

7
A Electron
~_ energy
~ _analyzer
~

Phosphor
screen

gﬂ‘ﬁl 2.6 MANNI5VI9UVDY X-PEEM (Synchrotron Light Research Institute, 2021a)

2.5 wanasndisdlwWlnddnasouaidnlasalndunsoaunlnsalndvos
aynndiannsauiignuanidosdiasediand (X-ray photoelectron

spectroscopy, XPS)

wadalnlnddvdudumaialinsziauifng q vadlnladidnnseuvessis
psfUsEnoUMaAll ndanuuariimsnisiadeudivednlndidnaseuiingneanainianmas
Ansunshsertulineunseuasianedaly Fennafndnwmsd1 “Usingnisal
Wlndidnn3n” visfde unasindauasias (naew) ddunsAzonlutaniignate &
Tnouiinwdssusnnmeuazasiifamisany (Knock) wiavanudesdidnnseulvingaesanain
Janfigniinsiedt Tnesefuanudniiididnnseuveserneuainianingresnunldegsziu
AMNANUsEIIA 10 uiluluns ndsuresdidnaseuiingnoenuizgniasievieae
Hemispherical electron energy analyzer (HSA) AN US LR INABDNLN (Konkhunthot,

2012) ﬁQLLamﬂugﬂﬁ 27
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Analyzer for
kinetic energies

X-ray tube

Electron O
g : Typical XPSpectra
£ (of some metals)
%
.

Photons

Intensity

Sample
(with different degrees of freedom
for rotation nad translation)

700 600 500 400 300 20 100 O
electron binding energy (eV)

g‘dﬁ 2.7 #8nN15N9UUY XPS (Saarland University, 2021)

2.6 NISNAEBUNISNANTBUAENRANNISNI NN AT kazn1sUTEN2aNa

(Linear polarization testing, LNP)

nsnaaEaUN1sianIaulduniIsIamuduNuSserIednd liwaznseualwinvay

WnufAzensinnseu anunsavinlalneldiaiaslmnudloansn (Potentiostat analyzer) 69

wandlusuil 2.8

JUT 2.8 wanuasesdodndnd i uaznszualiinlooms adduinudloauny

Usenoudiedalniniedidninge 3 vile iedamssusaduaasun1sinnseu (Corrosion
cell) wuuamdalniin (Three electrode cell) MM31195§1U ASTM G5-14 (ASTM Standard
G5-14, 2015) louA

il sunsedidnlnsndieds (Working electrode, WE) Ao Janlaned

[y 1

ABINTNAFOUNIIIRNTOU

19198913 0818n113M81984 (Reference electrode, RE) o tudalniln
4 aa Ao o v & Y a o v v o I3 i

vseddninsaniiiadiosnmadddidunidsdmiviadndlnfivesadsyning

Anuisenlnilnadl dregrsvesdalnindsdwiedidninandrsdanfeuld laun

Ag/AgCl SCE wag Cu/CuSO, tHudu

Tl nszuaniedidnlnsaianssua (Counter electrode of Auxiliary

electrode,

CE) Sfnvianiandes (nert material) léun wwan@sda (PY) nes (Au) unslvid

(Graphite)
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Potentiostat
Currert signal| - Chart recorder
Set potential Current >

by computer
Reference electrode  Working electrode  Counter
® ® [}

Potential {Voltage) A('urrcnt (A.mpcrcL
>« »

[

JUN 2.8 dnvazmsindndliihuaznssualiihlasmsodwnutloauay

andngluinafivasaranunuaniunssualiiaisals Weuhuiadensivuans
auduiussEninsAaesarldnsmiidendn @uldsdnanlswdu (Polarization curve) &4
wandlusud 2.9 Mndulddwanlseduamnsameddyifinnamneassnsiansou fe
Adngluiinn1sinnseu (Corrosion potential, £.,,) tazAranumuiiunszualniinisia
n3ou (Corrosion current density, iz,,) YN uansAduuSsEnIednglniinway
maudlniihvesjizeueluinuasufisoualninuuiiuinvedansdiddsgninniou e
nsvualwiilwaduda i anusnefndvesdanaeninnisiudsundas fdduduldae
Tufin (Anodic curve) wazidulfaualnin (Cathodic curve) audsu Tnafinausadngves
wolumaziasulUlumsuan daurussdndvesueinaozasulvlumsay ludnwvasul
Lansismsiialnanlsieduvosiansaes ansnsanaardngliinnisianseuuazA1nIy
wwdunseualiiinisinnssuliainyadnvesduniuduveadunsinueluawasidunsm

ualnadauanslugun 2.9
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-~
+
e
w
g
OBSERVED POLARIZATION PLOT

CORROSION

CURRENT iy

DENSITY M _—=M *+ 2
14 — §
g ANODIC BRANCH S
W W
3 TAFEL SLOPE b, &
4 2
& —————— —  Ecorr = CORROSION POTENTIAL g
o 7/ §
E Y 2HY + 2¢ == Hy(g) E
4 |/ <
-~
w w

CATHODIC BRANCH
‘\_l— TAFEL SLOPE by
N
N
N
N
N

LOG CURRENT DENSITY, ma / cm?

(~) ACTIVE

JUN 2.9 dndlnihnsianseusazanumuiwiunseualiihnisianseu

(ASTM Standard G32-14, 2019)

Slensruadndluiinnsianseunazanuuindunseualilinnisiansou Seeunse
wansINsinngeu (Corrosion rate, CR) tAaNaunis 2.1 84 2.3 MuuIRIFIU ASTM G102-
89 way ASTM 59-97 (ASTM Standard G102-89, 2015; ASTM Standard G59-97, 2014)

o 000327 X EW X iggy
p

(2.1)

CR fe  dwasnsianseuiiniedu Jadwnsael (mm/yr)

icorr AD A1AMMILLUASTUAlNTNASA NS audiviiedy lulaswendse
ATUFURLUAT (UA/Cm?)

EW fo  widnauya (Measdenniuniakuin a)

p Ao AWMLY NFURERNUIANURIIAT (18AZBEANTLNANLIN A)
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1
NEQ

fin
Npp = Z
EQ W

EW

dadrudmiinvesusiaysigluTan

o
Db
()]

PuEUEBENATaUTEUAaY SR LU TER

S
L 3k
©

W, fe  uwmiinezmeuvesusiarsigluian

NOBLE
N0 CHLONIDE
51 3
CHLORICE '
' |
a BEFf150af 1A= ‘“‘r'
J 1
I
PASSIVE POTENTIAL
RANGE
g
8
o
4
<
ACTIVE-PASSIVE
TRANSITION
Leomr
|
|
1
1 |
ATVE Ly,

LOG. CURRENT DENSITY —»

gﬂﬁ 2.10 dusa 4 idfyvendulnatlsiwdu (Sedriks, 1996)
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Mnnsiuansluguil 2.10 nuaednveadunsualninuazidunsinueludn Ao
ArAngliinsAnnTeunse £, MLUILAY Y Lazarnnunuiunselalniinisinns ey
I8 iy PULUILAY X Lﬁ@LﬁﬂJﬁjﬂEﬂ,WﬂWiaﬁﬂmwﬁﬂ nszuafidnanauiiosniinduildumnia
dvluuiialang Fon Adndliinfininduganisuasuutaseaiiv-wiadn (Active-Passive
transition) uagAAnSIAf17 adiondn dndlufiwiadindutgugd (Primarily passive
potentials) T¥d&ydnwal £,, WetoudndlifiveluanszuaazSuanasuasi a Awils usl

ziudn gl linnwadsaluanunuinduveansewandandliiuasuundas 4293 WA wans

¥
1 1 =)

~ . Y o a = al s
ULTYNN YANW@a@n (Passive zone) FUUUANYULLANIZAINLAAIDIAIIUNUNIUYDINANU U
Alane dwiudnd lwinseludnaunsenafeaInianvinliduna@nwan danalinsewa bwiin
a & | & a | a g | a . a
WNTUDEITIAGT LTENYIITaEATI1 Yans1umad@n (Trans passive zone) wawlsen
dndlnirfgaindndluilmsunadn Todyanval £, dndlningailidueilanziiudin

n3uame?l (Localized corrosion) Al NsfinnseukuUduvseviau (Pitting corrosion) 39

[ 3 ]

mndoudndlniiiuen £, asifnnisusnvesduiidunadngaludiinduiagtuilaugaiuen
a = o < & lg
\Anaziinsveneiivessluviseviaulvetu
HeawSeuiisuidulnanlsiwduilaainnisnaassedansiisgnsluaisazaienlud
I3 Aa % ] Aa ¢ v ° I A A o =
Aaslsauazansazaeninaslsa wuitluaisazanefilnaslsnaglian £, sninvsednilonis
Fundn dndlihnisianseunuugda (Pitting potential) lddwanual £, wariianunineas
wgdnuaunIndulnalsiwdunlaannnisneasslugisazatanlusinaslsa fmuusidnans
Wulwanlsiwdulawn Ysunaeendiauluaisazaty snsinsauny aamiinldlunisveass
ANUINTUTDIA1TAANURAZINTINITNIU NE12LABNINODUAILUTHIY o na1tdnass
wgAnssumMsinnsourasedisstulunmeassiududsanupuinlsnangn
wennagmdng lihdnnseunazaunukiunszkalnitnisinsauangadnves
Wunsmualnaniazidunsueluinlanay idunsmualnantazidunsimielufndauansan
ALY (Tafel slope, b, Wag b) Aauandluguf 2.9 31nUwe1 b, way b, lUAIIMAT
AuAIunIulnanlswdu (Polarization resistance, R,) mufinansluaunisi 2.4 A1A1Y

Aumulnanlsieduusisnnudumunsianseusuunily (General corrosion) va33an

[N a LY 1 .
A URAEINUAT iy, WAE Eqoy

_ (ba X be)
P (2303 X (by + be) X icorr)

R (2.4)
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R, Ao Aenusmumulnailswduiiviie Teviuansasuiiuns (Q cm?)

b, fe  Aenududunsmkeludn Tafel slope Thadralanius (V/decade)
b, Ao Aenududunsinualnin Tafel slope Tadsoianiun (V/decade)
icorr A ArAMURULUUASTUaliin1siansouiutiely weudnenisis

WURLUAT (A/cm?)

2.7 Bidnlasialineaduinaudaiunlnsalal (Electrochemical impedance
spectroscopy, EIS)
ddnlasinineaduiiuaudaiunlnsalay (Wuweallaiesizvimandlniiduifeadu
Wade 2.6 unnsstunsafililldvneaeunisinnseunmdunisinumssuuiadiadiini
wannsvesnaiia A nsldliihnssuaaduluguuvuilandulsd (Sine wave) lag

1

muaudnglniidaueunagaogi 10 fadlad wazanuiegais 0.1-10000 1B5ad A
17551 ASTM G106-89 agslsfimuanmnsaysuiasuduseing 4 WivseduTagd
naaey Wormuadngliilusunssuaadulsiuszuu anduindinssuaildiluliased
Anduiunudvesszuuieadiailnilidu (ASTM Standard G106-89, 2015)

BuNUAUT (Impedance) A A1AINAIUNIUINTHINTZLAEAY (Alternating current,

AQ) Inguansrduiiuaudniungadloniu (Ohm’s law) MUaunIsn 2.5

E=17 (2.5)

E ) #neluirdvuaedu 1ad (V)
0 nseuaiTnuledu waud (A)
Z R SuNLAUTSoAIMILATUNIUNSELaaaUTIue Ty 1o (Q)

ADUALAUTDNALVLNETE Ap AANAIUNIU (Resistance, R) Taalwinseuaadu
edlenansvaala (Phase shift, ) seninsendndlniuazainseualviidavinduaud

Aanandlugy 2.11
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gﬂﬁ 211 LAAIANAINUANYDLNAANUALNUSTEMIN9AMURNFng WA (V viSe E)

waznszualniin () (wsufan, 2013)

[ v 6 v I a ] 4 ! | U |
ﬂ?WNﬁNWUGIUEULLUUﬂi%LLﬁﬂﬁ‘Ui%W}’N AU UAUT A1AINASANS LA LAz AN

nszualniiuansluannisi 2.6 (wsudan, 2013)

E, sin wt

. L | 2.6)
I, sin(wt + 6)
k)
w  fe eudBsuiivdaedu siieudedui (rad/s) wie 2rf, e f Ao
AnudTnaedu 1350d (Hz)
0 R Aanuaanaszninefng linaznszualndn dvudaedu iR

(rad)

a o

PUIABNNLAUTUTZNDUMBBUNLAUTAIUDTI (Real impedance) Lazduiiaugaiu

Junnn (Imaginary impedance) lagdui Laug@1ua3e Ao A1AUA1SANY I Lag

nszualilieglumaifeaiunseualvdin (In phase) Banssiuduiuduiuaudiunnnied
aaaiunszualniln (Out phase) WA duiuauga a9 laglia duiLAug
F3eeglunuinnuy X wagAduiiwaugiunninegluwuanny Y aglansmilisendt luadad

waon (Nyquist plot) éfﬂLLamﬂugUﬁ 2.12 wazaunIsi 2.7
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of Impedance

Imaginary Fart

Feal Part of Impedance

JUN 2.12 dnwaugnsnluaiadndeniuaninduduiusseninemduiuaudsauas e

DUAWAUTIUNNIN (WSUAAN, 2013)

Z=7'4 28 (2.7)

Z R NATINVDIDUNWAUTATI (Z') wasAIDURLAUTIUNNIN (Z7), Ing

ZIn = 1 a
tang = Tyuredularums1ueuRiuss (Q cm?)

A1duwANg N laatursawdaslieglusuatnuduius vesaastid wivevitune
ngAnssuvestlwinelaannzidny) Wedldanvazvssnswluniadndanisun
washhnesAdsznaunig o AFeni1 1asALBULin (Equivalent circuit) aianslu

SU# 2.13
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A,
{1
fi E
e -
R - -|_/
o~ \\\
_| @
v )
A g
T ,,
R, * R

JUN 2.13 wanssnegaluadadndenveaisasindiuiieuwin (wsu@an, 2013)
NFUN 2.13 Tnguansiauds toun

Ro#ia Ry fAD  AIAIUAIUNIUYDIEITAa¥anY (Solution resistance, R g)
syl (RE) fudhlufivhau (WE) Swihedy
TOUUMTNLUAUAT (Q cm?)

R, V38R, 0] ArruAumulnatlsiedu (Polarization resistance, Ry,)
fvthodu Teumsnaeuiiuns (Q cm?)

C Ao Aaiuuseq (Capacitance) dmsuA1dufiuauduaddauiy
Uszmmmﬂuammﬁﬁ' 2.8 fnthodu vhiaremsasuiinng
(F/cm?)

dm3u CPE w39 Constant phase element gniununldagungluiiuaiiunudauiv

(%
a = LY Y 1

Uszqaauad (C) dunuuseganuaiaggnldidenuinfidnvasmiioudunasniawiy agalsn

auluunfvdudululdlinasiinuiadnvauzieaionmn deiy CPE Fagninunlddmiuly

a

nsaunTNuRL e Enalnewansluan1n 2.9 (Waged, 2012)

;0<a<1 (2.9)
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2.8 msnadauanudnnulaniedianin (Biocompatibility testing)
msihiagmisiinnldlusisnedndude maasuanudifuldnisiinmile
aveaeuANdssliindgmdessmelagiany fagsmanlanes Jss1alanyuiesiadudie
polaalus1aniy (Toxicity) waiiglaisaudsruduniumsinnieusasnsdnuseveslave
nageuANdTUlamMTin mulsesnidugesuseinnuan  lawn nsnegeunigly
519778 (Vivo testing) Lagn1InagaunIguens1eniy (Vitro testing) nisnadsun1glusianiey
dnllngidunisnaassnelusramevesdninaassdoutiluldasdusiamenyud dsdiey
gegnlun1snseunisveass ludiunismaaeuniguensinmedmsuianmeadinmaiunsa
wafumsvaaeuldnannnanedszian ngluiiiazendegrsnsnaaouud 2 35 fe
- msvegeuaudiuldvenradrienuluiivuesiansewad (Cytotoxicity)
Hunstszdiuanudniulgmedanm (Biocompatibility) Tngld3mmnzidoiile
muszozaniiaula Jadummeseulgugidmiunsussiduiannewhluld
Tusne dmsunisuseiluaansautseanidy 2 35 (Sumarta, Danudiningrat,
Rachmat, & Soesilawati, 2011; Wachesk et al., 2013) Town
- MTT WJundedaunsiz (3-(4,5-dimethylthiazol-2y0)-2,5-diphenyl
tetrazolium bromide) Ineladluluilewdetvinismaaes wadidadl
F3nazv1n151UE 8w MTT 11 MTT Formazan taeieules 7 ioad

Yanvasgaanuivinlvudndwmdsudundndiie annduidsilunaaeu

a

ANNAINTANTRANAULASLUYIIAINLIIAFY 550-600 UTTUUAT N2

faaaa

Us1nauwed Fomazan Juify shuiuwadiadin
~LDH fie Lactate dehydrogenase 1ueuluiifivanudeseanuiiowad
meaInadsvedeuiead (Celt membrane) Tunisuszidiundne
fiu MTT LLﬁmﬁﬂﬁlé’ﬁé’ﬂwmsﬁLLmLLazmmmmmamﬂﬁul,mwﬂi’hm

490 ulaunslunisin

- mMInedeunsasieiuseseninaiaTandunsenn (Bioactivity) Imsi’aqﬁﬁﬂm
nageudIndunoriunsnageunisuseiuaudfulansfinnd uieagd
dee nmsnageuinlelaetrd uiuudluaisazaiesianivesnaisnenie
(Simulated Body Fuild, SBF) figamail 37 ssriwaidoa lnsansazaisfinany
dududauandunised 2.4 narlunsusduivanuadlavesivases ngld
asavany SBF Litemsiaaeulonsendozmnindinisuuintuny a1sdszneuil

WARNNENN1SLAITUANNIST 2.10 (FAN et al,, 2009) wa28UTUAIBHNAILATIZN
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PNANEEIANIALAEIATEIATIEDIAUTENOUNIUAT (Kokubo & Takadama,
2006)

10Ca** (6-x) PO, + 20H + xCO3% — Cal0(PO,)e.{CO5) X(OH), (2.10)

M15199 2.4 wansaududuvetlossuluaisavarudnassveamailusianieuywd (SBF)

wazludannananvessanieuyed (FAN et al., 2009)

Sample Na* K* Ca*”* Mg* HCOy CU HPO/” SO*

Blood plasma
ledluasedns 1420 5.0 2.5 1.5 270 1030 1.0 0.5
(mmol/L)

SBF
ledluasedns 1420 5.0 2.5 1.5 42 1478 1.0 0.5
(mmol/L)

) a =
2.9 walladunusaawalnsalny (Infrared spectroscopy, FTIR)
a ¢ a o a A a a o Y a
nsanszivennaia FTIR Wunisianisganduad udunsusaiiviliiinns
wnsuddunisduveslutanasindenisduvesiusy asanslun g 2.14 nadasiziiladu
awnesuniauduiussenitvavaiu (Wavenumber) duAinisaanduadudunsuse Tu

n1sAs1gvdunsusaanasy luanasselinduazsiinnisdulugiannud nuaneneiu

AatiudarhlidunsiseaUneSudsiinvesiiuseniegluluana Qainunngyad, 2021)

Symmetric stretching Asymmetric stretching Scissoring
i + + + -
Rocking Wagging Twisting

guﬁ 2.14 gﬂLLUUﬂ'}ié’uﬁuaﬂuLaqaﬁiN 9 (a501IUd, 2017)
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s un1sTATIEatunsanuseontd udnluuant 9 Ao Attenuated total
reflectance (ATR) @auansi1aa1nimadadunameasuiInais (Transmission mode IR) ¢4

L% =

wanslugun 2.15 Wumallafviangdmsunsiaiinuiansefanfivuadaeldndnnisaziou

q

= a o

HIUNANATAMUTIRIEES Inendununagvoussnunazgninaiazwandtuslann sy

U QAI Ya | a 1 Y a QAI ¥ = d’! -d! % v 6 a ]
wndyaanladvsinamnnasdamalifiiaiilaaziinnugauniy Fgduiusivusunamy
Handuluansiiauls lngeSuiglaainaunis Beer-Lambert’s Law (3ainunn1gyatl, 2021)

donvuddouasdulasaseulainasdulasnsoug1udursaunltivinaila
Infrared spectroscopy U UNA 843 aN55AY 138171 Synchrotron radiation-based IR
spectromicroscopy tHoLNNUIEANSAMMATIA Infrared spectroscopy THa111507LATIZY
) I ada I3 A o N v =~ a )~ va ay v
Aisgedvwninvsefeg19nlivsuales ewinuasdulasnseulinuautanliaiy
WakaraNalngenIuaiilauamall nuisasdyaasuniukazdiganssesiom
Aneiillaiisununisly Conventional IR source (Synchrotron Light Research Institute,

2021b)

Evanescent Wave

V4

Sample ——u=

Internal

i
i
reflecting H
& i O
element - - x,
Reflected : Incident
]
radiation radiation

JUN 2.15 wamenisasvisunadluszuy ATR Qélnunniyat, 2021)
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Aav a4 ¥

2.10 NMTNUNIUITIUNTTULLAZITUAFYNLNYAVDY

1NIFTUNTTUNNYITDINUITY TNITANYINTEUIUNTAWATIERTUARDUANS UDY
pdEYs aasnaun1sineanudiulinidiinim uaznsianseudioldidudanilsluni

¢ o ! X
ASwINg Pakansmluil

Sumarta, Danudiningrat, Rachmat, & Soesilawati, 2011 Anw1A213L 8 1A ULANS
Faa1muuu Cytotoxicity vuiuRuuannanlsalivesawnifinnge 316L wazlanglmniiay
a £ A va ~ a Lo Y v P \ < Y YUY a
u3and waiilafe lavglnindeuuiansdanudidulanis@inmannninnanndlsady

a ' I = v < Y Yy a A o I3 X a v | |

PRaMNALNTA 3161 p819bsAAUDTImaNNal3atuEiIUIUAA VLN URINUENIN WA
Fagianuddulen1aiiniwduniy uenanniwannanlsadunsatdipsteuldfulszme
duiosnlddunudeslun1snds srudsnuaud@ini1anang kagaununIuaenis
o | a 1Y v @V 9] ' a0 ~
Aansauneausula winluaiuisanunisinnsaulasvinlanglnmieukaslansnay
Tnwdouiesanmiaanidusonlosvaslnmiioy

Zhang et al,, 2015 Anw1nN158NNTOLAZNNTAANTOUVDITULATDUAITUDUARIBLNGS
A a PP ¢ S a & a I Y Y a aa
AnananmARANawasAsLsANaNsnAdauULLaNNaI LS atluoaawaR Ansa 3161 lane
naulmmdeunazlarenaulauaan tAsilgy INNHANISNARDINUINTUAABUAITUIUAAIY
WmysPgiinAuAunIunIsinnseuvlangyivauyile auandlugui 2.16 uansitegia
HAN1INAABUNTANNTBUNERIUNITUTUUIRL Y ansazaretiineswaams (Phosphate

o

buffer solution, PBS) wanalitiiuinduiad auaiunsnandnsin1snansauls a1nsunis

PNAADUNISANNTONUIN NISEANIZUBITULAGBUUUR L aneNal lyteuiinisEan1sNanan

q

=

sosasundulavznanlavoaniasdleuwazivannailsatiueoandfanga 3161 AuaIsU o

wanA9nulannn esannlnmdeunazinuRgniaNuausatun1sHnasUsENaUAIs bR

[

YN 0 § Y a 5 aa a = a1 & oA
IWWQQVI’IIMLﬂWﬂ'WWUﬁz‘VﬂQLﬂmmaﬂLﬁiﬂJﬂqiﬁJﬂLﬂqgi/l@ﬂ'm a@]i@ﬂwu@u 9
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0.2

0.0

0.2 1

Voltage/(V)

0.4
—0O— as-deposited 316L/DLC
—C— immersed 316L/DLC
—/—316L SS

"'-6 T T T T T T T T
1E-11 1E-10 1E-9 1E-8 1E2-7 1E-6 1E-5 1E-4
log I(A/em”)

U7 2.16 wanansmilnanlsiwdurestundeunsusundamesuuminnan tsaiy
poawilAansa 316L wazinannailsaliueaanilfiningm 316L (Zhang
et al,, 2015)

Amin, Randeniya, Bendavid, Martin, & Preston, 2009 Anwradnutt1nula nia
F210MMWLUU Bioactivity 1899 ULAADUAISUBUA BN LAY TULAR BUATSUBUAR BN YS T
Inmidvuideiswaianisindeuaaglewndl (Chemical vapor deposition, CVD) WUIIN1S
Lﬁ@lmmLﬁaﬂu%umﬁaummmLﬁmﬂ’uﬁsﬂfmﬁmmsﬂizﬂausuamﬁzg]ﬂ Tngfia15u121n
lansondegmlndAinizvuiuds nmsidelmmdeusildi udadngfnssuiiveuih

(Hydrophilic) W3aflunduiaszninwesaiazvenisianasdwalind e uiiiuigedu

Aanandlugun 2.17 vlidAnnisinizvedlensendosnninduuiiuiilaig
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70

60 1

30F -

Contact angle (degrees)

20F UV treated for 2 hrs —= A 4

0 2 4 6 8 10 12 14
Atomic percentage of Tiin DLC-TIO,

JUT 2,17 uassanuduiiusseninaududaseninmwesvaiuazveudsiuuuna
Inmfeumdeluduindoua1suaunataings (Amin, Randeniya,
Bendavid, Martin, & Preston, 2009)

Wachesk, Trava-Airoldi, Da-Silva, Lobo, & Marciano, 2016 Anw1n15nnns auLay
audAulgns I mue st uledsuasuaundtamsiLs elmniloueenlusuazliiie
Tmmdeusenles wuin nsnageupudafulaniedanim Cytotoxicity Yo uLAd oy
msvsuademesiiielnmideneenlusluliinags aunsalisuwadiidinnzuy
*ﬁyuﬁaﬁﬂ‘%mmqagﬁyuéi’al,mmﬂugﬂﬁ 2.18 dnsunanisnageunisnanseuluaisazaie
Fusayama artificial saliva #ifinnsu¥uusis uansluguil 2.19 duiadouamsueundremssyn
$iin Protfinnudununstanseulaefiansananardnd liinsianssunazany
wunudunseualiliinasiansoudedisufumdnnarladueeamiinnse 304 Insawydu

& aa & ~ & 1 a v Y] ] vl
Lﬂa@‘U‘Vlllﬂ’ﬁW@l‘V]LV]Luall@aﬂlslﬁﬂslnEJL‘WﬂJf’n']llWWUW']Uﬂ'ﬁﬂ@ﬂﬂi@u‘l@V]?jﬂ



100

o
=
1

60 -

40 4

20

Number of adhered cells (42 mrnz)

%
_

Stainless
steel

JUN 2.18 wansUSinaugad nETInuUNuR 19 da uuituiiig 42 a15eladiuns

(Wachesk, Trava-Airoldi, Da-Silva, Lobo, & Marciano, 2016)

DILC

TiO,-DLC
(0.1g/L)

TiO,-DLC
(0.5g/L)

0.5 4

0.0 4

Potential V' versus Ag/AgCl

(d)

(e) (®) (a)

-1.0 =—rm——rm——rr—ry

1E-9

35U 2.19 uanaduldalnanlsieduves (a) wannanlSatuesamifiansa 304 (b) DLC

(c) TIO,-DLC (0.1 nSusadns) wag (d) TiO,-DLC (0.5 nsumadns) (Wachesk,

1E-7
Current density (Mc.m2 )

T T

1E-5

1E-3

Trava-Airoldi, Da-Silva, Lobo, & Marciano, 2016)
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Berzina-Cimdina & Borodajenko, 2012 @nwlgnsendozwilvdamsmaia FTIR 1ny

wanaavad uresa1suseneulansendosnilng (Berzina-Cimdina & Borodajenko, 2012)

INAUNATY FTIR AIWaAIAITIN 2.5
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m15197 2.5 dunisalnasuveslensondesnilng (Berzina-Cimdina & Borodajenko,
2012)

Chemical
Absorption bands, (cm™) Description
groups

873; 1450; 1640 (Meejoo, et al., 2006)  Substitutes phosphate

N 1650 (Raynaud, et al., 2002); ion, B-type HAp is
<o 870 and 880; 1460 and 1530 (Ratner,  formed (Meejoo, et al,,
2004) 2006)
3500 (Meejoo, et al., 2006)
630 and 3540 (Destainville, et al.,
) 2003), OH- ions prove presence
of (Raynaud, et al., 2002); of HAp

3570 and 3420 (Han J-K,, et al., 2006);
1650 (Raynaud, et al., 2002)

Under influence of
thermal treatment,
Adsorbed water 2600 - 3600 (Meejoo, et al., 2006)
absorption band

becomes narrower

Characterizes HAp with
deficient of calcium.

(Raynaud, et al., 2002)

875 (Destainville, et al., 2003),
HPO,* (Raynaud, et al., 2002);
880 (Kwon, et al.,2003)

Refers to non-
stoichiometric HAp

(Kwon, et al.,2003);

460 (Destainville, et al., 2003); Vv, (Destainville, et al.,
(Raynaud, et al., 2002); 2003);

560 - 600 (Destainville, et al., 2003), v, (Destainville, et al.,
(Raynaud, et al., 2002), 2003);
(Mobasherpour & Heshajin, 2007); bending mode (Han J-K,,
602 un 555 (Han J-K., et al.,, 2006) et al.,, 2006)

PO>




36

Chemical
Absorption bands, (cm™) Description
groups
960 (Destainville, et al., 2003), v (Destainville, et al.,
(Raynaud, et al., 2002) 2003);
1020 -1120 (Destainville, et al., 2003),
vs (Destainville, et al.,
PO,> (Raynaud, et al., 2002); 1040 (Han J-
2003);
K., et al., 2006);
bending mode (Han J-K,,
1000 - 1100 (Mobasherpour &
et al., 2006);
Heshajin, 2007);
Synthesis residue
820 and 1380 (Destainville, et al., disappears during the
NO5 2003); calcifying process
(Raynaud, et al., 2002) (Destainville, et al.,
2003)

Bansod, Khobragade, Giradkar, & Patil, 2017 ANYIAUATUNIUAITAANS DUVD
wiannanlfafiuesaniifane 3161 Tuansazate NaCl nauiuleengsefiauedn (HA) Ingld
mnuitudu HA TndlAssrulusrsmenueitiquaing lnednwfinrsndududing o 1dud 365
321 wag 250 fladn3usie 100 faddns wud1 Arwidadu HA fige dsmalisnsinisinnieu

1Y

FUTUTUTONNTNIIN i, AUAASIUAITIN 2.6 BELTARUNITRNAINTUTY danald

=

= L4

FJunadniduiiaisnina@u wlimiadnilduazianuadesdennudutug Wy ui
PUIT FAWIEANAANUAANG LAY 0.4 Thae Va9lukABEAINULTUTY TAIAITUAUI LU
nszualirgetunuaudutungmseludnanunine fie tinnsianseulugrsnadn

Haugeumulsunuaududures HA daunsiiuainududures HA dawaliveaanis

\Anveamadniidaudaduanmsliiinnisasarelany
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15197 2.6 Alwanlsiwduvesnandlfatuesawifansa 3161 fenududuvedleeigse

UALaTAMNN 9 (Bansod, Khobragade, Giradkar, & Patil, 2017)

a a

m’mL%'mwwa\ﬂamgsauﬂuaeu
a a o A aa Ecorr (mV) icorr (chmZ) i0.4 v (HA)
(laansuna 100 Uaaans)

250 -206.1 0.076 0.64
321 -183.1 0.108 0.82
365 -168.9 0.126 1.3

a i v v ' I3 YWY a a =

INITIUNTIUTNA1INIT A UNUI Y rannanlsaduvedinilansa 316L AA1nu
wingauldlusiineuywd sgalsdafieuiuianlansdu 9 wanndiliaduseaniange
316L flauduniunisianseudiainia Jsdndudesusugsiiuiametundounisuou

-~ a o Y] ] = 2 P = = o
WY S DL LANATUNIUNSA NS aUSMDINsId o lmimilsuni el euseanlanf &
duasulvdanudiuniunisinnsaunazaimdnuldniadanmiaty ag1alsiniy
nsAnunanludsdu Fiansfnwmiifeinutesnisnadeunisianseuluaisazaia
IndlAssiuuielsadeideutastuindouasuoundamysiiiolnmiiley (Doping) wazidl
Tnniflousesiiu (nterlayer) mswmalinflawmasaislsinesn samtsanuiulanistinw
WUU Bioactivity Aetuingninusiauidsauladnwnisusugsiiadanvidewniieusiis du
a s v A 2 & a = PN Y a YN

indauasusuAa1ewmes WaluiugunsusediuanudemeluanneilndlfeaiugUae

1AL E0Y TAgN1SANEIUIAS AT UNISITUNADAIUNANITNARDILAZNITIATILANANIT

NAFDIUUUN 3 ey UNA 4



uni 3

A5 UN15IVY

3.1 daguazaisiadllianiiun1side

Y 0o Aawv

3.1.1  Yaqlivin3dy
Tangfigniadounietaniiu (Substrate) 1l oUfuUsInuand@fiaa Ae
wdnnalSadueeaniiangg 3161 neusinsmeass Idihdunumdnnaléaduseamiin
N9 3161 a91983dUszneunuailaaasesaUnlnsimes drunauniupiiveandnndaly
afluooamiAningn 3161 uandlupss 3.1 wagddneunisles griunldiiemdeulunis

LAABUNBUNITLARDUDSI

a a 3 3 = a v a v [
A9 3.1 LAASNATLATIEIDIAUTENBUNMIALANANNAUA OES fl @D1UUIVULAANLAY

=3 v I
wannawisusgmnelng

wWosiGunlagwinniin

516 AINIZIU AlISI 316L
(Matmatch, 2021) St
C <0.03 0.021
Si <1 0.368
Mn <2.00 1.769
P <.0.045 0.026
S <0.02 0.023
Cr 16.50 < X < 18.50 17.040
Ni 10.00 < X £ 13.00 10.115
Mo 2.00 < X <250 2.031
Fe Balance 68.012

B Usennod 95 HRB
AU 96.8 HRB
(United Performance Metals, 2021)




M1397 3.2 asedinldeseuansazaedassveamadlusianieuywed (SBF)

3.1.2  Janinduiaiau

- UGN INAUTANS 99.99% YunALEUNIALINA1S 8 Hadwns

'3
a

q
- wislnnillenu3ans 99.50% uadurIAuENa1e 8 Hadiuns

q

3.1.3  @1sdntdaniiunisive

- ASANAMS UM HURITUIY
- @ ULa (Fthanol) Tgynmnuasa1nTueny

- W% (Acetone) TUvinANUALDIATUIIU
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- A AINAaaUAT N UL N19TININ (A15aza1891anIvD LAY

':"Nmamgwé (Simulated Body Fluid, SBF) wanslumsned 3.2

- @sweinegeumsianseulua1TaraI89NanIve Al Us19INIgUSINT D

movads U1lsav ey 1Ld ey (Phosphate-buffered saline + 1 n§

hyaluronic acid A9anT, PBS + 1 n3u HA Aedans) iwelwlnalAeeiu

'
[

6 ¥ 1 d‘
AN1INTIUN a@gﬂﬁﬂwﬂam WaARIlUAIS9N 3.3

a1

o o

(Calcium chloride, CaCl,)

Ul REIGEY LNSA
laheunanlsn

1 RPE-ACS
(Sodium chloride, NaCl)
lahoulalasauasuaLun

2 RPE-ACS
(Sodium hydrogen carbonate, NaHCO3) 100%
Inunadey Aealsn

3 RPE-ACS
(Potassium chloride, KCL)
Talnwnadsylalnsaunsamalaslamsn

q RPE
(Di-Potassium hydrogen phosphate trihydrate, K,HPO,4-3H,0)
wuNdReunanlse

5 RPE-ACS
(Magnesium chloride, MgCl,-6H,0)
1M nsalalasmassn

6 RPE
(1M Hydrochloric, 1M-HCU)
wAALTEUARDLSH

7 RP
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AU ARG LNSA
TaLReugamms
8 RPE-ACS
(Sodium sulphate, Na,SO,)
7154
9 RPE

(Tris (Hydroxymethyl) aminomethane, C4H;;NO5)

ANS19N 3.3 @SAINLEWSBNANSATANYI1aDIYRIMAa lUTDLN

|

AU #15LA3 LNSH

lodeunaalsn
1 RPE-ACS
(Sodium chloride, NaCl)

Tnunadeulalalnsiauneann
2 RPE-ACS
(Potassium dihydrogen phosphate, KH,PO,)

Tnuwnadey Aealsa
3 RPE-ACS
(Potassium chloride, KCl)

lahsunaamslawantoulansa
q RPE-ACS
(Sodium phosphate dibasic anhydrous, Na,HPO,)

nsnndelefeulaengsaiun

(Hyaluronic acid sodium salt, 53747 Sigma-Aldrich)

3.2 aunsallganiiuniside
irsesilouargunsaiildlunsidsansonwseendungumudnuaznisldanuluus
avtumeunside Fetelud
321 gunsalnIeudegnsdmiuduiniou

- ipSeesATuay WIRECUT

MavaEosd Mg UL YuALEUEUAUENA1e 0.25 Tadiuns

- NSTAWNSIEUBS 100 180 360 480 600 800 1000 1200 1500 2000 &
WNYSVUNN 6 MUATEU WasRIdnTaInd1nsuTnazLdun

- 1A 09tnfad usuuU U UNY U We BUEHLER §u ECOMET 6 1Ju

\3esiladndunuLuUEULATaLI SR fouaS T UIAR BUA S UBUAGNY

bNYT
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- 1A309813A TG (Ultrasonic cleaner) 8%e GT SONIC §u GT SONIC-
D2 I%ﬁﬂmmazmmdaua%’w%guLﬂﬁaum%uauﬂé’wamiﬁmaﬂﬂugﬂﬁ
3.1

- indeandouilawmesualsAnerdnluagyinia (Filtered Cathodic Arc,

FCVA) é’aLLamﬂugUﬁ 3.2

- §anAuiu (Desiccator) Bfe WEIFO §u DRY-70T

JUN 3.2 inseandeuiiawmesualsinensnlugaainia a anduiduwadulasnsou

q @
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3.2.2 Asesiiauazaunsaldmiunagaunisinniou

EE Aa
A0 WUy loauan

Q1 auToLAB

w3ealwinuTleauny Autolab fu PGSTAT302N Tdwaaeuarmsiumu
nsNANIaY

S1anInTAe198 9 (Reference electrode, RE) fin Ag/AgCL (3.0M KCL)
(Silver/Silver chloride electrode)

daninsainnszua (Counter electrode, CE) fio uvannsiva (Graphite)
3u8nlvsnsaeg1a (Working electrode, WE) Ao widnndnlSaily 316L i
faldsumsuulgsiuiauasmdnndlatufiumsuul ssindedu
LAADUAISUBUARIBLNTYS

\r3esinAflloruesansazate Bve METTLER TOLEDO Ju S220
in3esmuasiainfoulianuion dwmsulianuiou dve KA fu C-
MAG HS 7

Y

afilwet dwiuldingnmgll 8vie FLUKE u 1587

WE CE RE
< . . .
FUM  wiauns e Ag/AgCl

ﬂﬁ:wwumﬁa KCl

EE O

[T ] -
486006860880 || Tdined

Tilsunsy Nova
(Metrohm Autolab)

11

Il aFazanedveunan

Tudouin

' = ¥
DNAIVANGAUNHY (1)

el Y Y v
nsaanmuasnionldanuiou

JUN 3.3 wadnageunisianseu

3.23  aunsaldmsunagauanudinulanisginim

AszUaNUInYin PP dwmsuldans vuna 250 Jaddns

(%
L2 ]

AUWELYE aaundl 37 sarwalded 8ve Binder 31 BD Auuandlugy

Y

a

N 3.4
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- iBesauletuswiugs (Autoclave) 5o HIRAYAMA Ju HVE-50 fausns
Tuguil 3.5

E‘U“Vl 3.5 LﬂiEJ\‘i@U‘lE]U'WLLNWUQN  @nvuIdBuaRUlATATOU



44

324 gunsaldwmiuiianesinuiin

- NaeansImliuvdeInTInyiintiadivdu (Field Emission Scanning
Electron Microscope, FE-SEM) 8% JEOL §u JSM7800F dmiu
aseEeUui T U mAgeuAdfulEn T

- adendndisdlnledfutudidnaseululasalny (X-Ray Photoemission
Electron Microscopy, XPEEM) T¥5AsgvesRUsEneuTAdaunanou
Lazvdanaasunsianseu fauanslusuil 3.6

- pSeudndisslilndidneseuaUnlnsalndnseanlnsalnd (Xray
photoemission spectroscopy, XPS) IﬁfﬁLﬂiﬂzﬁaﬂﬁﬂizﬂaU%ULﬂﬁaU51’&
wanslugud 3.7

- wsediasividieaiiueindudiedunisaanlnsalnd (Infrared
Spectroscopy, FTIR) T3tas1gvinsaUsenouveslonsendosnilnands

wilugnsavaredaewesvadlusaneuyed dauanslugui 3.8

U7 3.6 nsendndisdliladfivtudidnaseululasalny a aanduideuasdulasnsou
aoniidud 3.2 Ub PEEM
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JUT1 3.7 wsendnduadliladidnaseuaiuninsalnUuseanlasalnl a Auguinis
Tisievnaznagou Inerdellasifdeunazdlasiad wiasnsal

UUNINYIAY

gﬂ i 3.8 1ASTIATIETEEANEAAUT U LsAanTasalnd o aanvudsEuas

Fulasnseu annid3aeil 4.1 Infrared Spectroscopy and Imaging (ISI)



3.3

YUADUANLTUNITIVY

TunauiITenuununmssdoudsvinide dwandugui 3.9
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!ﬁﬁﬂﬂﬂ”lll?ﬂullaaﬂmuﬂﬂlﬂﬁﬂ 316L

s = 3 4
!@lﬁﬂilﬂ')ﬂﬁ)umﬂgﬁzﬂﬂm?'ﬂd

|
lAaal

FCVA

h 4

4 oy - -
lJ'JlIiJE~51WuN’Jﬂ’JﬂLT’I“ﬂuﬂﬂﬁlﬂﬂaﬂ

FCVA

k

r

= n‘dg = 1
AATIzHWUHINDUNATDD

NEXAFS uaz XPS

v

b

NAFAUMINANTDU

A e oW =
NATDUAITILAUINU lﬂ‘l-'l'lw‘l‘]i'lﬂ'ﬁ'i

h 4

h 4

¥
AT = NUAINAINAT DL

NEXATFS

¥
']lﬂ‘ﬁ']zﬁ‘ﬁuﬂﬁﬁﬁiﬂﬁﬁﬂﬂ

FTIR ez SEM

JUN 3.9 ununmszileunisvinide
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34 mMawleuRatueu
AoundeUsdudosiruavLInTuIULAEALBTUTB IRl lET UL AR o Ui
anmmiloutunsumsindeuuasfilsdosinse 4 veunsoelofilinadeu ieiiduny
annsnthlunaseulfednsnseuanunniaiasite TneflseasBondedelui
341 ASASEURRTLY
Fodusuliilaauin 10 x 10 x 3 fadiuns #8109 Wire cut 901U
FuarlUTaRIR18nEAuNsI89 W% 100 e 2000 wFhdunulUTraBondions
INYSVUIA 6 luATaU fmﬂﬁguﬁqmmazmm%mmﬁa8m‘%laa5Nmm?{qﬂumiLLaé?JIwuLfJu
nan 10 w1 A%s wdudsansenuea 10 Wit 2 ass ﬁauvﬁw@szwm’%aqmﬁau FCVA
342 nnswdautuiadoumiusuadiemsaiemada FCVA
V1% U9ui HunvANazen g 1LAS palAdeu FOVA Tnaddauusly

NSTUIUNISHARDUAILAANILUNITIN 3.4

A15197 3.4 FwUSIUNISARDUTUAMEBUAISUBUARNUMNTSAIEMALA FCVA

fauys ANIAUA
AU (Uaaa) 1-1.5x 10
AMUANITe1Sn (1F509) 6
'ej”m'lehwuaqgﬂﬂ?iu (Duty cycle) 0.003%

ANNANANETUIY (Bias voltage, Taad)  -1000

ANMURFENeNTAlnaa1suau (1as) 800 (MatuLAaaU DLC wag DLC-Ti)

. . . 800 (Fusesitulvumiey (Ti),
AusinednenvIkealnalnmitiey (1ad) y AN
400 (Y DLC \3elutumdou (DLC-TN)

130 + 10
FNSUTULPADUN LT UTDIN Ul oy
gj =S = =
ANMUNUNTURADU (UTULLAS) Tmdeusiaanurnuiuszuiad 50 U lULUAS
d7udn 80 uNluusiduTuLAd aUANS U U

ARENYINEATUUN AanandlunianuIn )

R . . lailiausauvusindou
YUNONVULLAADY (DIALTIALTEH) o
(Uszanugungiines)
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Pundnndl¥atiueeandfinnsa 3161 (SS316L) ANIUNISHSHURILARDUAISUBY

AATUINTIAIEWATA FCVA Tnsvdatundoulunsideduvady 4 via Town

A 6

UARDUAITUBUARIBLNGS (DLO)

Qe

1
[

Qe

I~ 3

- JULAGBUAISUBUAANENYSLAB Wk iay (DLC-Ti)

Qe

=

- JuAdauAISUBUAANESTRaNL ey (DLC/Ti)
gj & L3 ¥ = = ﬁy =

- FUAARUATSUUAATENSLIB I HeuLarsasiulnL ey
(DLC-Ti/Ti)

1n8518aLLDUATUNDUNISARDUTIAIT

o Qy d' 1 a a a :JI d‘ = ¥

- P UNUAHIUNTZUIUNISIAS SURIR AR L ULAT BILAA DU FCVA Wa2an
anusulurenndaulrlanusuUsEun 1-1.5 x 102 Unaana

- delndtemusun@enis 3uTaszuuvasLiuLaAIAIAINNRIIANSTTA
LAMAAUTLATUARDUTNHBINTT
a = 24 1 % o’qy d‘ 3 o U gj

- Wassvuedaulasldanua1edng 8 uaun -1000 1ad dnsutuwsn
LALIUPABUO A LUTIAIAIANNANANETUIUIIT 1000 Thad AunTENa
o =} < Y A, &
YINSLARBULETD LAIUATTUULAFDU

o a 2 o 2 o ~ &

- MA9NLARBULESA SEMASTUUMERLEUYINILUSEUNA 20-30 U 91NUU

"fJmz‘uuﬁmamﬂmzwﬁaﬂmﬁama”aﬁﬁumuaaﬂmLﬁuiuﬁqu

&4 5 o
ANNTUNaTaNAFRUTURBUTR LU

3.5 ﬂ"lﬁ"l/lﬂﬁ@ﬂﬂ'ﬁﬁlﬂﬂilau
351 mslenzituindeunadaunisinnsou

ihtuageumsuoungemusiuasalasaiaiusymanivestundouse

wAlA NEXAFS uay XPS Lﬁa@msm?{aumJawaqsz?gumﬁaUﬁy’mauuawﬁwmaaumi

fnnseu lnedsmiiaulansiadn lWud siaandueu (O sondiau (O) waglvimiley (Ti)
dmsumaiia NEXAFS 3a C K-edge Ti L;,-edge way O K-edge laglaeis

M3TATINgs9TU 280-350 450-475 waz 525-555 Biinnsauliad aud1fu fresnsuany

0.1 Banmseulian wazlasgvinamelusinsy Origin AU Igor 6.37 ludiumadia XPS ia C

1s Ti 2p uag O 1s IngldvaemsTnfindsnu 278-294 450-470 uag 524-542 Bidnnseuliad

PNUAIRU EdnIINITWaNY 0.1 BLdnasaulian Imsizvinanialuswnsy CasaXPS
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352 nEwisuasazaesiaevauvadluderiivesdiielsadeiinden
w3suasazareassauviarludefifldrunausandlunisned 3.5 sy
3t anadundmunus navasazatenudny tngldiaseeniuasadifiduriauwinan
dwumuaiunadlsiidndu (adlnnudousswinsaan) mntusaanudunse-adlileen

Moy 7.5 Ngaumgiives widwhlunaaeunisinniou

q' a a aag Yy ° v ' PR
M99 3.5 %u@LLagﬂﬁﬂqmaqiLﬂNWI%LG‘IﬁEJlI?ﬂiagaqﬁlﬁna@QGU@QLWﬁ'ﬂuGUE]LGU']GU@QEﬂU’J‘Uiiﬂ

Fo1don (PBS+1 n¥u HA sodns) (Runa, Mathew, & Rocha, 2013)

AU GRETGH Usuau (nSusadng)
1 lefvuraslsa (NaCl) 8.18
2 Twwadeulelalasauneans (KH,PO,) 0.14
3 Inuvaden asalsa (KCU 0.22
4 lwwsureawialawdnueulansa (Na,HPO,) 1.42
5 nsandeluseulaengiown (HA) 100

3.5.3  NSNAAIUAIUAIUNIUNITAANTDU

Andatuauluwadnegounsinnssuluiumnididninsadetng (Working
electrode) AaLtnuBLaNINIAD1984 (Reference electrode) wagdlaninsansua (Counter
electrode) Tngldansavarsusuna 100 fiaddns arnduwddunuiialiluasazaradunan
30 w7l Nufiiamegeu 0.19625 msruauiuns dloasu 30 wifl Susunageunisianiou
sgninmageumUANvilasaratglniian 37 + 0.5 sy waldyanasnn1IAaauNISin
nseulneldind seniuansmindenliariuden (Tasyuvlvaudeumiady) wazld
ﬁaﬁﬁmaiﬂum%‘aﬁmqmmﬁ Tagiuaunulugiadingr OCP -200 faalaad LLaSéJquG]ﬂ']i
mmuﬁﬁhﬁﬂﬂw%qqﬂfiﬂﬁ’ﬂsﬂ,w%miﬁ@ﬂ%amwugvﬁmizmm 100 fadlas AuenIT
aunu 1 fadladaodund Ensnisawnuduluauninsgiu ASTM F2129) Tngldlusunsy
NOVA

g nsunisnageudianinsinineaduiuaudaiunlasalauuse EIS 3ol
FregrnazatsazatemiouiunIsnadeuaNALUNIUATAANTou Faeas aalnnud
Toausvlneldluun £1S Tnoaudildeglutag 102-10° 1Bnd uazusumdge 10 Jadlaad

PUNITUEAAU (Azzi, Paquette, Szpunar, Klemberg-Sapieha, & Martinu, 2009)
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FowaSadumsneaeu d193usudaetiiusmainlessu (Deionized water,
D) wérhdunuiulugganrududieszasujizenistandeuiifiuinnsuliasey Rui
skl
354  mslesgiiuiovdmageunsinniou
ihfusuiignuaaeunistansouludienmuazasaalassadnaniaaifae
wafia NEXAFS tilagmaiasuulaswasiuiadeundmaaounisdanieu Tnsnsiatasg

A1suau (Q) mwdlew (T wazeanday (O)

3.6 MINAFIUAMNTINULANITININ
3.6.1 N1SWSENETATAETIRB9UBMAT IS INBUYYE (SBF)
muzildlunsnanasazanedunaiafnindlnsfidu (Polypropylene, PP)
WAz Qﬂ‘lj’]l‘dL%WLﬂ%@ﬂ@Ulai}]LLiﬂﬁugﬂLﬁla@j%%}a wuafiSefignmgll 121 ssrwaldya

Hunan 15 il ludupsunswieuasavatediaewesvailusimenyuddiasmeinsos

a N

FAR LA AU AT AIUNAUAINAITIN 3.6 NAUAITALAEAINAIRU 14U DI 700
Nadans leeldiasesniuasaiisnaunandivadnmunalansindunsoulnausou (U
a ¥ % q’./l (v | =1 | Yo = d‘ a
szuunmuansiaduazlviniudon) andudaainudunsa-aaulaan Wiey 7.4 Ngamgll
37 perwadya wausudsunsaaeh DI lliusuns 1000 dadans waiussyansavanely
AYULNANERN PP iawr luneadaumnunnulanisininwsaly
3.6.2  NISNAFBUANULINULANIST NN
o Qy [l @ a a aa a 1 d’lj
PrPunuldnivugriniuaIswaiain PP 91U 250 faaans NN1un1seinie

uaLAnansazany SBF luuTuna 200 faddns uanhdunuiignudluansasaneidiguuime

[
A A

Woitanumgdl 37 ssrnwaidoa [Wuszeznan 28 Suilednwimsiinveslensondoymlne
lonsu 28 $u thiunuoonanasusiidnsdne uedlnu tevuea uagt

DI gty Tnedneegesednagds Uaesliuisluoina nduivludgaanudy lae

Fusiinaasuanudrduldnsdinin (mainlensendoznilng) asdadenlnsfiansan

AINHANAFDUNSHIANT DU UNSN
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A15197 3.6 vllawazUSunuarsednldnauansazaiednassveanadlusianieuy vy
(Kokubo & Takadama, 2006)

aaudi REIGEY Usues (nJusiading)
1 lwdsuraslsd (NaCl) 8.035
2 leneulelasiauaisusiun (NaHCOs) 0.355
3 Tnuna@en aealss (KCU) 0.225
4 lalwwa@enlalasiauneamalaslanse 0.228
(K,HPO,-3H,0)
5 wunti@uupaslsn (MeCl,-6H,0) 0.311
6 1M nsalglasaaesn (IM-HCL) 39 (Haddninoans)
7 waaLBeuAanlsa (CaCl,) 0.292
8  lapeudan (Na,SO,) 0.072
9 738& (CqHy;NO5) 6.118

363  MSIATITRRURIvVEmagauanuRulEnTanw
T unuikunsadevaufuldmiinmluiinszsiesiseneunes
lensenTosnilnd i Lind uuui udid ususlomaida FTIR f929avady 1700-900 #e
wufiuns (cm) uazdenmituAanierdiesevisnuuiunudiemada SEM fu EDS il
Wisuifsuusinalensenderminduuiuiudazedauazdseiiunaaunifanudiuld

NNFININUWUY Bioactivity
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NANTSNAABILAZAITIATIZHNANITNAADY

4.1  1AS9E319UATNUSZVDITULARDUAISUBUARIBINYS
1ASeaS19Uar N UEEYRITULAROUANS UBUAA18LNYS (DLC) Usenaunae spA(C=C)

sp(C-C) \HupsrUsznaundn Ansizsimemaia XPS uag NEXAFS

aeAUszneumIaAll  at.%

"o carbon (©) 93,12

b= C.ls

C | Oxygen (O) 6.33

3

o Titaniurm (Ti) 0.55

} -

S

— O 1s

pa Ti 2p

;3 -~ — —\ DLC-Ti/Ti
Glosdusznaumani at%

=
aZS| carbon (© 96.38

% | Oxygen (0) 3.62

pa

&

< DLC/Ti

800 700 600 500 ﬁ}OO 300 200 100 0
ANAIUEanTen (Bldnnsouliad)

JUN 4.1 awnadu XPS wuuninauaydIunaunIaAiivesiuaTy DLC/Ti uag DLC-Ti/Ti

(Wongpanya et al., 2021)

913U 4.1 iumunadu XPS wuunineestuaiu DLC/Ti wag DLC-TI/T unns
Tireidundoudesduneululinmeidismaiian NEXAFS ananady XPS wuundng
wu3ndisma1suen (O ey (T) wazeondiau (O) WussdUsenaundn USuw
asdUszneumaaiivestuiadou DLC fifelnmdey fusunalnndeu 055 Wesidudlae
oymen (at%) waznuUiinamivsunaroonduiUasly é’qﬁ?uﬁmmdwﬁ%qgﬂ%miwﬁﬁw
WAl XPS uutawBeaiiomasdusznauitussluudazsmfiAntu Tagldlerduduldes

inddieu (Gaussain-curve function) wagldiunaaduesad (Shirley)
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(n)
s o Data A o Data LC-
2 Fit E' Fit o
% = Cls
o 0
o ©
5 3
: =
Z A
3G =
g 3
3 =1
@ _E_
_(— E
= spZ fraction : 0.35 spz fraction : 0.55
294 290 286 282 278 294 290 286 282 278
Anasnudamiles (Bianaseuliad) s Bidnaseuliad)
(@)
E o Data ’E o Data DLC-Ti/Ti
r= 'c Fit
e \ 2 Ti 2
g g
T )
= =
[y "
a% 3%
£ o Wy B w2 0% &0 w.;ﬁ,uf e S
"‘é L ?n"%wg'f’"w & hﬂ#gﬁ? of 52
= a @ o -
(e (e
I Lk
&= &=
< -&
470 466 462 . 458 454 450 470 466 462 458 454 450
Amdsnuiawilen Bidnaseuliad) Andsnuiinwies Bdnaseuliad)
(m)
= o Data 3 o Data DLC-Ti/Ti
) Fit g
= O 1s
5 i o Ot
s} )
(1]
~— =
=z &
- 3G
a§ §
a% a; Oxide
R (e
g <\, . ) \
€l © T
e
539 536 5335 530 527 524 582 539 536 533 530 527 524

542 [
Amdsnugawilen Bidnaseuliad)

Amndrnugawilen Bidnaseuliad)

Uﬁ 4.2 aUnn3u XPS wuuasSenvestuIIy DLC/Ti wag DLC-TI/T () C 1s (v) Ti 2p

ke (A) O 1s (Wongpanya et al., 2021)
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AN51991 4.1 LLamaaﬁUizﬂaUﬁuﬁmaqma C Ti wag O nawnmsu XPS vosu91u DLC/Ti wag DLC-Ti/Ti (Wongpanya et al., 2021)

Cls Ti 2p O 1s
PUY Tidl) Tidl) Ti(IV) 0%
sp? C=C  sp® CC Cc-0 C=0 C=0 Cc-0
(TiO) (Ti,05) (TiO,) (Oxide)
DLC/Ti 34.78 58.81 3.19 3.22 - - - 53.87 46.13 -

DLC-Ti/Ti 55.43 36.66 3.67 4.24 39.61 11.15 49.24 11.33 50.95 37.72
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mﬂgﬂﬁ 4.2(n)-(p) uansadnadu XPS wuuazldunuesss C 1s Ti 2p way O 1s
pdu Tnefuiinuesduseneuiuszvesusazsmuandunsned 4.1 U7 4.2n) uang
anmnsures C 1s XPS saudufindesiiomdndu sp? Inedifingoavas spAC=C) sp*(C-C)
(C-0) uag (C=0) peffisumimasudamilondl ~284.5 2853 286.8 uay 288.4 BLannTau
Thad ausdy vesmnduadou (o, Zhang, Son, & Kim, 2018; Lomon et al., 2018;
Pandiyaraj et al., 2012) TnenusEYae (C-0) way (C=0) Lﬁﬂmﬂmsﬂulﬁauw%’jul,ﬂﬁauLﬁa

FuNUduNanueIn1a (Konkhunthot, Photongkam, & Wongpanya, 2019; Ohmagari et al.,

=

2009; Soin et al., 2012; Tunmee et al., 2016) #1915U9 w9 DLC-TI/Ti ldnusi g o

[
LY

fumia ~281.7 Bidnaseuliad daduiumisvesasusznoulnmideuanslud (Tic) fau
lfsufignidoasluduiadeu DLC Tuu3unm 055 Wedidudlagezmeu luamnsalin
arsUsznevves TiC laluduindou deaenadesiusuisoves (Qiang Zhang, Zhou, &
Zhang, 2013) uenNTidna Iy sp? 999519 DLC/Ti (0.35) SUSunaiitiosndn DLC-T/Ti
(0.55) lssanlmnileniidoadudwndeu DLC duasunisiia wnsls (Graphitization)
(Grierson et al., 2010; Konkhunthot et al., 2019)

gﬂﬁ 4.2(v) wansarnesuves Ti 2p XPS westuiAdou DLC/Ti uay DLC-TI/Ti lu
Fua DLC/Ti ldwuaUnasuves Ti 20 XPS iilesanldinsidelnmdeuaduduniou
DLC wazuanslifiiuinsziunanudniavennaina XPS ldauisadnseidadusoiiy
Tinilen dwduTuaiu DLCTI/TI adanduves Ti 2p XPS annsaduneenluiingeula
el Ti(IN2p3, TiI)2D1, TillN2D3/, TillN201, Ti(V)2P3,, UaE Ti(IV)2D4, Fruniamdsuda
Wil 87 ~455.33 461.20 456.83 462.41 458.66 uag 464.47 514 naseuliad auady
(Biesinger, Lau, Gerson, & Smart, 2010; Jo et al., 2018) asAusznovdulvgvaslnnidey
Jueenlwslaganie TiO way TiO, ﬁQLLamqlumﬂiﬂﬂﬁ 4.1

dnsuaiunasu O 1s XPS vesdundiou DLC/Ti wag DLC-TI/TI nansluguil 4.2()
Swaranady O 1s XPS vewdesdunuiidnuasiimiouudwsznoulufe (C=0) wax
(C-0) Aishunimdsudawmilen 532 war 533.4 Sidnnseuliad audiu esdusznay
mehf‘jl,ﬁmmiﬁmﬁﬁ%mﬁ’umﬂflmaq%’umﬁau DLC ustdm3utuau DLC-Ti/Ti flaskusnou
Auenmiloann (C-0) uaz (C=0) Ao psAUsENaUTBIENlYF (O?) 119 INNTYINUFATEN
sywalmmionluduedeu DLC Auosndauluusionnia téud Tio Ti0, uag TIO, dady

winliUSunaeendlauluduindiou DLC geu (Pandiyaraj et al., 2012)
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C K-edge NEXAFS
o) - ‘EI’BiNJ'ﬁ'ﬂ'Wﬂﬁ"\iVIFIEIm

srivilafdudiranafou

or — doyavdaussiuilaidnanaadou

(arb. units)

a

AANULTUNAITY

() o Y @ e El
—  doyandsaussduiladdnaatnaion
—  doyaaray
Joyatoy

———— -

280 290 300 319 320 330
Amasnulneu Biannsoulan)

v

5U 4.3 wallas v C K-edge NEXAFS wstutadou DLC-TI/Ti (n) deyanisnaassay

mysyivilaidurnaiamaau () Teyandiauseauilinduinainiafeunad

anduuniindegiivelilnsgastdunvediusy (Wongpanya et al., 2021)

C K-edge NEXAFS gnituuneeniludesdas fe 1T* uaz O* Tnestsdostrandaany
Junsuanstnandsnuesdidnnsoud C 1s gﬂwﬁqmumzéjulﬂa@jﬁ%u&ﬁﬂmamauaﬂqm
I@Ufuaq'ﬁuiﬂiqa§ﬂq 4195V C 1s —> IT* A suntandssulnnoulssuias ~285.4
Siannseulaan (eV) Aslaseasne sp? (C=C) wag sp (C=C) d@2u C 1s — O uanslugag
wdsaulrinou 288 fs 335 Sidnasoulad urasiiliannsossylassairamiofingeyls
damnburisdeutiuseming sp (C=0) sp? (C=C) uag sp*(C-C) (Konkhunthot et al., 2019;
Saikubo et al., 2008) fauansluguil 4.3 933 C 1s — JT* annsausndingeslsidu 14C=0)
O*(C—H) TTXC=0) uaz 0*C—C) Inefiuntmasnulnneuil ~285.4 286.2 288 uaz 289.4
Siannseulian aua1au (Konkhunthot et al., 2019; Ohmagari et al., 2009; Soin et al.,
2012; Tunmee et al,, 2016) dmsutuiedou DLC Adslnsdlen (DLC-Ti wag DLC-TI/T) &
Tnssadrefimilourudundou DLC filidelnidon (DLC way DLC/T) esnlainuitusy
vasa15UsEnaulmmdaunnslua ag’ﬁﬁmmﬁwé’amu‘[ﬂmau ~282.5 dLannsaullan
(Adelhelm, Balden, Kost, Herrmann, & Lindig, 2008) uennfauiseildmedailanes
aflsinandnlunisedou dadunaiaiilinisnuiuszaeslalnsasueu (C-H) uwindu

Usnglutuadou eradumsziduadouiansuulou vuiuRisuisiuszrenIsuauy
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v W

oanlast (C=0) 1inanenAfiduiafuiusu (Konkhunthot et al, 2019; Ohmagari et al.,
2009; Soin et al,, 2012; Tunmee et al., 2016)

nsAIMmdndIu sp? (sp? fraction) nawneiu C K-edge NEXAFS #83ausesiu
ilaiudamaadousuandlugud 4.30) uasmiindosduandusuil 4.3() oo fiudils
nsmluAwIndndIu sp? laeldiananeda fie Highly oriented pyrolytic graphite (HOPG)
oﬁ’mamﬁuaumiﬁ 4.1 (Konkhunthot et al,, 2019; Ohmagari et al., 2009; Tunmee et al,,

2016) waglanIsIgasideANIsAIlUAIANLIN N

1% mler (AE
fops = amlrer (BF) @1
Ireflsam(AE)
e
. fo fudldnsamfishunus 7T* (C=C) vastuiy
A o udldingwiiisumis 7T (C=C) vwas HOPG 81184 (0.976)
Lsam (AE) fo  duiildnsmszning 288 B1 335 Bidnasouliad vesiuIu
Iyes (AE) fo  Mudildinsmlsewing 288 4 335 Bidnnseuliad ves HOPG

919949 (24.456)
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(n) G))
C K-edge s g DLC-Ti/Ti Ti .f_3!2—edge . DLC-Ti/Ti
Cls—=m* sz fraction : 0.55 tzy\/L
2 jk ’Jm‘—/ Ly L,
= += L . . N
| EEEEE——— S DLCTi
8 DT =
7 sp” fraction : 0.54 E
= =
& < .
g ' G DLC/Ti
= DLC/Ti =
ag 2 . ‘ BR
5 sp” fraction : 0.33 4
% 4
(o (o
o o
(el & N " M L
T = DLC
DLC
280 290 300 310 320 330 340 350 450 . 4v55 460 56; a70 ) a7s
Amdanulnou Bdnnsouliad) Aasulneau (Blannsoullan)
(m)
O K-edge DLC-Ti/Ti
e
N\ =~
| .—\—"I
= DLC-Ti
o
e
£ . . | ’ .
'z T+ a* DLC/Ti
£l 2t Cn
8l )
g o
=
g . . . .
EN

525| 539 535 540 E.;545 550 {555
Amasnulvneu (Biannsoulian)

'gﬂﬁ 4.4 anmu NEXAFS esusiazdundou (n) C K-edge NEXAFS (¥) Ti L;-edge
NEXAFS waz (m) O K-edge NEXAFS (Wongpanya et al., 2021)
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SUN 4.4(n) Lansdnaiu sp® vesuraztulAdeayu WuIngulAdeu DLC Nidslnviiau

Y

(DLC-Ti wag DLC-Ti/Ti) fdndu sp? a9 Waweuiisuiutunfounliilelnimilloy (DLC

o w A

waz DLC/T) egefidfuddy eswinnisifelnmieuaduduaiou DLC duasunisiin
wnsbls (Graphitization) uenanildmsutuadeu DLC afiaderfulidadqu sp? Alndies
FanandlifiiuinnsieseifseRuanudniadaemaida NEXAFS §uaiufifidusositu
Ty (OLC/Ti waz DLC-TiT) lifnaselassadrandoasdusyneuvesduadou DLC
fuvUuagItumaiia XPS (Grierson et al., 2010; Konkhunthot et al., 2019)

?;Uﬁ' 4.4(v) awnnsu Ti Ls,-edge NEXAFS fifigeduadou DLC M3 ol oy
(DLC-Ti wag DLC-Ti/Ti) Aiwudia Ti wirdulasanafugnuusoanidu 2 929 Téud drsiiud
L, Tugrandsanuliney ~458 fa 460 Bianaseuliad Wudimdsnuuesdiannsauainsesiu
Ti 203/ TUFusyFUNS U Ti 3ds,, wavdaeiud £, Turramndsnulnney ~a64 fq 465
sidnnseuliad (utimdinuredidnnseuainsssu Ti 20, TAussdunga Ti 3ds,
awnadu TiL;,edge uaztei i faesiiadosnnmsiinsunsisevesaduiueoson
(Spin-orbit coupling) Fadunaliianisuenesnvesiingas Teun t, 1U e, LUUNITWNTDS
NANSI9U 3d pa0%a (Velasco-Velez et al., 2016) dwlnmsuilanwaraaignuoanlynves
Immlay (TiO Ti,0, wae TiO,) agralsAninanasuluaiuisaswunlaiteanladvsa
Tmfouegluguuuuladesannannfuinsiudeutuseninseenlodusiazada (Kumar
et al,, 2015)

dm3usneendiauuansluguil 4.4() anm3u O K-edge NEXAFS wasdulndiou
pLC #lsifinmsidelnmilon (DLC wag DLC/T) fdnuvaranasuunnisiufusuadeu DLC
M3elmmdoy OLC-Ti way DLCTIT) lngannsuvosdundou DLC #ildidelmmidoy
(DLC wag DLC/TH) gniuseanidu 2 9aaman 9 ldun O 1s — 7T* wag O 1s — 0% lay
Usenaudiefingosvat TTH(C=0) TTXC-0) OX-OH) kaz 0*(C-O uay C=0) Tisumnis ~531.2
533.6 536.0 Waw 540.0 Bidnnseuliad daisdmaAnnduarivetia miventaauazlansen
Fa »1Ua19U (Kim et al., 2018; Lee et al,, 2012; Tunmee et al., 2016)

dautuindeu DLC s elmmdoy (DLC-Ti way DLC-TI/TH) 7 funy sndeeu
Tmousening ~531 uay 534 idnaseuliad Wurrmdanuididnaseuainsedu O 2p ¥
WuszAUTTAU Ti 3d (1, waz ;) uazsunimdsnulvnauszning ~537 fis 550 Slannsou
Thad 1udaendsnuiididnnseuninsedu O 2o viwusedu Ti ds uag Ti dp Feduduléin
Tnmdeuiidoasluduadou DLC ansaineanladvedlmmdsnvuiiuiale uonani

dmdutuindeu DLC Mideolvwiiloy (DLC-Ti wagDLC-TI/T) fidiunuavas (C-0) (C=0) uay
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(-OH) Fourtufufuiumisvesesnledvadlmmiey uidnuuranaduiiusnguild
mevenlufvaslnnieuegraiulada (Singh, Gupta, Phase, & Mukherjee, 2019; Velasco-
Velez et al.,, 2016; Ye et al., 2017)

4.2 HaNAEBUNISNANTIU

SUN 4.5 hanans 1 winanlswdudiured walvnan waain wadwwaznsiuniadn ves

Y

Fuauuazn19199 4.2 wansr @i leanndulddwanlsiwdy Usvneudae
Arfnglninn1siansou (E,) ArANUUUILLUNSELElNHNN1SARNT U (iy,) ATAIINTY
dunsinualudn (b,) Arrnuduidunsinualudn (o) Ardndliiinisinnseunuugda €,)
Araudunulnatlsiedy (R,) uagdnnistansou (CR) muddy vesusazdusud
naaevluasaraedrassvesvarluteiiesiiielsadeisuden (PBS + 1 n3u HA sedns)

gl 37 + 0.5 ser ATy

1800

._\
=S
o
(]

10004

6004

2004

i @adlas)/ Ag/AcCl

AFNE

-200

T LRULRLLLY | L LR T -nnm
1E-10 1E-08 1E-06 1E-04

AANAL LN TELE LN (LLE]QJ“ﬂ/ﬁ"I'iNL"HuaLQJWi)

T re

Ul 4.5 iuldstnanlsieduves 3161 DLC DLC/Ti DLC-Ti wag DLC-Ti/Ti luansazane
PBS + 1 N5U HA fodns ﬁqm%q:ﬁ 37 + 0.5 99rLwaLdea (Wongpanya et

al., 2021)
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a5 4.2 wansenddnyildanniduldsinanlsiedu (LNP) (Wongpanya et al., 2021)
v Ecorr lcorr b b, E, R, CR
e (mV) (nA/cm?) (mV/decade) (mV/decade) (mV) (MQ cm?) (mm/yr)
316L -198.77 198.11 32.62 49.63 215.33 0.04 2.09 X 10°
DLC -17.17 1.69 35.45 42.93 456.82 4.98 6.21 X 108
DLC/Ti -73.50 1.73 48.50 33.80 1,253.66 5.00 6.35 X 108
DLC-Ti -62.32 1.79 46.66 51.36 484.44 5.93 7.15 X 108
DLC-Ti/Ti -64.68 1.84 53.98 47.46 1,672.97 5.97 7.34 X 108
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WS MAFEUNSAANTBY FUIUTiHIUNSIAE R e uAG ey DLC (DLC DLC/T]
DLC-Ti waw DLC-Ti/Ti) flf CR touninduau 316L Tnefn CR AMuimanaunis 2.1 83 2.3
Faflmuduiusiv i, auaunnsi 2.1 saudamsiiiuiuves £, E, waz R, uandliiiuin
fuiadeu DLC (DLC DLC/Ti DLC-Ti uag DLC-TY/TH) ansnsauiuussanandfves 3161 1
ﬂfsméf'mmuﬂ’ﬁﬁ’mﬂiauﬁqﬁu

dewseudieulundazfogafiiiunisindeu DLC (DLC DLC/Ti DLC-Ti uwag DLC-
Ti/Ti) A1 CR uae i, AAnlndlAeafusnn uidmduan £, sundeuiiselnmion (OLC-Ti
waz DLC-T/TH) fAnannnirduanuiildidolmmidon (OLC waz DLC/TH) Usdldiduiniiny
E0UTNIMUINATY dIUAT R, Huefidmnuduiusiue b, b, was i, ANENNTT 2.4 uaz
Judnfuusfinanadsanuaiunsalunisdiuniunisnseuwuunialuld (ASTM Standard
659-97, 2014) Fsfuduadeviiiolnmion (DLC-T wag DLC-TI/T) fifidn B, u1nndndy
wiou DLC liiFelnmiiley (OLC wag DLC/TI) wandlidiudernuduniunistanseuiia
fu osnmadolnmbsnadutueadeu DLC sliinoonlesvadmnidonuutundoud
anunsadestunisianseuld aufinandunalinsizyd NEXAFS wag XPS (Fraga, Furlan,
Pessoa, Rasia, & Mateus, 2012; Konkhunthot et al., 2019; Wachesk et al., 2016) uaﬂmﬂﬁ

dmiutuaiou DLC Nisesiusglnniden (DLC/Ti wag DLC-Ti/TN) dewalinn £, gely

[ ¥

gadun1seai ulmmi ey sz"mLﬁuﬂmm’humuﬂﬁﬁ’@ﬂﬁaul,t,wgLsﬁmlé’ (Takashima &
Ohtake, 2011) mﬂwamaaumiﬁ’mﬂéauﬁﬁé’ﬁqLﬁaﬂﬁumu DLC/Ti @z DLC-Ti/Ti 484013
nageunsinnsauthlUinseRituiage waida X-PEEM wazesdusenaurasdusudie
wAtA NEXAFS Lﬁaﬁf\]z@ﬁuﬁwé’qmaaumiﬁ’mﬂi'aul,t,azaqﬁﬂizﬂauﬁL‘U?ﬂlsu"l,ﬂ SDaLden
Fupdoustaans (DLC/Ti wag DLC-TI/T) lunaaauaiiudfuldnisdann iiesaindu

AFRURINAIIANAIUIUNTAANTOURTIAR luLAasNALTUAREY



(n)
1.2x10°
= 6
£ 1.0x10°}
= s
£8.0x10°}
z . 3161
<
%60)(10 B A DLC
2 ) -
2 8.0x10°} Et;‘
- A i
™~
‘ 2.0x105- & DLC-T/T
0.0 . . Fit results
0 1x10° 2x10° 3x10°
7' lavum s umums)
(A)

#@13avany PBS

+

HA 1 niusading

63

(%)

ansavany PBS
+

HA 1 n3usiaging

R

5

()

asavay PBS
A |

e YUTDINY
i PuLAaau DLC

.
HA 1 n¥usodns Iy

CPE,

Inter

pinter

U 4.6 mansesiBidnlasinfinoadufiunudainlasalay (E1S) Jusm 3161 DLC

DLC/Ti DLC-Ti ez DLC-Ti/Ti Tugsazane PBS + 1 n3u HA aodns 7

gaunadl 37 = 0.5 sAngaldea (N) nsvlupdadndon uay (v)-(9)

1asfiBuLin (Equivalent circuit) 9038 us1u laun 3161 Fupdou

DLC flalfidusestiulmnmilen (DLC way DLC-Ti) wazduimdaou DLC 73l

Fusosiulviniilen (DLC/Ti way DLC-Ti/Ti) (Wongpanya et al., 2021)



64

a5 4.3 Avdmadeudidnlnsiafineadufivaudanlnsalay (EIS) (Wongpanya et al., 2021)

. Fuindeu DLC Fusesitulnnes
A9E19 @ c:nz) Rp3161 Ropic CPE336. CPEpyc . Rointer CPEjnter .
MQcm? (MQcm?) (uF sec™ cm™@)  (uF sec™! cm?) (MQ cm?)  (uF sec™ cm™)
316L 29.4964 0.8611 - 52.0534 - 0.93003 - - -
DLC 28.3189 - 51119 - 12.0631 0.92379 - - -
DLC/Ti 28.6074 - 5.2240 - 12.0382 0.92583 0.9249 130.2420 0.9221
DLC-Ti 29.3198 - 1.6775 - 11.7283 0.93317 - - -

DLC-Ti/Ti  30.4580 - 7.7060 - 11.7580 0.93167 0.9206 128.5197 0.9306
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Ul 4.6 uamanslunladndonidnuazndueinenalaifung U wgfnssuves
Furuamasiiiiudiouwia (Equivalent circuit) tieldansng o (Xiang et al, 2019; Xu et
al., 2020) Fauanslumns1ed 4.3 1eun AU uuEnTazane (R,) Areusunulnails
L FureIT AR BU DLC (R,pLc) Constant phase element 3999 ULAR U DLC (CPEy ) AN
anadunulnanlsiwdurestuse sl o (Rointer) WaZ Constant phase element ¥84
Fusosiulymiion (CPE, )

nnsiluadad Fusu 3160 ﬁé’wmmémmauﬁﬁLﬁumu@uéﬂmaﬁaaﬂ’jﬁumu

Aa o I 1 < Y o Y Y = [ ! N d‘ a o & a
NFuARpUaE1wIUlATA LanlmANINTuIY 3161 ANIINANTDUNGUUBLNYUNUYUIIUNY

Qe

=

FuAReU (AI9E194U Rypc= 7.7060 MQ-c? (DLC-Ti/Ti) WgURU Rysie= 0.8611 MQ-cm?
(316L) efianuduiusiuediuandlupiased 4.2 Tnsfiansunaindt R, uenainiaiunsn
Seaduanuiiuniunisianseuldanuinldes i DLC-T/Ti > DLC-Ti > DLC/Ti >
DLC > 316L saonndosiunaiineiveanismaaeunisinnieu (3Ul 4.5 uag msedi 4.2)

A Ropic yedupEeu DLC Mdolmmilon (DLC-Ti way DLC-Ti/T) fidaudumiu
maﬁ’mniauqmdw%umﬁau DLC liiaelmmidlon (DLC wag DLC/TI) usnaniisusesity
Tnmifevaunsafiuanuduniunistanseuld dsiunisidouaznissesitudaelmmde
Gu"aEJLﬁumm@hu‘wmmiﬁ’mﬂiaﬂﬁqﬁﬂé’ gnfetalnenisiiansandusy DLC-Ti/Ti Gl
A1 Ropic = 7.7060 MQ-cm? WageN Ryper = 0.9206 MQ-cm? fesannsidelnmdenyiled
Anvonlsvaslnmidouvuiiuiag adunsdauinnisinnsou FuanimainsIzd NEXAFS

ez XPS (Fraga et al., 2012; Konkhunthot et al., 2019; Wachesk et al., 2016)
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13 Tassaduvastuindaundsgninniay

MnwanIsfandeu (JUA 4.5 uar m31eil 4.2) Bentunuiiianudiuniunisie
nIoufifigaluusiaznguduaiou 1Hud Sus DLC/TI wag DLC-TY/Ti luinsesidemada
X-PEEM uaz NEXAFS fauansluguil 4.7 way 4.8 uansiufimvdmageunisiansouuas
aUnniu C K-edge O K-edge wag Ti Ls,-edge NEXAFS “U@ﬂ"?ﬁym’m DLC/Ti wag DLC-Ti/Ti
ALY dmrSunnane X-PEEM findseulnlney 540 Bidnasouliad 989 O K-edge Vel
Uinnififismeantiauasinruaing esmniinnfuriveansianieusmanesnleduudy
\Reu Feduiiuiiadng (Bright zone) iuiiuiifiinsinnsounasiiludesineandiau dau

Yosiundn (Dark zone) uiiuiindnisinnsoutoenitiuiainwsedusuusineondiau

a 4

ffound1 uenaniinm X-PEEM vesisaosiuaulusuil 4.7 uay 4.8 duandliifiufeiiuiad
gnAnnseunvugLdudiaenadesiunanisnaaeunisiangeu (Konkhunthot et al,, 2019)
aunasu C K-edge NEXAFS denuuansnssgminafiudiainsuasiufisinnag ua
DLC/Ti g DLC-Ti/Ti ﬁmamiugﬂﬁ 4.7 way 6.8 dusuil uiiinaUnafy C Kedge i
Snwarfiviloufufuiunuioumsmedaunisianseu agralsinudofuiudadiu sp?
auEunsi 4.1 wudndinsfineesdndan sp? 910 0.33 uay 0.55 vu 0.43 uay 0.59 184

Fu31u DLC/Ti waz DLC-Ti/Ti muaisy winldan sp? vesduanu DLC-TI/Ti (Rudu 0.04)

'
a

WINTU 0.10) ipgannnissdslnmiisyadluduwmdau DLC @13115a

—~

VLT UL eYNIN DLC/T

Qe

=

Praensidenan muosuLAaey DLC 1§ (Konkhunthot et al,, 2019; Wachesk et al., 2016)

AIUNUNEINN FU9U DLC-Ti ag DLC-Ti/Ti datunmsu C K-edge Mnasulnpou ~285.4
way 292 d1anmnsauliad (Konkhunthot et al., 2019; Saikubo et al., 2008; Soin et al,,
2012; Tunmee et al,, 2016) 1Jurnus C 1s — JT* uaz C 1s —> O* U89 sp? Wiulsog
v a o ! 2 Y @ ! ci’ d' I (Y | 1
Foulavidnaiu sp? Ussanas 1 uandliiudniiunadngninnseuogegunss

awnnsu Ti L -edge NEXAFS ¥83¥uau DLC-TI/Ti Tugu# 4.8 danuuansiaiu
sgrinsfiuiialnuasiiuiiile Auniadnwuranasuadetunsugninnsoumuiiiansgui
4.4(%) WDueanlwsvaslnwiiey (TIO Ti,0, kag TiO,) asetud1uiuNuNaine sanlunves
Tnmfleudivinuanasiiosandaudueandsnu (Intensity) Mdoendn duwansliiua
Tnnidleudvsnadesaanmsagdslnnideslutueiovdmalilsunamedmndeulyl
=~ i a s = Y Y o ] % , .
Weananansiineenlanveslniisuiivuineiaznunisinnsouls (Gonzalez-Elipe &

Yubero, 2001; Konkhunthot et al., 2019)
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aUnmsu O K-edge NEXAFS ¥0s¥ueu DLC/Ti wag DLC-Ti/Ti lugy 4.7 uay 4.8 lu

1% ' [% (% [

fufidavaestunuiidnvasuiioriutunsunageunisinnsey sniuiiufiains anasy
O K-edge NEXAFS wasifufiainaaastunuannsanufinfingrenulineu ~540 didnnsou
Tad WJudunyewes O 1s — 0%C-0) wag (C=0) uag (-OH) nNanTusin1sianTou
(Kim et al,, 2018; Lee et al., 2012; Singh et al,, 2019; Tunmee et al., 2016; Ye et al,,
2017) wenanfiiudiadnsvesduaiy DLC-Ti/Ti hjﬂiwﬂgé’ﬂwmmmaaﬂlﬁﬁmaﬂmmLﬁsmﬁ?u
wanslidiudn Usunaweslmndeutesauliifissnefiaziinesnledsiudwdniagiannns
Aanseuiinnaulianinsaiudnvaradnafueenlesvadmmion i 1sdoau drufiui
faaaestuau livsingefindsoulnney ~540 Biinnseulrad esniduitufigna

NIAUUDYNINNUNEIN



Pitting
’

C K-edge DLC/T O K-edge DLC/T
- (Naunaau) o (naunaaay)
Cls —=T% T
— 2 %
) sp” fraction : 0.33] *é
= =
5 .
. : o \
< DLC/Ti o DLC/Ti
Té (o) = (Fouiitin)
Erd \__.__-——'——'/
o . 3z
e sp” fraction : 0.43 < /
§ ag /
AF =
% M =% z
= y [ -
g DLC/Ti e DLC/Ti
[cw & d . X o4,
= (Wuna9) & (Wunang)
spz fraction : ~1
280 290 300 310 320 330 340 350 525 530 535 540 545 550 555
1 s a o L i at = & L
Amdsulnneu Bannsauliad) Amaulnneu @bnnseulian)

U 4.7 wansnnang X-PEEM findsaulineu 540 eV 49 O K-edge wazalnmsu
C K-edge Way O K-edge NEXAFS ‘Uaﬁyu\‘i’]u DLC/Ti (Wongpanya et al.,
2021)



C K-edge

DLC-Ti/Ti

C1s—= o* (NoUnAEOU)

C 1s —=JT%*

% .

'E sp’ fraction : 0.55
S

8 DLC-Ti/Ti

X e

g (HWuhiie)
.

F4

3G

§ sz fraction : 0.59

a2

= L

& DLC-Ti/Ti
& & 4

-& (fuiadng)

5p2 fraction : ~1
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LAAININENE X-PEEM 7indsanulninau 540 eV w81 O K-edge uazaiunmu

C K-edge O K-edge Way Ti Ls,edge NEXAFS w@93udnu DLC-Ti/Ti

(Wongpanya et al., 2021)
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4.4  anudrnulanisdaninesstuniou
INHANAFBUAIIAANTOU (FUN 4.5 wag 15197 4.2) LEaNTUNUNAIUNIUATT
Annseufnanlunquiuiadeu DLC wiaiedfiu lawn DLC/Ti wag DLC-TI/Ti (Guaunlign

NAFEUNISAANTBU) WmadeuAUdITulan@inmlagiansanauaudinisiianuse

1%
1 Y A

seniNNTERN (Bioactivity) Lewanndvideneunihdfnwanudiiulaniedininduian

' s . oo 3 1% Y a o N s v Yaa
moLwaa (Biocompatibility) veuunanndliaduuaztuindouarsvounaoings lneledls

[y

Cytotoxicity wanslitiufiannudiulinsdinimvesianiuiwad (Sumarta et al,, 2011;

v
[

Wachesk et al,, 2016) a9y 138 839Anw1Au0 1 Ul N19T 3010 IAg RN TUINSLHA

Ly

WusEIsEnivasusenouvensean lnet1fieg1a 316 DLC/Ti way DLC-TI/Ti Aisgeay 3

Fuu uiluansazateinaesveanadluseneuywe (SBF) uszuziia 28 Ju figaumgll

a &/ a

37 samwaldeaaniuiindinsgviiiuiinignaia FTIR wag SEM LiiageidUsenauves
lansonTozmlng (HAP)
U 4.9(n) uanawaliasiginnnata FTIR flaananasuedslunisnageuen 3

] ! v ' ! Qy a e’dy a a o al ! a !
ﬂiﬂULLG\ag(}]'ﬁaﬁ’N ATV UINUILONIATIEUNUNTY 20 UFLITU auhmamléimmazmrsmm

Y

azguugnihunadeelilaawnasy FTIR vesdieg1a 316 DLC/Ti wag DLC-Ti/Ti iU

nswdansavany SBF laeilvyilsiduveslansendosmilng laun OH CO* NOs uag PO,*

llavmd u (Wavenumber) ~1650 1460-1650 1380 way 1020-1200 ¢ ot ufiuns (cm™)
mIua1A U (Amin et al., 2009; Amin, Randeniya, Bendavid, Martin, & Preston, 2012;
Berzina-Cimdina & Borodajenko, 2012) %uﬁuaaﬁﬂizﬂawaamz@ﬂLLaszJuﬁaﬂa%ﬁqmm
fulsmisiiniwvesTaguuu Bioactivity 3UT 4.9(1) uanseusiussusiuassvesalnaiu
FTIR #28TUswn38 OPUS 7.5 Ll 87 95@11150uen7 a7l ousiyu (Querido, Ailavajhala,
Padalkar, & Pleshko, 2018) (188199 fiATiavAA L 1640 WAz 1650 AOLURLLAT E‘U‘ﬁ'
4.9(m) LLamﬂ%mmﬁuﬁié’mwﬂmawyjﬁqﬁ%’u CO5? + OH CO5* NO5 wag PO,> lagl3esann
Yoeluunl@du DLCTI/Ti > DLC/Ti > 3161 fauiiufinvesduiadou DLC (DLC/Ti way

DLC-Ti/Ti) tin HAp TutSunaiiunnndndeinisududuanu 316L 31niansunusunumy

a 1

Hantuves HAp uanantlugun 4.9(n) Saansdaydnual a b war ¢ YsuTunamglandud

a v [

nsiiuduegeddedifynield Taen1sldnsiiaseiidieatanaeis

[y

ULLAY (Duncan’s

o w 1%

multiple range test) O = 0.05 nuiusaznyflenduiinsiiutuegsiidedidny enidumy

o

aidu NO, Lol unylafduresansandnaseninnszuiunisiia fiuyu (Calcifying

Y

process) (Berzina-Cimdina & Borodajenko, 2012)
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A154An HAp SEmrinetuadou DLC dmsudue DLCTITI msdelnmideaunsa
dinnainlensendoznilnd inszinadelnmdeuviliineenlsdvesminidenfidma
sonsanyuduiiasyrinavesnaiuazaeads (Water contact angle) ievhliiuindumui
wAnssuveuth (Hydrophilic) Salunalilensendesmlnd dusunaiiiutuamin et al,
2009, 2012) woNANTZUT 4.10(n)-(A) wansnwene SEM Fedsinamaslensendoswilnsiuy
Nufusazein §saenndetunaiiasiziainmaia FTIR s9uvana EDS M31A519%
parUsznauvaslensendeynilnd wanasig uaaldou (Ca) uaz sieawesa (P) 7 1du

ansusznevvedlansendezmilvg Auuandluzun 4.10(9)
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(n)
oH - DLC-Ti/Ti
o
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LAUAAY (MDLYURLLAT)
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° ) i WV | .0
A A . ri =2
2 Y e % B @ Y 3E
%02 - . i 1.5 : c b
p e Backeround 1.0 4 I
(e
SR 3161 a a
€ DLCATI 0.54 I. b .
S DLC-T/Ti
-0.4 : : ] - p” 4 -
1700 1500 , 1300 1100 900 By ‘0‘3‘ On WO» o0
LAUAEY (ALY UALLAT) On
JUN 4.9 wadwseniuRacmemealia FTIR ¥8suay 3161 DLC/Ti kag DLC-Ti/Ti %13

wiluansazarsdransveavadlusianiouywe (SBF) fgunnd 37 eaen
wardea Luan 28 3u (n) awnasuarnmeda FTIR () awnasuoyius
Susfuaesesanaiy FTIR waz (a) Aufildnswasamgilsddu cos? + OF
COs* NO5™ ag PO,” anadnnsuayWussunuaes (Wongpanya et al,,

2021)
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(m)

3

U

=
N

Element
CK
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Full Scale 1022 cts Cursor: 1.404 (52 cts)

4.10 uansnmdrglensendesmnlysuuiuimdusasasansaeseanaily
$19neuy e (SBF) lgaumgll 37 ssmwaifoa 1Juian 28 Su (n) 3160
() DLC/Ti (A) DLC-TI/Ti wag (8) nadlAssiodAlsznausis EDS vl
lansondezmlysuuuau DLC-TY/Ti (unsaudivasndulszlugd 4.10
(m)) (Wongpanya et al., 2021)

DLC-Ti/Ti
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5.1.3  ANUAIUNIUNISHANTDUBUUINILY 21NA1SNANSUNAIBASINSAANTaY (CR)
2995UPaaU DLC Mviawazliidalmndeuiian R lumnaiuunn AatunIsSRANTIAIAIY
dumulnailsiedu (R,) iWudnnmudeniililunisiiansanliedesanss danulddniinis
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< % Y a
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DLC Taefiansanandadiu sp? Misdudosninguinasu DLC Aliidelmndey
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soawilfnnga 3161 lneaniznisidelnmldenivivanyuseninsdulaveunaiuas il
il udsunalensendovnilng (HAp) Fududauadiennaudnulaniedininuwuy

Bioactivity



75

52  dalduauug
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#1980 1mLuY Bioactivity inpasunsuenienieauiiuansluundeuntid uideya
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ARTICLE INFO BSTRACT

Keywords: ‘Titanium was incorporated and interlayered into diamond-like carbon (DLC) films deposited on 3161 stainless
Ti-doped diamond-like carbon steel using a filtered cathodic vacuum arc. The local bonding structure, corrosion, and biocompatibility of non-
Corrosion

doped DLC (ta-C), Ti-interlayered (ta-C/Ti), Ti-doped (ta-C:Ti), and Ti-doped and Ti-interlayered (ta-C:Ti/Ti)
DLC films were thoroughly investigated. ta-C:Ti/Ti (0.55 at.%Ti) exhibited not only the highest corrosion
resistance performance, including the lowest corrosion rate (7.34 > 10~ mm yr'), the highest pitting potential
(1672.97 mV), and the highest polarization resistance (5.97 M£ em?), owing to the formation of TiO; on its
surface, as confirmed by X-ray photoelectron spectroscopy and near-edge X-ray absorption fine structure spec-
troscopy, but also the highest amount of hydroxyapatite, an indicator for biccompatibility, on its surface as
determined with Fourier transform infrared spectroscopy and scanning electron microscapy. Two barrier layers,

Biocompatibility
Near-edge X-ray absorption fine structure
X-ray photoelectron spectroscopy

Fourier transform infrared spectroscopy

namely, outer and inner layers, were observed i
i, as demonstrated by electrochemical impedance spectroscopy. Therefore, ta-C:Ti/Ti is an alternative

and ta-C.

ta-C/Ti and ta-C:Ti/Ti, while only one barrier layer was in ta-C

promising DLC film for joint replacement biomaterials,

1. Introduction

The most common health problem among the aging society is knee
osteoarthritis (OA), which tends to steadily worsen. The causes of joint
degradation not only include being overweight, frequent use of the knee,
lifting heavy objects, or being unergonomic, but also the reduction of
hyaluronie acid (HA), which acts as a lubricant molecule in the fluid in
the joints. This fluid is called synovial fluid (SF). OA patients have less
HA than healthy humans (~1 g L) before and after joint replacement
surgery [1-3]. People who experience severe joint OA experience pain
and suffering, resulting in the degradation of their quality of life.
Treatment may be administered by medication for people with early
stage conditions and treated with joint replacement surgery for patients
with severe joint OA [4]. Austenitic stainless steel, cobalt-chromium
alloys, and titanium alloys are the most common metals used as joint
replacement materials. 316L stainless steel (316L) is an attractive choice
because it exhibits suitable mechanical and chemical properties, easy

* Corresponding author,

fabrication, and low cost, as compared to other materials [5]. Unfortu-
nately, 316L still degrades, especially localized corrosion that arises
more aggressively than in other metallic materials applied for joint
replacement surgery that undergo wear and corrosion damage [6-8].
Surface modification, especially diamend-like carbon (DLC), is an
attractive choice for joint replacement materials to avoid the release of
corrosion ions and wear products that cause inflammation in the human
bady [7]. DLGC has been increasingly used as implant materials, tools,
machines, and electronic devices owing to its outstanding mechanical
and chemical properties, including high hardness, low friction, wear
resistance, and chemical inertness [7-9]. The excellent mechanical and
chemical properties are attributed to the amorphous DLC structure,
including diamond (spJ tetrahedral hybridized) and graphite (spz
trigonal hybridized) bonding [£,5]. Essential methods have been pro-
posed for synthesizing DLG films and include sputtering, plasma depo-
sition, pulsed laser deposition, and cathodic vacuum are deposition
[8-11]. Filtered eathodie vacuum are (FCVA) has been widely used to
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deposit DLC films because it can synthesize H-free terahedral amor-
phous (ta-C) films with a high fraction of sp3 tetrahedral hybridization
[9,12], Additionally, dopant elements and interlayers, especially Ti, are
applied to reduce the residual stress of DLC films, which remarkably
enhance the adhesion and biocompatibility of DLC films [8 10,12,13],

Previous studies have extensively focused on the corrosion resis-
tance, mechanical properties, and bioactivity of DLC films using scan-
ning electron microscopy (SEM), energy-dispersive X-ray analysis, and
X-ray photoelectron spectroscopy (XPS) both in vive and in vitro
[7,10,13,14], These studies covered medical devices, such as dental
implant materials, orthopedic implants, and bone replacement mate-
rials. Unfortunately, these studies, particularly those of joint replace-
ment materials, mainly focused on corrosion damage caused by bodily
fluids (simulated body fluid [SBF] and phosphate buffer solution [PBS])
and the degree of biocompatibility without assessing the effects of HA
found in OA in vitro. To the best of our knowledge, there are no reports
on the role of non-doped (ta-C), Ti-interlayered (ta-C/Ti), Ti-doped (ta-
C:Ti), and Ti-doped and Ti-interlayered (ta-C:Ti/Ti) DLC films on the
correlation between the structure, corrosion, and biocompatibility of
DLC films in a specific solution, such as the SBF and PBS.

Elucidating the role of Ti doping and Ti interlayers and the effect of
HA on in vitro corrosion may improve the predictability of DLC film
lifetime and the performance of joint replacement materials to meet the
requirements of high-performance protective coatings. Accordingly, ta-
C, ta-C/Ti, ta-C:Ti, and ta-C:Ti/Ti films were synthesized on 316L using
pulsed two-FCVA deposition to clarify the correlation between the
structure, corrosion, and biocompatibility of the films. The geometric
structure and local bonding configuration of the DLC films were studied
using near-edge X-ray absorption fine structure (NEXAFS) spectroscopy,
whereas the elemental composition of the DLC films was measured using
XPS. The corrosion of 316L, ta-C, ta-C/Ti, ta-C:Ti, and ta-C:Ti/Ti in PBS
mixed with HA was comprehensively investigated, while the biocom-
patibility was tested by immersion in SBF [14], After the corrosion test,
the electrochemically tested ta-C/Ti and ta-C:Ti/Ti surfaces were
analyzed using XPS and X-ray photoemission electron microscopy (X-
PEEM) combined with NEXAFS spectroscopy. The hydroxyapatite (HAp,
chemical formula Cayo(PC4)6(OH),) distribution, as a biocompatibility
indicator, was examined using SEM. Its functional groups, including
OH , (203'2 , NO3 , and PO 4‘1 , were analyzed using Fourier transform
infrared spectroscopy (FTIR) and confirmed by energy dispersive X-ray
specroscopy (EDS).
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2. Experimental procedures
2.1. DIC filmn deposition

316L stainless steel was cut into 10 x 10 mm squares to prepare
coated samples. Before coating the DLC films, the samples were ground
using silicon carbide paper until the roughness of samples was less than
0.1 pm. Thereafter, the ground samples were ultrasonically rinsed with
acetone and ethanol for 10 min to remove surface contamination, and
dried with N2 gas (99,99% pure). The cleaned substrates were placed
into an FCVA chamber to deposit the ta-C, ta-C/Ti, ta-C:Ti, and ta-C:Ti/
Ti films, as shown in Iig. 1. Two vacuum arc plasma sources are used in
the FCVA deposition system, and each vacuum are plasma source has its
own macroparticle magnetic-filtered coil, which is independently
controlled using the arc power supply eontroller operating two sources
concurrently. A graphite cathode (99.99% pure) and a titanium cathode
(99.50% pure) with an 8 mm-diameter rod were installed separately on
each cathodic source, The distance between the magnetic filter coil
outlet and substrate was 30 mm during the DLC films synthesis. The
substrate at ~25 “C was placed in a deposited position, which was the
fixed area between graphite and titanium cathodes on the jig. Table 1
shows the coating conditions used to deposit the DLC films without
deliberately heating the sample during the deposition process. Appli-
cation of the bias voltage (Viias) of —1000 V was applied to drive the are
current at pulse repetition rates of 6.0 Hz and a duty cycle of 0.003%
(the percentage of the ratio of the pulse duration to the total period of
the waveform) for both the graphite and titanium cathodes to maintain
the balance between the arc stability during deposition and cathode
consumprion, as shown in Table 1. Cathodes (both graphite and tita-
nium) were arced for 5 min at Viias of —~1500 V before coating toremove
surface contaminations of cathodes [12,15]. Then, the substrate was
bombarded with earbon ion for non-deped DLC and titanium jon for Ti-
doped DLC at Vg of —1500 V, higher than the bias used for the
deposition process, toremove surface oxides and create an active surface
for DLC films. The DLC coating process was started after vacuum pres-
sure had been reduced to a base pressure of 1.0-1.5 x 10 3 Pa. To
achieve a total thickness for all DLC films of ~130 nm (that is, ~130 nm
for ta-C and ta-C:Ti and ~80 nm (DLC film/outer layer) + ~50 nm (Ti
interlayer) for ta-C/Ti and ta-C:Ti/Ti), the deposition time was varied.
The deposition rates for DLC film and Ti interlayer were ~4.07 and 1.73
mn s 1, which were determined from the relation between film/
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Fig. 1. The schematic of the FCVA deposition system with two vacuum arc plasma sources at pulse repetition rates of 6.0 Hz and a duty cycle of 0.003%.
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Table 1
FCVA deposition conditions for ta-C, ta-C/Ti, ta-C:Ti, and ta-C:Ti/Ti.
Sample Voltage (V) %Duty cyce Frequency (Hz)
DLC film Interlayer (o] i C Ti
Virc ¢ Vare 1 Voras Vare i Vbtas
ta-C 800 - —1000 - - 0.003 0.003 6.0 6.0
ta-C/Ti 800 - ~1000 800 ~1000 0.003 0.003 6.0 6.0
ta-C:Ti 800 400 ~1000 - - 0.003 0.003 6.0 6.0
ta-C:Ti/Ti 800 400 -1000 800 -1000 0.003 0.003 6.0 6.0

interlayer thickness and coating time, respectively. The thickness of the
DLC films was determined using field emission-scanning electron mi-
croscopy (FE-SEM), as shown in Fig. 2. The thickness of the DLC films in
this study was similar to previous contributions [12,15], indicating the
reduction in the internal stress and the sp® content as well as a slight
decrease in the mechanical properties from Ti doping. The application of
a Ti interlayer is known to improve the adhesion and corrosion resis-
tance of DLC films. The Ti interlayer thickness applied in this study was
appropriate and corresponded to other studies [12,15-18]. Alterations
in the deposition time or thickness of DLC films are regularly affected by
the dopant composition, arrangement, and bonding structure of the C
atoms in the DLC film chain [12,15,19,20]. The controlled total DLC film
thickness in this study is necessary to evaluate the effect of The Ti dopant
and Ti interlayer on the structure and corrosion of 316L.

2.2. Local bonding structure and elemental composition of DLC films

The local imaging and chemical bonding configurations were
measured using NEXAFS spectroscopy coupled with spectroscopic
low-energy electron

photoemission and microscopy (ELMITEC

5 am >

a-C/Ti

Elektronenmikroskopie GmbH, Germany) at beamline 3.2Ub: PEEM,
SLRI, Nakhon Ratchasima, Thailand. The monochromatic photon energy
of the beamline was operated in the range of 40-1040 eV, with linear
horizontal polarization and a 17° incident angle relative to the film
surface under ultrahigh vacuum (UHV; <5 x 10 8 pa). The NEXAFS
spectra were measured in the partial electron yield mode by setting the
bias to —20 kV. Therefore, only low-energy electrons (near the photo-
electron threshold) were applied to the NEXAFS intensity. The NEXAFS
C K-edge, O K-edge, and Ti L3>-edge spectra were measured using
photons in the ranges 280-350, 525-555, and 450-475 eV, respectively,
and were scarmed in 0.1 eV steps. The obtained absorption signals of all
DLC films were normalized using the NEXAFS intensity (in the same
photon energy range) of a cleaned Si(001) surface. Highly oriented
pyrolytic graphite (HOPG) was used as the reference material for the
calculation and calibration of the graphitic soructure (spf2 percentage) in
the NEXAFS analysis. The normalized C K-edge spectrum was decon-
voluted using IGOR Pro 6.3 software to calculate the sp>bonding frac-
tion of the films.

The XPS (Kratos AXIS Ultra DLD instrument, Manchester, England)
at the Pewroleum and Petrochemical College of Chulalongkorn

(b)

@

Fig. 2. FE-SEM images of (a) ta-C, (b) ta-C/Ti, (¢) ta-C:Ti, and (d) ta-C:Ti/Ti.
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University, Thailand, operating with an Al K, radiation source (1486.6
eV) under UHV (~10 7 Pa), was used to evaluate the elemental
composition of the DLC films, including C, O, and Ti. The surfaces of the
samples were sputtered with Ar™ jons with a kinetic energy of 1000 V for
1 min before measurement to eliminate natural surface oxide and
contamination on the sample surfaces. The pressure was conirolled to
below ~5 % 10 % Pa during the operation of all the processes. The XPS
spectra and CasaXPS software were used to quantitatively analyze the
DLC bonding states, including the binding energies of C 15, O 1s, and Ti
2p, and the elemental atomic concentrations were calculated using the
MultiPak Spectrum ESCA software. XPS was performed at the pass en-
ergy and scanning step of 46.95 and 0.1 eV, respectively, witha 100-um
spot using the C 1s peak at 285 eV as a reference for calibration of all
binding energies.

2.3. Corrosion of DLC filins

All the samples, including 316L, ta-C, ta-C/Ti, ta-C:Ti, and ta-C:Ti/
Ti, were linearly polarized using an Autolab PGSTAT 128 N (Metrohm
AG®, Switzerland) in PBS (simulated fluid in the joint) with 1 g L Lof
HA (53747, Sigma-Aldrich) at 37 + 0.50 *Cand pH 7.5 + 0.01. HA(1 g
L 1) was added to the PBS to simulate the fluid at the joint of OA pa-
tients. A three-electrode corrosion eell consisting of a test specimen,
graphite, and an Ag/AgCl electrode as the working, counter, and
reference electrodes, respectively, was utilized to test the samples.
During the electrochemical experiment, the corrosion cell was immersed
in a water bath to control the temperature and exposed to air throughout
the experiments. The sample was immersed in PBS with HA for 45 min to
stabilize the open-circuit potential (OCP) for the electrochemical mea-
surements, Then, the specimen was polarized to potentials below OCP
(~~200 mV) and above the breakdown potential (pitting potential, E, or
Epiz, ~100 mV) to avoid overpotential and high metal-ion dissolution
[21] and scarmed at 1 mV s ! with a fixed flat exposed area (0.19625
sz)_ The scan rate (1 mV s 1) notably decreases the overall testing time
and has been extensively used in many studies [13,22], and is allowed
according to ASTM F 2129, which is a specific standard for testing
implant devices in a simulated physiological environment. Electro-
chemical tests were performed three times for each sample to confirm
the experimental results. PBS (1.0 L) was prepared by dissolving 8.18,
0,14, 0,22, and 1.42 g of NaCl, KH,PO,4, KCl, and Ma,HPO,, respectively,
in deionized water at pH 7.5 at room temperature [22]. The pH of the
PBS solution was buffered at 7.5 using hydrochloric acid or sodium
hydroxide [23]. Then, 1 gL 1 HA was dissolved in the PBS.

The corrosion potential (E.,,), corrosion current density (o),
breakdown/pitting potential (Ey, or Eg), corrosion rate (CR), and po-
larization resistance (R,) were estimated based on Faraday's law and the
Tafel extrapolation method. The CR (mm yr 1) was caleulated as shown
in Eqs. (1) and (2) [24], while R, was determined by Eq. (3) [25].

. 000327 x EW = i0p
- P

CR 1)
where EW is the equivalent weight (determined using Eq. (2)), & is the
corrosion current density (pA cm 2, and p is the density of the samples
(gem 3). The densities of 316L, ta-C, ta-C/Ti, ta-C:Ti, and ta-C:Ti/Ti are
7.99, 2.79, 2.79, 2.63, and 2.63 g cm 3 respectively [12,15].
-

Ny

EW )
where Ngg = E (finy/Wy) is the mass fraction of the i'h element in the
alloy, n; is the valence of the i element in the alloy, and W; is the atomic
weight of the i element in the alloy.
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where R is the polarization resistance (£ cm2), Igorr is the corrosion
current density (A em '2), and b, and b, are the Tafel slopes of the
cathode and anode (V dec 1), respectively [25].

Additionally, electrochemical impedance spectroscopy (EIS) was
performed according to ASTM G106-89 [26] in the frequency range of
10 to 10 ? Hz with a sinusoidal AC signal of 10 mV [2,27] for an in-
depth understanding of the corrosion resistance mechanism of the DLC
films.

2.4. Biocornpatibility

The in vitro bioactivity was evaluated by observing their aparite-
forming ability to determine the compatibility of the biomaterials.
SBF, with ion concentrations similar to human blood plasma, was used
as a test solution for the biocompatibility testing of bare stainless steel
and the DLC film coated on 316L (best corrosion resistance, in this study:
ta-C/Tiand ta-C:Ti/Ti) at 37 = 0.50 *Cand pH 7.4 + 0.01. The SBF (1.0
L) was prepared by dissolving 8.035, 0.355, 0.225, 0.231, 0.311, 0.292,
0.072, and 6.118 g of NaCl, NaHCOs, KCI, KsHPO4e3H,0, MgCloe6H0,
CaCly, NayS04, and C4HpyNOs, respectively, in deionized water, The SBF
solution pH was buffered at 7.4 using 39 mL of 1.0 M hydrochloric acid
[L4]. Each sample was soaked in 200 mL of SBF in sterilized poly-
propylene containers for four weeks. The samples were cleaned with
deionized water and dried at ambient temperature prior to the surface
morphology analysis [14]. Thereafter, the HAp distribution was
abserved using SEM while FTIR and EDS were utilized for analyzing
functional groups of HAp molecules and elemental analysis. The apatite
dismribution and chemical analysis were repeated three times for each
sample to confirm the experimental results, and the FTIR spectra were
averaged before analysis, Spectra were acquired with an SR-FTIR (Hy-
perion 2000, Bruker Optics, Ettlingen, Germany) coupled with an
infrared microscope (Hyperion 2000, Bruker) using a 20x attenuated
total-reflectance (ATR) objective lens with an MCT detector cooled with
liquid nitrogen over the measurement range from 1700 to 900 em ! at
an infrared microspectroscopy beamline (BL4.1 Infrared Spectroscopy
and Imaging) at the Synchrouon Light Research Institute (SLRI). The
measurements were performed in ATR mode using an aperture size of
20 x 20 |.|m2 with a spectral resolution of 4 cm 1 with 64 scans co-
added. Spectral acquisition and instrument control were performed
using OPUS 7.5 (Bruker Optics Ltd., Ettlingen, Germany).

3. Results and discussion
3.1. Local bonding structure and elemental composition of the DLC films

The local bonding structures and sp?-hybridized bond fractions of ta-
C, 1ta-C/Ti, ta-C:Ti, and ta-C:Ti/Ti were evaluated using NEXAFS spec-
woscopy. Fig. 3(a-c) show the NEXAFS C K-edge, Ti L3 >-edge, and O K-
edge spectra of 1a-G, ra-C/Ti, 1a-C:Ti, and ta-C:Ti/Ti. The generated C K-
edge NEXAFS spectrum of ta-C:Ti/Ti, shown in Fig. 4(a and b), shows
multiple sub-peaks (corresponding to the specific chemical bonding
siructures) obtained by subtracting and deconvoluting the spectrum.
Two energy edges were observed. Atlow resonance energy, the pre-edge
Tesonance at ~285.4 eV corresponds to the transitions from C 1s to the
unoccupied 1* state of the sp%-hybridized C=C site and the contribution
of the sp-hybridized C=C site [12,28]. At high resonance energy, the
broadband region between 288 and 335 eV originates from the over-
lapping C 1s transitions to the unoccupied o* states at sp-, sp>, and sp°-
hybridized sites in the ta-C:Ti/Ti [12,28]., Additionally, the multiple
peaks at the photon energies of 285.4, 286.2 or 288.0, and 280.4 eV
correspond to transitions between the following states: C 1s — n* (C=C),
o (C-H), and n* (C=0), respectively [12,20,29,50]. The TiC sub-peak at
~282.5 eV was not found in the ta-C:Ti/Ti NEXAFS spectra; therefore,
the XPS results were further analyzed to confirm the NEXAFS results
[21]. However, there is no H in the FCVA process, and the H likely
originated from the H-saturated surface-C dangling bonds (o* (C-H)),
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Fig. 3. NEXAFS spectra of ta-C, ta-C/Ti, ta-C:Ti, and ta-C:Ti/Ti: (a) C K-edge, (b) Ti L >-edge, and (c) O K-edge.

including a contaminated environment such as oxidized C (z* (C=0))
due to air exposure [12,20,29,30]. The sp> hybridized bond fraction is a
vital parameter for determining the properties of DLC films and is ob-
tained from the NEXAFS C K-edge spectrum by normalizing the peak
area corresponding to the C 1s — =* transitions at ~285.4 eV with the
broadband area of the C 1s — ¢* transitions in the spectrum in the range
of 288-335 eV. The complete sp? structure was estimated from the
HOPG. HOPG was used as the reference material for energy calibration
and to quantitatively calculate the spz—hybridized bond fraction. This
fraction was calculated using the following equation [12,29,30]:

_ e (AE)

AR =

fa

where I, ™ and I,,¢** are the areas of the C 1s — n* wransitions (that is,
C=C bonds) of the films and HOPG reference, respectively, and Ign(AE)
and I.{AE) are the areas calculated under the remaining spectrum be-
tween 288 eV and 335 eV of the films and HOPG, respectively [12].
The chemical local bonding configurations of all DLC films exhibited
slight (that is, NEXAFS C K-edge) and drastic (that is, Ti L3 »>-edge and O
K-edge) heterogeneities, as illustrated by the spectral features of the
spectra in I'ig. 5(a-c). This means that most of the atomic bonding
structure gradually changed when Ti was applied as the interlayer (that
is, ta-C/Ti) and as the dopant element (that is, ta-C:Ti and ta-C:Ti/Ti), as
well as the Ti content in the DLC films, and was maintained at a low
value [12] (in this experiment Ti 0.55 at.% for ta-C:Ti/Tias shown in the
XPS analysis). The intensity ratio between the pre-edge peak and broad
region of ta-C:Ti and ta-C:Ti/Ti increased remarkably, as compared to
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C K-edge NEXAFS

----- Experimental data
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Fig. 4. NEXAFS C K-edge spectrum of ta-C:Ti/Ti (a) prior to data subtraction
(where the error function step was applied to fit edge jumping at the ionization
potential, as indicated in light blue) and (b) after data subtraction (where the
spectrum was deconvoluted into multiple Gaussian peaks, as indicated in pink).
(For interpretation of the references to color in this figure legend, the reader is
referred o the online version of this chapter.)

ta-C and ta-C/Ti, indicaring that the Ti doping led to graphitic forma-
tion/graphitization (that is, sp2hybridized) bonds. Evidently, the sp*
hybridized bond fractions of ta-C, ta-C/Ti, ta-C:Ti, and ta-C:Ti/Ti were
0,32, 0,33, 0.54, and 0.55, respectively, as shown in Fig. 3(a), Doping
with Ti (that is, ta-C:Ti and ta-C:Ti/Ti) notably increased the spz-hy-
bridized bonds, while the Ti interlayer (that is, ta-C/Ti) rarely induced
graphitic formation, as illustrated by the 5p?rhybridized bond fractions
[12]. Graphitization remarkably transformed the sp* hybridized (o)
states into sp®hybridized (1*) states in the amorphous G film, thereby
resulting in fewer C dangling bonds [32]. Although rthe relative sp® hy-
bridized bond fraction of ta-C:Ti and ta-C:Ti/Ti increased significantly
from 0.32 for ta-C to 0.54 and 0.55 for ta-C:Ti and ta-C:Ti/Ti, the C
remained amorphous as illustrated by the NEXAFS C K-edge spectral
features of the films.

Fig. 3(b) shows the Ti L32-edge NEXAFS spectra of all DLC films.
Evidenty, the Ti atoms were successfully incorporated into the DLC
films (that is, ta-C:Ti and ta-C:Ti/Ti). There was no evidence of Ti in-
tensity in the ta-C and ta-C/Ti, as indicated by the spectral featur
main resonances were clearly observed in ta-C:Ti and ta-G:Ti/Ti. The
first one was between ~458 and 460 eV, corresponding to the excita-
tions of the Ly-edge core level from the Ti 2p3,- to unoccupied Ti 3ds
electronic states, while the other was between ~464 and 465 eV, cor-
responding to the Ly-edge core level from the Ti 2py» to the empty Ti
3ds,, electronic states [33). Each resonance exhibited a double peak
structure of the Lj p-edge owing to the spin-orbit coupling, resulting in
the splitting of energy levels into two sublevels with the empty tyzand ey
symmetry of the 3d orbital. The Ti Ly »-edge NEXAFS spectra of ta-C:Ti
and ta-C:Ti/Ti were similar and characterized as mixed oxides of Ti
(TiO, Tiz03, and TiOs [anatase or rutile phase]), corresponding to the
excitation of the I3-edge peaks at ~458.1-458.3 and 459.9-460.2 eV,
respectively, and the Lr-edge peaks at ~463.6-463.8 and 465.6-465.8
eV, respectively [34,35,36]. There were no Ti-C bonds or amorphous TiC
phases in ta-C:Ti and ta-C:Ti/Ti, corresponding to several studies
[12,37,58] where a low content of Ti and Ti atoms favored the formation
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of a solid solution in the DLC films. The solid solution and TiO, might
affect the C-sp3 hybridized bonding reduetion in the DLC films, as
confirmed by the NEXAFS analysis. The oxidation of Ti spontaneocusly
and thermodynamically appeared on the Ti-doped DLC surface (that is,
ta-C:Tiand ta-C:Ti/Ti) when the sample was exposed to air, representing
TiO5 on the surface, as described by the Ti Ly 5-edge and as confirmed by
the O K-edge spectra in Fig. 3(c).

Fig. 3(c) shows the O K-edge NEXAFS spectra of all DLC films, and
these spectra correspond to the natural oxidation on the DLC surface.
Different peak characteristics of non-doped DLC (that is, ta-C and ta-C/
Ti) and Ti-doped DLC (that is, ta-C:Ti and ta-C:Ti/Ti) were detected. For
non-doped DLC, two spectral regions were observed, including one at
~-531.2 eV assigned to the O 1s — x* transitions from the carbonyl and
carboxyl groups of the O atoms double-bonded to the C atoms (C=0),
and the other peak positions at ~533.6, 536.0, and 540.0 eV corre-
sponded to the O 1s — n* (C-O) wansitions, the O 1s — ¢* (-OH) tran-
sitions, and O 1s core-level elecrons to the o C-O and C=0O states,
respectively [29,39,40], For Ti-doped DLC, the features of the O K-edge
spectra changed, as compared to the non-doped DLC films, because of
the low level of Tiatoms. The specira at the peaks between ~531 eV and
534 eV were assigned to the O 2p states with the empty Ti 3d states that
were split into ts, and e, orbitals corresponding to TiO3 and TiO,
(anatase or rutile phase) at ~531 eV and ~534 eV. The broad peaks at
~537 eV 1o ~550 eV correspond to the O 2p states hybridized with the
Ti 4s and Ti 4p states [34,35]. These observed spectra confirmed that the
Ti-doped DLC resembles the formation of TiOz on the surface [33].
However, the features of the O K-edge NEXAFS spectra of the Ti-doped
DLC films exhibited a slight reduction in the C-O and C=0 peaks because
more titanium oxide peaks overlapped the C-O and C=0 peaks.

XPS was used to confirm the sp2 hybridized bond fractions as well as
the rype of bonding such as sp"’-hybridized C-C, sp2-hybridized C=C, C-
0, C=0, Ti(I), Ti(1ID), Ti(TV), and O? , as shown in Figs. 5-7, and to
determine the elemental composition of ta-C/Ti and ta-C:Ti/Ti as listed
in Table 2, These DLC films were re-evaluated with XPS because they
exhibited the best corrosion resistance for the non-doped and Ti-doped
DLC films, as illustrated in corrosion results (Section 3.2). Figs. 57
show the essential C 1s, Ti 2p, and O 1s XPS peaks detected in all DLC
films, except for the Ti 2p XPS peak found only in ta-C: Ti/Ti. The atomic
concentrations (at.%) of C clearly decreased from 96.38 for ta-C/Ti to
03.12 for ta-C:Ti/Ti, and the atomic concentration of O inereased from
3.62 for ta-C/Ti to 6.33 for ta-C:Ti/Ti as the Ti was doped into the DLC
films, These atomic conecentration results corresponded to the decrease
in the sp> hybridized C-C content of the DLC films, as shown in Fig, 5.
The Ti content was approximately 0.55% in ta-C:Ti/Ti, and it was not
abserved in ta-C/Ti, meaning that the Ti-interlayer was not dissolved as
a solid solution into the DLC layer. The O content increased with Ti
doping of the DLC films because O was adsorbed on and bonded with Ti
on the film surface to form titanium oxide when the films were exposed
to air [33]. The € 1s XPS spectra, deconvoluted into distinct Gaus-
sian-Lorentzian peaks using Shirley backgrounds, were used to estimate
the percentage of sp” hybridized C-C bonds in the DLC films [37,38].
Fig. 5 shows the deconvoluted C 15 spectra for ta-C/Ti and ta-C:Ti/Ti at
the peaks of ~-284.5, 285.3, 286.8, and 288.4 eV, cortesponding to C=C
bands (that is, sp>hybridized carbon atoms), C-C bands (that is, C sp®
hybridized carbon atoms), C-O, and C=0 bonds, respectively, indicating
bonding between C and air-exposure-induced environmental O
contamination in the DLC bonding structure [41-43]. There was no
evidence of a Ti-C bond sub-peak at ~281.7 eV in the C 1s specira of ta-
C:Ti/Ti, implying that the 0.55 at.% Ti content doped into DLC did not
form TiC [44]. The sp3-hybridized C-C bond percentage in the DLC films
significantly decreased from 58.81% for ta-C/Ti to 36.66% for ta-C:Ti/
Ti, owing to the solid solution of Ti at a low content as well as the for-
mation of titanium oxides in the C-C bonds, as confirmed by the NEXAFS
analysis (Fig. 3). These results indicate that the spa—hybridized C-Cbond
percentage decreased with the alloying elements. Moreover, the :pQ—
hybridized bond fractions of ta-C/Ti (0.35) and ta-C:Ti/Ti (0.55) from
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the XPS analysis were similar to those of the NEXAFS analysis.

There was no evidence of the Ti 2p spectrum for ta-C/Ti, as illus-
wrated in Fig. 6. In conmrast, the deconvoluted Ti 2p spectra for ra-C:Ti/Ti
were identified at the peaks of ~455.33, 461.20, 456.83, 462.41,
458.66, and 464.47 eV, comresponding to the Ti compound species,
including Ti(ID) 2ps/» (TiO), Ti(I) 2p > (Ti0), Ti(II) 3ps,» (TizOg), Ti
(1) 2py7 (Tiz03), Ti(IV) 2p3 2 (TiO,), and Ti(IV) 2py s (TiO3), respec-
tively, and no TiC was observed in ta-C:Ti/Ti, as shown in Fig. 6 [12,45].
Although Ti compounds, especially Ti(Il) (TiO), were rarely detected
using NEXAFS, they were detected using XPS. NEXAFS spectroscopy and
XPS might be capable of analyzing chemical surfaces at different depths
in the sample [16-4%]. Therefore, the observations of compounds
generated on the DLC surface were different.

Fig. 7 shows the deconvoluted O 15 spectra for ta-C/Ti and ta-C:Ti/
Ti. Peaks were visible between 532.0 and 533.4 eV, corresponding to
C=0 and C-O bonds, respectively, owing to the interaction between air/
O and C on the DLC surface [12,49]. Another peak found in ta-C:Ti/Ti at
530.2 eV originated from O interacting with Ti to form oxides (02 ]
(that is, TiO, TizOg3, and TiO; in this experiment) on the DLC surface
[41].

3.2. Corrosion property of the DLC films

Fig. 8 shows the polarization curves for all the samples electro-
chemically tested inPBS + 1 gL ! of HA and shows the active, passive,
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and transpassive regions typically found in 316L stainless steel
immersed in PBS [2]. Subsequently, vital comrosion parameters,
including Eeom leorr, the anodic and cathodic Tafel constants (b, and b),
Ey, or Egiy R, and CR, were determined and are listed in Table 3, AllDLC
films considerably improved the corrosion resistance of 316L in PBS + 1
gL 1 of HA, exhibiting an increase in Egor, Epir, and Ry, buta decrease in
Ieorr and CR (as compared to non-coated 316L). The i oy and CR of all the
DLC films were similar, But, the Ti-doped DLC films were slightly more
stable than the pure DLC films, as indicated by E.,, shifting to a more
positive value (from —77.17 to —62.32 mV for ta-C and ta-C:Ti) and R,
increasing (from 4.98 to 5.93 M em? for 1a-C and ta-C:Ti) [25]. The Ti-
doped DLC films exhibited a higher R, than the pure DLC films owing to
the protective oxide of Ti deposited on the Ti-doped DLC surface, as
detected by XPS, which acts as the primary barrier against the pene-
ration and destruction of the corrosive environment on the surface
detected by XPS [12,50]. Additionally, the ta-C/Ti and ta-C:Ti/Ti
notably enhanced Em as compared to the non-interlayered DLC [51],
indicating that the Ti interlayer withstood pitting corrosion in the
simulated synovial fluid solution (PBS), Thus, the study focused on ta-C/
Ti and ta-C:Ti/Ti to evaluate the local bonding structure after the elec-

wochemical test and selected these films to determine their
biocompatibility.
Fig. 9 and Table 4 show the Nyquist plots and the vital-fitted EIS

parameters of all samples from the EIS measurements in PBS + 1 gL 'of
HA. The Nyquist plots exhibited an incomplete and large depressed
semicirele, indicating the behavior of the capacitor and protective film
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Fig. 7. O 15 XPS spectra and the corresponding deconvoluted Gaussian peaks of
(a) ta-G/Ti and (b) ta-C:Ti/Ti.

Table 2
ta-C/Ti and ta-C:Ti/Ti elemental compos
using XPS.

ions (at%6) quantitatively measured

Sample Atomic concentration” (at.%)

Cls 01s Ti2p
ta-C/Ti 96.38 3.62 -
ta-CTi/Ti 93.12 6.33 0.55

* Atomic concentration was calculated using the MultiPak Spectrum ESCA,

for all DLC films. In eontrast, 316L displayed a more deformed semicirele
and with a decreased diameter, indicating more dissolution (corrosion)
of the metal through the passive film [52]. The steep impedance spectra
of all the DLC films, asillustrated inFig, 2(a), indicate the relatively high
resistance of all the DLC films (for example, 7.7060 M cm? for ta-C:Ti/
Ti) as compared to 316L (0.8611 M cm?). The proposed equivalent
cireuirs corresponded to the corresion resistance of all the samples, as
shown in FFig. 9(b-d). The equivalent cireuit of the DLC films without the
Ti interlayer (that is, ta-C and ta-C:Ti) was composed of solution resis-
tance (Ry), polarization resistance of DLC films (RppLc), and constant
phase elements (CPEpic). However, the equivalent circuit of the DLC
films with the Ti interlayer (that is, ta-C/Tiand ta-C:Ti/Ti) increased the
resistance (Rpmeer) and constant phase elements (CPEjye) of the Ti
interlayer, which is consistent with other studies [52-54]. The R, of all
the samples was ranked as: ta-C:Ti/Ti > ta-C:Ti > ta-C/Ti > ta-C > 316L.
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Fig. 8. Polarization curves of 316L and all the DLC films in PBS (pH 7.5) with 1
g L1 of HA at 37 °C.

The highest R, value represented the most protective DLC film, corre-
sponding to the previous corrosion results from the linear polarization
(Fig. 8 and Table 3). From the results, both the Ti doping element and Ti
interlayer remarkably increased RP in the DLC films [27/]. However, the
Ti-doped layer exhibited more resistance than the Ti interlayer, as
indicated by the higher R, of DLC than that of the interlayer (for
example, 7.7060 and 0.9206 M em? for Rpprc and Rpgrer, TeSpRCtively
of ta-C:Ti/Ti), because of the formation of TiO; from the Ti doping
element. TiO» is known to be a vital barrier against attacks from cor-
Tosive environments [1 >0].

3.3. Local morphology and structural analysis after corrosion tests

ta-C:Ti/Ti and ta-C/Ti were surface-characterized by X-PEEM and
NEXAFS after electrochemical testing in PBS + 1 gL 1 of HA because
they exhibited the best corrosion resistance in each type of DLC film (for
example, Ti-doped and non-doped DLC films), as shown in Fig. 10, X-
PEEM and NEXAFS were utilized to examine the structural-dependent
corrosion resistance of the different regions, that is, the corroded
(bright zone) and non-corroded (dark zone) areas on the DLC surface
after the electrochemical tests.

“ig. 10(aand b) show the O K-edge X-PEEM images taken at a photon
energy of 540 eV and the NEXAFS C K-edge, O K-edge, and Ti [ o-edge
speetra of ta-C/Ti and ta-C:Ti/Ti to examine the corroded (bright zone)
and non-corroded (dark zone) areas, From the X-PEEM images, pitting
corrosion was more evident in ta-C/Ti than in ta-C:Ti/Ti, conforming to
the linear polarization results. The dark and bright zones in the X-PEEM
images corespond to topographic, work function, elemental, and
chemical contrast. The chemical conmrast is directly related to the elec-
tronic band strueture, including bonds and molecular orbitals, and the
area containing the predominant elements and bonds appears brighter
[12]. In this case, the O bonds related to oxide formation/corrosion
products were selected to be examined; therefore, the bright zone rep-
resented the corroded area enriched with O atoms, whereas the dark
zone exhibited a non-corroded area with a low O atom content.

The features of the NEXAFS C K-edge spectra of the corroded and
non-cotroded regions were significantly distinet for both ta-C/Ti and ta-
C:Ti/Ti. For the non-corroded area, the peaks were similar to those
found in the DLC films before the corresion tests, For the corroded area,
the peaks at ~285.4 and 292,0 €V, indicating the C 1s transitions to the
unoccupied n* and o* states at the sp>hybridized site [12,20,28,29],
were associated with the increase of the sp? hybridized bond fraction
from 0.33 and 0.55 to 0.43 and 0.59 for ta-C/Ti and ra-C:Ti/Ti,
respectively. This indicates that corresion deteriorated the DLC films.
However, the increased spz-hybridized bond fraction in ta-C:Ti/Ti (0.04
increase) was significantly less than that in ta-C/Ti (0.10 increase),
indicating that Ti doping in DLC could retard the degradation of the DLC
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Table 3
Vital corrosion parameters obtained from the polarization curves generated for 316L, ta-C, ta-C/Ti, ta-G:Ti, and ta-G:Ti/Ti electrochemically tested inPBS + 1 gL~ of
HA.
Sample Eoeer (mV) feer (DA cm %) b, (mV dec 1) b (mV dec 1) Epe (maV) Ry (MO em®) CR (mmyr 1)
316L —198.77 198.11 32.62 49.63 21533 0.04 200 % 10 °
ta-C -77.17 1.69 35.45 42.93 456.82 4.98 6.21 10 °
ta-C/Ti —73.50 1.73 48.50 33.80 1253.66 5.00 6.35 % 10 °
ta-CTi -62.32 179 46.66 51.36 484.44 593 715 % 10
ta-CTi/Ti —64.68 1.84 53.98 47.46 1672.97 5.97 734 %10 °
1.2x10°
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Fig. 9. EIS results of 3161 and all the DLC films in PBS (pH 7.5) with 1 g L' of HA at 37 °C: (a) Myquist plots and (b}—~(d) equivalent circuits of 316L and DLC without

a Ti interlayer, and DLC with a Ti interlayer, respectively.

Table 4

Resutls obtained from the fitted Nyquist plots for 316L, ta-C, ta-C/Ti, ta-C:Ti, and ta-C:Ti/Ti electrochemically tested in PBS + 1 g L-! of HA.

Outer

Sample R (2 Inner
em®)
Reser (MG Repie (MO CPEjs g1 (UF sec™ CPEpLc (WF sec™™ n Reasee (MO CPEyes (WF se¢™* n
em®) em®) em %) cm %) em®) em )
316L 29.4964 0.8611 - 52,0534 - 0.93003 - - -
ta-C 28.3189 - 51119 - 12.0631 0.92379 - - -
ta-C/Ti 28.6074 - 52240 - 12,0382 0.92583 0.9249 130.2420 0.9221
ta-CTi 29.3198 - 7.6775 - 11.7283 003317 - - -
ta-CTi/ 30.4580 - 7.7060 - 11.7580 0.93167 0.9206 128.5197 0.9306
Ti

properties [12,13,55]. Notably, the sp>-hybridized bond fraction of bath
DLC films increased to ~1.0, owing to severe corrosion at the corroded
area. Moreover, C hybridized remarkably with O in the corroded area
more than in the non-corroded area, as indicated by the peak at ~540 eV
in the NEXAFS O K-edge spectra. This observation corresponds to the

evolution of C-0, C=0, and —-OH because of corrosion [29].
Remarkably, the NEXAFS Ti [3,-edge spectra of ta-C:Ti/Ti were
different in the non-corroded and corroded regions, as shown in Fig. 10
(b). Moreover, the Ti peak of the dark zome at ~458.1-458.3,
459.9-460.2, 463.6-463.8, and 465.6-465.8 eV, was the same as in the
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Fig. 10. Astack of the O K-edge X-PEEM images taken at the phoran energy of 540 eV and the NEXAFS C K-edge, O K-edge, and Ti L z-edge spectra of (a) ta-C/Ti and

(b} ta-C:Ti/Ti.

sample before the corrosion test, corresponding to a mixture of titanium
oxides [34,35,36]. In contrast, titanium oxides notably decreased in the
corroded area, as indicated by the intensity of such peaks being less than
those in the non-corroded area, This means that the vital titanium ox-
ides, as the barrier layer for corrosion inhibition were low owing to Ti in
the corroded area dissolving into the solution; subsequently, the Ti
concentration was insufficient to form the thick titanium oxides [ 12,56].
The NEXAFS O K-edge spectra of both ta-C/Ti and ta-C:Ti/Ti in the
non-corroded area were notably similar to the DLC films before the
corrosion tests, except in the corroded area. For the corroded area, the
prominent peak at ~540.0 eV corresponded to the O 15 — ¢* (C-O and
C=0) transitions and the O 2p states hybridized with the Ti 4s and Ti 4p
states [29,34,35,39,40], indicating the degradation of the DLC films,
Additionally, the prominent peak at ~540 eV was not observed in the
non-corroded area, demonstrating low corrosion damage in this area.

3.4, Biocompatibility of the DLC films

Figs. 11 and 12 show the FTIR results and the SEM micrographs of
HAp on 316L, ta-C/Ti, and ta-C:Ti/Ti after the biocompatibility test
(immersion) in SBF (pH 7.4) at 37 °C for four weeks. Fig. 11 shows the
FTIR spectra of the functional groups, including OH , COs? ,NO3 , and
P04 at the absorption bands of ~1650, 1460-1650, 1380, and
1020-1200 cm !, respectively, indicating the formation of HAp
[10,57,58]. Calcium phosphate (CaP), in the form of HAp, is used in

10

biomaterials, including bone, orthopedics, and dentistry, because of its
biocompatibility and bicactivity with bone cells. Moreover, the HAp
layer consists of carbonate-containing nanosized HAp, and caleium
deficiency is similar to bone composition and structure, Consequently,
bone-producing osteoblast cells preferentially accrete on the HAp layer
58,59]. The detection of HAp on the DLC film surfaces is a reasonable
indicator of biocompatibility and bicactivity [58,60]. The FTIR spectra,
second derivative spectra, and integral area of each functional group
from the second derivative spectra (that is, OH , CO‘-,2 , NOg , and
PO.{" ) are shown in Fig. 11(a—c), respectively. The second derivative
spectra are widely applied to indicate the overlapping peaks of raw
speetral information using OPUS 7.5 software [61], The second deriv-
ative spectra can integrate the area of each functional group, as shown in

iz 11(c). The functional groups of CO5> , NO5 , and PO,® , and the
combination of OH and CO3? on the sample surface were ranked from
highest to lowest as follows: ta-C:Ti/Ti > ta-C/Ti > 316L, indicating that
HAp formed easily on the DLC film surface, as compared to bare 316L.
Moreover, the integral area of each functional group with different let-
ters (a-c), obtained using Duncan's multiple range test (x = 0.05),
indicated that the HAp formed on the DLC surface was notably higher
than that on the 316L surface, except for NO3 . NO3 is not a HAp
component, but is a synthesis residue during the caleifying process [58].
Fig. 13 shows the P and Ca peaks in EDS results for ta-C:Ti/Ti after
immersion in SBF (pH 7.4) at 37 °C for four weeks, indicating the for-
mation of caleium phosphate. Caleium phosphate is a favorite site for
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Fig. 11. FTIR results for 3161, ta-C/Ti, and ta-C:Ti/Ti after the biccompatibility test (immersion) in SBF (pH 7.4) at 37 °C for 4 weeks: (a) spectral normalization, (b)

second derivative spectra, and (c) integral area of each functional group from the second derivative spectra based on Duncan's multiple range test (x

HAp deposition [62,63], meaning that HAp appeared on the sample
surfaces. The EDS results confirmed the HAp formation and corre-
sponded to the FTIR results. The Ti doping element (subsequently
formed Ti oxides) in the DLC films notably enhanced the HAp formation
because itremarkably decreased the water contact angle, indicating that
the DLC films became more hydrophilic with Ti doping [10,57].
Increased hydrophilicity is beneficial for phosphate growth (one of the
most vital functional groups of HAp) on the surface of substances. More
HAp formed on ta-C:Ti/Ti than on ta-C/Ti and 316L, as confirmed by the
SEM images of HAp on the sample surface in Fig. 12, which is consistent
with the FTIR results. These results correspond to those of other studies
in which TiO; enhanced apatite formation on a biomaterial surface in
SBF [10,57 59],

12

0.05).

4. Conclusions

ta-C, ta-C/Ti, ta-C:Ti, and ta-G:Ti/Ti films were synthesized on 316L
stainless steel using FCVA deposition. Additionally, their local bonding
structures, corrosion properties, and biocompatibility were thoroughly
investigated. Prior to the eorrosion and biocompatibility tests, NEXAFS
and XPS analysis showed that Ti doping remarkably increased the sp*
hybridized Cbonding fraction of the DLC films from 0.32 to 0.54 for ta-C
and ta-C:Ti, while it slightly changed with the Ti interlayer (0.32 to 0.33
for ta-C and ta-C/Ti). All DLC films notably improved the 316L corrosion
resistance in PBS + 1 gL 1 of HA, as indicated by the decrease in CR
from 2.09 % 10 Tmmyr Tro ~6.21 % 10 #7234 x 10 Tmmyr 1. Ti
doping of 0,55 at,% incorporated with the Ti interlayer in the DLC films
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Fig. 12. SEM micrographs of HAp on (a) 316L, (b) ta-C/Ti, and (¢) ta-C:Ti/Ti after the bi
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Fig. 13. EDS results for ta-C:Ti/Ti after the bi
in SBF (pH 7.4) at 37 °C for 4 weeks.

ibility test (i ion)

(ta-C:Ti/Ti) exhibited the most corrosion resistance in terms of the
highest Epi, Ry, and Rypic owing to the formation of TiO; on its surface,
as confirmed by the XPS and NEXAFS results. From the EIS results, two
barrier outer and inner layers were observed in the ta-C/Ti and ta-C:Ti/
Ti, while one barrier layer was observed in the ta-C and ta-C:Ti. How-
ever, the two barrier layers exhibited a higher Ry,p; than the one barrier
layer. Moreover, ta-C:Ti/Ti exhibited the highest biocompatibility, as

13

ibility test (i

) in SBF (pH 7.4) at 37 °C for 4 weeks.

compared to bare 316L and ta-C/Ti, which was confirmed by the for-
mation of HAp on the surface by using FTIR, EDS, and SEM micrographs.
ta-C:Ti/Ti exhibited the highest corrosion resistance and the best
biocompatibility; thus, it is an alternative promising DLC film for joint
replacement biomaterials.
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