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ABSTRACTS

Surface Characteristics of Nanotube Formed

Ti-Nb-Zr Alloy

Jang Seung-Hyun
Advisor : Prof. Han—Cheol Choe, Ph. D.
Dept. of Optical Application Engineering,

Graduate School of Chosun University

Titanium and Titanium alloys have been used extensively as bone—implant
materials due to their high strength-to-weight ratio, good biocompatibility
and excellent corrosion resistance. In this work, we have investigated the
surface characteristics of nanotubes formed on Ti-30Nb-xZr (X : 3, 7, 15
wt %) alloys in 1M Hs3POs electrolyte containing 0.8 wt % NaF using
electrochemical methods. The corrosion behaviors were investigated using
potentiostat (Model 362, EG&G Company, U.S.A) in 0.9 % NaCl solution
at 36,5 + 1C. Microstructural morphology, crystallinity and composition of
nanotube oxide layer were observed by field emission scanning electron
microscopy (FE-SEM), X-ray photoelectron spectroscopy (XPS), X-ray
diffractometer (TF-XRD) and energy-dispersive spectrometer (EDS),

respectively.
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The results were as follows;

1. The nanotubes formed on the Ti-30Nb-xZr alloy surface were
transformed from the anatase to rutile structure of TiOs.

2. Titanium oxide nanotubes were formed with diameter varying from
approx. 40~80 nm (small tube) to 160~220 nm (large tube) and length
from approx. 3.5 nm (Ti-30Nb-3Zr) to 4.8 mm (Ti-30Nb-15Zr).

3. The composition of the alloys has a great influence on the
two-size-scale structure, and regular assembly structure appeared
predominantly with Zr content.

4. The corrosion current density of the nanotube formed Ti-30Nb-xZr
alloys are higher than that of non-anodized Ti-30Nb-xZr alloys. But
the polarization curves of nanotube formed Ti-30Nb-xZr alloys was
shifted to right side and had the widest passive range.

5. Nanotubed Ti-30Nb-xZr alloys have lower polarization resistance than

non—nanotubed Ti—-30Nb-xZr alloys.
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Table 1. Physical properties of titanium and titanium

alloys compared with other materials

Ti-Alloy 18-8
Pure i Al alloy Hastelloy
Property . Ti-6Al-4 zZr Al Fe STS Cu
Ti 755-T6
14 AISI304
) o 1540 476 1400
Melting Point(C) 1668 _ 1852 660 1530 1305 1083
~1650 ~638 ~ 1427
hep hep+bee hep bee
Crystal structure <883C <990C <893C fee fee <830C fee fee fee
bee bee bee fee
Density
5 451 442 6.52 2.70 2.80 7.86 8.03 8.92 8.93
(g/cm”)
Atomic number 22 - 40 13 - 26 - - 29
Young’'s modulus
106 113 89 69 71 192 199 204 116
(GPa)
0.30
Poisson’s Ratio 0.34 0.33 0.33 0.33 0.33 0.31 0.29 - 0.34
electrical resistivity
) 47~55 171 40~54 2.7 5.8 9.7 72 130 1.7
(u2-cm, 20C)
Electric conductivity
. 31 1.1 31 64.0 30.0 18.0 24 1.3 100
(Cu comparison,%)
Thermal
conductivity 0.041 0.018 0.040 0.487 0.294 0.145 0.039 0.031 0.923

(cal/cm®/s/C/c)

Coefficient of linear

6 6

expansion 84x10°  88x10 58<10°  230x10°  231x10°  12.0x10°  165x10°  11.5x10 16.8x10°°
(em/cm/C/0~1007C)
Specific heat
0.12 0.13 0.07 0.21 0.23 0.11 0.12 0.09 0.09

(cal/g/C)
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Fig. 1. Allotropic transformation of titanium.
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Table 2. Advantage and disadvantage of B-Ti alloy23

)

Advantage

Disadvantage

High strength to density ratio
Low modulus
High strength / high toughness
high fatigue strength
Good deep hardenability
Low forging temperature
Cold formable(some alloys)
Easy to heat treat
Excellent corrosion resistance

(some alloys)

Poor low and high temperature
properties
High formulation coat
Segregation problems
high springback

Microstructural in stabilities

Poor corrosion resistance(some alloys)

Table 3. Characteristic of biomaterials

Biocompatibility

Osseointegration
Bio Corrosion resistance

Adverse tissue reaction

Mechanical properties

Elastic modulus
Tensile, yield strength
Elongation

Toughness

Fatigue crack initiation, Propagation

Hardness, wear resistance

_11_
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N 2 W A1E) 2AR FARAL FAT HEL AAE Aol AT Fa
% o

2 5= (spine bone), 2 337t (interbody cage)s ¥ #& AAANEZ ALEE}

o Qe e FEAR Boh Hely 4% AXa Aok Tit 1 ¥

te AN ve HEEFAdAREE FRHoE ol WRHIFE
wol Wl sE ool 2ol EsAolth EF 7] FeIA wpEiE Fol
A o gAe wask 2 g

AW $4 @A GBS AL AT BAE AT Ak YAAE

AR AEsE Ae AE gdolm, 2 AHAL Na'sh Cl ol &olth.



AAQ7A AAAE=R 7P de AFEEH D e T 58 3% 7182

2 A%E Ti6AIAV FEolth AFHAE 2AZ b el selw gn

G AES ov ASHLE AEH AR, FHT AR mEE VE AlE
4 Aoy, Ale] &zslolv o] fdQloleh= St o] A7|HUA F7E A

o
< BAATE 7HA = wWel 100~230 GPad w2
E

GPa9 & AATFE 7HA
= QZ e o& <Ay (stress shielding) @AFo] #A st CoCrMo

©}F STS316L 200 GPa °l/%9 =& ©@AAIFE 7HAW, Tit 1 a2
100~110 GPa® B A& 7Fxd

ol JEHE] vBAAF Aole wiAE JYZTE FHo AFJE W
A 8 EXE WHIAIA =2 BAATE 7HAE JFAET Mo A
Hojol k= §He Al Az Wyl hEdior & A, dF wd B
HNEZ} F7)|A oz ALt Fow, wol FA, FAZ st QETE
F 9o Zt}hE = (osteoporosis)o] LA ETE o] d AL W el YT HE
AZS G3A A, 25 YEUE A= TAFSE vEdT, webs FHZ2o

= 7IEe AU d AAE Ti 59 32 2k¥(stress shielding) @733}
Fadre] SHEAE sty A A7 s daE L et
AAAAT AL 55 A8 AEE ¥94F Nb, Ta, Zr, Mo, Sn &
o] glom, 714 wo] A4 9l Nb, Ta, Mo B ¢t 3 942 37t
a9tk 71Ee] AHEE AL T baeldl whal, #Zol
THIL Ade Ti Fwe =94 By E=E BE T Faolth
Ti-12Mo-6Zr-2Fe(TMZF), Ti-15Mo-5Zr-3A1 59 @ ol e AE 54 o]
ZAettia del 7l Fest d=ztolwlE fribsts Ale]l o s AR&H AL 9o
Al, V, Fe, Mo¥ 22 fadas AL Ti 5o A3 =g did
ol Hx gtk &AW Ti-13Nb-13Zr, Ti-35Nb-5Ta-7Zr(TNTZ),

Ti-29Nb-13Ta3} Zo] Al =A4o] gle Fedivtons AddAs o+
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Table 4. Chemical

of Ti & Ti Alloys

composition and

mechanical properties

FElement N C H Fe
Al %4 Ti
Alloy max | max | max | max | max
Pure Ti ASTM F67
0.03 0.10 | 0.015 | 0.18 | 0.20 - - bal.
Grade 1
Grade 2 0.03 0.10 | 0.015 | 0.25 | 0.30 - - bal.
Grade 3 0.05 | 0.10 | 0.015 | 0.35 | 0.30 - - bal.
Grade 4 0.05 | 0.10 | 0.015 | 0.40 | 0.50 - - bal.
i-6Al- I
Ti6Al=4V EL 0.05 | 0.08 | 0.012 | 0.13 0.25 [55-6.5(3.5-4.5| bal
ASTM F136
. . percent
Property Yield Tensile . .
elongation | reduction
strength strength . -
. . (% )min of area
Alloy (MPa)min | (MPa)min ]
(% )min
Grade 1 170 240 24 3
Grade 2 275 345 20 30 ASTM
Grade 3 380 450 18 30 F67
Grade 4 485 550 15 25
. ASTM
Ti-6Al-4V ELI 795 860 10 25
F136
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Table 5. The elastic modulus of B-Ti alloys
] Elastic
Material YS(MPa) UTS(MPa)
modulus(GPa)
Bone 10-40 - 90-140 -
Ti-12Mo-6Zr-2Fe 74-85 1000-1060 1060-1100 ST
Ti-15Mo 78 544 874 Annealed
75 870-968 882-975 ST
Ti-15Mo-5Zr-3Al
88-113 1087-1284 1099-1312 STA
82 771 812 ST
Ti-15Mo-2.8Nb-3Al
100 1215 1310 STA
64-77 600-650 850-900 ST
Ti-13Zr-13Zr
79-84 836-908 973-1037 STA
Ti-15Mo-3Nb(21SRx) 83 945-987 979-999 Annealed
Ti-35Nb-5Ta-7Zr(TNTZ) 55 530 590 ST
Ti-35Nb-5Ta-7Zr-40
66 976 1010 ST
(TNZTO)
65-76 200-250 550-600 ST
Ti-29Nb-13Ta
103-105 850-900 1000-1050 STA
52-65 250-300 500-550 ST
Ti-29Nb-13Ta-4.6Zr
80-84 850-900 900-950 STA
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Ao o8 kst d & A ¥ (thermal oxidation)o]ut 3}shAbalw o] ] &)
oxided ¢rAA o @TFS v A= filme FA, 7%, 1Y FAZS 4=
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of A3 (crater) F¢ oA =5 heatinge] o} breakdowno] 7)1, 1A
F7F AS(Ti ¥ A2 Sl 52HA 7]5 ol heating® 7 &) o o]
guo] nd® Q&) dajdS F7Ist drk. A7 Al os) o] 3td
719 7FEAAER A E plasmaZt A el A Aol Hw, o] 23tH
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sparkingo] dolupw A o] gt @A4bo] Ti AFstad 3 AAA A&
of thaA o Abstuluts FA A Hrh o] A& dwkH o] v e Abstywt
< A5t Aol

Fig. 55 YF43 22 nanotube A IAAES AYsies EAE ot
Fig. 4914 Aw3s1 9= A A F(galvanostatic) #2lo] 93 gF=4tsts o
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Forming voltage(V)

Anodizing time{min)

Fig. 4. Anodized surface and the variation in voltage-time

curve during the anodic oxidation.
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nano-porous layer

Substrate

dissolution of

nano-porous layer TANe:poTON: iy

nanctube layer

growth of nanotube layer

Substrate s

(b) (e)

tube thinning preferential etching of tubes
i

Substrate

()

Fig. 5. Schematic representation of the growth stages of

28)
nanotubes.
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2. TiO,9 54

Tizt Ti 59 ¢+ AAATEA IS AdHoz xWo] P45
v Ry Asyete) 7¢9steE Aow #Z deAd drk Tie W] Fol =
=59 oF 3~8 mn T Abshygto]l whE AZF el @AW L, TiO, TiOs,
Ti:0s, TisOs 53 2ol e Fejz EAsA "k o] FolA Ti0w7h 9
WA ol Abstalube] fejolw 7t St Aolm R e A de ALE
2=

TiO; Abgho]ute] FAE 3~8 m AZo AW AZTE Ay F Agto] 4
itol wet sute] FA FAYA Ti &0l 452 gAdG " 19
U Addow FAE Absta e Y FE e Titanium oxide® & A8t
A, A FAZE 28 FRAA ol AX g A%
A A (amorphous)’d e ¢} 2= W sl wWE AA S0 uwel anatase, rutile,
brookite®} & Al 7FA 9] vrE ARG R AT} anataset rutile ¥
Ao Tiol& Felol 6719 0% olc]l Ee%a Yt TiO, T A
dor FAHAAH, F AA Fxo Aol o] IWAY HE¥HA vHE A
z9) Aol 54 A9tk rutilec] 4o 07 o] FHAE FHAA ¢
i, mAEA AEY APRAAR ZdEHY, anatased A= ZHAZE w4
Al AEE AMAARY iAol A "ot 2y Ti-Ti Ade
anatase”’} rutile¥.t} H(anatase @ 3.79 A, 3.04 A, rutile : 357 A, 2.96
A), Ti-09] A# = anatase’} rutile®.t} Zth(anatase : 1.934 A, rutile :
1.949 A, 1980 A). =& rutile7"Z A= 2t ZHA7F 10709 & ZH A ¢
Hsla Q& HbHol, anatase TERAAE ZF ZWAZF 8719 vrE A o
Aot Ak o8t FRANA Y Zolo oF anatase9t rutilezte] =
7149 A9 zolE REETE brookite® 5®3] TiOsel ZWA F 419
Ti o] =o] HItHA A 670e] Aot Aqetar, ztzhe] dWA = o] %5t
= 370 ZHA 9 edgeot AFste] [100] WFoz AAsA Hol AAFS

VNEoem CH WEor 1 HES Ze 7285 ol
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Table 6. Crystal structure and property data of TiO-

Crystal structure

Anatase

Rutile

Brookite

Property Data

anatase rutile brookite
Crystal system Tetragonal Tetragonal Orthorhombic
a = 9174
a=b=23784| a=Db= 4593
Lattice constant (A) b = 5.449
c = 9515 c = 2.959
c = 5.138
Unit cell volume(A?) 136.25 62.07 257.38
Density(g/cnt) 3.893 4.245 4119
Molar volume(cri/mol) 20.519 18.817 19.393
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AC. d9dx 24L& AFga 2 12 2 Fu52 717 uis 24
Aol 718 A4t 4R duda Fge de wHoeg vjEe AR
EIworre HEa7|7F 283 f7] =4 (organic coating)® AlH ] FA] A
5, A5 g9 AW S Sl S&E 1 Yt

olF T &7 Co¢t AshiE=ol Fasg Hdalo]ls A3 (charge transfer
resistance : Ro)¥ 2H4F9) 3] | ~(diffusion impedance : Zqo)7F Z¢¥ 5713
22 FAT = Jdrh oyd SIS RE Fu4o Wt wEl 54w
EZAI8 A& Nyquist plot(dad = AR 77 th3k AR Z

oz} st AC. dux SAHZAI Aol Mg B A W ow Agshal
Atk il nFIg F Zol A §HAY Res A HH AFaF FollA
Aojx groZRE o S wjW ESAF Ryol 7tk o] #5437 @&
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Noble(+) —»

Anodic current

Ip = passive c.d.

Passive region

Transpassive region

1., = corrosion c.d.

corr

L

Electrode potential versus SCE, V

<— Active()

= corrosion potential

Active region

Oxygen evolution

Secondary passivity

I

¢ = critical c.d.

E,, = primary

potential

Log current density (c.d) mA/cm?

Fig. 6. Hypothetical

anodic

and

cathodic polarization

behavior for a material exhibiting passive anodic behavior.
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Fig. 7. Nyquist plots according to various reaction type.
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A3 2d U
A1 Al 5 FH]

B AFo A= Ti-30Nb-xZr(x @ 3, 7, 15 wt %) A¥A Ti =5 Ax3}
71918 Cp-Ti(G&S TITANIUM, Grade 4, USA) =& Ao 3to +4]3}
5949 Nb(Kurt J. Lesker company, 99.7 % pure, USA)¥ Zr(Kurt
Lesker company, 99.95 % pure, USA)2 145 A (pellet)S AH&35+4

A2d dF= Ax 2 EA-

Ti-30Nb-xZr(x : 3, 7, 15 wt %) N Fola Pz A =37 Y3 Z
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As & 353 v 7 (Model BX60OMF, Olympus Optical Company, Japan)<

ol g3sle] mAMzAS FHEFPTY. AlHe AAFEXE Cu Ka radiations A}
43}= XRD(X'Pert Pro, Philips)S F3&to] #4239t}

O

2
4

FF¥eh 2WE Fig. 8% 2o WA 3F AL o] §3el, 49 A

=

(working electrode)> Al ¥#, ®Z # = (counter electrode)> #=, 7]F

it

2 ¥ 3538 = (saturated calomel reference electrode)s AlF-§3F Tt R
FFAE FAFSZ @25 T)9 1M HsPOs + 0.8 wt % NaF daf oA A
FotRom, 29 A3 Bx A5 Aol 5 m=E AASA FA4 st

B Ago|l = Ti-30Nb-xZrix : 3, 7, 15 wt %)&Fol scanning
potentiostat(Model 362, EG&G Company, US.A)S Al&3}

control mode” 2 10VE 3A17F FA3tE W 22 nanotubeE 3 A 53t

o]  "Potential

A58 Nanotube 4 37}

<!

1. "AT=x #F 2 aAdAds
Ti-30Nb-xZr(x : 3, 7, 15 wt %)°| A ¥H nanotubeE 7|AX == X4

S A3t AFHET T T (top), vHE A (bottom) L7 2 =W (cross—section)

A

A FZ2E FALAA A ZA(FE-SEM : field emission scanning electron
microscope, Model 4800, Hitachi, Japan)< AF-&3le] #A#sla, By A &3
2L s F3AAEr H(FE-TEM : field emission transmission electron
microscope,  JEM-2100F, JEOL, Japan)< o] g3} ¢ nanotube ]
cross—sectional image®} 7} 9 Ao w2 AHA A (EDS : energy dispersive
spectrometric)S 3FUT. A|HY FwWHo x-rays ZFAste] A E FAA
(photoelectron)®] L& Agtol = A, AE ®dHo ¥ A% nanotube
oxide layere] 3}ad =4 92 A HHE XA FHAAEF 7] (X-ray

= Tl
Photoelectron Spectroscopy)® w4 %3, €4 #Fo] w2 nanotubed]



AARFZ W3l= X-A 3 A7 (TF X-ray Diffractometer, X'Pert Pro,
Philips) & AF&3}o] &

BAAAS 4L FAx0NA24E A 7] (Dynamic ultra micro hardness
tester, Model DUH-W201/W201S, SHIMADZU, Japan)E& ©¢]&3}o] =43}
o 5 XA E AE7]9 indenter types Vickers ©]™, 100 gfe] A3 s}
TOoR b2 fFAStE W ow ZF Aldntt 53] SAHAFORAN Hdghs

s ek,

2. A713583 7%

Ti-30Nb-xZr(x : 3, 7, 15 wt %)° ¥4 ¥ nanotube?| In vitro ¥4 A%<
gQlstr] $sted, H7iststdd wWHo=z 794 d (Potentiodynamic
polarization test)¥ F U3 W 2(A.C. impedance test) 28-S 3} T}
A718te A APE EG&GAFS] 263A potentiostats o] §38t¢] 1500 mV -~
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Reference electrode— - f

Reference bridge
tube =

Metal specimen

{working electrode) |-

-

- #
T B EE

" —

— Counter electrodes

Insulated contact
rod to specimen

Gas purging tube

Test solution

Fig 8 Three-electrode configuration and scanning

potentiostat.

Table 7. The condition of electrochemical corrosion test

Solution 0.9% NacCl
Working electrode Samples
Counter electrode High dense carbon
Potentiodynamic test | Reference electrode SCE
Scan rate 1.667mV/s
Potential range -1500~2000mV
Temperature 36.5+C
Frequency range 100kHz~10mHz
. AC amplitude 10mV
AC impedance test Point 5point/decade
Temperature 36.5+C
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Aol wrel dste 7IAA ArE de 3otk # ATl A= Ti-30Nb-xZr
S+ 9] naotube A WA= FFULY GFE A E Adoz H#AF
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HYW.Q)S A wAzA2 XRD 4 ZAolth. B phase % %ol A
A" AlH v A x2S Fig. 994 Hol& dendrite 223+ €8 ¢4H
AAAs7E dojub 92 B grain®t #BRFHUGY. FY dA A NA
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Fig. 9. Optical micrographs showing the microstructure of
as-cast Ti-30Nb-xZr alloys : (a) Ti-30Nb-3Zr,
(b) Ti-30Nb-7Zr, (c) Ti-30Nb-15Zr.
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Fig. 10. Optical micrographs showing the microstructure of
heat-treated (W.Q.) Ti-30Nb-xZr alloys : (a) Ti-30Nb,
(b) Ti-30Nb-3Zr, (c) Ti-30Nb-7Zr, (c) Ti-30Nb-15Zr.
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Fig 11. X-ray diffraction patterns of heat-treated at
1000°C /24h/W.Q. : (a) Ti-30Nb, (b) Ti-30Nb-3Zr,
(c) Ti-30Nb-7Zr, (d) Ti-30Nb-15Zr.
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2. @A+ 54

i

Fig. 12~13< AA® Ti-30Nb-xZr(x : 3, 15 wt %) &= ©©AA
(elastic modulus)E =4 AHXE el vk Ti-30Nb-—xZr TFe &
1000 CellA  24A1%F w43 AHg F B F9eAd FdW.QIT 2
Ti-30Nb-xZr(x : 3, 15 wt %) &= B @AAFTE= 725 GPa 2 348

2]
A3 22 EAZF 2T ol d SHAH A4S 10~40 GPad
SGAATE A= Wk 100~230 GPad] =2 BAATE 7HAe dETE
of e AS Aolol o8 v EHEY. A4 AP I A} dEFE Au5=
Ha s Tid Ti &9 4%+ 100~110 GPa®l @4 A+E 7}
Ea

A F Tl AlESA] Yl FEULE ol &5kl %A Table 50 A 4&kS]
d AA" BE AvAAT @5 Jido] & dAyHa v & ATelA
AAE Faoz &8st e Axg Ti-30Nb-xZr &= 4-¢ 71l A
AL 55 JdSHEZ AR H L = TiAl e w8 H4 30 % 22 &
AATE EAv. ®=F Table 501 AAFT BY Ti F=s3 vl
Ti-30Nb-3Zr &= 4% A @4 A+FE vebdlar, Ti-30Nb-15Zr¢ 4
= Hd 50 % o] BHAATY FHAE BHAv 538 Ti-30Nb-15Zr &+ 9]
4% Wt 348 GPaz 10~40 GPas YEW= o A s FAFsHA W
stARE SEARE AL AR &Eet7] AfAs wel {FAS
AAFERE obdet, E4E FAE BRE, A T F de FEE 7144
23 QA AEA o] Qs
wEkd A AAT AAS deoer &80l 7Y
Ti-30Nb-xZr @9 4% w&3 A2 Fefold B Foel vs e &4

2

rﬂﬂ
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<" Testresut *"">>
SEQ  [Force1|Depthi Depth2|Depth3|Depth4 DHV-1 [DHV-2 [Elasticity  |Length|HV |Data name|
g (um] fum] fum) fum] [Pa]_[um]

f 100.38] 3,823] 2,854 3.083 0.740259.632466.281| 7.73E+010 — - J()
2 [100.33) 4121] 3.133] 3375| 0.746223540386.792] 6.98E+010] ——  JI(2)
3 100.30[ 3.839| 2.830] 3.070] 0.768257.566473.986 7.44E+010 ——|  J1(3)
4 100.22] 3947 2.969 3181 0.766243.389.430.072] 7.1BE+010 J1(4)
5 100.26] 4.027] 3.040] 3.246] 0.781233.912410600] 6.9E+010 J(5)
IAverage [100.30] 3.951 2.965] 3.181] 0.7601243648/433.546] 7.25€+010

Std. Dev.| 0.08| 0.126] 0.127| 0.126] 0.017) 15.450| 36.850/3.3993e+009

cv ] 0.08| 3.194| 4.280 3.93?[ 2.234) 6341 8500 46901/
<<™*  Force-Depth graph **>>
Force-Dapth Graph
200,00 | |

D |

500

Fig. 12. Elastic modulus values and force—depth graph of
heat-treated (water-quenched) Ti-30Nb-3Zr alloys.



<<™* Testresut ***>>

SEQ [Force1|Depth [Depth2Depth3|Depthé|DHV-1 [DHV-2 [Elasticity _[LengthHV [Data name
il [um] [um) [um]| [um] [Pa]| [um]

1 100.63] 9.507) 6.950/ 8.80| 0.699] 42.125| 78.628) 248E+010 J3(1)
2 [10032] 6.754] 4412 5.955) 0.799| 83214/194.994 341E+010 43(2)
g 10030 7.167| 5.087) 6.305| 0.852] 73.880/146.682] 3.01E+010 J33)
4 1100.33] 5.758) 4.139 4.815) 0.845/1144501221618 4.04E+010 J34)
5 100.35] 5.106] 3.500] 4.211] 0.895[145666310.009, 4.46E+010 J3(5)
Average [100.39| 6.859| 4.818) 6.039 0.820| 91.867|190427| 348E+010

Std. Dev| 0.14] 1689| 1.321) 1.758| 0.076] 39.614 86.112]7.9015e+009

cv 0.14|24.618/27.424[20.106] 9.285] 43.121] 45.221]  22.708] — —|

<< Force-Depth graph  *™*>>
Force-Dapth Graph

Fig. 13. Elastic modulus values and force—depth graph of
heat-treated (water-quenched) Ti-30Nb-15Zr alloys.
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A2-d Ti-30Nb-xZrg= ol 3A ¥ Nanotube 5% 3
1. Nanotube W Al 7=
Fig. 14 Ti-30Nb-xZr(x : 3, 7, 15 wt %) &= 1M Hs;POs; + 0.8 wt
% NaF A3 &olA scanning potentiostat(Model 362, EG&G Company,
US.A)S AF839d potential control mode® 10VE 3A17F #-A 5= Wy o
2 YA 3 nanotube W SEM AR S = Ti-30Nb-xZr ¥+ %W 7 Ao
T A% nanotube’t WA HASFS Fdednt
Fig. 15+ Ti-30Nb-xZr &&e°l 34 %F nanotube? X W(top), =4
(cross-section), HFE ¥ (bottom)S HolFa low Zwyt upgHe 7] A 4
ol ~3#x Heoer wF FEHolA nanotubeE: wWo]jWl F owfgH S
nanotubeE H oA, =L ©Eso] SEMY o]n] A A AT}
Ti-30Nb-xZrt=9 FW /M-S f8 & A7 AAT Ak 2 47
sty 274 st PA I nanotuber EW(top)> dE da, wpeH
(bottom)= 238 U+ FxE A Ao °F 40~80 mm(small tube)oll 4] 160~ 220
tube)7k#],  Aole ¢ 35 m(Ti-30Nb-3Zr)elAl 48 m
et a71E JHeEtN Y. Cp-TiolAl 34 ¥ nanotube
WEtU = nanotube®] #7437 oo W= Fada
o ol FEFdad oF Py4W
FASE7E 44 27 dio] H7bE dada
g vAE AoR A
23z WHor uolwl
Bt 9% 4= W
Al wolvl
™ of] A

nm(large
(Ti-30Nb-15Zr)7+#] T}
o} & Ti FaolAst
(Nb, Zr, Al, V) g™ em gzxn
2V oxide® £
7} nanotube?] morphology 2} pore 84 7]o & o
o]
2 4o
g 2
163}
ATt
15 wt %

Nb, Zr, Al
15(cross—section) 9}
o] |] %]

A
1= 35 um, 3.8 mm %

g slo] A&
Zo

SEM
el e xp7b dA ] ol

particle3} 3lo] Fig
© 24 nanotube Zol& FAsAtt 1 A Zr

ket Fig
nanotube &
e ol
nanotube oxide layer&
cross—section °|H[ A& A&
dheFol 3 wt % [Fig. 16 (a)]olA 7 wt % [Fig. 16 (b)]] &
[Fig. 16 (c)] 7}A Z7Fstol whe} nanotube®] 3
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Fig. 14. SEM top-view images of nanotube layers obtained
by anodization in IM H3;PO, + 0.8wt% NaF at room
temperature : (a) Ti-30Nb-3Zr, (b) Ti-30Nb-7Zr,

(C) Ti-30Nb-15Zr.
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Fig. 16. SEM micrographs showing the length of nanotube
layers : (a) Ti-30Nb-3Zr, (b) Ti-30Nb-7Zr,
(¢c) Ti-30Nb-15Zr.
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Fig. 17 Ti-30Nb-xZr @ wol %A% nanotube® X4 (top)d} W4 ™
(bottom)®] 1Lv}& SEM o]W] A& YWEbal 9low Fig. 14014 2Qlgh o}
Zo] nanotube’} A A o2 FAsHA FAE AS5S & T F U 1
#} Fig. 179 2dj& vpgHS A3 EA Ti-30Nb-xZr @weol JA4%
nanotube= 27 o] °F 40~80 nm Z'+= small tube®} ¢F 160~220 mm ZE+
large tube® FE3A 27 A7|7F ©b & F 79 tube TEE ZA USS
3ol & 4 9t Two-size-scale? nanotubet 9F 160~220 nm 2%t large
tube F9ol oF 40~80 nm % small tube’t E8j% 3 e FEHE R AT
o] 2 g large tube F¢°l small tube’} TH st FEl+= Fig. 179014 YEA
A %W (top)oll Al FZA] pore spacingoZ HolA ®Ht} 181 Fig. 17
(a)~(c)9 vl=d (bottom)oll Al B Zr g3Fo] Z71do] wel large tubed
FH = Bt (ellipse)ol A A FAA o= vidd H(circle) &= v AT}

Nb &3 Zr &% o] nanotube Aol v A& FaFS A7 H8te] 7]
AT ®2ud Ax7E 29, Fig. 189 o] Ti-xNb @&l Nbel & efol
S7bekell Wt small tubeZt 1A 0% yebvhar, Ti-xZr ol Zre &
ol F7hghel w2t nanotubed] Wi deo] FA 3t wwW, A Aol 4TS &
At o]8st Nbd Zr &Fol wE Ti o]¥A =X nanotubed A
A3 Aol mlus] & uf Ti-30Nb-xZr {7 &=l @A E nanotubed
small tube®] A4, nanotube?] T+= 4 wjld 2 79 A H g nanotube

of AT Aol FFS PAE N Zr oxides) §3) SEeh APH o
P~

ol

rot

F=2tsks o] 88 nanotube A WIZMHUES A8 Wel A A] kARt
# Jan 5*o] 118 Field-assisted oxidation and dissolution®] ™ 7} 3
¥}, Chemical dissolution ®7}HFo] 7h dwbxo=g dex o, &2 o
Toll A AFEEH (M ¢ Ti, Nb, Zr) o A%+ t53 2ol el & gl

M — MY+ e oo (1)
MY 4 2HoO — MOy + AH oo (2)
MO, + 6F — [MFG]} or MY +6F — [MFe]Zi ................... (3)
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A WA field-assisted oxidation and dissolution®l 2Jg W2 M xHl
A2 (2)9] wEgoll 93] FAE MO7F AFERES-o] dojuE FA M
2bsg)ebal Aol abole] A MO,7F MY o] 2oz 437k WA nanotube
7b WA EE Aola, F WAl Chemical dissolution®l ¢g w2 2(1)3%
(2)¢] WS-l ofa] FAE MO7F Ao Hol £3¢d EF 2= (fluor)ot 2%
AU, £ M'7F A4 FFe2(fluor)et A#stel PO U SO T @
FEA =7 He MR & g4t a, ¢58d0 93] [MF’ o] &o] &
5 o] Y9 WA nanotube Weoll pH”F 74 %A H 22 nanotubed X%
et o] w7 GAE L vt e eSSl 310 SS R A
Aoz wmE7A P o] nanotube’} st Aoz AHAwsta Qlu). o] A
H TiAl 59 nanotube A HA ol oA 7H T8TF 8 4xe AHA
© Aol A#lol oxided dissolutionol] 1T},

2 dFodA Ti-30Nb-xZr &=l nanotubes Ast7] 93 SF=sE
AT AS AN, Zr)ol H7bel wel Ti oxide 9ol % Nbolu Zrol
o] & oxide’} ¥4 =™, oxide dissolution WH-§-2 oxide film<e] Tz} ZA4d ol
wel  wek® wekd Ti-30Nb-xZr el AAe Avrh gE
two-sizes-scale T %9 nanotube’t HAH+= AHE  ZF oxide L9
dissolution 54 Aolgtx Aztett, 18] Fig. 17 (a)dA (o) Z+=
Ti-30Nb-xZr =l ¥4 ¥ nanotube ¥iHo] FA A1 FHPo= Wate= 7

& Zre] e Wste] gFow Azdn

Z

o Az
F 1000 ColA 24h A3} A2 she FAAA 28H Zro] dxwdo] F
A ow WA, Zr §Ee] F7ESFE A FAARE FA5] Wi
ol Fig. 17 (a)ollX ()= Zr &Fo] S7FE4 5 nanotube Wi do] Fx 2 o=
Hates Aoz AZwEg. 28 Ti-30Nb-xZr @5 34w nanobute:
large tube Tl small tube’} st A= FEHE Yl Y=, o
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23 #3274 wdo] o]F Ao ZH, nanotube’} A AL w] FH3I tube Alo]
o] ZHAd o] #rolA Fig. 17 (a)~(c)Y EHW(top)d o] EfdelA Ho Fe=z
Wots Adow e
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(a)

(b)

nm \ SEY 't;
{ J.

©)

Fig. 17. SEM surface and bottom-view image of nanotube
oxide obtained by anodization in IM H3;PO; + 0.8wt% NaF
at room temperature @ (a) Ti-30Nb-3Zr, (b) Ti-30Nb-7Zr,
(c) Ti-30Nb-15Zr.
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S00Am > S S0

Fig 18, SEM bottom-view image of nanotube oxide
obtained by anodization in 1M H3;PO; + 0.8wt% NaF at
room temperature(F: Firstly, nucleated nanotube S:
Secondly, nucleated nanotube) @ (a) x10wt%, (b) x20wt%,
(c) x:30wt%, (d) x40wt%.



2. Nanotube A% % AATZ A4

Fig. 19~202 Ti-30Nb-xZr(x : 3, 15 wt %) &&Fo°l A nanotubed
= (cross section) TEM ©]H1| A £} nanotube S ¢ Ao w& EDS &4
Aot Ti-30Nb-3Zr¥ Ti-30Nb-15Zr @ 3ol FA ¥ nanotubedl A &=
Ti/Nb/Zr/O (All results in weight %) ¢ H7+ FAW7 zZtz
40.77/28.75/2.98/27.50, 34.17/28.74/13.28/23.812 =E A 9] &3} FAFsHA
WA RE ZE Ao wrekA = Ti/Nb/Zr/O F AW Zeol& EA. 18i v
o] 07} #A=%+ A& nanotube ¥ A A Ti, Nb 1831 Zro] Atst&
(oxide)= WA sH7] W=l Aoz AZEr. Fig. 19¢] vk Ti-30Nb-3Zr
StFo] A nanotube YA o WE Ti/Nb/Zr/O FAH S HHA point 1914
+ Ti(38.30/28.53/3.35/29.83), point 59 4] = Nb(45.45/28.61/2.94/26.01) 12| i1
point 6°l Al = Zr(41.51/30.08/2.54/25.87)¢] 3 FAv| e} vl g o Ao 2o
2 9o F£XE BYgow E3| point 394 = Zro] HAEH A %o}, nanotube
AA el W Ti/Nb/Zr/O¢ FAH zols F=gAA vetlidv. w3
nanotube $1Ao W& Ti/Nb/Zr/O° FA¥] zte]= Fig. 209 pint 504 =
Zr(35.74/27.07/9.92/27.27), point 6914+ Ti¥} Nb(29.93/25.73/14.74/29.60) |
z+zy b e =X E yele, Ti-30Nb-15Zrol & A ¥ nanotbuedl A %=
AZE A, o] g Ti-30Nb-xZr(x : 3, 15 wt %) T =l FA ¥ nanotube
of ot FAM ztol= Zr T Aol 7]dg Ao ® A ZEW ) nanotube
AAe wE Fu A4 FAH Aol Ti-30Nb-xZr v Ax A &5
929 Ti, Nb 281 Zro] Fk= 2% zo]7b &5 ol 2] wol
S4ksl Ao A Ti-30Nb-xZr Faol FAE oxidex= 7 Ao wah Ti,
Nb, Zr A&4]7} g2 A4 =i, AEH7F & oxides Ao && =
2 2(fluor) i PO/ Y SO 59 ¢hF 8ol dissolution H& &E7F o
27] i FY el FA ¥ nanotubedt®= nanotube A Aole} 1 9
2ol wep FEAdwe] FAH Aeolg: YEE Aoz Azdrk w7t
pointell A1 Nb# Zr =& vusjid, d5s 7L de FFozFE
S7HAAY A E Aol U= o= nanotube @A ol Zzbe] & e

7} A4S nR RAoeg ol & 4 9l

o

El
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Spectrum In stats Tt Nb Zr Q Total

1 Yes 38.30 28,53 3.35 20.83 100,00

2 Yes 45.00 2779 3.10 24,10 100,00

i} Yes 44.01 27.05 -0.44 29.39 100.00

4 Yes 40.62 2772 2.98 28.68 100,00

G Yes 45.45 25,61 2.94 26.01 100,00

5 Yes 41.51 30.08 2.54 25.87 100,00

7 Yes 38.41 29.68 4.83 27.08 100.00

8 Yes 40.88 25,63 4,46 29.04 100,00

Mean 40,77 28,75 2.98 27.50 100,00

Std. deviation 3.16 1.47 f.82 3.16
All results in weight%

Fig 19. TEM image and the EDX spectra of Ti-30Nb-3Zr
after the anodization in 1M H;PO; + 0.8wt% NaF at room

temperature.
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Spectrum In stats. Ti MNb Zr O Total

1 Yes 35.72 28.69 14.61 20.99 100,00

2 Yes 31.81 30.50 14.35 23.34 100.00

3 Yes 37.55 29.98 14.76 17.71 100.00

4 Yes 36.51 30.87 13.04 19.58 100,00

5 Yes 35.74 27.07 9.82 er.2e7 100,00

6 es 29.93 25,3 14.74 29.60 100.00

7 Yes 35.03 28.49 13.05 23.43 100.00

8 Yes 3110 2857 1D 26.58 100,00
Mean 3417 28.74 15428 23.81 100.00

Std. deviation 2.81 1.74 1.73 4,34
Al results in weight%

Fig 20. TEM image and the EDX spectra of Ti-30Nb-15Zr
after the anodization in 1M H;PO; + 0.8wt% NaF at room

temperature.
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Ti-30Nb-xZr(x : 7 wt %) &=l FF4itstH o= A3 nanotubed 7

Fass] fakel X-H BA

s
=

=

ogh
£
Lo
2

]
m&

i)
filo
9
Ht
R
2
fr
X

A4 715 AHE-38e] nanotube X WS 4 51T

Fig. 212 nanotube ¥W9 XPS ~#HEH R 7} A A4 AT oYy
A dHE YEbd o ok d4e A2 O(1s), C(1s) Na(ls), F(1s), P(2p),
Ti(2p), Nb(3d), Zr(3d)e] Z+Z} 53.8, 20.3, 4.5, 3.2, 0.8, 12.1, 4.3, 1.0 at % =
glal 0.1 olsk wFe] Cl2p)e]l A=5AH. Fig. 2114 overall scan®] 7
nanotube F W] T YA Ti, Nb, Zrg A3 O(s), C(ls) Na(ls),
F(ls), P(2p), Cl2p)°] A= HA+=dl, OUs), F(ls), Na(ls), P(2p)9 A=
nanotube’t 1M HsPOs4 + 0.8 wt % NaF 3] Aol F=54kstE &3 oxide
S dAdeEd Ay wiel HEHe Aoz Addd. =3 Cls)
XA FE2AEA ] 7EA =52, 28a vFe] Cl2p)= 0.9 % NaCl &
oA FA g AJHI AHBAANA AREHY S 7T Roew AA4H

s

StATS Yol 7] #4138t O(ls), Ti(2p), Nb(3d), Zr(3d)e] I o thst
W ~3 EH(high resolution spectrum) #4 ZA¥E Yz 9on
O(1s), Ti(2p), Nb(3d), Zr(3d)e] &= =&Y 49 Table 8% 22 if9 3}
FAFANYAE zZEeTh 1Y kst ol 9@ Ti-30Nb-7Zr &+
A E nanotube: 1% A E H(high resolution spectrum) 43 A3}
O(1s), Ti(2Ps32-1/2), Nb(3ds2-30), Zr(3dspz-32) 2F7+e] €47} 531 eV, 458.77
—46451 eV, 207.32—210.06 eV, 182.64—184.99 eVl ZAZFAUYAE zZte=
TiOs, Nb2Os % ZrO. b3t == 74 o] A

Fig. 2204 X Ti-30Nb-7Zr 3ol nanotubeE FA T 4AF FFUA

7b =g =4 A% duA S zolE UEWE 3184 o] F(chemical shift)
= = F Ao XPS A cA Y ety olFe 22 FR dAEold=
O RS A e FeE B4 d=2A HW AREDF A Ay ATt
Za4 @A = d4S D@ A7 He de dEA a4 P H
3} 4l (formal oxidation state), 29 &7, A=) wjd 5o zolo] uwret
tt=ch ol gk 33 A o]FS ol &stH AAE A FAe dFd A
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HE 97 H2E XPSE 38 24 f&35tA & + UA @ dE =
AEF 2 2 35lolA EAtol € (ethyl trifluoroacetate) 2] 3 3E9] Fx2 3 o] 9
25EH WE5E Cls F44 29 =38 JeElY = Fig. 238 2 o] 3}

SO Al R A7F A A (valence electron)E wiot7] &= 3o A TF Wi E o
2 AFE BAdAES 47 AR AL dAsE Aol Heol dA
S H1h AA w7l A HE2 1 1s AAe] Azt U A 7F AR #elA] A
Hot ol e Fstx g4 Wt Fig., 239 #AA ~FHE- A A7 55t
A o]s o= e A Hrt

Fig. 229 11885 2~#E4 (high resolution spectrum)olA 24 947+ 3}
g2 o] (chemical shift)& AHRW £ ZddA 2t AFdquA 9 2

2] nanotube A F o= O(ls), Ti(2P3s-12), Nb(3dsp-30), Zr(3dspe—302) 2+2t
o] A&7 -0.75 eV, -0.03~+0.17 eV, +4.92~+4.94 eV, +3.74~+3.66 eV=Z

+
WEFo = shift o] & =43 v& 384 @40 Ao U&5& &A@ =+
AT Ti(2P32-12), Nb(3dsz-32), Zr(3dss-32) FaHUAELS -H3FA 0(1s)F

R O(s)E 43 FF 94 How 94 0¥ FozA 7 ¥

e

v Abaef Adrsle] Fig. 220 yebd A kel 2ol TiOs, NbOs 2 ZrO.#
Aoz AzZten. 22y TiPse-1n) 45 -0.03~
+0.17 eVE +1gel O(1s)®wt ofvyel 3] Nb(3dse-32), Zr(3dse—32)°]
FaFol o= skt ol S BAO®HA Ti Nb, Zr 24 &5 das &=
Absh Ao A O AFste oxideE BT WRF olu e} fE AT 1A
Ae oz AZHEY. mEA XPS A ARE Fd ®W
Ti-30Nb-xZr &F°] A% nanotube oxide layer= TiOs Nb2Os, ZrO:7 <
AstER Aol AR st s A4S s EW nanotube
F AR Ti oxidedl Nb, Zr oxide’t 4999E  mixed
TiO;-NbyO5-ZrO: structures YWEE Ao =2 AJZtHT}

XPS #4723 Ti-Nb-Zr oxide® T4 %ol & Ti-30Nb-xZr &=l &

¥ nanotube®] AATEE Y] el XA 04 A4S 39l

rr
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Fig. 24% Ti-30Nb-3Zr& =l 1M HsPOs + 0.8 wt % NaF 732 o A
10VE 3A1ZF 5Akstste] A Al 300 C, 450 C 28] aL 600 C ol A
Zbzy 3A1ZF dA e gk Al X-d 3 dEA Adelth. Fig. 24 (a)oll A
Ti-30Nb-3Zrell A ¥ nanotubet TiO:NbeOs—ZrO.7F 4ol A& HAHA
(amorphous)® o] AAAT 300~600 CT7A A8 ZFoE= anatased
rutile A8 7%5 2t TiO: & veERRth ¥[A A A H 9 nanotubeE 300 C
ol A A FHE A oF 20~38°0l A Ti peakE A9t 25° 48°, 53°
2 55°0 Al anatase peak®t #Z Y thH(Fig. 24 (b)). 181} 450 CelA 4
Al S 3 Fig. 24 (0)°lA= 300 CTolA dAel & Alda 2 of 20~27°,
36°, 44°°1 A rutile peak”} YEFWZ] AlFFeRgith T1Elal 600 T2 AA
Fig. 24 (d)9] 74 $-oll= 450 CeolA vetvr] A zrgd o 20~27°, 36°, 44°
rutile peak® intensity”} % 7Fsto], B]A A (amorphous) *FEl S nanotube”t
2%=7F S7hgel wEl anatasedl A rutile FERE AW E skt wEkA 30
0Col A nanotubeE ATl 3 7 ¢ Fig. 24 (b)o] oF 55°0 4 YElvtE (211)
anatase peakt 600 C=Z €& 3 Fig. 24 (DA (211) rutile peak®
FRE 3 Aog AZEct XPS A4 wE Ti-30Nb-xZr wol 34
® nanotube?] TA A TiO»NbOs—ZrO.7F E£3¢® +x2E e AR
XRD #Ao| A= nanotubeE 600 C&E g7 FL 79t oF 20~30°
33°o| A4 Ti-Nb-Zr, Ti-Zr 3T E2 JAHE peak’} TP, 1 9 F
peak= TiO: AA T2 NboOs-ZrO, £+ tE Nb-Zr oxided peak:s YEY
A epsktk. o]y g XRD w4 A= dw &9 Zr 4% TR Tid
e o] Hale 9a2A Tid A& nE&AES 461, 53] anatase T
zol 4 Ti 949 Hx 20 %= Nb 9xkek &5 7] we]™ TiO,-based
solid solution®] Nb¥} Zr ¥A7F 45 o] nanotubed FZ2A 4ol TiO=
UEeles 2oz Az,

XPS¢t XRD #4433 Ti-30Nb-xZr 3o FAE nanotube=
TiO2-Nb20s5-ZrO2 7} &3%¥ M A & (amorphous) AEjo] x| gt F AAFTZ=
TiOZ EA 2ol W}l anatased A rutile W E AT AZSHE F o

4
Aol W WAE T2 TiO7F 243 2T WA o] $tr] wi
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of AEele] weoA o fostty DA YA wAgd T A AN
HA L8y EAZ s wabsd F A Ao TiOe¢l nanotubed 2
A AAAFAAY YA 2 FFe wAA Hrz, AHG 2Eo]A

nanotube®] AA3E A A7 2o Aow AzHET
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Fig 21. XPS survey spectra for surface of Ti-30Nb-7Zr
after anodization in IM H3PO, + 0.8wt% NaF at room

temperature.

Table 8. Experimental binding energies of pure elements

Element/electron orbital XPS binding energy (eV)
O1s 531
Ti2Ps; - 112 458.8 - 464.34
Nb3ds2 - 32 202.4 - 205.12
Zl’3ds/2 .32 178.9 - 181.33
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Fig. 22. XPS hight resolution spectra for surface of
nanotube formed on Ti-30Nb-7Zr by anodization in IM
H;PO4s + 0.8wt% NaF at room temperature.
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Fig. 23. Photoelectron spectrum from carbon in ethyl

trifluoroacetate showing the chemical shift.
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A : anatase
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T : titanium
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Fig. 24. TF-XRD patterns of (a) as-formed amorphous
nanotube layers on Ti-30Nb-3Zr and of crystalline layers
that exist after annealing at (b) 300C, (c) 450°C, (d) 600C.
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A 34 Nanotube A 71383 A%

_4

Ti-30Nb-xZr(x : 3, 7, 15 wt %) &=l FA=E nanotube?l In vitro § 2
AsE  FQstrl HAsted,  Ad7iFsrded . wyer FAAESAY
(Potentiodynamic polarization test)¥} xF 3] 2(A.C. impedance test)
AP sk3

Fig. 25+ Ti-30Nb-xZr &= $543 d-F 09 % dalHelA 100
kHz~10 mHz7hA w% doels 34 Az, wE A7 40~80x10° Q
Jem®2 @ =& polarization resistance (Rp) #< WEIUTH 18 Fig. 25
(a)9] Nyquist plotoll A SF=4kst 814 @42 A|H A9 Zr Fo] 3 wt %
oA 15 wt %7FAl F7Fehel whel A Al vkl o] A A o] Frbe AN, F
=Sabsh gk AR A= Zr dheFo] FURehel uwhel wkl o] Al A o] FAEke], Zr
Sl whel WA Aol uEtldTh Zre AbAok Agste] Zr oxideE
FAet7] Wil Tidk = & AF Zr &l T/l wat Tiel && %ol

S 7FA 2 Utk wEkA Ti-30Nb-xZr %

w9 F=akst Y A, Zr el wE WA STk oldd Zr 44 =
agfa F=2kst Ael 5 Zr el wE A

4 A E nanotube PIAIFER A AdF FFA Kol Zrol nanotubed]
morphology ¢t Zolel F3F& wA7] wf&Fe ROz AZHETE Nanotubes
SF23tE T A E oxide layer’} dissolution H WA A AsE=dl Fig.
16~17°1 A & nanotube= Zr ol 7ol whel 789 Aok A It
A M dS sk, dol7k Frkshz] wiEel wEwH Aol wWojxt, welA Zr
H Aol A g S Holed, ole 4 A =

= HlEA Al A7) wZQl Aoer AW FFAst AlHe vAA

23 shA ke Ado] HlE AAHor WA i

flo
4z

Nyquist plot 239 A3 BEste] wro g 9Aatd 4 9= 5o 1T
o2 Yy, wrdel A7 LS polarization resistance (R,) #3 < X gk}, o]

213k Nyquist plot oM R, #t& SAD & oy AFug g A
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®

52 1839 Fig. 25 (b)9 2L Bode magnitude plot Aol A A F 14
gy nFEHE JIoA AL Ay e AE o] £3Fe] polarization
resistance (R,) #t< T3FStH(Table 9).

Fig. 25 (b)= Bode magnitude plotg& el glom of=Ak3} Az
AT AlE 25 v AFS ZAY. Plote slope’t 34 901~
100 kHz) A= A< 0o 7FgA WEly=dl, o] solution resistance (Rs)
ol Yeues wrgolw, F - AFas 99(0.01~1000 Hz) A Plot
slopee] W2 WHelel Ax A9 -1 7H7hE #s dedes A2 Fsday
9] capacitive?dt AT W YEeElU= ¥ESoly. e Fig. 25 (c)9 Bode
phase plotg A¥H X 2E AHo| A phase angleo] LF9FE 4FE °R
ol A= o] #ZH=H, o FaFo ®AeAe= dId27F solution
resistance (Ro)ol 28] odaFe wxut® = . 4534 o oA phase
angleo] Y& £0 =2 "HojX = AL YI W27} polarization resistance (R,)
of 93] s W] wZolt), 2 x 90°d 7M7bE YA ¥ phase angle©]
EA5A ==Y o= capacitivedt ¥F-SS YEIWTH, FHol FFEH ¥ o]
HAEAYSS on gy, welbA Bode magnitude plote] slopeo] W& W $ol
A -19 7}77}g—rﬁ, phase angle©] 90°0 7}7}-& %t H 9
b RS E, FEHy e 540 ¥ sttt ddd 5 v

Fig. 25 ()9 Bode magnitude plotoll A4 B oF=Aak3} 3 A3} 34x ke
A BF = AFHSE 99(0.01~1000 Hz) oA plote] slope] -1 7}7}
+ 71&71E Yedo FEE duo] dAHASTS AT = AJAN Fig.
a)9] Bode Nyquist plotoll Al ¥+ 9] #H & o] ZF AldAnit) tt=2 A e
kst Aok Zr $ekol Ti-30Nb-xZr 5o 5 3 P wA=

AR #E dvl¥ o7 Fig.

4
260 sAAE=AES Tl 4 AHe FAHH Eeon), FAHAFEEeon) L
H

mlo
N
x
rlr
"
i
N

N
3
>

o
e
—IL‘I —~
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gt =4kl kA 2 Al|e A= -392 v (SCE), -398 mV (SCE), -328
W (SCE), ¥=4ts} o AJHLE -1143 v (SCE), -1256 mVv (SCE), -1226 mv
(SCE)Z YEY non-anodized Al FAH= oF -370 £ 30 wv (SCE)
18] 3L anodized AHY FAAYE -1200 + 50 wV (SCE)E %=4k3t A -

F AH W g4z gl debdth =@ RAA9) gel 93 B 2
e bl mAEE BRoA FAHE RAUNFAEE Zr ggel F7b

3o wa} non-anodized AlHe A 1.05 x 10° A/em® oA 3.89 x 10
A/em® & ol A a1, anodized AHoAME 966 x 10° A/cm2 oA 1.10 x

10 Alem® 2 FohAAW, FIAT A F AW BF D AmN 2
F Qe we PHARUES deh e

Fig. 269 sAYE=3delA & F Axo] Ti-30Nb-—xZr F=2 &4t
b -5 B T Ti gaolA ZropE 5 Sl kAR FEH ks
FAstar low, dwtdow 7 o] oyAE zZte= del "Wl 300
2 % (Ioow) 9l 1= non-anodized Al#E 10°~10°
A/em® W $loll A =)t

2 Aols BPAW B AFAA REU T EAFORA

of| A 5 0o] Ti-30Nb-xZr & +&2°

FIAE A - F a3 Zr G W] whet Fig. 269 FANRTFA

T3 Tol= BAAYTE -1200 £ 50 WV (SCE)E Solx i, BAdFIE
= 25x10° A/em”® 2 molAth ol# e kst A - T RAAY] @ RA
AFHEo 2 Zol:x Ti-30Nb-xZr &l A H nanotube oxide layer”}t
=

h
2bel Ao A ZFQ 2 (fluor) 9t AFEHe] POS U SO So &g
of 7] & [TiFs)” & §A o] we} 22 dissolution HA & 2tguto] X
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in 0.9% NaCl solution at 36.5+t1C : (a)

Nyquist plot, (b) Bode magnitude plot, (c) Bode phase plot.

impedance test
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Fig. 26. Polarization curves of Ti-30Nb-xZr alloys after
potentiodynamic test in 0.9% NaCl solution at 36.5x1C :

(a) non—-anodized, (b) anodized.
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Table 9. Corrosion current density (I...r), current density
(Is00w), corrosion potential (Ec.r), resistance polarization
(R,) and values of solution resistance (Rg) for Ti-30Nb-xZr
alloys after electrochemical test in 0.9 % NaCl solution at

365 + 1 C.

Non-anodized
Ti-30Nb-3Zr Ti-30Nb-7Zr Ti-30Nb-15Zr
E,,, (V) 392 -398 -328
I, (A/em?) 1.05x10% 7.59 <107 3.89x10°7
Lpomy(A/em?) 1.07x10% 1.13x10% 8.20x106
R, (Qem?) 4.58 105 207 X105 8.32 X105
R, (Qcm?) 2425 13.68 21.60
Anodized
Ti-30Nb-3Zr Ti-30Nb-7Zr Ti-30Nb-15Zr
E,,, (V) -1143 -1256 1226
I, (A/cm?) 1.42 X105 429x10% 177 X105
Lypgmy(Afem?) 9.66 105 9.47x10% 1.10x104
R, (Qem?) 6.47 %107 4.97x10% 4.26 X107
R, (Ren?) 24 13.88 14.53
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AAE FFoz 1 &8o] 7IdEE Ti-30Nb-xZr(x : 3, 7, 15 wt %) A

H
A Fas Axzsta, BAAFAEAES FFA717] #1381 nanotubes FA3 L
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2. Ti-30Nb-xZr(x @ 3, 7, 15 wt %) < 1M H3;PO4 + 0.8 wt % NaF # 32
oA 10VE 3A1% fA18ts W oz FA e nanotuber= 740l <F 40~80
nm  (small tube) oA 160~220 nm (large tube) 7}A], Aol 2k 35 mm
(Ti-30Nb-3Zr) oA 4.8 gm (Ti-30Nb-15Zr) 7H# v =2
TiO2-NboOs-ZrO: 7} &3 8] 4 A (amorphous) T+Z =2 ¥ o] AT}

3. TF Y94E large tube FY ol small tube?’t #+H e Y& FHE YEgE
two-size-scale % 2| nanotubeE FAdl=d & IdFS v FoH, Zr T F
7 gl w2l large tubed HEl= Eld(ellipse)dl A 4 FHHoz wjgdd
A (circle) &= w14 A o}

4. Ti-30Nb-xZr &a9 S54tst A - % 09 % NaCl dalldo| A wF Jdsid
=338 Ay TE AHo| 40~8.0x10° Q/cm o2 =& polarization resistance
(Rp) #= UEHHAA, Zr TFel whel W24 o Aol & e At

5, THAESAYE A3 543 A FAAA Bt FAAFE E o) = 22
ok -370+30 mV (SCE), 3.9x10° A/em® & UEFNRA R, FFAks} Fol= &
2 A Y (Eeor) 7 -1200450 iV (SCE)& wrobs 3, F 2 A F U % (L) E 25%107°
A/em® 2 EolH AW ¥ We N %E T 7HPassive region)S YERUY ST
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