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ABSTRACT

Effects of HA and Zn coating on nanotube-formed
Ti-40Nb—xHf alloys by magnetron sputtering

Min—Gyu Park
Advisor: Prof. Han-Cheol Choe, Ph. D.
Dept. of Optical Application Engineering,

Graduate School of Chosun University

Ti and Ti-6A1-4V alloys have been used for biomaterials such as hard
tissue replacement artificial hip, shoulder, knee joints and dental implants
due to good corrosion resistance and biocompatibility. Ti—6A1-4V alloys are
acceptable prosthetic materials, but recent studies have shown that the
release and accumulation of Al and V ions can have a detrimental effect on
the human body. Recent developments in the research and development of
titanium alloys for biomedical applications are aimed at the development of
titanium alloys composed of non—toxic and non-allergenic elements with low
modulus of elasticity and good mechanical properties. Therefore, some
investigators have focused on the development of Ti alloys that contain
non-toxic element such as niobium (Nb), tantalum (Ta), zirconia (Zr) and
hafnium (Hf). In particular, Nb has identified as a non-toxic element that
does not cause any adverse reaction in the human body. Accordingly, research
has focused on PB-Ti alloys, due to their increased biocompatibility and
decreased elastic modulus. Since, Hf belongs to the same group as titanium

in the periodic table of elements, titanium alloyed with this element will
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likely have good corrosion resistance and biocompatibility. hydroxyapatite
(HA) is a bioactive material with a calcium to phosphorous ratio that is
similar to that of mineral bone. It has been used as a bone replacement
material in restorative dental implant. Zn stimulates osteoblasts, the cells
that produce bone hydroxyapatite (HA), to stimulate bone formation. In
addition, it strongly and selectively 1inhibits osteoclast and bone
resorption.

In this study, first, nanotubes were formed on the Ti—40Nb—xHf alloys by a
potentiostat on 1M HsPOs containing 0.8 wt% NaF at room temperature on the
Ti—-40Nb—xHf alloy. Second, HA and Zn were deposited by magnetron sputtering
on the nanotube-formed alloy. After carring out experiments, phase
transformation and morphology of surface deformation on Ti—40Nb—xHf alloys
were analyzed by X-ray diffraction (XRD), field emission scanning electron
microscopy (FE-SEM), and energy dispersive X-ray spectroscopy (EDS).

The results were as follows:

1. Microstructure of Ti—40Nb—xHf alloys showed an single phase structure,
and the grain size increases as Hf content increased. From the XRD
result, [ -phase peak in Ti—-40Nb—xHf alloys increased as the Hf content
increased. Hardness and elastic modulus decreased with increasing the

content Hf.

2. As a result of forming the nanotubes on Ti—-40Nb—xHf alloy, the nanotubes
were grown in the form of a bi-layer. As the content of Hf increases, the
arrangement of the nanotubes is aligned and the distance between the
nanotubes becomes narrower and size of the larger nanotubes decreased and

length of the nanotubes increased. Size of bamboo knob was affected by

- VII -
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the Hf content.

3. When HA and Zn were coated by using RF-sputter and DC-sputter on
nanotube—formed on Ti—40Nb—xHf alloys, the surface of the nanotubes were
covered with HA and Zn coatings as the Hf content increased. The HA and
7n elements were uniformly distributed on the surface of the nanotubes
and on the cross section of the nanotubes. The surface consisted of Ti,
Nb, Hf, HA, and Zn.

4. As a result of measuring the wettability, the contact angle was increased
as the Hf content was increased. The contact angles of nanotube—formed on
Ti—-40Nb—xHf alloys were low and the higher wettability.

5. As a result of potentiodynamic test, as the Hf content increased, the
corrosion potential increased, whereas the current density decreased. In
the case of RF and DC-sputter coated on Ti—40Nb-xHf alloys, corrosion
potential increased and current density decreased, but passive current

density increased in the order of HA and HA/Zn coating.

In conclusion, Ti—40Nb—xHf alloys has a low modulus of elasticity and it is
expected to provide excellent environment for enhancing induction of bone
bond by coating HA and Zn ions using RF and DC-sputter after nanotube
formation.
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A1 AE

EElE (Ti/titaniun) ¥F 5% 71434 54, ¥ @445, U4
, UvlEAd 92 Holjd AA J{A 59 FH did AP 2 X 9
BEE HE3d YAASE &o| ALEEH g} [1-2]. A A FHEAER

AREE 3 & Cp-Tit Ti-6A1-4VEa<9 A, Cp-Tie 71AH AJEo RF3}
3 Ti-6A1-4V =< Al (aluminium)o] <SlA|o] A7) o] Al d=3dlo|yE
33 V (vanadium)o] F5, 431 Fol, A%A € AEFE FLALD F

Pt BuFHAT [3-4]. E3IF Ti-6A1-4V FFL A 7HF dutzoez A&
Hol 23 JE YEFTVE ARAT o] A FE (1106Pa)2 ArFS A4
W (10 ~ 30GPa)el ]3| Fof FEXHANo] WA= A H vk, o
H3 ol f2 e BHATE €Y & Y= Ta, Nb, Hf, B Zr 22 B ¢
A3t 9AE H/ME BE Tigs /el A7/ JFHL o o /A3
7] 1% A7 dad.
BE Ti §32 o3 vlude B Wi, HaF w2 2xd gz}
Fo] 7t , JbF dAd s 2FA /) JMesitE AHE R
% [6]. 53], NbE 71F E#FQ HeE B-<ABA F dueolth. Nbe dA
= Ti AJEE E53H o2 AAFY 18&A Z3 ¢ AE Ass doy
[6-7]. &S, 94 FV1&FdA He g LT 254 £3E = (H)
2 B- 5% 9424 o 2 B TX HEFE 4 EFAA AT &A= Y
EH, o]t Zr 949 FYIH, ot 5T U BAAAE #I39 oF
A E o83 =L F39 A=V dasA IR [8-9].
AA AFAE A3 Tig=Fe ZUAHE d2dgolA FF, =0 &F

(plasma spray), %=A3} A& (anodizing), E¥ 3 7|4 & (physical
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vapor deposition, PVD) ¥ ZH7]138}8 F 2 (electron chemical deposition) &
o] Jdtt. Ti F59 *dZFA3AAE FAMAANIYESE Foz2H o9 £&&
AAL AA HFAHE MM 247 k. Ti F59 AA JFHE &
A7 AEAE Y= F719 Fxstd ZHAZe Fedtd. v 379
EHS AXE FFE S FHNIIE 7Ies L3IT & oy, 7Y, #=4
A2, AFEE 5& 2H3Hd AA JEFFESL Y=FHY F7]|& AAT F A
ot [10-11].

U MEE T AA A4S FAATII7] AT B2 77 &3] o] FoR
own, 5 FWH W HAES =33 A W HFAIIE NS TFAT]
HE d77F &3 Y Hoygo. (A wEs F2 Cast PR FAHHY Si,
Sr, Mn, Mg, Zn 59 "u¥ AES /32 .

HA (hydroxyapatite, Caio(PO4)s(OH)2)E Zr&Ed <19 YAH|7F 1.67 €1 o}
2wt Z2 FAAsRIEAoR Zg (Ca)2 Iot AlXdA Zg A FE&4
E 43471, AAdE P)2 FEFT EFHE Yedo 2o Axe &A43%
ol Ao o ALelA W FAHES FIET. HAE EHA =33 3 S
BE 35 FWd AXE FFRES F7HAIIH, W

[12]. % old (Zn)< FHL HAAA LAHY, JFFEY "F 4=
dHA Ytk 53] Zn 0|22 FF =Fd I¥FS FH, A9 € A X
ok 22 A AEFoR gEAXY T FFE

feyt [13] HAS Zns FAd Y=

4
=
=5
ue
2,
21
ol
o
£ 1
re
-4
ol

mia B dFoA e v 54, ¥ &8A, AgA A 2 5 WA S

g% @ olE Fof Ti-40Nb—xHf FF& Ax3d2, §F
A % HA ¥ ZnE nmagnetron-sputterg A&l 71& FAR I
| HA/Zn & 53 =€ 3ol wgt HA/Zn 29 S 3RS o Y=FE HH
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ZEEavolEe] 4L ARANAL Fo BFARD, WA4L 2o sl

EAEAS 7330,
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Al 2 ol2H w7
Al 1A EHew g §4 [14]

HEtES A FAA0A 9 AAZ £ s840|th. RE fiFoA HA=H:= g
Elgol 3% rutile, ilmenite @ leucoxene & HZFEZRE I,
1794 Ao Elelgo]l WAL 1936 ol Krolle FF sjEe] o|Fojx]7] A
A dad o 18 g o] FHoA Hew 25 A5 T IH
o] AN, o] £, Mordene F&, AF ¥ 3% FAHE Fd 129 Tio,
(B9 AFY T8¢ ¢45) 2 (P (FPF o2 5% Heg AT Y4
A% HEetg 259 U A3E 7s3iA Atk Table.12 o4 &3 & A
A A5 FFZ 2HAdI2 Z, IHE 79 FF, Hey 35 2 7|EH=
TR T
A & EE ZFPAH ZokdA AEHE ol FHA FEA AA A=
%N MEFA A9 EE A3 e FHololof 3ty XL g4 AF
bR oF @k, Ti &&S 7IHL FA d¥H Z=7F We &
A4, ¢ 7143 54, 5T W44 2 78 4F A& #FF2 I
olgl g olfF= X E AFPLFA ALHT. FAFHLE 5% HEE
(CP-Ti) X & JZFEo] da AM&HY, Ti-6A1-4V E Ti-6A1-7Nbs} 2
< S 5T JIAF 42E A 18dE, FE 2 XNFE JdSTES
Ze FA Az2"d g%EA AHgET. Ti A2"Ee 2HAHE2 F 4
Co—Cr-Mo el vla] Wl FAAo] 5317 Wi F8& YETE A=,

Collection @ chosun



% W3E (FZ Ti0) Fe HEEH 1 FF EUL RI@t. 44y
T ALY Y= +F N5 AL ¥4, 94 $4 L B4 24 FFozy
BT %Ee nasH dRE T g3d 5% A4 Ag4L gea.
e RFe o ¥ B W TREL FHAT Yo 1 e EX )T
ot Aol o) WA B & AT
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Table 1. Typical mechanical properties of implant metals [15].

ALl ASTM Condit Ym(linglg’s SYieldh Tensﬂ?1
oySs P : ondition modulus trengt strengt
designation (GPa) (MPa) (MPa)
STS 316L F745 annealed 190 221 483
F55, F56 annealed 190 331 586
30% cold
STS 316 F138 worked 190 792 930
cold
F139 forged 190 1213 1351
as-cast/ 210 896-1200 13996‘158
F75 annealed
F799 hot
forged 210 1606 1896
Com20Cr-15W-1 annealed 210
o~ r-15W-
ONi F90 44% cold 485 760
worked 210
T 30% cold
CP-Ti F67 worked 210 896 965
forged
annealed 116
Ti-6A1-4V ELI F136 f(})lrged 1034 1103
eat
treated 116
_ _ forged _ 1000-110
TI-6A1-7Nb F1295 annealed 110 900-1000 0
CEATL forged - -
Ti-5A1-2.5Fe annealed 110 820-920 940-1050
- 6 -
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Al 2 A Helw $59 F7 [16]

HElE 2 5% 940|BE 3y ol AA 33 FeH= AT & do. &S
2o 9% (4.5g/cn’), =& €84 (1668C) I A AS (107GPa)S zt3x U},
534 &2 (AHFeE oY) HElgS 49 Adgdixsis $4% ™
A% F& (hep)E A20NA AT, Fig. 12 HEbgo] JAZHE 1A H
A 1A Elelgo] 883T (1156K) ©]Ae 2= 71d € o A TA %A
(bec) & HIE} Zo 29 ¥WHPo] dojue e BAFEH. o 2 /9 AFE +
ZE gRtFo g wolsdXe A 7HA] FFY HEtw @%, § "a", "a + B"
2 "ol HYyS 9% ixelt. HEes %é.“-% £ d4ot FFIFFoEN, o
L 3ty A F27F A4 AEFHoE A @ £ JeBE, °}X3‘6L &
3%, a+tBHB @%Qﬂlz‘%ﬂ-&q a¥ Ti &3 Tidl o ¢4AZ} E
Al, 0, N, Ga & Ge & F7l8td L&A AU FFo=2R A4 hCDéxé
TZE 7IAEE o-HEE ATLE EF 9. o 532 hepd EZo| 494
AR, ¥9¥E YA &7 dEd 3¢ IH AT 58S vl %71‘3"]
7V, SAL2 A& AHEET. BE Tid=edl vl 7HeAdo] oA @3
= 7L do. B Ti¥sS AN FUBEY XA & FFLE A
2 Z3E 7hedH e AL 49 B ARBAE FH3AL ATk bee B- TAE
dAAolm, B HEMES W3t AFol 73t B e Aol doyr] ASE
2 FAL AL FHYPsIT. BT Mo, Nb, Ta, Zr L Hf d4E AL, N # 2
< o AR LARG AAFHFA W =2 o= IF dY. BEES
XA H7t2 1A &3 &I A3 A3 2 F YA, dAY T S A
Z (typically < 5%)9 A 24 A&= 2ddle & A% Z/Ie dA3c, 1L 2
AL7ts 5P A3, & 2 B-"HEE ¥F 579 &5 eV S
B2 =90 7]&o g

Collection @ chosun



AFeA AEE T A 4P YL AYSH, olFL "atp'F

- O
=
2 EF9d. atB¥ FE2 a9 B ¢S} 44E EF RS . a
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Fig. 1. Allotropic transformation of titanium [17].
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Al 34 AAE Helw ¥5 [18]

AA A 2L AP Fe A AHEEE Ti-6AI4VHFS EL AT ARG
del Aoz AFHES ARZ Wol AEHAYT. AN HT A7l ®=
W, Al Vel A SAREE doitdy RuHY. B SEAFIE A
¥ (10~30GPa)¢t FEAE (100~200GPa) PETES] BAAF Aol o3 W =9
o] Faol JERE F99 W] ITTTo| FEHE SHAAIAYE A4
7t Fa Qg 17ke] AA] 2FH o o] A= o] FAIZE AME-H ook s AYAH R
AT JEHEE AAAE i v 54 R H] =271 olojoF stv, n#AE
of 2ol= ASHES A WFEAE Sdok HH, V2T FANT =EF
B2 2ol Hojor dnh. x7] @AA MEE Ti §EL FE o3 &
Folth. AZde AANFAH T2 242 AAA AVPAF BH Ti &=
ATFAde] F7ksta itk Ti FF AA HFAEE FA77 A% A 24
®H fAe =R Ti §Fol Table 291 AAE vie}h Zo] & FA e B
A wdste] AA A2 £557] WEdd A o wol A . EF, A
A AR APA = A Q BT FEoIY AXE ARESS 9=, =i
g Y&, 33 A4 T3 22 71AH He BFrtE ] o] Fo|zH.

Al 4 A Ti-Nb-Hf = [19]

L I bee TF (B-A)AA AL hep 7+F (a-A)E 883T
(1156K) ol X 2 WHelE ‘). Fig. 2 o A€ Ti &F°] Cr, Fe, Ni, Nb, Mo ¥
W 2 -4 A d4E FE3] ST o, F2dA 2E D F . F
O FAZHeZ nIE Ti-NbFF9 S@AAFE NbEFo] 14%04 4062 F7F &
) Ao oF 100GPaclA °F 60GPaZ <7t W T AL HAINNT. T
gAATE BEE AR IS E9FeEA o a2 ¢ I
Ti-Nb 52 N7t ZAZAA Ti ALJEE AX|3te 18A ZstE o7/

IS . e AP
T Ti v
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WEo S48 /AN B ARE ZET. EF i TFE W02 34
e FEHIRE 2E AHRE FYse] 5T WS ZETG. HE 7]
&Eo| Tish FYT AL (A& Dl £3589 WYl Holum A WA

ARtes dov)A #eh.

)
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Table 2. Properties of bio—materials.

Biocompatibility

Mechanical properties

Others

Osseointegratiom

Bio corrosion resistance
Adverse tissue reaction
Non-toxicity

High hardness

Low thermal conductivity
Low elastic modulus
High tensile strength
High yield strength
Fatigue crack initiation

Aesthetics
Wettability

_12_
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1.8

(a) Ti
1.6 - =
?E In
o 14 = Ni pa J Sn
%ﬂ [ U .Ta Zr =
3 12 | ‘
.g —_— A“Cr |:|S|
@ 10— — Lomtyek:
s
-g Ag Al
é 08 ] EI_
o Bi
5% .
© 06 g ]
- =
= Fe
Q0 | Co
éi 0.4 I
23 Sr
02
Q Mg V.Cu,Zn
g,(/ CdMg | Toxic Mo ?
0 o
| | | | | | |
0O 02 04 06 08 10 12 14

Relative growth rate of 929 cells

Fig. 2. Cytotoxicity of several pure metals [20].
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A5d UYefFr F4 2 Y=FH Ti0, T [21]

1991 @ Zwilling & EEHE &= A3t Ao o3 E4st daj2dd A7) 318
oz PAHE EHEYol HE9 vFA FHS B, 10 @ F Crimes et al.
A E3t5a (HF) AsfdoAA "Hetge 4= A3E 33 4 ¢ gHEYo}
FH Wjge] FAEJTGL RuHRth. Helg £Y 9 vt 4= A3t A
= AT AN SFo2A WFE A3 2 AF 7] 3F JAAE AL
st FPET. Fig. 3 28 2o Ti F52 ¥52= FE3a 55 Pte 2
+5o2 ZE3{t. Fig. 4 & Ti0 Y= FB ¥ao FA AAS ey, t&
I} o] A9 ¢ vk, F& TAEL AAIE Aoz AR TiY o] A
AE BE F9 (J (). AI3E FL HE 9D TiY o2 B EA9 00 &
OH o]29 3}8t3 A3 ZgozhE F& FHA FFEY. 3t & 4= £ 4
& 39 FAHE s 9 (4 (2) & (3) [22]. TilE & W3 (4 (4)
o 93 3 @ 45 FeERE AAEY. 55 Pt EH (4 6B)dA F42 A
ol dA3aL ASHE P HA L 4 (6)°i Edd.

T
b

2Ti = 2Ti* + 8¢ (D
Ti** + 40H => Ti(0H)4 (2)
Ti* + 20° = Tik (3)
Ti(OH)4 => Ti0z + 2H:0 (4)
8H' + 8¢ = 4H, (5)

Ti + 2H0 => Ti0; + 2H.  (6)

_14_
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|

Asd N F o] 53 & A3E F& FF8Y, 7|4 F o] 4F Zd
A olFata ArtE A7 el Tish whgdth, wad AsEe HA B
43 ASETG AE Al AWM HAITE, AsEe FHZFH 2 43
2 FPolE HET (A (NT 4 (8)). olHT T4 FHOo= oA F FEE 7

P4 AE2A L3, olE A FH 7L X @ FIo= AT
F& 71F utgolA ZAZ3t7] AFBS ASHE Fo| AFELR o] FI). o
(F, 07, 2 O )& AZdAN & / A8 AWe=E o5}, Ti0
TS A3 g3t F& ol &IE Fev. FEOZRE AsE
12 AWez o]Fst: Tl IF AsdoA &7t dd (4 (9)
[23]. AHEL 07 2ol 5 / AIE AWLE o|Fdtn F53 o 43
43

rr I*N

.

r

flo

;;j_

S © ook
oPﬂoH

)

)

Ti0y + 6F + 40 => TiFs® + 200  (7)

Ti(OH)s + 6F = TiFs® + 40H (8)

Ti* + 6F => TiF¢ (9)
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TiO; nanotube
——

I /T Ti
! -

Anode Bn‘t_h:’dl‘;,./

Diluted
Ti sheet hydrofluoric acid
@
+ - |
Power supply
(Voltage applied)

Fig. 3. Schematic set up for anodizing experiments.

2H' +2¢ —» H, Ti+ 2H,0 —»TiO,+ 4H' + de” TiO,+ 6F° —» [ TiF, ] *+20%
|

Fig. 4. Process of forming nanotubes on alloy surfaces [24].
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A 6 A Magnetron sputtering system & ©]-£3% HA/Zn E3%
" [25]

9 2 W= Zg+4l, hydroxyapatite (HA), B, Y E
A A

E%%, Zg, A9 22 4% 5l
[26]. HAZ} We] 8 FEA T‘ir o|7] wj&ol (< 60-70%), B
é% FAA77] 8] 5E5 ASHER ZRAZ AL}
P 54& Ad §4 HAE %034 Atk HA 299 & 7e
2xgol, -4 ¥, A7 g g "2 o|A Fo| Y. M B
o] AFEHI Y= 7lES o BEIA B AHY vLoR 2 EF=vl 2Z o
He AFRE ko). SHAWE Egt=vl 2T ooz Aoz HA 'S Z|Ad o
g 32 FFAEE Y, TF I 5% 29 38F 24 dig A= v
T oHOE o] WA [27]. olEd EAHE By A mtIEE
2HE ¥, o] ZH Y, 2 #Hol|A FIAY T NEL fr_%%g o 2 @?Eg
B3t &s] AP AE st Eof, 53 23
FREok §&EHE RFRIUEE 2HE P 93 S5 7|93 HA=Z" S it
g g A7 FPEH Foh madEE &_rﬂEi%]%% A EH
A JAE FEAIIE B EFY A SAgY FE 98 5%
S n@ste] FHAA ¥rozZ FHol oA HAr. lzﬁj ono] B9 YAt 2
gz 2o & &5dUAR FE & A, o ion T2 o3 EZ9 FA3¢

F, "t2dlg, of
1;( oo]:o]ﬁ. /H ;‘q

=2

ke

A7} BE 9A2 DelA =n, 49 BW wEe] WA HE RL ol &
o] EWo] =YHE WPol [28]. MMEE 2vEHE L%, 48 2 npo]
ojx Ae FaF WANGS BT FH T 5L A% LEE BEel 4
JPe Fr, L= BE MTE W Bl nuHYY. dHe 299 ¢E
S AF BN RS 9% IFA 9L F F Y. Holdx Age HH

A fate] =2 dquAE FUA Z"¥E AL AH.
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m2hA, B A7HEE Ay Ee AY 2EE 959 FAE IV BA
o] A v 2T 3 S d=F FHASA wIFdd.
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6. 1. Hydroxyapatite (HA)S] EA3 F+%[29]

Hydoxyapatite (HA)= AbEe] 2= 7H fAME Ssh2E 717 A st
d EAERN YA HS X HEF W JEHE A5 W 2H FIFES
ST A LABAIIE AE GFA7]17] A8 A 84 ZBAEER 2900, HAs
AxZE (CaP)oZ FAHEY 38t 72212 Can(P0s)s(0H): ©lt}. o] 3}shae
W o Fo 3}t ARy AX3), Ca-P AL YdZSHVE A9 w AW
Abolel & Ajts AT BEHORZNE W ARAS FIAAZo=HN W 2AF
AEZTE Alole AFZAYAPL F 7o FHFY 9FS "3, zd W
Ca/P vl &2 1.679] 714t}. Wl Ca/P H], A= &IX Alolo] LAFT JAE
ZFA 3 ok, Ca/P H|7F RolAH Atxel &3 =7t F71etH, Ca/P H|7F 1o|3HA
Azt gI=E wj$- Foldu. HAR IHE RELS FYH FHHIA 2‘—1’:‘3
mineralizations BT, o] S ZAIF AEFE E9 Alol9 AFAA A

o2 oy & W A 2 AT ZHolE ‘4"5}‘411_ Ao BIY. E3J HAR 39
d HeEEde ZYA &2 ZHd H|3 5 Sof AX R FAS B
et} [30-31]. Zn™, Mg ¢} Z& TE ol& /I HATZRE =33d 4339
zZ 9 FEAE FAATIAL HF R vE 47 ALY F3FE vE £ .
RNESH apatite= Zn®, Sr¥, Mo®, Mg”, Na' 2 K T 2L golex C1F ¢
F o} e goleg s, st ole (a8 tiAIste] AR =4€ F
Aok, HAE FAGAAM AEHE 339 #3d wa oxy-hydroxyapatite,
carbonated-hydroxyapatite @ hydroxyapatite® ¥F2 + Y& %3 HAA)
4 2 F do.
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6. 2. Zinc (Zn) [32]

AAE TS AZ, ofd, 2EEF, ¥ 2 YEFL W T8% 9
AoZ AHA U}, ole FLEY FFS F7] wEolth. oL <A
28%5 A, AFS2E (GDolY A&d A B4 A (IGF-1) ¢
Atell G3FS m R} [33]. 53] n0= AMET BE9 AR wgdd F
n0E &4 del ol i dF EHE BT EF Ine
31134 (HA)E AAstE AXQ FoAXEE A3l W Ao AT
83 9T 3, ZY3a MEHoE R2AXEY F FFE dAANL
= ZgY F& AT ol F duolH oy, otd H W FFHE &
< Z+Z 263ppm, 173ppm 2 39ppmo|™ W o] ME9| 7|AdA SHAR 7H FHE
ol&oltt. wbA CaZt H5¢ HA ARt Zns HIFSHH Ca/P Hlol S 7|
z=2 B-TCPY Aol &olstd A HFAAFol 3t BAxAH} T3 54
Ueld Aoz 7€), Zns} Ca o] X g dig 38t4 Wy wSeAE
Bl Rot} [34].

2 3

of
of rlr

ol
fllo
rok
kY

A

M 8w
23

-
o © @ o
of

o &
S
Ir

ok

L oo

Ca® + PO~ — CaHPO, (10)

3CaHP0;s — Cas(P04)2 + H3PO4 (11)

3Zn* + 2P0, + 2H' + 4H0 + 6e — Zns(POs)z * 4H0 + 3H ? (12)
- 20 -
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Al 3 AdAE R UH
Al1d ARE

B AYPoA Ti-40Nb—xHf (x=0, 3, 7, 2 15 wt.%) TF AXE & 2AAH
(pellet) FENQ Cp-Ti (G & S Titanium, Grade 4, 99.95%, USA), Nb 2 Hf (Kurt
J. Lesker Company, 99.95% pure, USA)S A}-&3}c}t.

A 2 A gEAE

Ti-40Nb—<xHf =2 Nb9 $=FS 40 wt. 9= A3 AL, HfS 0, 3, 7, 2 15wt.%

2 W3lsle AFso, TiE balance® AFT S, IFEHY7IY olagd=
(Arc skull melting system, Acevacuum, Korea)E ©o]-&3ld W47l 32+ g
(C)E FYstAt. 10° torrAHIE FRE AFEHY] dlo] LEE of=2Z 7}
25 Y (chamber)dl TATF & FF& ARV A vF FHAE AAT 53
o= &7 HeHgs WA 103 71 AE &5t F59 AstE 48 3.
THE AEE HE (button)EFY EdA H2d (W) AFES o83t Fa5&
103] BkE3t HPo] FHA LIAZ o, I (ingot) S FAA 103 wHE
3t w3 A &IAE AReH, FEE dZAHE ANA A L &IE F
29 ¥ At FaS AZIFRG.
AzdE AEL HolA ALGE T3 AF 10 m, 77 3 m= Hd F A7|=
(Model KDF-S270. Denken, Japan)E °]-&3te A3t A& ATt #23
AYE Ti-Nb o|€A 5 FHEE A2 Ards7]e H7|=dA 1050T =
oA 1AZHES X% ¥ 0T S8 349 AARY.
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Al 3 A dae vAzF #F

A E AHL uAZzZ #FZS 938 100-2000 grit2] SiC (silicon carbide)
Ani7tA] dAF R FAAE AAENL, HAFHLE 0.3m EFUY £
(Al0s) & AH&3t AgHol U2 W 717 dvtg AA3tY mlFEd &, ofAlE
I FHTFE FHA JAqEo] FolglA EEF 259 AFHE 10837 ARG
ZH9E AL 2m¢ HF + 3m¢ HC1 + 5mé NHOs + 190m¢ Ho0 9] Keller’ s £q o=
A 2 (etching)¥ ¥ F38dAv]7 (OM : optical microscopy, Olympus BM6OM,
Japan)& ©]-&3ld FF2AES #F . AW AATZE XA FEEA7
(XRD : X-ray diffraction)< AR&3lF o™, 10° ~ 90° ¢ 20 F7+S EA A
o EZH, Z AHY HAERAY FFE 7] #3F X-ray fluorescence
(XRF : Analyzer Mode-Alloy, Analyzer Serial number—581331, Olympus, Japan)
A4S AABI .

A 44 dEEH Y=FE 4

Ti-40Nb—xHf =9 EHe| UY=RE 72 Z+& Ag 97 F& FA317] 3t
o] 1M HsPO, (phosphoric acid) + 0.8 wt.% NaF (sodium fluoride) + 1000m¢ H.05
33t H3|E &9 Ax FIen, HEUZF FX=ZE DC power supply
(6812B, Keysight Co., USA)E ol-&3tc] 30V A 3tellA 2A12F &t FA 3t A
dqe AYPsR Y. =3, AGAF o2 AH (Ti-40Nb-xHf alloys)S, BRERAIF o
2 WFHF (platinum rod)S 47 ARE3te A|H EHY YLxRFH F2E Z=
g guk 34 g4 3oy, THF E de2S o839 4 AFITHE F
g F, A2oA A Ax3AT.
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Al 5 A RF, DC-sputteringo] €% HA ¥ Zn I¥

Ao 221 A2 HA (Xol3EH 99.99%)¢}t Zn (A-Tech system Co., Korea)

E AFE33 Y. HA 2 7Zn F¥ S RF, DC-Magnetron sputtering systems AF&3F3
on, AFH Fx=+= Fig. 5 UEPAAS. Yx=RE7F I & Ti-40Nb—xHf &
7o Z9 & A7) f8 21T= Ar o] AHEEHAT, 7] IFL ZEHT
HEZZ o] &3t 10° torr 7kA WEFEE Hoj=FHth, 1 F, o4 Fi %EE
o] &3l 107° torr 74X AFEE Hol=H}. HA/Zn EFFES FAFH] 94,
# HAZ RF-magnetron sputterE ©]83}o 50We] = Are] E37129] °o‘=-°— 40
scem 2 AR F IAZE Tt FEHS 3. 21 F HA/Zn B¥S5S FAEI
213, HA RF-magnetron sputtering®] A|7to| 40% == wjel] ZnE DC-magnetron
sputterE AF&3l 1000 S =2 208 5<¢ T3S AFHY. T3 A Y 7|H9
SEE 150C2 FA3h. £ ATFolA HA/Zn ZBSS 47 A% FF=2AL
Table 3 o Yetth. ¥t A9 FS H71et7] 18] HA 339 AW, HA/in &
¥ SFT AHOE Uro] XROE FAHE e As RIS, FE-SEMe= B
g ¥H FAE FF3IUT.
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ArMFC

XX

H,-MFC,

np AVN

FV

Fig. 5. Schematic diagram of magnetron sputtering system.
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Table 3. The coatings condition of sputtering targets.

Coating condition HA film HA/Zn film
Target HA (99.99%) HA/Zn (99.99%)
Base pressure 107 torr 107 torr
Working pressure 10 torr 10" torr
Gas Ar (40sccm) Ar (40sccm)
Operation temperature 150C 150C
Pre-sputtering 20 min 20 min
Deposition time 60 min 60 min / 20min
Power supply 50 W 50W / 100 W
- 25 -
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Al 6 4 A7|3sH FAAE

A3 e FASEARE A7) 333 WS T BFHLE Hrler] s F
A9 AdE APt A|HL SiC AvpAE o] 83t 100-2000grit 744 &4
Anl F Al0s EE ©o]&3te 1.0m "AAnL 3. 5 AFS F37] A
3t 25C+1 9 0.9% NaCl A HelA 1.67mV/secd] FAIEEZ 5 A9 B
S AN e, PARSTAT MC (Youngin AT, Korea) #AH|E Al&3tgow, 7)=F
< F=+ Fig. 60 YA, Z AU AFEA A ZdE dEH T/
T2 AFE 3t ZHY LEEZS AANLH, 3FAFE AHESHY FAPAFTLS
AR, RZAFTL 3% Bd42A4F, 7E432 E3PET A (saturated calomel
electrode, SCE)S AF&3Ith. & A AL -1500mV ~ 2000mV < ] ellA
Age AP
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. |

Fig. 6. Schematic diagram of corrosion apparatus.
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Al 47 AFEy R 2@

A 1A Ti-40Nb—xHf 59 wAZzF D AR

Fig. 7& of3 WY& o] &3l AZH Ti-40Nb—xHf FF ZAE Lolr7] 3}
o XRFE o| &3t etz & FAg o|vX|t}. Table 4= #23}t & =9 33
A zA9 2=z, 4 FF9 38 2L dA9 39 38 2A4H A9 T
#E B FF9 Azt Z HIASS Rl
Fig. 8& o3 AL o]&3t] A=ZH Ti-40Nb—xHf =L 1050CelA 143 B¢k
733t dXE AAT & FAvA S o &3t MARAS FET ARl
()9 A% Hfo]l H7M=A &2 Ti-40Nb &, (b) Ti—40Nb-3Hf, (c) Ti-40Nb-7Hf,
9 (d) Ti-40Nb-15Hf °o|t}. mA=ZA #F A TFFZRE Yehdth. Ti-408 =
o HfF 718 HEF7el whet BAS F2 Yetded ol F¢89Y a"ml2 AL
E A9 HEs JASL, S3F3ZANA BAS ANV HELE AZGHH
Ir FE948 A iiq'% HepdS & & At [10]. 9wAF=29 Bigts 2 #
o7} flReH, TEHTZAAT YEsor AAYAY 7|7t S RS #EY
T I
Fig. 9% 1050TColA 1A7HE<Qt 23 A2 Ti-40Nb-xHf =9 X-A A3
(XRD)E Yetd Aoz HA FFoA B-& HJA7t HAEo] FHJA. ()9 Z-¢ Hf
< AU} A ¥S Ti-40Nb FF o2 35° , 53° A o"AF Aol AE HYL
™, 55.68° W9jelA (200) H, 70.09° 2ol A (211) H, 83.03° HMOM (220)
A Nb0s9 37 AESHE A& :@M% & A}, (b-dE Z}Z} Hf %< 3,7, 2
15wt% H7FeE gaelH Aol F2 HAE o HIFTF F7tol met 349 9
A7t TR oY a"de FAEHUT. 7] Bae 93tA HigFo| FUhgtel uhEh
a"Aol pAos HHHTE Bil6]le F AXFTE ¢ £ YT}
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(a) (b)

Nb aTi Kb Nb Ka Nb aTi Kb [Hf La Nb Ka
Nb {b Nb Kb Nb b HfLb Nb Kb
TiKa 104 sec 203 TiKa 10.3 sec
E % +/- El % +-
Ti 5596 062 Not Specified Ti 5660 060 Not Specified
Nb £33 081 NotSpecined Nb 405 0% NotSpecified
0 Hf 279 013 Not Specified
1508
-
1003
u
En
\
o »
SN - i)
- 0 n 0 L 2 0 » » 0
Energy keV d Enerov ke
o [NbUaTikn[HiLa Nb Ka Nb aTi Kb [Hf La Nb Ka
Nb b HiLb Nb Kb Nb b HfLb Nb Kb
0.1
Tika Mo g TiKa 100 sec
El % +-
Ti 5082 067 Not Specified El % +-
Nb 4294 059 Not Specified Nb 4314 056 Not Specified
Hf .14 020 Not Specified Ti 4271 073 Not Specified
Hf 1390 030 Not Specified
1008
1000~
L d
500
S0
225
I \
AU A b L
Q0 0 n » L
Erergykel : L Eregrley 2 2

Fig. 7. XRF results of Ti—-40Nb-xHf alloys after heat treatment at 10507
for 1h in Ar atmosphere, followed by 0'C water quenching : (a)
Ti-40Nb-OHf, (b) Ti—40Nb-3Hf, (c) Ti—40Nb-7Hf, and (d) Ti—-40Nb-15Hf.
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Table 4. The composition of Ti—40Nb—xHf alloys measured by XRF.

Ti-40Nb-OHf Ti-40Nb-3Hf Ti-40Nb-7Hf Ti-40Nb-15Hf

Ti 55.92 = 0.11 56.8 = 0.75 50.07 £ 1.66 43.76 £ 0.52

NbD 43.25 £ 0.11  42.75 = 0.78 4275+ 0.54 41.97 £ 0.61

Ht - 2.83 £ 0.05 6.1 + 0.07 13.96+ 0.39
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CHOSUN UNIVERSITY

Fig. 8. Optical microstructures of Ti-40Nb—xHf alloys after heat treatment at
1050C for 1h in Ar atmosphere, followed by 0C water quenching :
(a) Ti-40Nb-OHf, (b) Ti—40Nb-3Hf, (c) Ti-4ONb-7Hf, and (d) Ti—40Nb-15Hf

_31_

€ /Collection @ chosun



Intensity [arb.units]

' I N I :':i ! I - I i i ! I:' |
10 20 30 40 50 80 70 80 30
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Fig. 9. XRD patterns of Ti—40Nb—xHf alloys after heat treatment at 1050C for
1h in Ar atmosphere, followed by 0C water quenching: (a) Ti-40Nb—OHf,
(b) Ti-40Nb-3Hf, (c) Ti-40Nb-7Hf, and (d) Ti-40Nb-15Hf.
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A 2 A Ti-40Nb—xHf F=9 7144 A2

Table 5% Ti-40Nb—xHf 359 HIAXAEE SAT S YeAG. v|AXA
TE AR F 1088 A F Fig. 109 HF@EeS =X Yehigid.
Ti-40Nb-OHf A|H-E& 686.697HvE YEFHL Ti-40Nb-3Hf A|H-2  427.493Hv,
Ti-40Nb-7Hf A|HL 413.164Hv Z Ti-40Nb-15Hf AL 268.946HvE ERAUTH.
AEE AT A, HIFS TVH7IE BAE X go] RolAe AL 9
T AAT. o= HiFHS F7Hgtell mata BAre] F7ketaL, a” Aol Z4sI7]
oz AZdn [6].

Fig. 112 @AAFE ST U= o4 AP 2Ygd=ZE BAFET. Hf FFol 7}
7 B2 Ti-40Nb-15Hf FFFolA HADHZA S 78.1856Pas YEFHUTE. Table 5=
Z EEY dA8AF 53 A @S JEd Aot gAY g2 Hf FFol
S7H wek B FUHE A4S BT [35-36]. @AAITT oW 3EAL
Hagrt Gyt uFFolv g dod & Jornz wel v dyAF
7F % dFo] Jfge]l 2 odtt) [33]. ¥ AFolA Ti-40NbEFol Hf S F7igte=
AN 2 BGPAFE 45 F AT
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Table 5. Young’ s modulus and Vickers hardness value of Ti—40Nb—xHf alloys.

Properties Young’s Modulus (E) Vickers Hardness
Sample [GPal [Hv]
Ti-40Nb-OHf 93.807 686.697 = 8.5586
Ti1-40Nb-3Hf 88.549 427.493 + 3.3166
Ti-40Nb-7Hf 85.680 413.164 + 5.3487
Ti-40Nb-15Hf 78.185 268.946 = 8.7169
- 34 -
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@ : Vickers Hardness[Hv] 0

'E' 68 A :Young's Modulus[GPa] =
L 99 L 600 2
= ®
% go |  93.807 A
= - so0 L
E 3
g 85 A %

- - 400 @
i 7a.185 o
o w
E Ty b
= ri ool T
3 =

946

Ti-40Mb-0HT  Ti-40Mb-3HT Ti-40Mb-THT Ti-40N b-15HF

Fig. 10. Nano—indenter test results of Ti—40Nb—xHf alloys after heat treatment
at 1050C for 1h in Ar atmosphere, followed by 0C water quenching.
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—— Ti-40Nb-0Hf

— Ti-40Nb-3Hf

—— Ti-40Nb-7Hf

20 4 —— Ti-40Nb-15Hf
: | /
=
[T
o
(]
o 10 S
i |
o - /s
<I) . 3{;0 . 6(;0

Displacement, Pd[nm]

Fig. 11. Nano—indenter test results of Ti—40ONb—xHf alloys after heat treatment
at 1050C for 1h in Ar atmosphere, followed by 0C water quenching.
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A 3 A Ti-40Nb—xHf S Yx=FH FA

Fig. 129]E Ti-40Nb—xHf&F o] Y=FBE FAA|Z A|H EHES FE-SEMC
2 ##Z3 do|t}, Fig. 12 (a-d) Ti-40Nb—xHf 79 J=F1H THL Fig. 12

(a-1 ~ d-1)< BAHE Y=FEE AAT & Yyx=fFH9 UEES, Fig. 12 (a2 ~
d-2)E Y=FBE AAT 2E F§FRHEL, Fig. 12 (a3 ~ d-3)& Yx=FHY
9HAE S 24 e Aot YxRE AL Helgdl ¥F 948 AVSeR
MBS S F USS ¢ F U ASEHEELS F2 FoUF I YRR 2}
e v A8 Yol JeRE 2 3EZF YeFEE B4 4 9004 &3
E£29| Zo]2 Q13 B3 o|FTZRE FAIFAT [9, 37-38]. Y=FEY o]F
T2 92 YrfFre A Y=FEE AAT & U BEAA Feld ¢ ¢l
ATk, Table 69l Y=FHO 37, y=fFBEZ A ¥ Yx={H ZHolg 4%
Yelilt}. Fig. 12 (a-1)3 (a-2)E Ti-40Nb-OHf ol A 9 Yxe=Freo Un
234 yxeFu7t AAE §F9 WS FARS o, YxFH wjde FEH
A g, 2 Y=Feg e Yy=FBE A EH JE AL 39l st Fig. 12
(b-1~d-1) & (b2 ~d-2)& H{Y FFS 47 3, 7, E Lowis=E F7HAZ g0l
FAE Yefre UREs YyrRuyt AAY §39 THS FEPE 9, 2
Yx=RBeo 37171 FolAi YFH wde] FHHE A& .
T wide] AEHHEA YFEZI At /MAAAE RS € F U
Fig. 132 Hi§Fo| S7184E dufr o T/ Alo|=9] ¥istg a#f X2 e
WAtk Fig. 13 ()& Y=R{E3 AYE Yedy, (e Y=fFBe I7Hss
Yeldch. Hfo] H7tEA &L Ti-40Nb FF9 Yx=fFre F7E 2.24 + 0.17
(m, SHfS H7}e AJHL 2.80 £ 0.09m, 7HfS 715 A|HL 3.00 £ 0.07m 2
16Hf S H7Te AlEE 3.19 £+ 0.1t SREJY. HIEFS S/ o=t U}
=Ry FAC} FUEt A 4FS F= AS FAY F IAY.
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Fig. 14+ Yx=RHe dHs #AF3US ol Y=fFrHe 7|FEH duF vl
(bamboo knob) [39-41]1 & #Z3 ARFlo|t). Table 79 Y3 A} o] bamboo
knob®] 7N L AVE HfS 9 AL & F AT, 7] Bae 9Fd v
FH P2 Asyud] &= syl ato] Ti0E TAE AF Tas, Zr0s,
Nb:0s 2 HEOZ TAE H oA §&& =7 gebA diviinit] e 3714 Jjel 3
FE T AR AAEY [42-43].
Fig.16& 33 XWo FAFE JdxFB9 XA A3 onAt}. =¥ & &
4371 98 10° ~90° FzrellA &4 (PCPDFWIN, ICDD)3FR e, 38.63° 44l
A Ti0, (200)H ¥} Nb0s (110)He] ¥ 37t AEHJIL, 55.92° FHA Ti0,
(221)H, NbOs (200)H, Hf02(200)AA A7} HEHJLH, 69.70° F9]ellA
Ti0; (123)4 ¥ 37t AEHE= A& ¢ F UJvh. HFFS F7HAI71E 38°
55° , 69° <] Ti0z, NboOs 2 Hf0, o ¥ A7} F7Hete RS #FT £ YUY, o=
7] ﬁ?oﬂfﬂ B ukel o] Nb & Hf 59 d4r) Atstatel P60 71 [9, 44]
3lal o1 AkglEte] E4olo] odle] 22 W £E45EE 9 o= YrRH
Z9 718 FLaE=d 793 Aow U},

mlo
i
i

1r
r?~
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Fig. 12. FE-SEM images of nanotube surface, bottom, and cross—section of
nanotube formed Ti—4ONb—xHf alloys : (a) Ti—4ONb—OHf, (b) Ti-4ONb-3Hf,
(c) Ti-40Nb-7Hf, and (d) Ti-40Nb-15Hf.
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Fig. 13. Nanotube thickness and nanotube size formed on the Ti—40Nb-xHf alloys with Hf content.
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OHf 15.0kV 9.4mm x35.0k SE(M)

7Hf 15.0kV 9.5mm x35.0k SE(M) 1.00um [ 15Hf 15.0kV 9.9mm x35.0k SE(M)

Fig. 14. FE-SEM images of the bamboo knob of nanotube formed Ti—4ONb—xHf alloys
:(a) Ti—40Nb—OHf, (b) Ti—40Nb-3Hf, (c) Ti—40Nb-7Hf, and (d) Ti—4ONb-15Hf.
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Table 6. Nanotube thickness and nanotube size formed on the Ti—40Nb—xHf
alloys with Hf content.

OHf 3Hf 7THE 15Hf
Thickness of
2.24 £ 0.17ym 2.80 £ 0.09ym 3 *x 0.07¢m 3.19 + 0.11m

nanotube

Distance

between the 206 + 33mn 2731+ 14mm 268 £ 3lmm 177 £ 17.7mn

nanotube

Bottom of

nanotube 212 £ 0.7om 210 * 25.4mm 205 + 0.9om 187 + 12.3mm
large size

Bottom of

nanotube 108 + 9mm 94 + 11mm 125 & 7mn 128 + 8mn
small size
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Table 7. Nanotube bamboo knob size and number of nanotube on the Ti—40Nb—xHf alloys with Hf content.

OHf 3Hf THE 15Hf
Number of
bamboo knob 22.4 £ 2.5 33.2 £ 1.4 35.6 £ 1.3 37.2 £ 1.1
in large nanotube
Number of
bamboo knob 15.6 £ 0.9 20.3 £ 1.2 23.6 £ 2.0 25.0 £ 0.8
in small nanotube
Size of bamboo knob
38.2 + 4.1 38.7 £ 4.1 39.6+ 2.8 39.9+ 5.3
(nm)
- 43 -
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Fig. 15. XRD patterns of nanotube formed on Ti—-40Nb—xHf alloys :
(a) Ti-40Nb-OHf, (b) Ti-40Nb-3Hf, (c) Ti—-40Nb-7Hf, and
(d) Ti-40Nb-15Hf.
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A 43 YeEB A T sputterS o]€3 HA © HA/Zn 2H

Fig. 16 RF<} DC sputterS o]-&3t HAS ZnE AR ZEaL Y& FAF LS Y
Ebd ARl o2 (a) RF-sputter HA, 2 (b) RF ¥ DC-sputter HA/Zn ¢ Z&=n} %
¥& HAF3 Q. HA S22 F9L 94 4SS BoFQ3, Zn EF=v JF
< FA Hs BAFUG. o] Ao RY F=vl Fo] tFFHoE FAH £
go] & o]FojR1 J&S ¢ F YU

Fig. 17& Yx=58 A & XA RF-sputterS AHE3to HA ¥ & FAAAE
AR FHES #FES Ao|t}. Fig. 17 (a, a-1, a-2)< Ti-40Nb-OHf, (b, b-1,
b-2)2 Ti-40Nb-3Hf, (c, c-1, c¢2)2 Ti-4ONb-7Hf, ¥ (d, d-1, d-2)<
Ti-40Nb-15Hf ©]t}. HA ¥ & RF-sputterS AF&3te] 50F AYe 2 1A 7HESH &
o] ¥4 IHE IRY. FAAEAN AR YfFHe FHS #AFS A, HA
7 Y=fFE 89 2 Y=FE Alojd] AAgEs s AP & AT, HiY FF
o] F7lstd YRy vido| AEE, YxRHY 7]Fo| ZAdH YFHI]
EA HAZ €A AN HHA AR ZHEZ] A= SHEH EH Z9 4
Ao2 AZE) [45-46].

Fig. 183 19%& RF-sputterE AM&3le] HA Z¥Y3 A|¥e FWy dd RES
EDS-mappingS B34 Cas} P €49 EXE 231}, Fig. 187 199 (a)&
Ti-40Nb—-OHf, (b)&= Ti-40Nb-3Hf, (c)+= Ti—4ONb-7Hf, ¥ (d)+= Ti—40Nb-15Hf ©]
o = Cast P AN Bol HE0] HA, dAFE % Cas} P 9450 &
¥t 8 AL € F I Table 82 HAFH @ FF ¥A9 EDS 4L 3l Ca
9P ARES dolrgttt. 1 A3 RF-sputterE AFE3IY Ca ¢ PE4AV YFE
FAY FU3A Z®o| o]FF AL & F AT HAZE S FHA AAZAF
£ E73H JETE FHAA 29 FAS FIT A= 4.

Fig. 202 Yx=518 A F ¥ A RF 2 DC-sputterES A&3t] HA/Zn BEF=H
£ ¥ F FAAAEvZALE FHE #F Y. Fig. 20 (a, a1, a2)&
Ti-40Nb-OHf, (b, b-1, b-2) Ti-40Nb-3Hf, (c, c-1, c-2) Ti—40Nb-7Hf, ¥ (d,
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d-1, d-2)+= Ti-40Nb-15Hf ©o|t}. HA Z¥® & RF-sputterS AH&3ld 508 Ao = 1
A zZFEel 39 BHd Z®E AL, InTHYS DC-sputterS AH&3te] 100W 7‘4?3'°
2 208 5 FEY ¥h4 Z9 & 3. FAHAEANA LR I9E Y=FEY
EAHS #FT ZF, HAE IZ9F AH9 ZAF Husgs v, 229 °o‘:’z}-% Zn

¢t HAS =8 357F HAvtS 8@ 3o Hste @2 ¢ P EZC] RH
FRENEE 04—1-3'— Ao, EF dES #FFEFS W, Y=FH IAPF TF

oA e UrFH FHIA X HAS Zn IR EZ o] TH| Bo] X0 &=

& F AAT. ol HiY FFo] FUKIA Hx=RHE Ayt F3AL, 7|9 I
717v Zraste] HASF Zn7t EHES GA 3 1 Zh YA S 3t /‘é%ﬂ_n_, %
e IR EZ] AE SHE HAHAA o] o]Fo|Z AoE AZAT.
Fig. 2137} 22 RF ¥ DC-sputter& AH&3ld HAS} ZnE IZ®W T A|¥e RWHY ©
W BES EDS-mappingS B3t Ca, P 2 Zn 949 EXE Felsgct. Fig. 213
22 9 (a)x Ti—40Nb-OHf, (b)= Ti—40Nb-3Hf, (c)= Ti—-4ONb-7Hf, 283 (d)=
Ti-40Nb-15Hf ©]t}. 2 Ca, P ¥ ZnE EWY dAfEd E¥37l & A& ¢ F
QA1 Th. Table 9= HA/Zn 28 @ &5 £H EDS B4 L 3t Ca, P ¥ Zn o] A
B2& dolrtrt, 1 A} RF 2 DC-sputterS AFE38l Ca, P 2 Zn o|&o] 79
LA =R o] o|FoH AL & F UM, ol Y=FrE FAHH T A94
HAS} Zn7}t &0t AEE AS3to ® AAES SIANFLE2N & 439 & £ A
o2 JZEd.

Fig. 232 Ti—40Nb—=xHf ¥5 EWHol| Yx=F1r A 3 A|HS RF-sputter € RF,
DC-sputterE ©]&3}o] HAS} HA/ZnE H® 3 A|H9 X-A Ay 37 o|v|X|t}. Fig
23 (A)= HA =Z¥€3 A¥, (B)= HA/Zn =Z¥3F A|E 9 ¥3o|t}h. sputter Z® 37+
AR A& ~ 90" TXA AR en, 38.564° WA Ti0; ¥ 37t A
E‘Q%\Q_‘I], 55.64° F9lell A Ti0: (221)H, Nb0s (200)H, HfO; (200)HellA 9 F
7t AEHALeH, 70.24° FSoA Ti0, AA7F AESHE AS FAFR.
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Fig. 24% Fig. 2304 4% AW utetox HAYI7} HEHA o}
RF-sputter 2 RF, DC—sputteri HAS} HA/ZnE ™Y S A|HE 500TColA g
Al B¢ EXEE Y & £ -4 JHEBAES JPeh. EAF F A
He| FHOA HAMo] 24.91° HlolA (2019, 47.23° LA (132)
H, 62.06" FAA (502)HAA HFEHUTG. EAE HAA & F HAY I
el %—7}%}°=‘E} ol HAZ HMIEFTL AqF HE2F v £ &&=
E YJepY, & X437 234 A S A e dUAE ATE 5 7]
W Zo|th. HA ¥He AA3E= I9 © FHAA Cast PE W& IAH
o2 AMgEtr] A3 mel X8 ASTE AW Alo|9 RBA LA FFS
E o= A [47-48].

_47_

Collection @ chosun



Fig. 16. Images of magnetron-sputter coating : (a) RF-sputtering using HA target, (b) HA/Zn composite
coating by RF sputtering using HA target and DC sputtering using Zn target.
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V 12.1mm x100k SE(M) 500nm

11.4mm x100k SE(M)

Fig. 17. FE-SEM images of HA coated nanotube surface of Ti—40Nb—xHf alloys :
(a) Ti-40Nb-0Hf, (b) Ti-40Nb-3Hf, (c) Ti-40ONb-7Hf, and
(d) Ti-40Nb-15Hf.
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Fig. 18. EDS—mapping images of HA coated nanotube surface of Ti—40Nb-xHf
alloys : (a) Ti—-40Nb-OHf, (b) Ti-40Nb-3Hf, (c) Ti-40Nb-7Hf,
and (d) Ti-40Nb-15Hf.
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Fig. 19. EDS—mapping images of HA coated nanotube layer of Ti—4ONb-xHf alloys
:(a) Ti—40Nb-OHf, (b) Ti-40Nb-3Hf, (c) Ti—40Nb-7Hf, and (d) Ti-40Nb-15Hf.
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£5 5

9-’ .‘%J‘ # “w‘ Y3
0 8B

S B

15Hf+HAZn 15.0kV 11.5mm x100k SE(M)

Fig. 20. FE-SEM images of the HA/Zn coated nanotube surface of Ti—40Nb—xHf
alloys : (a) Ti—-40Nb-OHf, (b) Ti-40Nb-3Hf, (c) Ti—-40Nb-7Hf, and
(d) Ti-40Nb-15Hf.
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Fig. 21. EDS-mapping images of the HA/Zn coated nanotube surface of Ti—4ONb—xHf alloys
: (a) Ti-40Nb—OHf, (b) Ti—4ONb-3Hf, (c) Ti—40Nb-7Hf, and (d) Ti—4ONb-15Hf.

_53_

Collection @ chosun



Fig. 22. EDS-mapping images of the HA/Zn coated nanotube layer of Ti-40Nb-xHf
alloys : (a) Ti—-40Nb-OHf, (b) Ti—-40Nb-3Hf, (c) Ti—4ONb-7Hf, and
(d) Ti-40Nb-15Hf.
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Table 8. EDS analysis of HA coated nanotube surface of Ti—40Nb—xHf alloys.

Specimen
Ti-40Nb-0Hf Ti-40Nb-3Hf Ti-40Nb-7Hf Ti-40Nb-15Hf
Element
OK 68.35 69.75 65.73 66.25
P K 0.38 1.23 0.94 1.33
Ca K 0.42 0.45 0.27 0.42
Ti K 19.83 15.87 18.92 15.06
Nb L 11.02 11.80 11.24 14.82
Hf L - 0.90 2.90 2.11
Total 100 100 100 100
- 55 -
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Table 9. EDS analysis of HA/Zn coated nanotube surface of Ti—40Nb-xHf alloys.

Specimen ) . . .
Flement Ti-40Nb-0Hf Ti-40Nb-3Hf Ti-40Nb-7Hf Ti-40Nb-15Hf
OK 59.97 61.66 58.23 64.55
P K 0.65 1.39 1.85 1.38
Ca K 0.19 0.19 0.02 0.22
Ti K 19.30 20.38 16.63 14.74
Zn K 2.32 3.32 2.23 2.80
Nb L 17.56 9.47 17.43 14.61
Hf L - 3.60 3.61 1.70
Total 100 100 100 100
- 56 -
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(A) (B)

e : TiO,
u : Nb,Os
4 : HfO,

Intensity [arb.units]
Intensity [arb.units]

T T T T T E L T
I T T T T T T T 10 20 0 40 50 60 70 80 90
10 20 30 40 50 80 70 80 9(
2 Theta[deg.]

2 Theta[deg.]

Fig.23. XRD patterns of HA and HA/Zn coated nanotube surface of Ti—-40Nb—xHf
alloys : (a) Ti-40Nb—OHf, (b) Ti—-40Nb-3Hf, (c) Ti—-40Nb—7Hf, and
(d) Ti-40Nb-15Hf.
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(A) (B)

e : TiO, e : TiO,
m : Nb,Og m : Nb,O;
[} + : HfO, . 4 : HfO,
n * : Hydroxyapatite * : Hydroxyapatite
) 2
o= c
3 3
Q2 o
&, 5
z Z
@ »
c c
Q @
E E
T T T T - T . T T T ! T T T ‘l : T ! T T T 1
10 20 30 40 50 80 70 80 90 10 20 30 40 50 80 70 80 90
2 Theta[deg.] 2 Theta[deg.]

Fig. 24. XRD patterns of nanotube annealed surface at 500 C for 1 hour after
HA and HA/Zn coating on nanotube formed Ti-40Nb-xHf alloys :
(a) Ti—40Nb—OHf, (b) Ti—40Nb-3Hf, (c) Ti—40Nb-7Hf, and (d) Ti—40Nb-15Hf.
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Ab5AdUY=FBE 4 L UY=58 JA FT sputter ZH3FH
g B24d 2S48 A E

Fig. 26 3 W UYx=FE JA F v EE 2¥EE ©]&3t9q HA & InE
=% AW A AFEFAE YEd A o|t). Fig. 25 (a-d)+= HAdAw F 9
A ¥ A¥, Fig. 25 (a-1 ~ d-1)&E Ti~40Nb—xHfFFo] Y=FBS FAF AHA,
Fig. 25 (a2 ~ d-2)& Yx=FE FA ¥ HAE ZHT A|H, Fig. 25 (a3 ~ d4)&
U=RE FA4 F HAG ZnE FWT A9 EE ASH #S 44 Yehid.

Table 109 Yetd RAF o] HEFFo] T71EFF HFZo] Fokmth. o+ Fig.

12014 & & A=o] HEY FFS 47 3, 7, 2 1owthE S7HEAFE YeFE9
71% A717 A, YxFH| wjgo] FHEHAA Yx=RHIEY A7 717
A AE&Ad 4FE F AT AZAHEY [43, 49]. Y=FH A ¥ A9 AHS
U=REd A3 AHEG o 2 JEFS BPY. ol Hf %S S7HA7IH
UrRuo 7|F 3771 4 HA € Zn Z¥€o| UxFE XWF YFEH Ao
o 3= EWEY FHEFZ] O Fold FoE Y. FELLS AEFH #
AAZFAE A5l T84T, Y=FEI FAE AHES Y=FET e AlHEY
R HELS BT, o] AEALS Ant E HEw ¥F 4 HlF 88 ¢ =2
AL E HQo =2 5 AAFFAHS A5 & At
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Ti-40Nb-OHf Ti-40Nb-3Hf Ti-40Nb-7Hf Ti-40Nb-15Hf

(a) e (b) — (S, — (d) ~

(a-1) (b-1)
Nanotube == T

(@-2) =] [(D22) s (c-2) = (d-2) e
Nanotube RS
" o : ,
HA
e e ns S
@3) I I (b-3) I el () I =] [a0s) I
Nanotube = b= =

+

W e e i g

Fig. 25. Surface wettability of bulk and surface treated Ti—40Nb—xHf alloys
! (a, a-1, a—2, a-3) Ti—40Nb-OHf, (b, b-1, b-2, b-3) Ti—40Nb-3Hf,
(c, c1, c2, ¢c-3) Ti-40Nb-7Hf, and (d, d-1, d-2, d-3) Ti—40Nb-15Hf.
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Table 10. Surface wettability result of bulk and surface-treated Ti—40Nb—xHf

alloys.
Properties Nanotubet
Bulk Nanotube NanotubetHA
Sample HA/Zn
Ti-40Nb—OHf | 76.606+4.768 12.290£0.410 12.896+0.2993 25.756+£1.250
Ti—-40Nb-3Hf |81.850+£2.290 12.593+£1.005 14.756+£0.208 28.813+0.474
Ti-40Nb-7Hf |85.740+3.710 14.330%x1.274 18.470+0.600 32.190%+1.063
Ti-40Nb-15Hf |92.353+£5.201 15.343+£0.382 18.680+0.786 34.280+0.824
- 61 -

Collection @ chosun



A 6 A Ti-40Nb—xHf §F9o A7)tz EA

Fig. 262 Ti-40Nb-xHf =& AZ3tY A3t A F 0T EoA 59 AR

3 HfER w2 A7)38HE EAS dolr ] 98 25+1T 0.9% NaCl &l 4
49 £5A18 (potentiodynamic)S A|3g Ao}, THE AF A A|IH B
T org% HEd Hos AT AL B £ AT Table 112 F2AH9 (Beorr),
FEAAFLE (Teorr), 300Vl AFEE (Isow) B YERA Ao|th. Ti-40Nb-OHL
O] Boorr Bt -468.458mVOl™ | Lo ZHS 25.09x107°A/crs YEFAUTH. Hf 945
A7 AW F Ti-40Nb-7Hf FF0] Eeorr -229.478mVO1H, oo S 68.93x107°A/
s YEMNRATE. dutF o2 B, O]l RS5E A o] A F2le] wE o
oAu™, Lo #ol 255 AF7F Bo| &8 F24o] Bo] dojdtt. F B #°l
ETE, Lor &0 RETE FAAY ] St & F Jvt. Hio] H7TE AT
o] o]9A & Ti-40NbE T} AAH o2 2 HAHY (Eeorr) S YEMAA L,
AAFEE (Teor) 2 HEO] HIME fFol W& #& YA Eorr B leor &
< Ti—40Nb—xHf FrFolA HEEHFol met Wsteglom yaAe] Frtee AFgS
HY. ol FHA FAE Aty JFS FUHEJ L 53] Hi7F F7124
upbA Hf Asletel P4 oz AZEY. & B3I Hf FHFol T/l
g gdFo 2 o] 53 AP o]F FAT & JYot. wEA Hf FFol A&
S7HNR e ol THE F FFL /A= =R @ ez wudd
[50].
Fig. 27 2 Ti—40Nb—xHf ¥=ol Y=FrH 4 F [A7)35t3 EAHS Lolur] §
3 25£1C<] 0.9% NaCl AsZNA A EFANIE AP, BE A|HA
-8 duo] FAHH FFHEHel YER ™ Table 119 FEA|$E Ti-40Nb-OHf
9] Eoorr S -891.912mVO|™, Lo #HS 4.107x10°A/cr& YERAROH,
Ti-40Nb-7THf &) Ecorr ZtS -650.448mVOl™, Lo S 786.535x107°A/crid YERAS
1=

[o

o M

i

I o
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u
1

X
Lo
ol

$- -500mV °llA 1500mV 7}A] F-5Ej ﬁl‘ﬂs}
A3t gute] B 7} o o] dojuA] &
] AL bulke] EHe H|3 F2 FAHE UrE}
Ak, ol Y=RBE FAT FHAA LAEHE 7T 93t FAH97 wo}
E AR AAAY. Y[ 3A A Ti0, Nb0s, E H09} 2& Ab3bat
o Y=Rr7l FAH laifz Atstuto] BAAF 3¢S vzl oz YA,
3 ¢ bulkEHe v o ¥ AFEEE 7HAIL YE
2 Hol YAAo| ¢ F }-?4_ Aoz AyZrdn) [51-52].
Fig. 282 ¥We Yx=FH P4 ¥ RF-sputterE AH&3td HA I3 A A A
7184813 EAS golr 7] H 3 25+£17C¢] 0.9% NaCl A A A E5AES
A3ttt HAZE 289 AlHY RAHY 9 AFLEE Ti-40Nb-0Hf S  Eeorr
& -678.544mVOI ™, Toorr B 77.304x10°A/ & UrEM%lE} Hf 945 H7e A
H 3 Ti-40Nb-7Hf T3] Eeorr -456.943mVOl ™, Ioorr 76 11.065x107°A/ e VHEF
Uidch. BHe =Ry FAF AHRG %QZM ol =okzl AS & & IR
th. ol Hf §%FE F7HNE A, Yx=RHEY 7|F 3717t 43t HAZEEZ 9
FHo %o HAZ o] 7193 M A Alo|o A WAL L o] 29 e Ui FHo=
Zh-g3te A7|88HA WM& EE AN [63]. 2y AUt FeHE WAA
o] AA #AdE ol FWHo Y FH T L2 2dld AFUEI} REH
g gea A F7He A= ALEY. = RF-sputter ZYH T HAVF Yi=R/H
FHo #oglom YxrFHRO WA HAZYEZC] &7t dvha AyZdn,
Fig. 29= ¥4 UYx=518 A F RF-sputter?} DC-sputterS AF&3te] HA 2 Zn
R A A7 EAS dotrr] 93 0.9% NaCl M delA F49 &=
f\l@" ATt HA/Zn BT AR FAHS] 2 AFLEE Ti-40Nb-0Hf 9]
corr WS -551.596mVOl ™, Iy ZE 161.772x10°A/cre YEbATH. Hf 945 3
7}%{} AE  F Ti-40Nb-7Hf 5ol Eeor #2  -320.769mVO]™, Ioor F
6.439x10°A/cr S YERARITH. FF Edo Y=FE FAIF AHRT BAAHSY g
o] ol A& & F UUT.
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Fig. 26. Anodic polarization curves of Ti—-40Nb—xHf alloys after
potentiodynamic test in 0.9% NaCl solution at 25+1T.
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Fig. 27. Anodic polarization curves of nanotube formed Ti—4ONb-xHf alloys
after potentiodynamic test in 0.9% NaCl solution at 25+1TC.
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Fig. 28. Anodic polarization curves of HA coated Ti—4ONb—xHf alloys after
nanotube formation after potentiodynamic test in 0.9% NaCl solution
at 26x1C.
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Fig. 29. Anodic polarization curves of HA/Zn coated Ti-4ONb-xHf alloys after

nanotube formation after potentiodynamic test in 0.9% NaCl

solution at 25+17T.
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Table 11. The corrosion parameters of Ti—40Nb—xHf alloys after potentiodynamic

test in 0.9% NaCl solution at 25+£1TC.

Ti-40Nb-OHf  Ti-40Nb-3Hf  Ti-40Nb-7Hf  Ti-40Nb-15Hf
Ecorr (mV) -468.458 -493.678 -229.478 -365.34
Bulk Leore(A/ct)  25.09 X 10° 15.31 X 10° 68.93 x 10° 63.525 x 107°
Isw (A/c)  6.850 X 10° 6.809 X 10° 5.552 x 10°® 5.429 x 10®
Ecorr(mV) -891.912 -702.978 -650.448 -515.844
Nanotube Lorr(A/crf)  4.107 X 10° 4.407 x 107° 786.535 x 10° 14.734 x 10°°
Isww (Afcnt)  1.481 X 10° 1.041 X 10° 1.005 X 10° 1.007 x 107
Ecorr (mV) -678.544 -335.145 -456.943 -606.528
Nanotube
+ Lorr(A/crf)  77.304 X 10° 11.065 X 10° 2.663 x 10° 60.584 x 107°
HA
Isoo (A/ct) 0.001 4.402 x 10 2.290 x 10* 9.280 x 10™
Ecorr (mV) -551.596 -506.003 -320.769 -444..142
Nanotube
+ Leore(A/ct)  161.772 X 107°89.834 x 10° 6.439 x 10® 87.309 x 10°°
HA/Zn
Isoo (A/c) 0.001 9.825 x 10* 5.138 x 10* 2.989 x 10™
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SASH S o]-&3t Ti-40Nb—xHf = FH UY=RHE JFAANZ

2 AgLe & HS
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HIEZS 3718 we F718in. 2= 2 @4 &2 HiY $Fs 718

o= Oo

2. Y=FBE Ti-40Nb—xHf 5 ol I A, Y=FBE oFF FH
=5

4 SRk B FFol F7HE met YnFuel wdel Fusm
stk GaRR wre SAE BEgel me F7iesi
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5. 49 £3 A9 A%, Hi& Frlehd B4R Foln AFLES} g4
Stk HA% nE TR G AWL Hf FF 1 o4l mek AEe RAH7}
Fsgor, AFUEE 23T, REY AFUEE HA, HA/Zn 29 =2

2 37kl

[=N

o1

ZEHOZ, Ti-40Nb—xHIFFS ABAASFE 7HHed, y=fFE A4 T FF,
DC-sputterS AF&3ld HA 2 Zn o]2& #IH
71E 5% 84S AT A= AZdH.
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