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ABSTRACTS

Sur face Characteristics of HA—coated Ti—-25Nb—xTa Al loys by Various Coating
Method after Pore Formation

Seung—Pyo Kim

Advisor : Prof. Han-Cheol Choe, Ph. D.
Dept. of Photonic Engineering
Graduate School of Chosun University

In this study, we developed a non-toxic titanium alloy with low elastic
modulus in order to improve Dbiocompatibility, and the surface
characteristics of HA-coated Ti-25Nb—xTa alloys by various coating method
after pore formation was investigated by using various experimental
techniques. The Ti-25Nb-xTa ternary alloys having Ta contents (x) of 0, 3,
7, and 15 wt% were fabricated by using pure Ti. The applied voltage and
treatment time of PEO (plasma electrolytic oxidation) were 280 V and 3 min,
respectively. Calcium acetate monohydrate (Ca(CHsC00), - H,0) + calcium
glycerophosphate (CsH,Ca0sP) and 1M HsPOs were used as the electrolytes in the
PEO. Subsequently, HA was coated on PEO-treated surface in HsPOs solution by
RF sputtering. The surface and mechanical properties of the Ti-25Nb-xTa
alloys were analyzed by optical microscopy, field-emission scanning electron
microscopy, energy-dispersive X-ray spectroscopy, X-ray diffraction,
nanoindentation, atomic force microscopy, and wettability measurements.
Also, biocompatibility was analyzed by wettability test, SBF formation, and
cell culture test.

The results were as follows :

1. In the Ti-25Nb-xTa alloy, as the Ta content increased, grain size
increased, and martensite structure decreased. The a ‘'phase peak of
martensite structure decreased mainly with increasing Ta content. The
equiaxed B-phase peak increased with Ta content. Vickers hardness and
elastic modulus decreased with increasing Ta content.

- vii -
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2. As a result of PEO treatment with various electrolytes in Ti—-25Nb—xTa
alloy, the surface morphology showed porous surface and irregular pores. The
pore area, pore size, and pore number on the PEO-treated surface in 1M HsPO,4
solution decreased compared to PEO-treated surfaces in electrolyte
containing Ca and P. From the XRD results, PEO-treated surface showed the
peaks of anatase in both electrolytes.

3. HA-coated Ti-25Nb-xTa alloy surface by RF-sputtering after PEO
treatment in 1M HsPO, electrolyte showed the structure of anatase, rutile,
and HA peaks on the surface.

4. As a result of the wettability measurement, the contact angle of
PEO-treated Ti—25Nb—xTa alloy in 1M HsPOs electrolyte showed relatively lower
than those of PEO-treated Ti-25Nb—xTa alloy in electrolyte containing Ca and
P ions and HA-coated Ti-25Nb—xTa alloy by sputtering, and decreased slightly
with increasing Ta content. Surface roughness of PEO-treated Ti-25Nb-xTa
alloy in 1M HisPOs electrolyte was higher than those of others.

5. The formation of hydroxyapatite on the PEO-treated Ti-25Nb—xTa alloy
surface was initially formed inside the pores and grew around the surface
with time, and formed well on the HA-coated surface after PEQO treatment in
M HsPO, electrolyte.

6. From the cell culture results, cell were well grown and distributed as
Ta content. Cell growth and proliferation showed on the HA-coated
Ti-25Nb—-xTa al loy after PEO treatment in IM HsPOs electrolyte.

In conclusion, the Ti-25Nb-xTa alloy developed in this study was found to be
nontoxic and have a low modulus of elasticity compared to the conventional
Ti metal. After PEO treatment, the large surface area was obtained by
formed a micro pore in the surface. Therefore, the HA-coated surface is
expected to improve biocompatibility and shorten the bone healing time of
the implant surface and surrounding bone tissue.

- viii -
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Table 1. Reaction of bone and osteoblast cell for pure metal elements

[15].
Vital Capsule Toxic
Type of reaction Ti, Zr, No, Al, Fe, Mo, Ag, ,
(cellular inflammatory, fibrous) Ta, Pt. Au.Stainless stells, Co, NI,
Cu, V
Ti alloys CoCr al loys
— 4 —
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*(wt% of alloying element)

[ 1) o -
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Percent cell viability on alloys versus CP-Ti
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1

[=]

]
CP-Ti Ti-xAg Ti-xAl Ti-xCr Ti-xCu Ti-xMn Ti-xMo Ti-xNb Ti-xV' Ti-xZr

Fig. 1. Mean cell viability on pure metals and on Ti based alloys containing
these elements versus the CP-Ti control after cell culture for 24 h
[16].
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Table 2. Year of development and maximum operating temperature of
some titanium alloys [17].

. Max. working
L Introduction
Name Composition (wt%) temperature
year .
(C)
Ti-64 BAl, 4V 1954 300
IMI-550 4A1, 2Sn, 4Mo, 0.5Si 1956 425
Ti-811 8Al, 1Mo, 1V 1961 400
IMI-679 2Al1, 11Sn, 5Zr, 1Mo, 0.2Si 1961 450
Ti-6246 B6Al, 2Sn, 4Zr, 6Mo 1966 450
Ti-6242 6Al, 2Sn, 4Zr, 2Mo 1967 450
IMI-685 6Al, 5Zr, 0.5Mo, 0.25Si 1969 520
Ti=11 6Al, 2Sn, 1.5Zr, 1Mo, 0.1Si, 0.3Bi 1972 540
Ti-17 B5Al, 2Sn, 2Zr, 4Mo, 4Cr 1973 350
Ti-6242S  6Al, 2Sn, 4Zr, 2Mo, 0.1Si 1974 520
5.5A1, 3.55n, 3Zr, 0.3Mo,
IMI-829 ] 1976 580
iNb, 0.3Si
5.5A1, 4Sn, 4Zr, 0.3Mo, 1Nb,
IMI-834 ) 1984 590
0.5Si, 0.06C
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Table 3. Physical properties of titanium [17, 18].

Melting Crystal structure
Atomic  Atomic Density

Element oint Alpha, HCP Beta, BCC
number  weight  (g/cm®) po P
() c a a
Ti 22 47.90 4.54 3130 4.6832 A 2.9504 A 3.28 A
— 9 —
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Fig. 2. Allotropic transformation of titanium [17, 18].
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Table 4. Common alloying elements and their stabilizing effect [18].

Alloying element Range (wt%) Effect on structure

Al 2to7 Alpha stabilizer

Sn 2 to 6 Alpha stabilizer

Vv 2 to 20 Beta stabilizer

Mo 2 to 20 Beta stabilizer

CR 2 to 12 Beta stabilizer

Cu 2 to 6 Beta stabilizer

Zr 2 to 8 Alpha and Beta strengthening
Si 0.2 to 1 Improves creep resistance

_11_
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Fig. 3. Effects of various phase changes and heat treatments on titanium
alloys [20].
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Table 4. Effect of major alloying elements on the properties of titanium
alloys [19].

Major families of titanium alloys

o and near o a + B B and near B
Commercial ly pure Ti Ti-5A1-2.5Fe Ti-3Al-8V-6Cr -4Mo-4Zr
Ti-5A1-2.5%n Ti-5A1-2Mo-2Fe Ti-4.5A1-3V-2Mo-2Fe
Ti-5A1-6Sn-2Zr - Mo Ti-5A1-3Mo-4Zr Ti-5A1-2Sn-2Zr -4Mo-4Cr
Ti-BAl-2Sn-4Zr -2Mo Ti-5A1-2.5Fe Ti-BAl-6Fe-3Al
Ti-8Al-IMo-1 V Ti-BAl-7Nb Ti-10V-2Fe-3Al
Ti-6A1-4V Ti-13V-11Cr-3Al
Ti-6A1-6V-2Sn Ti-15V-3Cr-3A1-3Sn
Ti-6A1-2Sn-4Zr-6Mo Ti-35V-15Cr

Ti-8Mo-8V-2Fe-3Sn
Ti-11.5Mo-6Zr-4.58n
Ti-30Mo, Ti-40Mo

Ti-13Nb-13Zr
Ti-25Pd-5Cr
Ti-20Cr-0.2Sn
Ti-30Ta
Variation of characteristics from o and near a to B and near B titanium alloys
B-Transus temperature -> Decreasing
Specific density -> Increasing
Room temperature strength -> Increasing
Room temperature toughness -> Increasing
Modulus of elasticity > Decreasing
Machinability -> Decreasing
Age hardenability -> Increasing
Heat resistance -> Decreasing
Weldability -> Decreasing
High—temperature strength -> Decreasing
Heat treatability -> Increasing
Plastic formability -> Increasing
Strain-rate sensitivity -> Increasing
Superplastic formability > Increasing
Creep resistance > Decreasing

_15_
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Fig. 5. Binary phase diagram of Ti—No [21].
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(3) 3Ti*™ + 4P0%, — TiP, +2TiP + 80,1
(5) 3Ca%* + 2P04* — Ca(P04)»
(6) 10Ca* + 6P0*42H,0 — Caio(P0s)s(OHy)+2H

(2) Ti*™ +20H — Ti0, + 2H'
(4) Ca®* + OH — Ca + H'

(1) Ti — Ti2* + 4
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Table 5. The result of applying the

method [21].

PEO method on titanium

in various

Collection @ chosun

R Voltage | Time Preheat, oxidationand
Ti alloy Electrolyte . XRD detected phase . R
(v) (min) anneal ing temp (° C)
Ca(CHsC00)2, 0.028-0.085 M . . No preheating.
: Ti, TiO, anatase, HA, o-TC L
Cp2Ti Na B -glycerophosphate, 350 3 P CaTi0 Oxidation at 70 + 3.
0.005-0.02 M ' ’ No heat treatment
; . . No preheating.
. Ca(CHC00); - H0, 0.26 M Ti0, anatase, Ti0, rutile, o
Ti6Al4V 400 15 ) ] Oxidation at room temperature.
NagHPO, - 2H:0, 0.12 M TiV, Alo,sTiy,7, HA
No heat treatment.
TiOp anatase, TiO, rutile, | No preheating.
) Ca(CHsC00) - H:0, 0.26 M : h : R
TiBAI4V 400 60 TiV, Alo, aTiy,7, HA, CaTiO | Oxidation at room temperature.
NagHPO, - 2H:0, 0.12 M
3, Al20s, Caio(PO4)s(0H)2 No heat treatment.
Preheated at 300.
Ca(CHiC00)z, 0.015 mol/L R . . L
: Ti, Ti0z anatase, Ti0z ruti Oxidation at room temperature.
Cp2Ti Ca B-glycerophosphate, 450 7.5
le, HA Heat treatment for 10 h at 190
0.02 mol /L .
with autoclave
No preheating.
. Ca(CHsC00)2, 0.03 M TiO, anatase, TiO, rutile, | Oxidation at 15.
Cp2Ti 400 60 X
Ca B-glycerophosphate, 0.02 M CazTi0s Heat treatment for 4 h at 220
with autoclave
Ca(CHyC00)2, 0.2 mol/L ) ) . No preheating.
. Ti0, anatase, Ti0, rutile, X R
Cp2Ti Ca B-glycerophosphate, 350 3 HA Oxidation at 70 + 3.
0.02 mol /L No heat treatment
Ca(CHyC00)2, 0.2 mol/L ) ) . No preheating.
. Ti0, anatase, Ti0, rutile, . A
Cp2Ti Ca B-glycerophosphate, 350 6 X Oxidation at 70 £+ 3.
HA, CaTiOs, a-TCP
0.02 mol /L No heat treatment
Ca(CHsC00)2, 0.2 mol/L . . . No preheating.
. Ti0, anatase, Ti0, rutile, . .
Cp2Ti Ca B-glycerophosphate, 350 10 . Oxidation at 70 £+ 3.
HA, CaTiOs, a-TCP
0.02 mol /L No heat treatment
. . . . No preheating.
. Ca(CHC00)2, 0.13 mol/L Ti, Ti0, anatase, Ti0, ruti o
Cp2Ti 400 5 Oxidation at ~40.
NaH:P0;, 0.06 mol/L le, CaCO3
No heat treatment
; . . | No preheating.
. Ca(CHsC00)2, 0.13 mol/L Ti, Ti0, anatase, Ti0y ruti o
Cp2Ti 450 5 Oxidation at ~40.
NaH:P0;, 0.06 mol/L le, CaCOs
No heat treatment
; . . . No preheating.
. Ca(CHsC00)2, 0.13 mol/L Ti, Ti0, anatase, Ti0, ruti o
Cp2Ti 500 5 Oxidation at ~40.
NaH,P0;, 0.06 mol/L le, CaC0s, HA
No heat treatment
: : _ | No preheating.
Ca(CHsC00)2, 0.20-0.26 mol /L 260 to 4 Ti, Ti0, anatase, Ti0p ruti o
57Cp2T 60 Oxidation at ~65.
NaH:P0s, 0.12 mol/L 20 le, HA
No heat treatment
. . : _ No preheating.
) Ca(CHsC00)2, 0.02-0.2 mol/L Ti, Ti0, anatase, Ti0, ruti o
Cp2Ti 430 5 Oxidation at room temperature.
NagP0s 0.01-0.1 M le
No heat treatment
Ca(CH,C00),, 0.02-0.2 mol/L . . . . No preheating.
. Ti, Ti0y anatase, TiOp ruti o
Cp2Ti NasP04 0.01-0.1 M 450 5 e, HA Oxidation at room temperature.
NazSi0s, 0.01-0.1 M, pH = 12 ' No heat treatment
Ca(CHsC00)z, 0.02-0.2 mol/L . . . | No preheating.
. Ti, Ti0O, anatase, Ti0y ruti o
Cp2Ti NasP0; 0.01-0.1 M 450 10 i Oxidation at room temperature.
. le, HA, CaTiOs
NazSi0s, 0.01-0.1 M, pH = 5.04 No heat treatment
Ca(CHsC00)2, 0.02-0.2 mol/L Ti, Ti02 anatase, TiOz ruti | No preheating.
Cp2Ti NasPO4, 0.01-0.1 M 480 10 le, HA, CaTiOs, Ca(iox)Srx(P | Oxidation at room temperature.
Na;Si0s, 0.01-0.1 M, pH = 5.94 04)6(0H)2 No heat treatment
— 22 —
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Fig. 6. Schematic diagrams of electrode processes in electrolysis of

aqueous solutions on the titanium surface.
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Fig. 7. Schematic diagrams of RF-magnetron sputtering system.
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Table 6. Chemical reactions with major calcium phosphate salts [23].

pKsat
Ca/P Name Symbol Formula .
25°C
0.5 Monocalcium phosphate monohydrate — MCPM Ca(HoP04)2 - Ho0 1.14
0.5 Monocalcium phosphate anhydrous MCPA Ca(HsP04)> 1.14
Dicalcium phosphate dihydrate
1.0 ) DCPD CaHPQ,4 - 2H,0 6.59
(brushite)
Dicalcium phosphate anhydrous
1.0 i DCPA CaHP0, 6.90
(monetite)
1.33 Octacalcium phosphate 0CP Cag(HP04)2(P04)4 - 5H0  96.6
1.5 a-Tricalcium phosphate (a-TCP)  Cas(P04)2 25.5
1.5 B-Tricalcium phosphate (B-TCP)  Cas(P04): 28.9
1.2-2.2 Amorphous calcium phosphate ACP Cay(PO4)y - nH0 -
1.67 Hydroxyapatite HA Caio(P04)s(0OH), 116.8
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Fig. 8. Crystalline structure of hydroxyapatite [24].
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Ti-25Nb—xTa &= HH0l PEO XMcl= 2000 grit WAl MEHOIHE AtEot0 A0t
et = HE-€2= & SF=+= MA = 8== =HlotdU. 0l6A, bC &
(KEYSIGHT Co., Ltd., USA)S AIS3GIH MH & MES L322 AIS5tD A4S
S S=22=%2 ME = 2JIEYS 280V0HA HelAlZt2 3222 =dotdl. &8
Ol 4 PEO HMcolel H22 HE-22E ¥ SFFZ ME = 3)| S0A Ax
ANZCH. &Mool TtMe s=5 H 701 LEIHLHJA2M, PEO XMl E <8t MalE2

calcium acetate monohydrate (Ca (CHsCO0), - H.0) +
(CsHCalsP) L 1M HsPO4 (phosphoric acid 85.0%, HsPOs

AESHALE.
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Table 7. The condition of plasma electrolytic oxidation.

Exper imental

condition

Composition of electrolyte

Calcium acetate

Calcium Phosphor ic

Applied

Duration
(Ca(CH3C00)22H:0) glycerophosphate acid 85.0% vol tage _
(min)
Solutions (g/L) (CsH/CaleP) (g/L) (HgP0O4) (mL/L) (V)
Ca/P 26.69 4.29 - 280 3
M HaPO4 - - 60 280 3
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Table 8. RF-magnetron sputtering condition.

Coating condition HA film

Target HA (99.99%)
Base pressure 107 torr
Working pressure 107 torr
Gas Ar (40 sccm)
Pre-sputtering 20 min
Deposition time 60 min
Power supply 50 W
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HOMel & MEQ9 HY S48 FAEXESE0IZ (FE-SEM) L O X-24F X-&
22 (EDS, Inca program, Oxford, UK)S AIZ20ot 2XCIAULCH 2 &322 0OlAl
ZA2 &8 S0l8 ¥ FE-SEM 22 2 EHGIACH. EH X2l & Ti-25Nb-xTa & 20
A J1Z29 ZFA/FM A0 ¥ EHAE2 0|0IK 24| (Image J, Wayne Pasband,
USA)E AtEotH SZETJCH. HPO ZFH FPI= X-d FEY (XD, X'pert
Philips, Netherlands)E OI&6t0d 10 T ~ 90 €T &2 HANAN SAHUCH. 2+
S4 139 ZE Fxes MY JE HZ0 28 S23 (JCPDS, PCPOFWIN)
JtE #21-1272 2 Hlwotd =l
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Fig. 9. Equilibrium wetting state of liquid.
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. 7. SAHERIESH (SBF)OIM =&t3tols|A &EA

PEO (HsPO, and CatP) X2l & AlEC MSSIH S (4310084 HH5)S IA
oboIRlo 32 =t SAIMMESH (simulated body fluid)Ol EXIAIZACH. SBFS
Ol2 sk&= & 90l LEFLHRICH. SIXl 282 s H Sget 82 6.5 C
+ 1 2828 € pH s 74 £ 0.5 8 |X AL SBF 2

(hydroxymethyl) aminomethane, 99.0% (CsHiNOs = 121.14) & 1:9 HCI
(hydrochloric acid, 36.46 g/mol)S AF20l0 pH 7.48 =& GIULE.
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Table 9. Concentration of

human plasma and SBF solution.

lons Concentration (mM)

Blood plasma SBF
Na* 142.0 142.0
K 5.0 5.0
Mg?* 1.5 1.5
Ca®* 2.5 2.5
Cl™ 103.0 103.0
HCO* 27.0 10.0
HPO* 1.0 1.0
S04~ 0.5 0.5
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B2 ME HIEF MCITH-EIS OIRA SHSZERH =E56tD 1x10° MZE/ well
sE2 HZo| ZHHotACH. FBS 10% X HILIA/AEFEDOIAS 10U/ml O &

JF & a-minimum essential medium (MEM, without L-ascorbic acid) BHXIE AtE
ot04 BHE of L.

NI SH=E phosphate buffered saline (PBS) 2 AMI=otL], trypsin-DTA 2
(0.05 % trypsin, 0.53 mM EDTA - 4Na, phenol red in HBSS)OIA 37 C & SXIGt
0 1022t B0 MEZE =22l aIULCH. NEZEE 12-well ZH0IE &0l 1.5 x 10°
cells/well 2 &2 Ti &3 &0 %l 24A12t SOt DE
ZACH. Melel MEZZ= PBSZ MEGHD 4 TOIA 12A12F St 10% ZELHGIERZ

==l

DEANZC. DE=, S=25 =2 =AU, D8 HZEo HEHE L0t
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8 12 (a-d)= Ar JtA ZIJ10A 1050 CTUHIA 1 A2t St E-del 8 £ 0 C
AN 22 2 ™l & xIF 2220, 3, 7, & 15 @ Ti-25Nb—xTa &=22 XRD IH
BHE2 B0E0. 2 Ide a (orthorhombic) ¥ B (body-centered cubic
(BCC)) &0l HE=CRUCH. DIESEHAIOIE o- & UI3= 20 = 34, 36, 39, 41, 68,
70 € 73 ° UM Z2EEALH, S5 B- & IOd= 20 = 38, 54, 70 & 83 ° 0O
N 2EEZUCH OI2EAMOIE o " & O3= Ta &S0l SOtE0 Oet =2 24
L. S5 p- & Il3E= Ta S0 ek SIF otUCH. OISEHIAIOIE HH 2%
= 8329 ot g A & SO0l Blellst] 2AGHACH [25, 26]. TetA No &
Tadl Ti 22 p- ¢&E3 FAZA &EZ6H)| S0 B 2L &80 I ot
Ct. 08 122 XRD Zut= & 112 oM ¥ FE-SEMOI 2l S+ & OIM RE2F &

XISHCt.
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Fig. 10. XRF results of Ti-25Nb—xTa alloys quenched at 0 C after heat
treatment at 1050 € for 1hr in Ar atmosphere : (a) Ti-25Nb, (b)
Ti—-25Nb-3Ta, (c) Ti-26Nb—7Ta, and (d) Ti—-25Nb—15Ta.
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Fig. 11. OM and FE-SEM images showing the microstructure of Ti-25Nb—xTa
alloys: (a, e) Ti-25Nb, (b, f) Ti-25Nb-3Ta, (c, g) Ti-256Nb—7Ta, and (d, h)
Ti-25Nb-15Ta.
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Table 10. EDS analysis results of Ti—-25Nb—xTa alloys quenched at 0 C after
heat treatment at 1050 C for 1hr in Ar atmosphere.

Specimen

Ti—25Nb Ti-25No-3Ta  Ti-25Nb-7Ta  Ti-25Nb-15Ta

(wt %)

Ti 71.98 67.75 65.82 56.91

Nb 28.02 27.57 26.74 27.08

Ta 0 4.68 7.44 16.01

Totals 100 100 100 100
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V. 2. Ti-2N\o—xTa &=29 & H= L 3=

8 18 € 4= A IOt ERDI0IA 1 AlZE S 1050 T OllA ZXiel et = 0 T2 =0IA
d = Ti-2No—xTa &2 LI=CIEHEOIE HAE Z0E 20EC0 Ti-20\b-3Ta2 otE-2%
2 2F2Z Olsotd] Ti-25No-15Tall ols-81%9 =82 LEFECZ OIS0t =EH22R

B2t BEE 2= =+ ULHL BEAIe € BIHA BES KM g2 = 1101 LIEILIRL
Ch. Ti-29No-3Ta &=2 537.57 HV 2| D =2 HIHA BES LB, Ti-29Nb-15Tall i
HA HE= 292.71 HY OIRICH. ElEks &2 (Ti-xTa)0ll TaS HJIGIEH &= 252t HIHA &
Ot Bt BIIGI x = 40 0|42 BIRIRS [ &=2% ¥ HIPHA BE= ZASH [27].
J8 11 & 12= DI=EIM0IE 22| Ed0ll 2ol M4 = LR SH0| 2ATI/USS AIABHT.
5t Ta &0 SIS0 et & oFE BOC 220t SATIRUCE Ti-29Nb-15Ta 32 66.24 GPa
ol JIY X2 B H=E 20l BHH, Ti-29\b 39 B Ji= AlEe=2 =0 (9.58
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&0t OtLlch ZEAXS] JARE D2l 21401 QUL Wetd No &

EIIoHH BFES0] ZA0IACH [25].
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I—— Ti-25Nb
|—— Ti-25Nb-3Ta
1—— Ti-25Nb-7Ta
40— Ti-25Nb-15Ta

Load, Fn[N]

200 0 200 400 600 800 1000 1200
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Fig. 13. Nano—indentation test results of Ti-25Nb—xTa alloys after heat
treatment at 1050 € for 1h in Ar atmosphere followed by 0T water
quenching.
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after heat treatment at 1050 C for 1h in Ar atmosphere followed by 0T
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Table 11. Vickers hardness and elastic modulus values of Ti—-25Nb—xTa alloys.

chanical property

Elastic modulus Vickers hardness
. [GPa] [Hv]

Specimen

Ti-25Nb 99.58+0. 1 384.30+2.48
Ti-25Nb—3Ta 96.64+1.77 537.57+5.28
Ti-25Nb—7Ta 92.88+2.89 403.65+28.59
Ti-25Nb—15Ta 66.24+9.29 292.71+56.52
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Jb ot

8 202 Ca & P &R = HoHZEO0A PEO Xcl = Ti-25Nb-xTa &=0i CHet Lt
COIEHOIE HAE ZUE UEHHC. 0182 BdH+= & HIHA B= H 15
Of LIEHLHQUCH. LBtE o2 Ti-20Nb-xTa =242 Ca & P It gxe HoHES
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Fig. 15. FE-SEM image of Ti-25Nb—xTa alloys after PEO-treatment in solution

containing Ca and P ions: (a, a-1) Ti-26Nb, (b, b-1) Ti-25Nb-3Ta, (c, c-1)

Ti-25Nb-7Ta, and (d, d-1) Ti-25Nb-15Ta.
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Table 12. The changes of pore size factors by PEO-treatment

containing Ca and P ions.

in solution

Max i mum Minimum Number of
Porosity (%) pore size pore size pore/ unit
Specimen (um) (um) area
. 1.31 0.590 395
Ti—25Nb 7.0798
+0.26 +0.15 +5.17
. 1.23 0.604 396
Ti—-25Nb—3Ta 7.3783
+0.23 +0.15 +7.62
. 1.209 0.614 371
Ti—-25Nb—-7Ta 7.1632
+0.11 +0.11 +6.01
. 1.140 0.697 462
Ti—25Nb—-15Ta 9.0969
+0.09 +0.09 +10.44
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Fig. 16. EDS result of Ti-25Nb—xTa alloys after PEO-treatment in solution
containing Ca and P ions: (a) Ti-25Nb, (b) Ti-25Nb-3Ta, (c) Ti-25Nb-7Ta, and
(d) Ti-25Nb-15Ta.
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Table 13. EDS result of Ti—-25Nb—xTa alloys after PEO-treatment in solution
containing Ca and P ions.
Specimen Ti—25Nb Ti—25Nb—3Ta Ti—-25Nb-7Ta Ti-25Nb-15Ta
Elem Surfa
Pore Surface Pore Surface Pore Surface pore

(wt % ce

0 61.65 33.80 55.38 33.88 56.61 33.24 58.41 37.71
P 4.75 5.31 5.28 7.03 5.68 5.98 3.92 5.92
Ca 4.96 8.53 3.88 9.88 5.01 9.54 5.22 10.12
Ti 20.38 39.29 19.08 29.64 16.99 34.88 16.84 23.99
Nb 8.27 13.08 10.77 15.02 12.27 14.17 7.45 13.10
Ta 0 0 5.62 4.55 3.44 2.20 8.16 9.16
Totals 100 100 100 100 100 100 100 100
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25Nb 15.0kV 11.6mm x5.00k SE{M) 10.0um | 2

Formed Pores

25Nb7Ta 15.0kV 11.5mm ¥ (M} 10.0um J25Nb15Ta 15.0kV 11.8mm x5.00k SE(M)

Fig. 17. FE-SEM images showing the cross—sectional oxide layers of
Ti—-25Nb—xTa alloys after PEO-treatment in solution containing Ca and P ions:
(a) Ti-25Nb, (b) Ti-25Nb-3Ta, (c) Ti-25Nb-7Ta, and (d) Ti—-25Nb-15Ta.
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Table 14. Sectional oxide thickness of Ti-25Nb—xTa alloy after PEO treatment
in solution containing Ca and P ions.

Specimen Ti—25Nb Ti-25Nb-3Ta  Ti—-25Nb—7Ta Ti—-25Nb—15Ta
Oxide layer (um) 2.326 2.589 2.731 3.502
_58_
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Fig. 18. The results of EDS line—profiling of cross—sectioned oxide layerf
of Ti—-25Nb-15Ta alloys after PEO-treatment in solution containing Ca and P
jons.
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Fig. 19. XRD patterns for Ti—-25Nb—xTa alloys after PEO-treatment in solution
containing Ca and P ions: (a) Ti—25Nb, (b) Ti—25Nb-3Ta, (c) Ti-25Nb-7Ta, and
(d) Ti—-25Nb-15Ta.
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Ca+P PEO Ti-25Nb-3Ta .'l
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Fig. 20. Nano—indentation test results of Ti-25Nb-xTa alloys

PEO-treatment in solution containing Ca and P ions.
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Table 15. The values of Vickers hardness and elastic modulus of Ti—-25Nb-xTa
alloys after PEO-treatment in solution containing Ca and P ions.

hanical property Elastic modulus Vickers hardness
Specimen [GPa] [Hv]
Ti—25Nb CatP PEOQ 73.84+21.5 285.86+67.25
Ti—25Nb—3Ta CatP PEQ 66.43+8.74 236.99+68.52
Ti-25Nb—7Ta CatP PEQ 63.082+3.96 220.64+8.49
Ti-25Nb—15Ta Cat+P PEO 65.43+12.97 184.95+0.16
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IV. 3. 2. M HPO, HoHEOIA PEO X2IE Ti-29Nb-xTa &=2l

CiS

kA

a8 21 (a-d, a—d-1)2 M HPO, HMHEUAM PEO Xcl = FE-SEMOIl 2lcH 2Z=E
2% dgiolck. 8 212 2 Ti-26Nb, Ti-25Nb-3Ta, Ti-25Nb-7Ta,
Ti-25Nb-15TaS UEIHOH. 2= HEHE O34 H8HES Y1) ASS & = U2H
HUS oE€2 2AHA HUCH 0/He 2= A0 =S PEO d&=2 Hot
2ot SRotH ZTE HUEO EHe YN 2Fs 222 X0t |RALE 220!
SdCACIL AF LI BIIoHH U342 M2 HStE O [34]. O3 210
LIEtH B2t 20| Ta &0l SIS H0HH 22 A2 JI130] g4EH 2t
Etee L= =38 2200 UEtgES € = AT Ti-25Nb, Ti-25Nb-3Ta,
Ti-25Nb-7Ta, ¥ Ti-25Nb-15Ta2l PEO HEPH2 J|IE&=2 2.8, 1.11, 1.46, ¥ 1.72
LIEFLHRLCH. =IO 1= 3Jl= 0.97, 0.80, 070, & 0.73um 0112, =2 J1& AT
= 0.30, 0.29, 0.30, & 0.35 umQICt. Ti-25Nb &S0A JISEES dUHECZ =
H Uee As € = UCH. oFXIL Ta0l ot 2 I JIZ28 == &EX Sotol=
AE & = AL AT JISE & =U/EA IS8 I, & 20t == H 16
O LIEHLHACH. = 160 LIEtY Htt 201 Ta 0l Sitg+E A JIE 3D
2 HOotel =#Jt SBdtote A= & = UL Ti-26Nb-15Ta =2 E=R
Ti-25Nb-3Ta & Ti-25Nb—7Talil Hlofl <f2tel HOt2l It ZAH=E XS =0 &
= =0 ol 20U 213 371 & =4 J133J101 Itk Il ME0let M24E

[m]

O 22= M HPO, HHEOA PEO X2l £ (a)= Ti-25Nb, (b)= Ti-25Nb-3Ta,
c)e= Ti-25Nb-7Ta, & (d)= Ti-25Nb-15Tall XRD ZtE LIEHHCE. PEO MelE
oAM= Chafet NoOs, Ta0s, & Ti0, &0l SEEHACH. 2= WA= Ti 2
25" 2| OfLIEHMl & R 277 2| SFEIA0l HEHJALH. Ol PEO BE2 =JI
HOIA AFsterol M= O Ti* 2 hydroxyl (OH) AHOISl BHSOl ool SN E
35]. REILI HIWGHH Ca & P StEtE S

ol
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e e

ju

Ch [ Y Relst 0 X2 H 2 PSS E
E48 4 QICH [32]. 08 190 HYst gt 20| Ta 820 =It8H0l et Tio,
A2 2AGHH Ol= B 29 Ao & AXECHD 2 2 ALt
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Fig. 21. FE-SEM image of Ti—-25Nb—xTa alloys after PEO-treatment in HsPO,
solution: (a, a-1) Ti-25Nb, (b, b—1) Ti-25Nb-3Ta, (c, c-1) Ti-25Nb—7Ta, and
(d, d-1) Ti-25Nb—-15Ta.
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Table 16. The changes of pore size factors by PEO-treatment in HsPO,

solution.
Max i mum Minimum Number of
Porosity (%) pore size pore size pore/ unit
Specimen (um) (um) area
. 0.978 0.301 232
Ti—-25Nb 2.8042
+0.23 +0.06 +10.48
. 0.806 0.293 300
Ti—25Nb—-3Ta 1.1114
+0.17 +0.09 +4.15
. 0.708 0.306 310
Ti—25Nb—-7Ta 1.4679
+0.05 +0.05 +5.09
. 0.738 0.352 271
Ti—-25Nb—-15Ta 1.7102
+0.11 +0.11 +10.06
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Fig. 22. XRD patterns for Ti-25Nb—xTa alloys after PEO-treatment in HsPOs

solution: (a) Ti-25Nb, (b) Ti-25Nb-3Ta, (c) Ti-25Nb—-7Ta, and (d)
Ti—25Nb—15Ta.
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Fig. 23. FE-SEM image of HA coated Ti—25Nb—xTa alloys by RF-magnetron
sputtering after PEO-treatment in HsPO, solution: (a — a—2) Ti-25Nb, (b -
b—2) Ti-26Nb—-3Ta, (¢ — ¢—2) Ti-26Nb—7Ta, and (d — d-2) Ti—-25Nb-15Ta.
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Fig. 24. EDS result of HA coated Ti-25Nb—xTa alloys by RF-magnetron
sputtering after PEO-treatment in HsPO, solution: (a) Ti—25Nb,

Ti-25Nb-3Ta, (c) Ti-25Nb-7Ta, and (d) Ti-25Nb-15Ta.
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Table 17. EDS result of HA coated Ti-25Nb—xTa al loys by RF-magnetron
sputtering after PEO-treatment in HsPOs; solution.

Specimen _Ti-25Nb Ti—25Nb-3Ta Ti-25Nb-7Ta Ti-25Nb-15Ta

Surface Pore Surface Pore Surface Pore Surface pore

0 55.96 52.37 52.37 31.74 51.51 32.57 58.92 47.39
P 1596 11.93 11.93 7.10 10.22 12.13 12.43 15.54
Ca 0.19 0.08 0.08 0.20 0.16 0.10 0.18 0.02
Ti 20.82 29.45 2555 4579 23.50 38.07 15.02 20.77
Nb 7.08 8.43 7.7 13.09  8.89 12.57 5.68 6.78
Ta 0 0 2.30 2.08 5.71 4.57 7.76 9.50
Totals 100 100 100 100 100 100 100 100
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Fig. 25. XRD patterns for HA coated Ti-25Nb—-xTa alloys by RF-magnetron

sputtering after PEO-treatment in HsPOs solution:
(a) Ti-25Nb, (b) Ti-25Nb-3Ta, (c) Ti-25Nb-7Ta, and (d) Ti—25Nb-15Ta.
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Fig. 26. Contact angles of the Ti-25Nb—xTa alloy surfaces:(a - a-3) Ti-25Nb,
(b - b-3) Ti-25Nb—3Ta, (¢ - ¢-3) Ti-25Nb-7Ta, and (d - d-3) Ti-25Nb-15Ta :
Etched surface : (a - d)
PEO-treatment in solution containing Ca and P ions : (a-1 - d-1)
PEO-treatment in HsP04 solution : (a2 - d-2)
HA sputtering after PEO-treatment in HsPO. solution : (a-3 - d-3)
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Table 18. The values of contact angles of Ti—-25Nb-xTa al loy.

Specimen

Ti-25Nb Ti-25Nb-3Ta  Ti-25Nb-7Ta  Ti-25Nb-15Ta

80.86 78.87 76.34 78.38

Etched surface
(+£2.03) (+1.13) (+£0.74) (+£1.21)
53.14 51.69 48 44 .36

CatP PEO

(+£2.53) (+3.29) (£1.91) (+£2.31)
I— 23.58 22.39 24.02 36.32
o (+£2.51) (+2.42) (+£1.62) (+1.78)
45.018 42 .57 43.498 41.518

1M HsPO, PEO+HA
(£0.71) (+£1.42) (£2.92) (£3.29)
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Ti-25Nb Ti-25Nb-3Ta Ti-25Nb-7Ta Ti-25Nb-15Ta

Fig. 27. AFM images of Ti-25Nb-xTa alloys surfaces : (a - a-3) Ti-25Nb, (b -
b-3) Ti-25Nb-3Ta, (¢ - ¢-3) Ti-25Nb-7Ta, and (d - d-3) Ti-25Nb-15Ta :
PEO-treatment in solution containing Ca and P ions : (a - d)

PEO-treatment in HsPO, solution : (a-1 - d-1)

HA sputtering after PEO-treatment in HsP0, solution : (a-2 - d-2)
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Table 19. The values of surface

roughness of Ti—-25Nb—xTa al loy

Specimen

Ti-25Nb Ti-25Nb-3Ta  Ti-25Nb-7Ta  Ti-25Nb-15Ta
roughness(
CatP PEO 0.262 0.239 0.271 0.235
1M HsPO4 PEO 0.257 0.289 0.370 0.224
1M HsPO, PEO+HHA 0.258 0.267 0.273 0.259
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Fig. 28. FE-SEM imges of bone growth in SBF solution for 3 day after
PEO-treatment in solution containing Ca and P ions : (a — a-1) Ti-25Nb, (b -
b-1) Ti-256Nb—-3Ta, (¢ — c-1) Ti-26Nb—7Ta, and (d — d-1) Ti-25Nb-15Ta.
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Table 20. EDS results of bone growth
PEO-treatment in solution containing Ca and P ions.

in SBF solution for

3 day after

Specimen

Contento Ti—25Nb Ti—-25Nb—-3Ta Ti-25Nb-7Ta Ti-25Nb—15Ta
elements (wt %

0 29.99 28.20 41.88 29.86

P 7.19 6.13 6.74 5.52

Ca 8.56 8.49 8.70 7.49

Ti 43.85 46.36 31.28 40.85

Nb 10.42 10.15 10.30 9.53

Ta 0 0.67 1.10 6.74
Totals 100 100 100 100
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15- 15.0kV 12.2mm x1.00k SE(U)

Fig. 29. FESEM images of bone growth in BF solution for 3 day with HA coating by
sputtering after PEO-treatment in HsPO, solution: (a - a-1) Ti-25Nb, (b - b-1)
Ti—-25Nb-3Ta, (¢ — c-1) Ti-25Nb—7Ta, and (d — d-1) Ti—25Nb—15Ta.
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Table 21. EDS results of bone growth
PEO-treatment in HsPO, solution.

in SBF solution for

3 day after

Specimen

Contento Ti—25Nb Ti-25Nb—3Ta Ti-25Nb—-7Ta Ti—-25Nb—-15Ta
elements (wt %

0 42.30 31.65 32.06 38.03

P 20.01 18.77 21.54 16.57

Ca 6.36 4.53 2.92 1.09

Ti 25.57 38.69 35.92 30.65

Nb 5.77 6.04 3.31 5.53

Ta 0 0.32 4.26 8.14
Totals 100 100 100 100
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IV. 4. 4. Ti-2No—xTa &= M HHZ

8l 302 Ca & PIF &7 & MolEWAM PEO M2l & Ti-25Nb—xTa &2 HHOA
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d-1) Ti-25Nb-15Ta OICt. 2 HOH2 MAHES=Z Lamellipodialdt A&dtH M
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[47].
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[48]
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Fig. 30. FE-SEM imges of MC3T3-E1 cell cultured for 1 day after
PEO-treatment in solution containing Ca and P ions : (a — a-1) Ti-25Nb, (b -
b—1) Ti-25Nb-3Ta, (¢ — c-1) Ti-25Nb—7Ta, and (d — d-1) Ti-25Nb-15Ta.

_85_

(“)Collection @ chosun



5 LI O S e | I
15- 15.0kV 12.0mm x500 SE(U) 15- 15.0kV 12.0mm x3.00k SE(U)

Fig. 31. FESEM images of MC3T3-E1 cell cultured for 1 day on HA coating by
sputtering after PEO-treatment in HsPO4 solution: (a - a-1) Ti-25Nb, (b - b-1)
Ti-25Nb-3Ta, (c - c-1) Ti-25Nb-7Ta, and (d - d-1) Ti-25Nb-15Ta.
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