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ABSTRACT

Surface Characteristics and Biocompatibility of Hydroxyapatite Coated Ti alloys

by Electrochemical deposition

Kang Lee

Advisor : Prof. Han—Cheol Choe, Ph. D.
Dept. of Optical Application Engineering,
Graduate School of Chosun University

Commercial pure titanium (CP-Ti) of 995 9% purity (grade 4) and
Ti-6Al1-4V ELI (extra low interstitial) were used as a substrate material for
hydroxyapatite coating by electrochemical deposition. The coating process
involves two steps ; 1) porous titanium dioxide (TiO2) on Ti alloy was
formed at high potential 2) cyclic voltammetry method was carried out in
modified simulated body fluid (SBF) for calcium phosphate electrodeposition

on anodized Ti. Ti were anodized in solution containing typically calcium

and phosphorous ions mixed electrolytes at room temperature. A direct
current power source (180~400 V) was used for the process of anodization.
HA deposition processing was conducted in an electrochemical cell with three
electrodes: anodized Ti as cathode, platinum rod as the anode, and SCE as
the reference electrode. A supersaturated solution for Ca-P deposition was
prepared by Ca(NOs)e, NHJHPO, mixed solution in a liter of distilled water.
The cyclic voltammetry method was conducted at cyclic potential (-2.0 V to
0 V) for 8 T and carried out with PARSTAT 2273 (EG & G).

Microstructure and chemical composition of coated layer and corrosion

= Vil -



properties were characterized by field emission scanning electron microscopy
(FE-SEM), energy diffraction spectrospcopy (EDS), X-ray diffraction (XRD),
fourier transform infrared spectroscopy (FTIR), atomic force microscopy
(AFM), X-ray photoelectron spectroscopy (XPS), scanning transmittance
electron microscopy (STEM) and electrochemical equipments. In vitro studies
were performed with MC3T3-E1 cell to investigate the effect of biological

change on different surface conditions.

The results were as follows:

1. From the microstructure analysis, CP-Ti shows the acicular structure of a

-phase and Ti-6Al1-4V showed the needle-like structure of a+[B phase.

2. From the surface properties of anodized layer, as the increasing of input
voltages, pore size increased. However, the corrosion resistance of input 260

V anodized layer were higher than those of another conditions.

3. At the relatively low voltage of 180 V, crystal structure of TiO: showed
anatase phase. With increasing voltage, the intensity of anatase TiO: peak
increased until 300 V. However, above 300V, rutile phase began to appeared.
After further increasing the voltage, the intensity of rutile phase increased,
while that of anatase decreased steadily. The concentration of Ca and P

increased with increasing anodization voltage.

4. Calcium phosphate coating on anodized Ti was prepared by electrochemical

deposition at 85C. The phase and morphologies of deposits HA were

influenced by the electrolyte concentration, current density and loading cycle

- viii -



numbers.

5. The cell viability test revealed significantly enhanced viability on the HA

coated surface of CP-Ti showed a good biocompatibility after anodization

compared with another surface
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Table 1. Properties of hiomaterials™

Biocompatiblity

Osseointegration
Bio corrosion resistance

Adveres tissue reaction

Mechanical properties

Elastic modulus

Tensile & yield strength
Elongation

Toughness

Fatigue crack initiation, propagation

Hardness, wear resistance




Table 2. Reaction of bone and osteoblast cell for pure metal

15, 1
elements™ 17
Type of reaction Elements
Vital Ti, Zr, Nb, Ta, Pt, Ti alloys
Capsule Al, Fe, Mo, Ag, Au, Stainless steel, Co-Cr Alloys
Toxic Co, Ni, Cu, V




—_ —_
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T T

[ INi

[ ]Fe

04 []Co
02 | Sr_Mg

V, Cu, Zn,
- Cd,Hg

+«—Toxic

[IBi Al

«— Toxic

Coefficient of fibroblastic outgrowth
o
[+ =]

-0.2 0 0.2 0.4 0.6 0.8 1 1.2

Relative growth rate of L929 cells

Fig. 2. Biological safety of metal elementsm.
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Fig. 2. Allotropic transformation of titanium™



Table 3. Typical mechanical properties of implant metals™”

Young's Yield Tensile
ASTM o
Alloys . . Condition modulus strength strength
designation
(GPa) (MPa) (MP2)
STS 316L F745 annealed 190 221 483
annealed 190 331 586
F55, K56 30% cold
STS 316 F138 190 792 930
worked
F139
cold forged 190 1213 1351
as—cast
210 448-517 655-8%9
Co-28Cr-— F75 /annealed
6Mo HIP 253 341 1277
F799 hot forged 210 896-1200 1399-1586
- 1-122
Com20Cr— o annealed 210 448-648 9% 0
. 44% cold
15W-10Ni v o 210 1606 1896
worked
) 309 cold
CP-Ti Fe7 110 485 760
worked
forged
) 116 896 965
Ti-6Al-4V annealed
F136
(ELD) forged heat
116 1034 1103
treated
) forged
Ti-6Al-7Nb F1295 110 900-1000 1000-1100
annealed
. forged
Ti-bAl-2.5Fe 110 820-920 940-1050
annealed
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Table 4. Crystallographic parameters of titanium dioxide™

Name Anatase Rutile Brookite
System Tetragonal Tetragonal Orthohomic
a (A) 3.734 4.593 9.174
Lattice constant b (A) 3.784 4.593 5.449
c (A) 9.515 2.999 5.138
Unit cell volume (A% 136.3 62.42 257
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Fig. 3. Bulk structure of rutile and anatase’™”
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Table 5. Overview of surface modification methods for Ti and

its alloys implantszg)

Surface modification methods

Modified lyaer

Objective

Mechanical methods
Machining
Griding
Polishing

Blasting
Chemical method

Chemical treatment
Acidic treatment

Alkaline treatment

Hydrogen peroxide treatment

Sol-gel

Anodic oxidation

CVD

Biochemical method

Physical method
Thermal spray
Flame spray
Plasma spray
HVOF

DGUN
PVD

Evaporation
Ton plating
Sputtering
Ton implantation and deposition
Beam-line ion
implatation
PIII

Glow discharge plasma treatment

Rough or smooth surface formed by

substration process

<10 mm of surface oxidelayer

~1 gm of sodium titanate gel

~5 nm of dense inner oxide and

porous outer layer
~10 pm of thin film, such as

calcium phosphate, TiO, and silica

~10 mm to 40 um of TiO; layer,
adsorption and incorporation of

electrolyte anions

~1 g of TiN, TiC, TiCN, DLC
thin film
Modification through silanized

titania, photochemistry,
self-assembled monolayers,

protein-resistace, etc.

~30 to 200 yn of coatings, such
as Ti, HA, calcium silicate, Al>Os3,

ZrOz, TlOz

~1 gm of TiN, TiC, TiCN, DLC,
and HA thin film

~10 nm of surface modified layer

and/or ~ygm of thin film

~1 nm to ~100 nm of surface

modified layer

Produce specific surface topographies;
clean and roughen surface; improve

adhesion in bonding

Remove oxide scale and contamination
Improve biocompatibility, bioactivity or
bone conductivity

Improving biocompatibility, bioactivity
or bone conductivity

Improve biocompatibility, bioactivity or

bone conductivity
Produce specific surface topogrphies;

improved corrosion resistance; improve
biocompativility, bioactivity or bone

conductivity
Improve wear resistance, corrosion

resistance and blood compatibility

Induce specific cell and tissue response
by means of surface-immobilized

peptiteds, proteins, or growth factors

Improve wear resistance, corrosion

resistance and biological properties

Improve wear resistance, corrosion
resistance, blood compatibility and

biological properties

Modify surface composition; improve
wear, corrosion resistance, and

biocompatibility

Clean, sterilize, oxide, nitride surface;

remove native oxide layer
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Table 6. Mechanical properties of hydroxyapatite in adult human

enamel and bone””

HA sintered body

Mechanical properties Enamel(HA:92797%) Bone(HA:60770%)

Dense Porous
Density (g/cm) 29~3.0 1.5~22 3.156 -
Relative density - - 95~99.8 50~70
Grain size(um) - - 0.2~25 -
Mechanical strength(MPa)
Compressive 250~400 140~300 270~900 30~ 100
Bending - 100~200 80~ 250 -
Tensile - 20~114 90~120 -
Diametral - - 35~95 -
Young modulous(GPa) 40~84 10~22 35~120 -
Fracture toughness(#fam®”) - 2.2~46 0.7~1.2 -
Vicker's hardness(GPa) 34~3.7 04~0.7 3.0~7.0 -
Heat capacity(cal/deg + mol) - - 184 -
Termal conductance(W/cm -+ K) -0.009 -0.006 0.013 -
Expansion coefficient(x10%) - 11~14 -
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Table 7. Properties, preparations and occurrence of the biologically relevant phosphate325

)

Abb.

Formula

Name

Ca/P ratio pk(25C) pH stability”

. . Occurrence in biological
Main preparation method

tissue
(1) Titration of Ca(OH); with HsPOs Bone, dentin, enamel, dentin
. (11) Dropwise addition of HPO” calcifications, urinary
HA Caw(PO4)s(OH)z Hydroxyapatite 1.67 116.8 9.5-12 . i i
solution to CaZ2+ solution, pH>9 stones, athorosclerotic
(iii) Hydrolysis from other phosphates plaques
Octacalcium Dropwise addition of Ca(Ac): to . .
OCP CasHa(POys + 5H0 1.33 96.6 55-7.0 o , ) ) Dental and urinary calculi
phosphate HPO.” /HoPO4 solutions at 60°C, pHS
. . R . . Dental and urinary caculi,
B-Tricalcium (1) Solid state reaction of CaCO3 abd . . .
b . soft-tissue deposits, artritic
B-TCP  Cas(POus)2 phosphate 1.5 23.9 DCPD at 900°C )
. . . . cartilage, usually present as
(whitlokite) (i1) Thermal conversion of CDHA
B-TCMP
a-tricalcium b .
a-TCP  Cas(POs)z 15 255 Heat treatment of B-TCP at 1300C Not found
phosphate
amorphous .. 2+ 2 .
CaxHy(PO4),nH20 ) . b Fast mixing of Ca” HPOQO. solutions, ) S
ACP calcium 1.22-2.2 Soft-tissue calcifications
n=3~4.5, 15-20%H:0 RT
phosphate
monocalcium o . .
Titration of HzPOs with Ca(OH): in
MCPA Ca(HzPOu)2 phosphate 05 1.14 0-2 o ) Not found
strong acidic environment
anhydrous
monocalcium
MCPM Ca(HzPOu4)z - H2O phospate 0.5 1.14 b Heat treatment of MCPM at 7>>100C Not found
monohydrate
dicalcium . . . . .
CaHPO. - 2H:0, Dropwise addition of a Ca2+ solution Dental calculi, urinary
DCPD ) phosphate 1.0 6.59 2-6 . . o
(brushite) . to a HPO42- solution at 60C , pH4 stones chondrocalcinosis
dihydrate



Occurrence in biological

Abb. Formula Name Ca/P ratio pk(25C) pH stability”  Main preparation method H
issue
dicalcium
DCPA CaHPO., (monetite) phosphate 1.0 6.90 b Heat treatment of DCPD at 7>>100C  Not found
anhydrous
tetracalcium b Solid-state reaction of DCPA with
TTCP CasP209 2.0 38-44 . Not found
phosphate CaCQOs at high T
calcium
Caio-x(HPO»x(PO4)s-x . .
CDHA deficient 1.5-1.67 85.1 6.5-95 Hydrolysis of ACP or a-TCP Not found
(OH)z-x (O<x<1) .
hydroxyapatite

? Data from Ref. [25-29]
" Phase obtained by solid state reaction or heat treatment of other phases.

¢ Cannot be measured precisely, however the following value were reported: 25.7 (pH 7.40), 29.9 (pH 6), 32.7 (pH 5.28)
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o 71t e X adolE

1) MCPM# MCPA

MCPA (monocalcium phosphate monohydrate)™ MCPA(monocalcium phosphate
anhydrous)s Ca/P=052x AiHd ZgixidolEelt}t o5 o Wd &3=r)
2 &35 o] HiPOsS WEdth. MCPM< 100Tol oAl MCPARE Hol&
21tk MCPM¥# MCPA 257 AdolA AP o FHredt Aoz s A4
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AR Az 5 Udvh & Ca/P=05ZEA+ M ZEg¥adoEet &3vs A3

of H7tEol wef theFsty] o] Aisld uAAEE &85 Tk
3) DCPD (dicalcium phosphate dihydrate)
A2 A8 calcium hydrogen orthophophate dihydrate©]™ &2 brushiteo] t}.

pH 4.3 olstel 4 DCPA th&oz tAshARE @38 Ao war] oo
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SEdols|n st ma Ca ARE URE s AFFANAE Yol AgE)

4) DCPA (dicalcium phosphate anhydrous)

Calcium hydrogen orthophosphate anhydrous”} 2% o3 3FE 2 monetite®]
t}. DCPAE DCPDOA ZASF7E AAE HHEA 32 5 2e EAlo] DCPD%
H]s2alA RE DCPDell Hl&l wlAlskA gt sheb# oz ¢t sttt DCPAE DCPDSF €2
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5) Ca:P:0; (CPP, calcium pyrophosphate)
DCPAY DCPD®] a1t o g 3lst24d¢7 AAE Aefolrh
6) OCP (octacalcium phosphate)
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Table 8. Different techniques to deposit HA coatings

31-75)

Technique

Thickness

Advantage

Disadvantage

Thermal spraying 30~200 ym High depositon rates; low coast

Sputtering

coating

Pulsed laser

deposition

Dynamic mixing
method

Dip coating

Sol-gel

Electrophoetic

deposition

Biomimetic

coating

Hot isostatic

pressing

0.5~3 um

0.05~5 um

0.05~13 m

0.05~0.5 mm

<lum

0.1~2.0 mm

< 30 um

0.2~2.0 mm

Uniform coating thickness on flat

substrate;dense coating

Coating with crystalline and

Line of sight technique; high
temperature induce decomposition;
rapid cooling produces amorphos

coatings
Line of sight technique;

expansive time consuming;

produces amorphous coatings

amorphos; coating with dense and Line of sight technique

porous

High adheisve strength

Inexpensive; coatings applied
quickly; can coat complex

substrate
Can coat complex shapes; low

processing temperature relatively

cheap as coatings are very thin
Uniform coating thickness; rapid

deposition rates; can coat

complex substrates
Low processing temp.; can form

bonelike apatite; can coat
complex shapes; can coat
complex shapes; can incorporate

bone growth stimulating factors

Produce dense coatings

Line of sight technique;
expensive; produce amorphous
coating

Requires high sintering
temperarture; termal expansion

mismatch
Some processes require controlled

atmosphere processing; expansive

raw materials
Difficult to produce crack free

coating; requires high sintering

temp.

Time consuming; requires
replenishment and a constant of
pH of simulated body fluid

Cannot coat complex substrates;
high temp. required; thermal
expansion mismatch; elastic
property differences; expansive;
removal/interaction of

encapsulation material
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Metastable Calcium Phosphate Solution

4
7 HT
) Reactions at the cathode
OH B surface:
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3/
T

Fig. 5. Reactions during electrochemical deposition of CaP

phase Coatin,qsm).
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M2+ Acid Solution
Anodic reaction Cathodic reaction
2H +2e¢ —H, M — M?* + 2¢e

Fig. 6. Corrosion reaction of metal in acid SOhltiOl’lgO).
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Electrode Potential vs. SCE (V)

Fig.

Oxygen evolution
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7. Hypothetical anodic and cathodic polarization

behavior for a material exhibiting passive anodic

behavior™".
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Table 9. Chemical composition of alloy used in this

experiment

composition
(Wt%) Ti Al \Y% C Fe Og N2 Hz

sample

Cp-Ti 99.7 - - - 0.12  0.16 0.004 0.0019
Ti-6A1-4V ELI 89.62 6.1 4.0 0.04 0.16 0.106 0.008 0.0022
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Fig. 10. Schematic diagram of the apparatus for
HA coating.

_46_



Table 10. The condition of electrochemical deposition on

anodized T1

Cyclic voltammetry

Modified SBF solution
Electrolyte 1) 5 mM Ca(NOs)z + 4H:O + 3 mM NH4H2PO4
2) 20 mM Ca(NQs)s + 4H,O + 12 mM NHsH-PO4

Working electrode Sample
Counter electrode Pt lod
Reference electrode SCE

Temperature 85C 1
Scan rate 05 V/s
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Fig. 11. HA deposition process for monitoring cycle
voltammetry versus cycle numbers.
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Table 11. The conditions of electrochemical corrosion test

Potentiodynamic test AC impedance

Electrolyte
Working electrode
Counter electrode
Reference electrode
Temperature

Scan rate
Frequency range
AC amplitude
Point

Software

0.996 NaCl
Sample

High dense carbon

SCE
365 + 1T
1.667 mV/s —
— 100 Kz ~ 10 mHz
— 10 v
— 5 point/decade
Powersuite 2.55 ZSimpWin 3.20
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Al 74 MC3T3-El1 AXZE o] L3 in vitro test

Zol M| ES HAFSE MC3T3-E1(No. CRL-2593)& w}-$2 FrZoA F&3 A
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of¥

ATtk o] E 37T, 5% COE AL -FastuA] wjdkstar vkl AE7} FHF
2ol dojd wj7bA] 2~39 Ao ® Wt
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Felg AEe IF3A T 248E target day (19, 49, 7¢)&¢t 22 CO. 1+
Holgol A wjgFs = 05 mg/mee HepA Aol A=W phosphate buffer
saline(PBS)2. 2 ZAAo] Wolx|x| ¢A 3 F7Fx olAZ2Y U457 (Isopropyl
alcohol, Sigma)&1-2 300 wl ol 10 #3F wHksl . 96 well-plated] #ZS
200 A 738kl ELISA reader (Thermal Fisher SCIENTIFIC, USA)E o] &3}

o 540 molA FHEE A AR
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Fig. 12. Microstructure of Ti alloy by FE-SEM
(a) CP-Ti and (b) Ti-6Al-4V.
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Fig. 13. XRD spectra of CP-Ti and Ti-6Al-4V.
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Fig. 14. The surface morphologies of anodic oxide film on
CP-Ti with anodizing voltages (180~450 V) (a) 180 V, (b)
220 V, (¢) 260 V, (d) 300 V, (e) 350 V and (f) 400 V.
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Fig. 15. The surface morphologies of anodic oxide film on
Ti-6A1-4V with anodizing voltages (180~450 V) (a) 180 V,
(b) 220 V, (c) 260 V, (d) 300 V, (e) 350 V and () 400 V.
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Fig. 17. XRD spectra of anodized Ti-6Al-4V.
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Fig. 19. Polarization curve of anodized CP-Ti after

potentiodynamic test in 0.9 % NaCl solution at 36.5£17C.
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Fig. 20. Equivalent circuit of specimen (a) without anodic

oxide layer and (b) with anodic oxide layer.
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Table 12. Values of AC impedance parameter for anodized CP-Ti from EIS plots obtained in 0.9%

NaCl solution at 36.5 = 1T

Sample Rs(Q cnf) CPE(uF/ct + s n Re(MQer)
non-treat. 32.89 2.56 0.9634 3.59
Rs(Q cr) CPE(uF/cnt - s  n Ri(Qenf) CPE(gF/cent - s n R,(MQen)
anodized 260 V 4713 0.345 1 450 0.379 0.739 11.3
300 V 137.65 012 1 4165 0493 0.521 127
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Fig. 22. Anodic oxide treated CP-Ti with 5 M NaOH for 5 min
at 60 C (a) x 50 k and (b) x 100 k.
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Fig. 23. Cyclic voltammonograms in modified SBF solution at

different solution conditions.
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Fig. 24. SEM images of calcium phosphate deposition on NaOH
treated CP-Ti (a) 5 mM Ca-P solution and (b) 20 mM Ca-P

solution.

_73_



o1 o
— 1

2 5ol A A A sk

S PARSTAT 2273 2El&
ke

260 V

T

R

Fig. 25
3Fo] cyclic votammetry(CV)EPH 2.2 85T 9
Z1 b 3o

&

SEEE

e

&
2l

ol

Goe,

o)
v

2

X
)

o
o
o
o]
g

o)
W

Fol 85T

©

[€)

o]ﬁ._

[e]

=

2

k)

]

&
Tl

fol Abel
Ftolth. HA A4 JCPDS # 74-0565 th

(@)9] 7% Ate]Z 2] 53] 5H HA

©

17}

oA 0 VolMF-E -20 VAol

B8R
"o
oF

o

3l

=

4

s

e

oY

4=

A%

Zhel w

=

o

94

=
=

9lom Aol

BN
T

X
e a3

2713

o

o]

o] F&7F 20 mMSl Aol &

st} g

BN
T

0
w0

N
ol
(S

)

[5]
[6]

7he ol [713 Eo] <

=
T

2 o)

]‘O

H
T

3

3

]

&
Tl

T
R

_74_

A5 o] T

2

+ OH

9 —
4

=

—CaHPO,

2—
4

PO} + H,0—~H,PO
Holl HAZF &4 w0 zxlth

tel [315 [41¢]
Ao A o] Fo] A [2]9F [3]elA] o] Fof ]|

Ca** + HPO

S

o o] 2Fal AFEE
o] CalPOs9 HPOS 2 3t

=
[=)
b4



10Ca* " +6PO} " —20H —Ca,, (PO,); (OH), [7]

_75_



2.0x10°

5 mM Ca-P sclution
1 (a) —a— 265 P Ti
1.5x107 —o— 265 Y Ti-GA-4Y
1.0x107 -
< 506107
-
5 4
= 0.0
O ]
-5.0x107 1
-1.0x107 1
T L T ] T & T y T
-2.0 -1.5 -1.0 -0.5 0.0
4 0x10% Potential (V)
0Ox
(b) 20k Ca-P solution
s | 4 —o—ZEE Y P TI
3.0x10 -+ \ —o— 265 W Ti-BA- 4y
2.0x107
< 1 oxi0?
-
5 .
= 0.0
O ]
1.0x107 1
2.0x107 -
T

20 15 10 -05 00
Potential (V)

Fig. 25. Cyclic voltammonograms in modified SBEF solution at
different solution condition (a) 5 mM Ca-P solution and (b) 20

mM Ca-P solution.
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Fig. 26. XRD patterns of HA coating on the anodized CP-Ti
at different solution condition. (a) 5 mM Ca-P solution and

(b) 20 mM Ca-P solution.
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Fig. 27. FE-SEM showing of deposits formed for 50 cycles
under different solution conditions (a and bh) 5 mM Ca-P

solution and (¢ and d) 20 mM Ca-P solution.
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Fig. 28. AFM analysis of HA deposits on anodized CP-Ti (a)
non treated, (b) 265 V, (c) 5 mM Ca-P and (d) 20 mM Ca-P.
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Fig. 29. Surface roughness of HA deposits on anodized
CP-Ti by AFM analysis.

_81_



Fig. 30. Contact angles of HA deposits on anodized CP-Ti (a)

non treated, (b) 265 V, (¢) 5 mM Ca-P solution and (d) 20

mM Ca-P solution.
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Fig. 31. Contact angle values of water droplets measured on the

different surface treatment.
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Fig. 32. FTIR spectrum of HA deposits on anodized
CP-Ti.
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Table 13. Main infrared vibration modes observed in
HALD

IR wavenumbers(cm ) IR vibration mode

ggg;_gfgg O-H stretching of lattice water molecules
2930 (P)YO-H stretching

2385 Combination H-O-H bending and rotation
1600-1720 of residual free water

1649 H-O-H bending of lattice water molecules
1208 P-O-H in plane bending

1135

1065 P-O stretching

987

77 P-O(H) stretching

795 P-O-H out of plane bending
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Anodized Ti

Fig. 33. STEM cross—section images of HA deposited on
anodize CP-Ti (a) anodized CP-Ti, (h) 5 mM Ca-P solution,
(c) 20 mM Ca-P solution and (d) High resolution of (c).
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Fig. 34. XPS profiles of anodized CP-Ti (a) before sputtering

and (b) after sputtering 0.5 min.
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(a) e:Ca’" e:PO;-

Fig. 37. The modeling of HA on anodized Ti at different
conditions. (a) anodized Ti, (b) initial stage as electrochemical
deposition, (c) reaction of surface Ca-P ions with modified SBF

solution and (d) deposition of HA on anodized Ti.
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Fig. 38. The results of MTT assay for MC3T3-El seed on different surface

conditions.
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