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ABSTRACT

The surface characteristics of plasma electrolytic oxidized
Ti alloy for biomaterials

Kim Bi Ryong
Director - Prof. Choe Han Cheol, Ph.D
Dept. of Advanced Materials Engineering

Graduate School of Chosun University

In this study, the effects of applied potential on the surface characteristics of
plasma electrolytic oxidized (PEQ) Ti-6AI-4V alloy for biomaterials were
investigated with the applied voltage of 150V, 250V, and 350V in the
electrolyte containing Ca and P ions.

PEO film was formed in mixed solution of 0.15 M calcium acetate
monohydrate and 0.02 M calcium glycerophosphate electrolyte at 150V ~ 350V
for 3 minutes using DC power supply. PEO films formed at various applied
voltages were examined surface characteristics by roughness test, scratch
test, nanoindentation test, wettability test for biocompatibility, and
electrochemical test. Surface morphologies and structures of the
PEO-treated alloy were determined by field-emission scanning electron
microscopy, energy  dispersive  X-ray  spectroscopy, and  X-ray

diffractometer. The results were as follows;

1. The PEO-treated surface with a porous oxide film containing
hydroxyapatite (HA) was formed. The size of pores at 150V was smaller
compared to others. For 250V, uniform size of pores and HA formation were

observed. At 350V, size of pores increased, the number of pore decreased as
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compared with the surface formed at 150V and 250V. Even cracks on the

sur face were observed at 350V.

2. From the result of EDS analysis, PEO-treated surface shows that the Ca
/ P ratio increased as the applied voltage increased, and the uniform

distribution of Ca and P elements was noticed over the entire surface.

3. The anatase, rutile, and HA phase were observed on the PEO-treated
surface. As the applied voltage increased, the XRD peaks of anatase phase

and the HA phase gradual ly increased. Rutile was observed only at 350V.

4. As a result of the scratch test the films were broken at the load at
5.3N, 2.3N, and 6N for the PEO surfaces formed at 150V, 250V, and 350V.
Also, The peeling of film was observed of the loads of 16.4N, 29.6N, and
8.1N, respectively, for the samples prepared at 150V, 250V, and 350V. The
oxide film peeled at the highest load for the sample prepared at an applied
voltage of 250V.

5. The nano-indentation analysis shows, the hardness of the samples

increased and the elastic modulus decreased with increasing applied voltage.

6. From the results of wettability and surface roughness test on the PEO
surface, as the applied voltage increased, the contact angle was decreased

and the surface roughness was increased.
7. From the electrochemical corrosion test, the corrosion potential
decreased and corrosion current density increased with the applied voltage.

The polarization resistance was increased from 150V to 250V, and then
decreased at 350V.

_vi_
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In addition, it was noticed that small HA particles on the PEO surface
formed at an applied voltage of 350V were disappeared, and that the edges of

the pores and cracks were smoothened as a result of attack of chloride ions.

- Vii -
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Table 1. The condition of plasma electrolytic oxidation

Working equipment

Power supply (KDP-1500, Korea)

Working electrode

Samples (Ti—-6Al-4V alloys)

Counter electrode

High dense carbon

Electrolyte

0.15 M calcium acetate monohydrate (Ca (CHsC00), -
H.0) + 0.02 M calcium glycerophosphate (CsH;CaOgP)

Applied voltage

150, 250, and 350 V

Applied current

70 mA

Time

3 min
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10.0kV 10.6mm x1.00k

10:0kV: 10:4mm x1.00k *

Fig. 2. FE-SEM images of PEO-treated Ti alloys with applied voltages for 3
min in solution containing Ca and P : (a~a-2) PEO-150V, (b~b-2) PE0-250V,
and (c~c-2) PE0-350V with low (x1000), and high-magnification (x5000,
x10000) .
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Fig. 3. EDS analysis of PEO-treated Ti alloys with applied voltages for 3
min in solution containing Ca and P : (a, a-1) PEO-150V, (b, b—1) PE0-250V,
and (c, c-1) PEO-350V.

_12_

Collection @ chosun



(A) ©)f

(B)

200-]

1Ti Ti i

Fig. 4. EDS line-scanning of elements on the PEO-treated Ti alloy with
applied voltages for 3 min in solution containing Ca and P: (a) PEO-150V,
(b) PEO-250V, and (c) PE0-350V.
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: Anatase

: Rutile

: Titanium

: Hydroxyapatite

me»> o

Intensity [arb.units]

i 3 i * i M i * i

25 25 348 A8 &3 45

2 Thetaldeqg.]

Fig. 5. The result of XRD patterns of the PEO-treated Ti—-6Al1-4V alloy with
applied voltages for 3 min in solution containing Ca and P. (a) Ti-6Al-4V
bulk, (b) PEO-150V, (c) PE0O-250V, and (d) PEO-350V.
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Fig. 6. Scratch test results of PEO-treated Ti alloy with applied voltages
for 3 min in solution containing Ca and P: (a) PEO-150V, (b) PEO-250V, and
(c) PEO-350V.
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—O=Ti-6AI-4V alloy
20 ] {1150V
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Fig. 7. The results of nano—-indentation test of PEO-treated alloy with

applied voltages for 3 min in solution containing Ca and P.
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Table 2. The results of nano—indentation test with applied voltages.

Ti-6AI-4V PEO-150V  PEQ-250V  PEQ-350V

Vickers hardness (Vickers) 636.7 256.2 279.9 742 .4
Elastic modulus (GPa) 147.5 129.9 96.0 95.9
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(a) (b) (c)

Fig. 8. Surface wettability of PEO-treated Ti-6A1-4V alloy with applied
voltages for 3 min in solution containing Ca and P: (a) PEO-150V, (b)
PEO-250V, and (c) PEO-350V.
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Fig. 9. Surface roughness of PEO-treated Ti—6Al-4V alloys with applied

voltages for 3 min in solution containing Ca and P.

_23_

Collection @ chosun



Table 3. The contact angle and surface roughness test result of PEO-treated

Ti—-6A1-4V alloy with applied voltages for 3 min in solution containing Ca

and P.
Samples / Values Contact angle (©°) Surface roughness (um)
PEO-150V 53.43 +1.56 0.1202 +0.01
PEO-250V 39.14 +£6.16 0.3040 +0.02
PEO-350V 26.34 +1.32 0.7250 +0.03
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Fig. 10. Anodic polarization curves of PEO-treated Ti alloy with applied
voltages for 3 min after potentio dynamic test in 0.9% NaCl solution at 36.5
+1TC.

_27_

Collection @ chosun



Table 4. Electrochemical parameters from anodic polarization curves: corrosion potential

(Ecorr), corrosion current
density (lerr), and current density at 300 mV (lsoomy).
Specimens Ecorr (MV) lorr (A/CM?) laoony (A/cm?)
PEO-150V -455.07 1.16x 107 2.81x10°
PEO-250V -619.65 6.64% 107 3.18%x 10®
PEO-350V -988.07 2.99x% 107 8.93x 1078

_28_

Collection @ chosun



10.0kV. 10.2mm x1.00k

10.0kV 10.3mm x1.00k

Fig. 11. FE-SEM images of PEO-treated Ti alloy with applied voltages for 3
min after corrosion test: (a~a-2) PEO-150V, (b~b-2) PEO-250V, and (c~c-2)
PEO-350V with low (x1000), and high-magnification (x5000, x10000).
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.0k 10.5mm.x10.0k

Fig. 12. FE-SEM images of PEO-treated Ti alloy with applied voltages for 3
min before and after corrosion test. (a) before corrosion test, (b) after
corrosion test.
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Element Weight% Atomic%

Na K 0.00 0.00
Al K 5.13 8.76
PK 0.53 0.78
ClIK 0.00 0.00
Ca K 0.00 0.00
Ti K 90.47 B6.96
VK 3.87 3.50

BOLCRAE 10 By w1, 0K

Element Weight% Atomic%

Na K 0.00 0.00
Al K 3.92 6.49
PK 6.19 8.93
K 0.00 0.00
CaK 5.05 5.63
TiK 81.52 76.04
VK 3.32 2.91
100.00

Element Weight3: Atomic%

Na K 0.00 0.00

Al K 4.15 6.53
P K 11.58 15.88

ClK 0.00 0.00
17.28 1831
65.13 57.74

1.86 1.55

100.00

Fig. 13. EDS analysis of PEO-treated Ti alloy with applied voltages for 3
min after corrosion test: (a, a-1) PE0-150V, (b, b-1) PEO-250V, and (c, c-1)

PEO-350V.
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Fig. 14. EDS Iline-scanning of elements on the PEO-treated with applied
voltages for 3 min after corrosion test: (a) PEO-150V, (b) PEO-250V, and (c)
PEO-350V.
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Fig. 15. The results of AC impedance test of Ti—6Al1-4V alloy in 0.9% NaCl
solution at 36.5 +1C: (a) Bode-phase plots, (b) Bode plots, (c) equivalent
circuits for non PEQO-treated sample, and (d) equivalent circuits for

PEO-treated sample.
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Table 5. Electrochemical
impedance test

parameters obtained from equivalent circuit for PEO-treated Ti—6Al-4V alloy after AC

Specimens Rs (Q) CPE (pF/cm® - S") N R, (MQ) CPE, (pF/cm? - S") No R, (MQ) Warbug (F/cm? - S")
PEO-150V 0.01 1.47x10°® 0.8 7.2 2.06% 1073 0.7483 4.669 1.42x 107"
PEO-250V  1.0x 1077 6.72x 108 0.9802 5829 3.08x 10 0.839 5.38x 10° 1.84%x 10
PEO-350V  1.0x 1077 4.99x% 1078 0.8 340 5.11x 107 0.7514 3422 6.02x 107°
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