
Jo
ur

na
l o

f I
no

rg
an

ic

    
    

M
ate

ria
ls

� 23 a � 5 V 
 � 9 Æ C � Vol. 23, No. 5

2008 B 9 � Journal of Inorganic Materials Sep., 20083Ok�: 1000-324X(2008)05-1021-06z�S,�0E�V0rw$5
=A���z 1,2,3
, ��� 3

, {�~ 1
, }|� 3

(bj^sou 1. Xedot^Zm� 2. Yxh℄\ynXew[gri�Yx 213164; 3. v`dou fa_kpq
l�fa 200050)N G
 i6" TiO2 .2~Lr�Æ�<xo\�vYbLr"?�
xfxE�?�S�frC	|xNu,}^�S�frC+%I9����_y�bx-�b^MG$PeErC����<	<x XRD �
SEM � FTIR � EDS ��4"?�=<_�S�frC����<I9+/	Af+*
S�frCufxE�b�Ax
�;E�Y8El 40MPa, rC�9-�b^3"<z�fxE	Nu,}^+%=<��S�frCR-�b^MGi�Y+%�Rk�[NK�i���� (sV���), !)�n����<	� � t
�vYbLr�S�frC��C_y�����Q-|��
TG174, R318 3:l'�
A

Study on Bioactivity of Plasma-sprayed Titania Coating
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Abstract: Titania coatings were deposited on titanium alloy substrates by atmospheric plasma spraying

using nano TiO2 powder as feedstock. Acid and alkali solutions were implied to modify the surface

of the as-sprayed titania coatings. The bioactivity of titania coatings before and after modification

were investigated by simulated body fluid (SBF) tests in vitro. X-ray diffraction, Scanning electron

microscope, Fourier transform infrared spectroscope and Energy diffraction spectroscope were used to

investigate the microstructure and composition of titania coatings. The bonding strength and anti-

corrosion of titania coatings were also studied. The results indicate that the bonding strength between

titania coating and Ti alloy substrate is 40MPa. The corrosion resistance performance of titania coating

in SBF is better than that of Ti-6Al-4V alloy. The SBF tests show that the carbonate-containing

hydroxyapatite is formed on the titania coating surfaces which is treated by H2SO4 and NaOH. However,

no bone-like apatite is formed on the surface of as-sprayed titania coating. It is concluded that the

bioactivity of titania coating is improved greatly by chemical treatment.
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 � 9 Æ C � 23 ajlj��l8S8ysD�{
�"vy�Wd	sD:��� �d<y��wZ
Msj���� (HA) sDvgsD�L\�{<��4SP�vy��a�t.�,�IsD:�j�a1q
� HA sD�gyG�
�Byd�<��sD�!���� HA sD�BP�<���
<�l6C�7}�7�
�NW	�=�gsD����=:��7>�Wa56=By�gsD�� TiwZ1,
` [1−4].�wZ
MsT�gsD�E=>	��Æ���=Fvd4#��:1 [5] �℄i� [6] �ÆZ#� [7] ��
`�vy`T�Wd�BysDv8ysDjj_FWd	:��:4#=�4`;G=wZg7�
F�1, [8,9]. TiO2 /
 [10] �
TiO2 D8 [11] � TiO2 �0 [12] ����=f��{�t�wZ
MsT�gd�Wd	sD:��L\��1�x�T�gsD`��o���)�=f�gyG�
Byd�<F�t7>�Wa5zoBy [13]. #Nd=yp℄�wZ
Ms#�� T�gsD�4=yPv-~_�Z,'J:����`z�fF
>=`�T�gsD�.A
_F�xtW����Z,'�S�>��4�Z��d
%X�JA�
2 &C=y7# TiO2(P25, Degussa, Germany) /d��wZ
Msy���Z�W�� 30nm. P25 /3OX}�gn)v�
G|�)aS��
/y�wZ
Ms�%?�7# TiO2 /J:���=yM�B $��/�	(ÆV8��p 1. M�B $� �Ms/3.}ti8�u^
aS���/���=zo�/y�wZ
Ms��wZ
Ms� ��, Sulzer Metco AG Q

o 1 L�A��� TiO2 .� SEM )N
Fig. 1 Morphology of sprayed-dried TiO2 powder

G�I� A-2000p℄�wZ
Ms�k�=y F4-

MB Mav ABB QG� S3 �28� T�gsD��
� 10mm×10mm ×1mm � Ti6Al4VgyGO�Ms`�y1ivgb��:J:O�h��o\,'~��t�y℄C��J:M�`zp%&�:,'�h?��j_F�:�T�gsD4*�Byd��MsNk>B�, 1 U*�n 1 y�R+�/�Hp)
Table 1 Parameters of plasma spray

Parameter Value

Ar gas flow rate/slpm 40

H2 gas flow rate/slpm 12

Current/A 600

Voltage/V 70

Spraying distance/mm 100

Gun moving speed/mm·s−1 9.6=ya�E�� H2SO4 v NaOH ~_--�T�gsDJ:,'`z�`z`�sD5V�S1i�gbvowZDh��`z��T�gsDyowZD�X��B�,�L�QF�Q� 50mL�.A
_ (SBF) 4=� 36.5◦C �{�IU*FNH�a� *�nZ5V�Sh�vB �\F,'tW����8STY�R(sD�
y���=� SBF ~_=y NaCl � NaHCO3 � KCl �
K2HPO3·H2O �MgCl2·6H2O�CaCl2 v Na2SO4 Æ�Hj� (CH2OH)3CNH2 � HCl vowZDJ��S�ZwZE��w
F_)K [14].	(ÆV (FESEM, JSM-6700F, JEOL, Japan)vÆZ\- (EPMA, EPMA-8705QH2, Shimadzu,

Japan) yp\F.A
_NH`�T�gsD�,'v?'8��J:,'S--�� X �'O�e (D/Max 2550V, Rigaku, Tokyo, Japan) yp-�`z`� TiO2 sD,'�S��)aS�y9�\R�|y℄Ue (FTIR)(Bio Rad FTS-185) A�sD,'�S��[>u℄0�sD�gyG�
�Byd��* ASTMC-633-79 )UA��sDvgyG�4#Æ��* ASTM G5-94 (1999) v
G61-86 (1998) )U=yÆ�E*$A� (VersaStat� EG&G).

3 ��K}8
3.1 F�W1sx��L>�
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o 2 S�frC�+%7� SEM )N
Fig. 2 Surface morphology of plasma-sprayed titania

coating

o 3 S�frC�>%7�)N
Fig. 3 Cross sectional morphology of plasma-sprayed

titania coatingp 2 .�wZ
MsT�gsD SEM ,'8�*O�}p 2 j1�T�gsD`��5��wZ
MssD�,'8��Z,'}{zv�
�{z{�aS�T�gsD�?'*O1p 3. sD�gyG�
By�o��1+"b��-D�sD,'�l7P�sD<8l�a��℄k�℄kU7a#8v�8�sD��
�Byd�.R(��7�
:��LX:)4a��wZ
Msj����sD��a�f_(vy�dIsD`�<F����=�>Tvw
Wa58S�oBy�t.
HA sDvdygyG�
�Byd�<� (��
20MPa), �7�hWF�!�v�� HA sDFe&/
� TiO2 Zj�0_FsD�g�
�Byd� [15]. p 4 .T�gsDv�% [15] UA HAj� HA/TiO2 8ysD�Byd�$<� HA sD�Byd�H� 12.9MPa,RW&� TiO2 
�%&�sD�Byd�Z)v%p�%QA}�T�gsD�gyG�
�Byd�Fm 40MPa, j�_dy7�
:��Xj�

TiO2 `�<F��E	�=v<o���)

�= [9,16−19]. ���7�
:�vyf3��TiO2`�<o�:4#=�jj`;G=7�
:��wZ1, [20]. L\,+��dy7�
:� NiTiyG,'�SaD TiO2 0j�0_F:��:4#=�4/� Ti � Ni wZ�1, [21].p 5 .dygyGvT�gsD� SBF F�Æ�E4#l'�}pj1�%QU}gyG�4#Æ� (Ecorr) �� –420mV, T�gsD�4#Æ��� –300mV. T�gsD�4#Æ�<gyGF�F+T�gsD� SBF F�W$gyGLo�:4#=�
3.2 F�W1sx%6���wZ
MsT�gsD`��o��2=>v��)�=�tZq"���=�7>�Wa58SW=By�sd�>X�����=�T�gsD,'J:����`z�&Z`��xtW���8S�>��>
T�gsD,'����=�p 6�Pv-�E,'>=`�T�gsD�.A
_FNH 28d �,'8�*O�}pj1�

o 4 S�frCufxE�b�Ax
�
Fig. 4 Bonding strength between titania coating and

titanium alloy substrates

o 5 
xfxEuS�frC�
�C3"k&
Fig. 5 Electrochemistry corrosion curves of Ti alloy

and titania coating
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 � 9 Æ C � 23 a�>=��wZ
MsT�gsDS.A
_NH 28d ��sD,'�!�+"'��x�X�'sD�8� (p 2 vp 6(a) $<). ,F+�'T�gsD,'����� (apatite) 8S>�� �����=�Sh H2SO4 v NaOH ~_`z��T�gsDS.A
_NH 28d, Z,'8�!�
+"'��1p 6(b) v (c). T�gsD,'"aD4�B{p5��>'
�'sD�8��dy�hh�N\FzsD,'��
�Bj��)v�
EDS pU-�,+�48S��BOX} Ca v P�KaS (p 6(e), (f)).

�
r�sD,'8S� Ca/PD�)�� SBFNH 28d�T�gsDJ:�0 X�'O�-��
H2SO4 v NaOH `zT�gsDS SBF NH�Z,'8S� Ca/P D TFXRD pU1p 7.},'O�pUjj
z� 2θ=32◦ v 26◦ `Z$
��� (apatite) �BP1�p 8. H2SO4 v
NaOH `z�T�gsD,' Ca/P D�|y℄Up�� 563cm−1 v 602cm−1 `.�5� PO3−

4 �u
O–P–O zl.�C1�� 1100cm−1 `. PO3−

4 �|y�71�� 3700∼2500cm−14*�aIzm�
OH− �71�� 1628cm−1 `�aI<��D�7

o 6 S�frCMG SBF }^ 28d �+%7�)N
Fig. 6 Surface morphologies of titania coatings soaked in SBF for 28d

(a) As-sprayed; (b) H2SO4 treated; (c) NaOH treated; Correspponding EDS spectra of (d,e,f), respectively

o 7 S�frCMG� SBF D 28d � TFXRD oT
Fig. 7 TFXRD patterns of titania coatings soaked

in SBF for 28d

(a) H2SO4 treated; (b) NaOH treated

o 8 S�frCMG� SBF D 28d � FTIR oT
Fig. 8 FTIR spectra of titania coatings soaked in

SBF for 28d

(a) H2SO4 treated; (b) NaOH treated
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�vYbLrS�frC����<JZ 10250�j�� 1473cm−1 ^Y#�`H CO2−
3 ~ ν3�60 [22,23]. | EDS � TFXRD t FTIR �eh3� H2SO4 t NaOH ^x~R�eqB*$�Q~3�A-j�ZMJ~h��
���rU�
� (Bone-like apatite), V-qB���;~JW(<�

3.3 *
��m�~<~"D�U.qm�#4	<vMI{7M^x�vR�eqB���;~X2rJh=-M^x6	 TiO2 qB*$ Ti–OH �t�
Kim[24] t Takadama[25] �9Y�e*$�vrU�
�6Q~�xt*$ Ti–OH�t�X�TiO2 C7� SBF C�v�
�~6Q�rt*$ Ti–OH�t�X�u*$ Ti–OH �t^S��)h�v�
�Qs [26].n 9 - H2SO4 ^x^~R�eqB*$~
FTIR nS�|nh0�M^x~�R�eqB~
Ti–OH j	) $%� TiO2 -`H�;R���� TiO2 OGC� Ti(IV) �X Lewis M;��eR�X"T# Lewis +;��M^xgVC� H+t TiO2 CbwB~eR%u6Q Ti–OH, j�H'~ Ti !��Q�'e�bG� TiO2 qB*$6Q� Ti–OH ~*$� Yu � [27] ~IY�#�Qg H2SO4 ^x~ TiO2 �/*$~h�j	$n� Yu � [28] ;w|7 - C7#>�~ TiO2 �/Q HCl ^x�X*$ Ti–OH j	m) $%�u*$_�n	 Ti–OH �t~R�eqBLF� SBF |℄C� Ti–OH t SBF |℄C~ OH−uX��%u�3�R�eqB*$6Q:�q�X%u)V(���

Ti-OH+OH−
→Ti-O−+H2O

SBF |℄C~ Ca2+ uX�*$:�q~
w�P�yR�eqB*$�Q~ HPO2−
3 t Ca2+%u�Q�Mg?^ma��Mg?Æ,p�U|℄C~ Ca t P uX3[���M�6Q��6�M?�Q~�OQ}j�ZMJ~h��
��R��rU�
� [29]. �^x~R�eqB*$�0) �
�6Q�R�eqB*$G�~

Ti–OH 	:��ky`�V���qB*$SX6=�/��v�
��X*$6Q�+^x!>!^'�w�e�XwD~�����[f Kim � [30] 9e;w+u^x^DeD<~���;~��o��~IY;w+u^x~)#<;e�XwD~���;�(u���xY:yv ~XP�+^x=^De�Xw

D~���;t��(�;�+
X*$6Q~
TiO2 �X [31].�uXaKqR�eqBQ NaOH ^x~�[�etRÆJw�qB*$�Y#�5ÆJ�E)+^xR�eqB~*$h=6Q�`HrI�eM5~�A [32]. � SBF |℄C�eM50+
Na+, Na+ t H3O

+ uXG�uX9�3�R�eqB*$6Q Ti–OH�t�Ti–OH �t
 SBF |℄%u�qB*$6Q:�qB�X%ugV�� [33]:

Ti-O-Na+H+
→Ti-OH+Na+

Ti-OH→HTiO−

3 · nH2O:�q*$�{��t SBF |℄C~ Ca2+, 6Q
Ca–Ti–O �w�� Ca–Ti–O �w�t SBF |℄C~�MJuX%u�Q��6~�M?��M?Qg�Ob~6Qj�ZMJ~h��
��

o 9 S�frC� FTIR oT
Fig. 9 FTIR spectra of titania coatings

(a) As-sprayed; (b) H2SO4 treated

o 10 NaOH _y TiO2 rC+%� SBF D;
r�H�u�w����7R�y)no [34]

Fig. 10 Schematic showing the relationspip between the

changes in surface structure and the potential of amor-

phous sodium titanate in the apatite formation process

on its surface in SBF[34]
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 � 9 Æ C � 23 a
w NaOH^x~ TiO2 qB*$� SBFCG�:�q*$�X�v�
�~6Q�x
 Kokubo�v5q~+u^x��e~�xrI�hhggn 10 %hE) [34]. NaOH ^x~ TiO2 qB*$6Q Ca–Ti–O �w��� SBF |℄C�qB*$��6Q:���QVLF�)~MM�*$���&1~�&:�b~�
y:��� Ti–OH�t� SBF C9�6Q:���:�q7w SBFCq1�~ Ca2+ 6QeM?�QV Ca2+ �qB*$~℄��qB*$�qN4&1�q�1�q~*$7w SBF Cq:�~�MJuX6Q��6~�M?��M?Q~�O6Q�
��
4 ��;wn[�uXaKq!>�bwewD�a�>��_�:D�wb�t:m82!;~R�eqB��uXaKqR�eqB�,?a℄C���vrU�
��X*$�Q~=�������;�Q�MtgR�5|℄�B^x�R�eqB*$~���;|y<��,?a℄LF`��)~�Q�MtgR�5|℄^x~R�eqB*$�j�ZMJ~h��
��Q�R�eqB���;~<�|o��B^x~X*$ Ti–OH �t~$��o�29
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