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ABSTRACT The wear performance of Ti6Al4V alloy for clinical usage was modified by dual–
ion implantation technique. The samples were implanted firstly with silver ions at a dose of 1.0×
1017 cm−2, then with tantalum ions at a dose of 1.5×1017 cm−2. Nanoindenter instrument was used
to measure the variation of hardness with displacement into surface of sample, and multi–functional
tribological tester was used to investigate the wear and tribological property. Phase constitution in the
surface layer of Ti6Al4V alloy was characterized by glancing angle X–ray diffraction (GAXRD), the
X–ray photoelectron spectroscopy was used to analyze the chemical states of elements in the surface
layer of sample. The results show that the worn area of Ag+Ta dual–ion–implanted Ti6Al4V alloy is
decreased by 77% compared with untreated alloy. The improvement of the wear property is related to
the increase of hardness, long holding time of low friction coefficient and solid solution strengthening
induced by Ag and Ta.
KEY WORDS Ti6Al4V, dual–ion implantation, solid solution strengthening, surface

modification, wear performance

Ti6Al4V K�����z!�yTNB�&MN�FBfN)=6Nh	FfUKN�, 7�0#0afbT(N [1,2]; \ Ti6Al4V K�5	(Nyq}N��1, �?K Ti6Al4V K�\�0|4�<:)f�z�9HV�C> [3−5]. iV��f�g�Njhv��Æq�_K�f�g�NF, x�!�yq}N�, 7qx��
* a_C"2� : 2008–11–07, a_O�"2� : 2009–03–05[,vÆ : :B, �, 1972 �M, ��, ![

T�Wf[h [6−11], �NUf Ti6Al4V K�yq}N�d`Kos�!, \C>�"o, �Z�Ff℄na�K$�. >TO:�Æ�!na�K$����w
f	\: O:�t�a7�o, "R"n�\f$�. *� B, C, N, P h��g>TO:_K�U, "K��gN7K	[)��[)�[[)h [12−14], �!K(Nf�zHyqN, �E N >TO:��D Ti6Al4V K�fyqNC>ZB; \Z�f^� [12−14] �l, N >TO:U��^Ao5nE Ti >Tf5�I~k. Q�, �L



n 6 � 9Abg : Ag F Ta <RlM8�B Ti6Al4V I�woL} 765�
Ti ��, N >TO:f Ti �;Y:f��E+x'F,

N >TO:U(N�g��&�f_N2�, ��K TiFBfN)=6N. ���g>TO: Ti6Al4V K��g�N^� [12−14] =�, *��g>TO:H>TnO:�D_K�yq}N�f�b [15] =��G.���UegPJ�� [16] 7l, Ta ��OBfN)=6NH	{f(�TN�, Ta <:0|�FN0;��K, 7�B\�)<:)f�>(N, \s#��;�"�8
��. Ag ��8�(#N�, ℄0Y:|f�I�t9o [17−19]. >TnO:+x?Æ�_%O:>Tf�N	o, �Z>TO:=�, +�)d&Bf�g�NC>. �N, �)\^� Ag H Ta >TnO:�
Ti6Al4V K�s%q}N�f�?, �S� Ag H Ta >TnO: Ti6Al4V K�yq}N�f�NdB�KD#�	.

1 Æ"lj>TO:�� Ti6Al4V K�f[X7Æ (CIÆk, %) �: Al 6, V 4, Fe 0.30, Si 0.15, C 0.10, N

0.05, H 0.015, O 0.20, Ti �I. `h>S� 10 mm×

10 mm×2 mm. rO*� 400 � 2000 C�>Vq`hU, �KdD�7. ���H&ovK5L "/U�$��. *��g4�/-W>T�O:d�K>TnO:, 5O:kI� 1.0×1017 cm−2 f Ag >T, O:quq[� 30 kV, iTdz� 26.55 µA/cm2, O:�z�
30◦; UO:kI� 1.5×1017 cm−2 f Ta >T, O:quq[� 50 kV, iTdz� 9.55 µA/cm2, O:�z�
45◦. >TO:Sf/-z"� 1.8×10−3 Pa.*�a< MTS ,qf Nano Indenter DCM HvEX�1, /`>TO:��UhÆ�g�zy[:Kzf�[. C� UMT–2H�+�s%q}`ed�Ks%q}Ue, ��!D� 1 N,�;� 3 mm,�V� 1 Hz,q}UeSu� 420 s. s%��;� 4 mm f GCr15�%, *�% – �go�G��;;�uIY�Kq}Ue. ��< Taylor–Hobson ,qf Talysurf 5p–120 H�gI^t/I>TO:��UhÆfq}I.*�D7 Panalytical ,qf X’Pert PRO MPDH X H;aHt (XRD) ^�>TO:��UfK��g=Y7. XRD Æ+*��n/`�Y, WH�� 0.6◦,T) Cu Kα � X H;�, 6[ 40 kV, 6T 40 mA, /`#4� 0.05◦. C�a< Thermo Escalab 250 H�+�qT��t, �>TO:��UhÆ�g�tH[K��K X H;7qT� (XPS) Æ+, Al Kα (1486.6 eV)� X H;�, +V 150 W.

2 Æ"zq%��
2.1 �-+�
�w Ti6Al4V v|h$iv[:/`*� Berkovich >8P[1, [1f

`oPg�lg�;fn�"� 65.3◦. UeZY!D�
19 mN, `F`h/>OU, )��"=��hÆf�zyKzf�[=. � 1 �>TO:��UK�hÆfv�zy[:Kz�[51(;. [:KzBÆ 5 nmS, Ti6Al4V K�`h�gf,��f[�Q-zhv�
Ti6Al4VK��z2N� f�?, 1Ue&XSGFhÆf�g�zy[:Kzf'q�Yu'q. ℄[:KzBÆ 50 nm S, >TO:hÆf�zBÆ��hÆf�z, >TO:K�`h�g6yI7f[)n, P�V(N�g�z�k, ��z�kf�}l+�℄>TO:f�H}EH/C�VK�(N�g�NK;[. ℄[:KzYÆ 50 nm U, �O:`h�g�zy[:Kzf'q�[℄℄, �a�U`#s; �>TO:hÆf�zy[:Kzf'q1-mS'q, [:Kz" 100 nm S�zU`�= 5.7 GPa, [:KzYÆ 100 nm UO:hÆ�z%y[:Kz'q�~k, ℄[:KzU` 210 nmU, >TO:K�`hf�za�U`#s, NSaf�?Jz�Y,  >TO:K�hÆU`#sSf�z=YÆ�O:K�hÆ�gf#s�z=.>TO: Ti6Al4V K�hÆ�z�!, V�g�IxG, O"I71{, XuS�G�gx3fZYw��EKzxG, Vq}2Nfz�SzxG, P�U`xGq}ftf.

2.2 Ag t Ta �-�+� Ti6Al4V v|h�e��s%1k�5G$�Ggu=�suf)�`�
NH%Y
N. 
s%�[+8, s%EKj℄`Qw�WEH;.WEfVH. � 2 ZF>TO:�N��U
Ti6Al4V K�hÆfs%1k�[. �>�l: 5O:
Ag >T�UO: Ta >TfK�hÆ��O:K�`h=�, "q}&X�}fs%1k~kK. >TO:�K�`h�<X�xq\�. s%&XSO:f Ag H
Ta >T" Ti6Al4V �#E7� T�uf*�, W�K
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� 1 =SN9��T Ti6Al4V _geub�y – Jy':
Fig.1 Nanohardnesses of un–implanted and Ag+Ta dual–

ion–implanted Ti6Al4V samples as a function of dis-

placement into surface
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� 2 =SN9��T Ti6Al4V _g� GCr15 �$�pRer$0jxp|+j�Z40':
Fig.2 Curves of friction coefficient vs sliding cycle for un–

implanted and Ag+Ta dual–ion–implanted Ti6Al4V

samples against GCr15 steel ballvNTu, x!K`Qw�WE, P�~ks%1k, �"qIKO:�[0U, >TO:fxsC>iVAQ, Vs%1kFO`XkÆK�afo�.

2.3 Ag t Ta �-�+� Ti6Al4V v|d�}���!hÆ�gfyq}
N
q}I�5, 
ÆhÆfCIq}I�qNf/zHKz9f76�, 1+xÆ?��qN�gfYB5�~(N(q}
N. "`$`hf>$"�&��Kq}Ue, qNgff�"=\��hÆfqNgf.� 3 � Ag+Ta >TnO:��Uf Ti6Al4V K�`hqNQ�gZ4�. K�hÆfqNZ4;""℄7Xf(;, �℄8��"�fqNZ4, qN��fo.℄
&�%*f(NvN�s��f. "q}?;E`�o2)S, 
Æd`gw�WEf�?, vN�I&`Qq}�g�u, ����WE��=�. }N, V`�o�`f�g�f. >TO:��UK�`hfqNgfÆ�� 1826.5 H 420.5 µm2, G-=�+x'F, >TO:UfqNgfxGK 77%, pl>TO:UK�hÆf(q}N�d`Kl7�!.� TRIM;R� Ta>TO: Ti6Al4VK��Km�lwf�>�l, Ta>TO:quq[� 50 kVS, Ta>T"K��gfZYO:Kz�� 56.3 nm, Ag >TO:quq[� 30 kV S, Ag >T"K��gfZYO:Kz�� 49.2 nm; �� Ag+Ta >TnO: Ti6Al4VK�q}`h, qNKzu�U`K 4.2 µm, ��5?>TO:�N0fKz, >TnO:� Ti6Al4V K��g�N���4;C��[20], >TnO:K���=�fyqN℄>TnO:�N0H>TnO:�?0-�\�f�>.

2.4 Ag t Ta �-�+� Ti6Al4V v|d���n�>TO:0f)=;��?Q Ti6Al4V K�fEX
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Fig.3 Cross–section profiles of wear traces on the un–

implanted and Ag+Ta dual–ion–implanted Ti6Al4V

samples
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� 4 =SN9��T Ti6Al4V _ge GAXRD �
Fig.4 GAXRD spectra of un–implanted (a) and Ag+Ta

dual–ion–implanted (b) Ti6Al4V samplesN�, �K&qK:K�>TnO:� Ti6Al4V K�yqNf�NdB, *� XRD �>TnO:K��gf)=�KÆ+, \ XRD ���YI�Kz�E, �"���gi�N. B�zWH X H;aH (GAXRD) ,�K.F1{, xOkf:H�z (0.6◦) �K XRD Æ+, +x�Y;zmd`>TO:0f=Y7G..>TO:��U`hf GAXRD �7� 4 �Z. +x'F, O:��UfhÆ"
 hcp �/f α–Ti =HGI bcc �/f β–Ti =Y7; \>TO:VaH�/[H�z~k, �lO:>TUI7K Ti(Ta, Ag) 35, ^Ao3e�; >TO:hÆ�g_��/` Ag, Ta g�[K), .��AI�G�5.

2.5 Ag t Ta �-�+� Ti6Al4V v|d�&�xv��K�o#K�>TO:hÆf�g)=Y7, C�
XPS Æ+K��g�t[K�. � 5 �>TO:��U
Ti6Al4V hÆf XPS. �K�e�g%.�/`f�?,��O:K��g� Ar >T{H 1 min. �>7Z,



n 6 � 9Abg : Ag F Ta <RlM8�B Ti6Al4V I�woL} 767��O:f Ti6Al4V K��gR"f�t� Ti, Al, V, OH C, �E Al H V fGC�=, .�.GF�tfAI�G�5, O fR"℄
Æ Ti6Al4V K��gf[���, Ar fF8℄�g� Ar >T{HUf,R�A. >TO:hÆ�gA� Ti, Ta, Ag, C H O, � Al H V fGC�=��/`, �E O fR"�G�gf�}: (1) nO:?;E, /-	^|f,R O ��O:; (2) K��

gf[��:f O.Æ��>TO:��U Ti6Al4V K��gf C1s,

O1s, Ti2p, Ag3d H Ta4f �K!Æ�V XPS Æ+ (y� 6), k�Æ+S�+�R"Hrf O1s, Ti2p ��KÆ��KH�. C1s � (� 6a H b) �l, �O:K��g 284.7 eV �℄(% C; >TO:K�hÆ�gk�K�{f�5�Æ TiC Ef C1s, ℄ Ti H>Ti{H�
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� 5 =SN9��T Ti6Al4V _ge XPS
Fig.5 XPS of un–implanted (a) and Ag+Ta dual–ion–implanted (b) Ti6Al4V samples
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Fig.6 High resolution XPS of C1s, O1s, Ti2p, Ag3d and Ta4f of un–implanted and Ag+Ta dual–ion–implanted

Ti6Al4V samples

(a) C1s of un–implanted (b) C1s of dual–ion–implanted (c) O1s of un–implanted

(d) O1s of dual–ion-implanted (e) Ti2p of un–implanted (f) Ti2p of dual–ion–implanted

(g) Ag3d of dual–ion–implanted (h) Ta4f of dual–ion–implanted



�768 ��e�U�Æ n 45  L\�3Æ�fhÆ�g,� C `aE�A C �N��N7, 285.2 eV Hf�5�Æ(% C. Ti6Al4V K��g 530.8 eV Hf O1s ���Æ TiO ` Al2O3 Ef
O1s (� 6c), 531.7 eV Hf O1s ��lhÆ�g,�� OH (� 6c). >TO:K�hÆ�g O1s �E Æ
530.4 eV f�5�Æ TiO2 ` Ta2O5 Ef O1s,

531.91 eV f�gÆ�g,�f OH Ef O1s (� 6d).

Ti6Al4V K�hÆ�gf Ti2p � (� 6e) 7Z, Ti xGF"�s�fIYR":  Æ 455.1 H 461.3 eV f���Æ TiO Ef Ti2p3/2 (455.1 eV) H Ti 2p1/2, �:b
O�� 6.2 eV; � 457.8 eV f�gÆ Ti2O3. >TO:K�hÆ�gf Ti � Ti4+ H TiC, �Ek�K�Hf���Æ TiC, Q�G�Æ� Æ 458.8 H 464.8 eVH, ��Æ TiO2 Ef Ti2p3/2 H Ti2p1/2, >TO:VK��g Ti ff[&�,. Ag3d � (� 6g) 7Z, K�hÆ�gf Ag x Ag2O IYR",  nO:hÆ�gf
Ag3d ��=, �lhÆ�g Ag2O AI�k. !Æ�?h Ta4f � (� 6h) �l: >TnO:hÆ�gf Ta x
+5 sf Ta2O5 H��s� Ta ff[) TaOx R".

3 z�
(1) Ag+Ta >TnO:l7�DK Ti6Al4V K�fyqN, �q}I��O:K�hÆ~k 77%.

(2) Ag+Ta >TnO:U, V Ti6Al4V K��z�!�q}&X�}fs%1k~kH35�[, P��DKK�fyqN.f~��
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