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ABSTRACT High–temperature titanium alloys intended for aero engine compressor applications
suffer from high–temperature oxidation and environmental corrosion, which prohibit their long–term
service at temperatures above 600�. In an attempt to improve the oxidation resistance and corrosion
resistance, Ti–48%Al–12%Cr (0.2%Si, 0.1%Y, atomic fraction) protective coatings were plated on the
substrate of alloy Ti60 by arc ion plating (AIP) method. The corrosion behavior of the bare alloys and
the protective coatings in Na2SO4 and 75%Na2SO4+ 25%K2SO4 (mass fraction) in air was investigated
by XRD, SEM and EDS. The results indicate that Ti60 alloy shows a poor corrosion resistance in the
hot corrosion process at 800 and 850� due to corrosion product scales spalling. Ti–Al–Cr(Si, Y) coated

specimens, however exhibited good hot corrosion resistance at 800 and 850 � in sulfate. Corrosion
in 75%Na2SO4+25%K2SO4 is more severe than that in Na2SO4. Ti60 with Ti–Al–Cr–Si coating or
Ti–Al–Cr–Si–Y coating has better hot corrosion resistance than that with Ti–Al–Cr coating.
KEY WORDS titanium alloy, Ti–Al–Cr(Si, Y), coating, hot corrosionU?��}�7e`|�� e��|�(Dgz

* /o�i`V���kMEB2n 2007AA03A224V^F!+	 : 2009–04–15, V^F�!+	 : 2009–07–28N t� : S �, r, 1980 x�, %R�
m, sw�7)7~'f, 'nXX{ Æae	=� [1−5]. [T\7)�va:
�B�5[D��'G,�g}X�XT=e&�J, "/�JT{�<b��e8eR;e&�:�OwrÆe. ~�g}, {�#F:



�1172 	�\�J�� l 45 �6}e�7 (�b�MO!) �)�:e6R�7�s,�g}�e8X<bi3 Na2SO4 Rl, fORn)w?PS�, ~�_^?�e �_ODv
X7A�Xt1 [6,7]. Ow�L�3'n}9k{ ?�`}e"&�JDv [8−12].}W� [13,14] �` Cr vXX{ Ti–Al ?�e"_ODv, qN, Ti–Al–Cr ?��)�T�}�;e"_O�3+F. ~ Ti–Al–Cr �3eW��b
:�_O�e, [~�&�JDveW�!��9. ��W�D Ti60 ?�e Ti–Al–Cr(Si, Y) �3� Na2SO4 ;
75%Na2SO4+25%K2SO4 (7B�
, '�) MnR:
800 e 850 �'e&�JB�, #~ Si ; Y �j�6
Ti–Al–Cr �3e"�JOwe&�Ja5
BDxy.

1 
�ig`+Iw Ti60?�,�jo�� (7B�
)�: Ti–

5.8%Al–4.0%Sn–3.5%Zr–0.4%Mo–0.4%Nb–1.0%Ta –

0.4%Si–0.06%C . UaDT� 15 mm×10 mm×2 mm.`+Ua��05/?gVme{5 (200 o)<$<Æ, E{) K5E�"�:;?�#, "E�07 MIP–8–

800=pI3H{<�8�3<b Ti–48%Al–12%Cr(
H�
, '�) �3�Ti–48%Al–12%Cr–0.2%Si �3e
Ti–48%Al–12%Cr–0.2%Si–0.1%Y �3. <b.
�:�`�Æ� 240 mm; �i$)|� 6×10−3 Pa; E1
Ar �P� pAr=7×10−2 Pa; pIpP� 20—40 V, pP� 50—60 A. �y:�#G, |P −600 V, �)�
30%, Gr 4 min; <b�3G, |P� −150 V, �)�
30%, �3C|Æ� 50—60 µm. <b�3E{Ua3�
800 �$)&K5R:Æ� 4 h.{$)&K5Ee�3Ua;y,K5Ee?�`+Ua�G-wPQ���
B&�JKZ. � 800 ;
850 �'{Ua�1�} Na2SO4 ^ 75%Na2SO4+

25%K2SO4 �JjePQ:, ℄r"irGr{Ua�I, w�e~#��EA�>=. "E{PQ:�JjU�;z5e�Jj, �1UalHKZ. ~��B�
10−5 g, �Ba�� 3—5 #. 8w,�5M D/max–

2500PC = X :/Y:k (XRD) 
B0�(�", wYv�e,� Shimazu SSX–550 4fp� (SEM/EDS)~�J�Eea�
B?[+4;���".

2 
�yo"Æ�
2.1 �℄��� 1 ��3� 800 �$)'Æ� 4 h Ee SEM �e?[;�e?[. 'n I, 2;�3e�e;�e?[0g, ���Q0, }X7&ge#9�'��3�e8; �3L+2`��`}�??8, �3:\})wg -.

2.2 m	d~�� 2a T Ti60 ?�`+e Ti–Al–Cr(Si, Y) �3�

800 �e Na2SO4 :e�R&�Jv;M�/. 800 �', Ti60 `+��J 20 h Ef�A�J7!�X,5,{�_O!e�X�;e_O!A��G�A, 7B�O�/8BkT'}. pD�Xe
B, ?�VSe;)�eb�q, ℄2 40 h E_O�Oq�, �/8BkT=;q+. � Ti–Al–Cr(Si, Y) �3�J7B�q���T, �h�`+, fi 800 �' Ti–Al–Cr(Si, Y) �3v}9ÆL Ti60 `}, { �"�JDv. ��J
200 h E Ti–Al–Cr �3�7� Ti–Al–Cr–Si hF0�,Æ� 1.40 mg/cm2, � Ti–Al–Cr–Si–Y �3e�7�
1.16 mg/cm2, �7� Ti–Al–Cr ; Ti–Al–Cr–Si �3.� 2b T Ti60 ?�`+e Ti–Al–Cr(Si, Y) �3�
850 �e Na2SO4 :e�R&�Jv;M�/. P�:'n I, 850 �', P�7{7_Xe�S , jO�`+�Ti–Al–Cr–Si–Y �3�Ti–Al–Cr–Si �3; Ti–Al–

Cr �3. Ti60 `+�7M7Tq�?�� 5 h Ef�A�X,5, 20 h E�X;�7k|`�0�, ℄2�J�7�/pGr�O&+A. Ti–Al–Cr(Si, Y) �3"&�JDvMn, �J�7�/����; Ti–Al–Cr–Si �3O*, Ti–Al–Cr %O*. 'v Si ; Y �je�q{ D Ti–Al–Cr �3e"&�JDv. 2;�3x\}�X,5�A, "iml��Eee SEM �e+4:fi.� 3 T Ti60 ?�`+e Ti–Al–Cr(Si, Y) �3�
800 �e 75%Na2SO4+ 25%K2SO4 MnR:e�R&�Jv;M�/. 'v, � Na2SO4 � K2SO4 Z?R:, �J 100 h e�w'�3e�J�7�M Na2SO4: 200 h �J�7Sb , "fi�Z?R:�3e"�Jv;}h. Ti60 `+��J 5 h Ef�ADi+e_O�X,5, {��J7!e�q7B ��X7B, 7B�O�/*"�,�8Be�S.

2.3 m	^�b�)_� 4 � Ti–Al–Cr, Ti–Al–Cr–Si e Ti–Al–Cr–Si–

Y �3� 850 �e Na2SO4 : 100 h �w'�J7!e
XRD �. 'v, 2;�3�J7!�� TiO2 ; Al2O3eZ?!.

2.4 m	^�Z�qx���� 5 T Ti–Al–Cr(Si,Y) �3� 800 �e Na2SO4: 200 h �R&�JEe�e?[ SEM 4. 'n I,�3a��3 200 h �JE, *ÆC�'e�3�e; {
EDS e?[�"'), n TiO2 ; Al2O3 ��eX7&ie�J7!��3�e
XA:, �C|�7; �3�ee#9*�i+, 'nÆL`+ Ti60 bX
i(e�J�J. �:, Ti–Al–Cr �3; Ti–Al–Cr–Si �3e
TiO2 6B� , � Ti–Al–Cr–Si–Y �3�e�J7!:, TiO2 .��7ei)�, XBe%C Al2O3 (v�
5c ; d) �D��3�e, fi Y �jeq1R
D�J3B: Al2O3 eA:.
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�
nG1Fy Ti–Al–Cr(Si, Y) 	J�1
$�H�� 1173�

� 1 Ti–Al–Cr(Si, Y) �2 800 �/4 h #(
\D�d>Z:�d>Zd SEM 3
Fig.1 SEM images of surfaces (a, c, e) and cross–sections (b, d, f) of coationgs after vaccum annealing at

800 � for 4 h

(a, b) Ti–Al–Cr (c, d) Ti–Al–Cr–Si (e, f) Ti–Al–Cr–Si–Y
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� 2 Ti60 >�d Ti–Al–Cr(Si, Y) �2� Na2SO4 9dÆQ%�Iu:L�.
Fig.2 Corrosion kinetics of Ti60 and Ti–Al–Cr–(Si, Y) coatings in Na2SO4 at 800 � (a) and 850 � (b)
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25%K2SO4 9 800 �dÆQ%�Iu:L�.
Fig.3 Corrosion kinetics of Ti60 and Ti–Al–Cr–(Si, Y)

coatings in 75%Na2SO4+25%K2SO4 and Na2SO4 at
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� 4 Ti–Al–Cr(Si, Y) �2� 850 �d Na2SO4 9 100 h ÆQ%�IDd XRD �
Fig.4 XRD patterns of Ti–Al–Cr (Si, Y) coatings after

100 h corrosion in Na2SO4 at 850 �

� 5 Ti–Al–Cr(Si, Y) �2� 800 �d Na2SO4 9 200 h ÆQ%�IDd�d>Z SEM 3
Fig.5 SEM images of coating surfaces after 200 h corrosion in Na2SO4 at 800� for Ti–Al–Cr coating (a), Ti–Al–

Cr–Si coating (b), Ti–Al–Cr–Si–Y coating (c), and enlarged view of Fig.5c (d)� 6 QID Ti60 `+ne Ti–Al–Cr(Si, Y) �3� 850 �e Na2SO4 : 100 h �R&�JEe�e?[
SEM 4. 'n I, �3 100 h �JE, Ti60 ?��e�ADT=e�J, XBe�J7!U_J�C|*E�q�X, pE?�;e_O7!. ;A�e_O!#9��%7, �(�X)�_O!#9l�:X (� 6a). v��"�i, 2;�3e�J7!xTn�BF TiO2 ��, m�D9Be Al2O3, fi� 850 �&�J3B:6

9D��e Al2O3. 2;�3�3 100 h �JE�e*"���', \}�,�Xe,5, fi2;�3�
850 �'v}9kÆL Ti60 `}, { �"�JDv.��2;�3�J�e'n�,, Ti–Al–Cr �3e�J7! TiO2 #9�X, #9r�
��X, �" Na2SO4�Jv;�2;�3:�5; Ti–Al–Cr–Si �3e�J7! TiO2 #9�7, qN�" Na2SO4 �Jv;y� Ti–

Al–Cr �3; � Ti–Al–Cr–Si–Y �3e�J7!e#9
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� 6 Ti–Al–Cr(Si, Y) �2� 850 �d Na2SO4 9 100 h ÆQ%�IDd�d>Z SEM 3
Fig.6 Surface SEM images of Ti60 (a), Ti–Al–Cr coating (b), Ti–Al–Cr–Si coating (c) and Ti–Al–Cr–Si–Y coating

(d) after 100 h corrosion in Na2SO4 at 850 �

� 7 Ti60 >�d Ti–Al–Cr(Si, Y) �2� 850 �d Na2SO4 9 100 h ÆQ%�IDd�d>Z SEM 3
Fig.7 Cross–section SEM images of Ti60 (a), Ti–Al–Cr coating (b), Ti–Al–Cr–Si coating (c) and Ti–Al–Cr–Si–Y

coating (d) after 100 h corrosion in Na2SO4 at 850 �M7, ?�e_O!3
M2`, qN, �" Na2SO4 &�JDvMn. Ti–Al–Cr �3:�q�Be Si ; Y �j}8�}h&�J3B:�J7!#9eDT, �q�J7!e2`|, P��6D�3e"&�JDv.

� 7QID Ti60`+ne Ti–Al–Cr(Si, Y)�3�
850 �e Na2SO4 : 100 h �JEe�e?[ SEM 4.{�'v, Ti60`+e�eA�DXBe�J7! TiO2,�J7!eC|&i2, T�J3B:)��J7!�A
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� 8 Ti60 >�d Ti–Al–Cr(Si, Y) �2� 800 �d 75%Na2SO4+25%K2SO4 9 100 h ÆQ%�IDd�d>Z SEM 3
Fig.8 Surfaces SEM images of Ti60 (a), Ti–Al–Cr coating (b), Ti–Al–Cr–Si coating (c) and Ti–Al–Cr–Si–Y coating

(d) after 100 h corrosion in 75%Na2SO4+25%K2SO4 at 800 ��Xe�2. o" Ti–Al–Cr �3e�J7!��C, [T�V�;�8, q�\}�A�X. 2;�3:, Ti–

Al–Cr �3e_O7!MC, Ti–Al–Cr–Si O*, Ti–Al–

Cr–Si–Y �3e_O3M�, "���e?[i2. Ti–

Al–Cr, Ti–Al–Cr–Si ; Ti–Al–Cr–Si–Y 2;�3�JE/��3C|XÆ� � 19, 32 ; 43 µm, "fi2;�3e"�Jv;?x�q. �G SEM ?[+4�,_O!�/��3eJ:|��℄w�3`�i2, fi�3\}�A�X. Ti–Al–Cr–Si–Y �3�ee_O!#9M7, 
M2`, q�v}9K-�JelH
B. Si; Y �je�q, z�T Y �je�q, i+{ D�3e"�JDv.� 8 QID Ti–Al–Cr(Si, Y) �3� 800 �e
75%Na2SO4 + 25%K2SO4 : 100 h �R&�JEe�e?[ SEM 4. �3 100 h �JE, Ti60 ?��e�ADT=e�J, �ADXBe�X (� 8a); �3a��eÆC���', ��,i+�X, fi2;�3� 800 �'v}9kÆL Ti60 `}, { �"�JDv. 800 ��J 100 h E Ti–Al–Cr �3e�J7! TiO2 #9�X, #9*r
��Yh, �2;�3:"�Jv;M5,

Ti–Al–Cr–Si–Y �3a��e_O!#9M7, �"�Jv;
M�. Ti–Al–Cr–Si �3"�Jv;���!*r. "'{� 9 uQ�3� 800 �e 75%Na2SO4 +

25%K2SO4 : 100 h �R&�JEe�e?[ SEM 4

bnZ(, 2;�3e�e�:, Ti–Al–Cr–Si–Y �3�_O3M�. 2;�3e_O3x�$I�0��|'
Na2SO4 :�JA�e_O3C, �� Ti60 `}e_O3
�� 800 �e Na2SO4 :C, fi Ti60 ��3a�� 75%Na2SO4+25%K2SO4 :e�Jb� Na2SO4 :T=.

3 Æ�
3.1 �
�m	Pn8eKZ�2'n I, `}��3a��
75%Na2SO4 + 25%K2SO4 Z?R:e�Jb��M
Na2SO4 :�I. "Tq� Na2SO4 e.m� 884 �,�KZ�| (800 ; 850 �) ' Na2SO4 A)w; �{�
75%Na2SO4+ 25%K2SO4 Z?Re.m}h,� 800�eKZ�|'�+A,hw, "�M?�;��[ [15] eW��2i2. qN, `}��3a�� 75%Na2SO4+

25%K2SO4 Z?R:e�J��M Na2SO4 :T=.

3.2 Si q Y #�f Ti–Al–Cr–Si–Y �℄�m	��b!�� 800 �' Na2SO4 �JKZ:, Ti–Al–Cr � Ti–

Al–Cr–Si �3e�7`�0�, NG Si eOw&i+;�� 850 �e Na2SO4 ; 800 �e 75%Na2SO4 +

25%K2SO4 R�:, Ti–Al–Cr–Si �3e�7i+7�
Ti–Al–Cr �3, Si ~ Ti–Al–Cr �3"�JDe�6Ow��i+.



l 10 � R �f : Ti60 =
�
nG1Fy Ti–Al–Cr(Si, Y) 	J�1
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� 9 Ti60 >�d Ti–Al–Cr(Si,Y) �2� 800 �d 75%Na2SO4+25%K2SO4 9 100 h ÆQ%�IDd�d>Z SEM 3
Fig.9 Cross–section SEM images of Ti60 (a), Ti–Al–Cr coating (b), Ti–Al–Cr–Si coating (c) and Ti–Al–Cr–Si–Y

coating (d) after 100 h corrosion in 75%Na2SO4+25%K2SO4 at 800 ��G�q Si ; Y �ji+�6D�3e"�JDv, Ti–Al–Cr–Si–Y�J�7i+7� Ti–Al–Cr; Ti–

Al–Cr–Si �3.}*�B�j Si ~�3&�JDvet1, SS���. X)�W�!)�, �B�j Si '{ Al e[D,R
 Al2O3 e?�. P��eW��2 , 0.2%Si �je�q\}i+R
 Al2O3 eA�, �TO Ti–Al–Cr–

Si �3_O!e#9� Ti–Al–Cr �3}u}h, 2`|{ , P�}9kK-�Je
i(�A.�q Y �j~�6_OlV�DeOw�}��D [16]. :
n., '_~�Owa5
BD-�eW� [17−20], P$#�e8aD�Owa5, �b}n'h;a5: (i) _O!qHe?�, #��_O3q�_`}8 [17]; (ii)�3��_O3e�({ _O3elD [18];

(iii) u9_O3�`};MDve5p [18]; (iv) ��_O3eA:a5 [18]; (v) �3)�eI,.6J7*, #�{ _O3�`}eOM�?D [19,20]. P��eKZ�2.�", Y �ji�eR
D Al2O3 eA:, Ki�eO_O!#9�7, _O3e2`|{ , �a5 (iv)0~s.

Ti–Al–Cr–Si ; Ti–Al–Cr–Si–Y �3e_O32`|� , SO2−
4 ; O �j�2`e_O3:-3��,s, P�{ D"�Jv;. "'nP� 7 ; 9 e�e�: I.

3.3 �℄b�uv&�_;?�e&�J3Bi+���#�}: ��
;qk�}. &�J���
t�eÆNÆLD_Ol,iZ
1qk
, �JkTOkq+, #	}�J7!eXB�X, ℄2?�OkD9. Ti–Al–Cr(Si, Y) �3eOw��vX:&�J��
. ��: Ti–Al–Cr(Si, Y)�3� 800 �e Na2SO4 �JR�:, 200 h t*K�&�J��
, �3�eÆN Al2O3 ÆLD_Ol, �JkT
9h. Ti–Al–Cr(Si, Y) �3�&�J��
t�Ae�s� SO2−
4 �3�e_OlTY
1�3:, ��3:e Cr �A�s

2

3
Cr + SO2−

4 = O2− +
1

3
Cr2S3 +

3

2
O2 (1)��s�qMnResD, \sD�q1ir,G, �3�MnR:X�A�e_O!e/�, Al2O3 /��MnR:, �G}hDMnResD, \MnR:sD�B G, ��A Al2O3 e/��s

O2− + Al2O3 = 2AlO−

2 (2){� Y �jR
D Al2O3 e?� (v� 5), �3�eA�e Al2O3 eBX���MnR:e/�B, qN,

Ti–Al–Cr–Si–Y �3},I ��v�;�3e"�Jv;.
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, KZ3B:e0&NR℄2a��~Ke�G, �JG
{� Ti–Al–Cr(Si, Y) �3:�AI
Al2O3, 'nO�eÆL3���G�, _Ole��/���G;G�69�3�e��e Al; K
, �~K�3��, �3irGre�JE, �3�e Al 6B�O.a��e Al 6B}hO Al2O3 l��A�=HÆL3G, �3eÆLOwD9.

4 y�
(1) Ti60 `+� 800 ; 850 �MnR�JR�:,�ADT=eD��J: �ee_O!7A�Xe,5,��?�=H2`eÆLD_Ol. -wpI3H{5�e Ti–Al–Cr(Si, Y) �3� 800 ; 850 �eMnR�J�7:, 'n}9kÆL Ti60 `+bX�J�Q.

(2) Ti60 ?�e Ti–Al–Cr(Si, Y) �3� 75%

Na2SO4+25%K2SO4 :e�J��MMnp:�I.

(3) Ti–Al–Cr–Si ; Ti–Al–Cr–Si–Y �3�MnR:"&�JDvy� Ti–Al–Cr �3, 
q�� Y �jR
�3�e Al2O3 eA�, O�3�eA�e Al2O3eBX���MnR:e/�B, X:DY�3+Fe&�J��
; Si ; Y �jSv%O_O!#9, O_O32`, SO2−
4 � O �j�32`e_O3e-3��,s, P��8kÆLD?�`+, �6D Ti–Al–Cr �3}$e"&�JDv.[{��
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