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 Ti1100 YOj�k[\Ojlm

[Al-(Ti

13.7

Zr

0.3

)](Al

0.69

Sn

0.18

Mo

0.03

Si

0.12

)nop�qr�sUtuvwxy_zFGe{|vw Hf}Ta~ Nb�]Y��

�
Oj�� [Al-(Ti

13.7

Zr

0.15

Hf

0.15

)](Al

0.69

Sn

0.18

Si

0.1

(Mo/Ta/Nb)

0.03

)n�����
�� 950 �, 1 hVW+560 �, 6 h�

��1�	�������}��}�gh��L6����<���n�����Zr

0.15

Hf
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�
3���
� t

¡¢£ β ¤¥���¦op�qr Ta ~ Nb Y�]§¨�
@©,/|ª« α ���¬��Y;¥����
Y­{

��®¯°/�±² 3300~3700 MPan650 ��� 100 h����
³� ´µY����C���¶#·² 1.0 mg/cm
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�

¦o 800 ��� 100 h���] Hf}Ta}NbvwY�
��¶#�­¸² Ti1100�
���£¹�m 23~27 µm�º

��£»¼�k@[Al-(Ti

13.7

Zr

0.15

Hf

0.15

)](Al

0.69

Sn

0.18

Si

0.1

Ta

0.015

Nb

0.015

)�
� ½¾Y�gh��<��800 �, 100 h�

Y��¶#¿m 2.6 mg/cm
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MNO
 Ti1100(Ti-6Al-2.75Sn-4Zr-0.4Mo-0.45Si, 9

PQR%, S=)TTi6242S(Ti-6Al-2Sn-4Zr-2Mo-0.1Si)
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 hcp-α
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CN14 ±²�±²#=�ÐÑ¶Ò$Ó�Ô��	�
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x

(x �³´µ���

R)
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Ò�Ø�±²¼ÙÐÑÚ�F�³´µ��RQÏ�

x=3(fcc)� x=1(bcc)

[14]

��6R !.�	�QÛÜÝ

X±²�QÒ*Þ��� bcc6g:ß[ β-Ti�	�

Ö×�àÇáâ�¶P~� 50 GPa �6: β-Ti �	

�±²�QÒ�[(Mo

0.5

Sn

0.5

)-(Ti

13

Zr)]Nb

1
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:� α-Ti�	 Ti1100��Qíî�ïVÝdðCñ.
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õgh��� βäågh�-.�/� 600 A

[16]
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	�Q� Ti-6Al-2.75Sn-4Zr-0.4Mo-0.45Si��F�µ

�QR� Ti

85.36

Al

10.52

Sn

1.10

Zr

2.07

Mo

0.2

Si

0.76

(at%)*
�

�	ghc����� β äågh��V��S�F

� bcc-β f�
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¶K©ëì Ti1100 �	�Q*�	�:;Ädc Ti
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���∆H�	©Ç��
Ý$

k\�	�:;V±²�QÒE�
¾�AlTSi� Sn


�� Ti�
���∆H (∆H

Ti-Al

= -30 kJ/mol, ∆H

 Ti-Si

= 

-49 kJ/mol, ∆H

 Ti-Sn

= -21 kJ/mol)��

�±²º¹�

jÄ Ti�
ÈÂÃ«.�MoTTa� Nb
�³´µ�

¾Ë(∆H

 Ti-Mo

= -4 kJ/mol, ∆H

 Ti-Ta 

= 1 kJ/mol, ∆H

Ti-Nb

=   

2 kJ/mol)�Zr� Hf
�Ä Ti�=�:;�ÉÄ Ti<

=
�±²��*�� Ti1100�	�Q�b\(Ti+Zr)

�PV±²�QÒE� 14�µ��Éê.��	�:

;�PÄ(Ti+Zr)�P�ó��$k\DV±²ÒE�

µ��R�� Al

1.69

Sn

0.18

Si

0.12

(Ti

13.7

Zr

0.3

)Mo

0.03

=[Al– 

(Ti

13.7

Zr

0.3

)](Al

0.69

Sn

0.18

Si

0.12

Mo

0.03

)�ÝÚ6�� Al Ä

D�:;�¾�³´¾Ë��³´µ��R� 1.02�

��F bcc b8c±²¼ÙÐÑ���¶K��³´

µ� x=1�t»*�Ý�VÝ±²�QÒdðC�ê.

fò:;UóÞô�µÉ45è6õP:;
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0.15
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0.3

Ú»� No.2

�	�VÝdðC�Ta

0.03

� Nb

0.03
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0.03

Ú

»�No.3�No.4�	�Ta

0.015
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UóÞô�Mo
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0.01
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� 1  Ti1100 ���[Al-(Ti

13.7

Zr

0.15

Hf

0.15

)](Al

0.69

Sn

0.18

Si

0.1

(Mo/Ta/Nb)

0.03

)������	
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Table 1  Compositions, microstructure, microhardness, oxidation gains (G

+

) and corrosion potential of the designed Ti1100 and  

[Al-(Ti

13.7

Zr

0.15

Hf

0.15

)](Al

0.69

Sn

0.18

Si

0.1

(Mo/Ta/Nb)

0.03

) alloy series 

No. Cluster formula Composition, ω/% Microstructure HV/MPa 

G

+

(800 �)/mg·cm

-2

 

E

corr

/V 

1(Ti1100) 

[Al-(Ti

13.7

Zr

0.3

)] 

-(Al

0.69

Sn

0.18

Mo

0.03

Si

0.12

) 

Ti-6Al-2.75Sn 

-4Zr-0.4Mo-0.45Si 

β-transformed lamellar 

3540 13.6 -0.295 

2 

[Al-(Ti

13.7

Zr

0.15

Hf

0.15

)] 

-(Al

0.69

Sn

0.18

Mo

0.03

Si

0.1

)

 

Ti-5.93Al-2.78Sn 

-1.78Zr-3.48Hf-0.37Mo 

-0.37Si 

β-transformed lamellar 

3510 6.4 -0.252 

3 

[Al-(Ti

13.7

Zr

0.15

Hf

0.15

)]

 

-(Al

0.69

Sn

0.18

Ta

0.03

Si

0.1

) 

Ti-5.91Al-2.77Sn 

-1.77Zr-3.47 Hf 

-0.70Ta-0.36Si 

Bimodal 3480 3.1 -0.200 

4 

[Al-(Ti

13.7

 Zr

0.15

Hf

0.15

)] 

-(Al

0.69

Sn

0.18

Nb

0.03

Si

0.1

)

 

Ti-5.93Al-2.78Sn 

-1.78Zr-3.48Hf 

-0.36Nb-0.37Si 

Bimodal 3390 2.7 -0.248 

5 

[Al-(Ti

13.7

 Zr

0.15

Hf

0.15

)] 

-(Al

0.69

Sn

0.18

Ta

0.015

Nb

0.015

Si

0.1

)

 

Ti-5.92Al-2.77Sn 

-1.78Zr-3.48Hf 

-0.35Ta-0.18Nb-0.36Si 

Bimodal 3530 2.6 -0.181 

6 

[Al-(Ti

13.7

 Zr

0.15

Hf

0.15

)] 

-(Al

0.69

Sn

0.18

Mo

0.01

Ta

0.01

Nb

0.01

Si

0.1

)

 

Ti-5.92Al-2.78Sn 

-1.78Zr-3.48Hf-0.12Mo 

-0.24Ta-0.12Nb-0.36Si 

Bimodal 3650 4.6 -0.237 
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�'()*+,-.� OLYMPUS �(/01(OM)

23��+456��(789: 10%HF+20% 

HNO

3

+70%H

2

O (;<=)�.� Zeiss Supra55>?@

A/012$BCDEF56GHI-�� HVS-1000

JKLI"$M��LI�NOOP: 300 g�NO�

Q: 10 s�RS��$� 10TUVWX-YZ[DE

\]�^_`(KSL-1400X-A2)����\]ZIab

: 650c 800 ��BCde: Φ6 mm×12 mm�Rf

25 hUg$MBCh��DE\]�Qij: 100 h-

@Ek\]� Gamry @Eklmn$M��'o@p

qrEs �tucvw@rm:x=@r�Pt @r

m:yz@r�78{�: 3.5 %NaCl�9��|Z}

��$M�>?@p:-0.5~ 2 V� 

���������

���� XRD ����	�
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) � No.5(Zr

0.15
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Nb
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)
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)��W��:�

� hcp-α (���Νο.1( Zr

0.15

Hf
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Mo

0.03

)  �����

α�;����� bcc-β(((110)!��)�g���(
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*�������������� β (� ����
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Fig.1  XRD patterns of aged [Al-(Ti
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²�³+� β-Ti���´µ(¶
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�·�³+�¬­

��E��Zr®¯�� β-Ti)*� 

~ 2 :¸%&��(¹'�(+456�x=�

� Ti1100(No.1):ºF β ¦§+4 (Fig.2a)�»
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Hf

0.15

¼½ Zr

0.3

����(No.2)��¾(¶'º

F+4�02+4§E	¿��À�Á��»� Ta

¼½ Mo����(No.3)£��:ÂÃ+4�Ä¡³'

¦§ β (cÅaÆÇ α (*,-Nb ¼½ Mo�Ta\Nb

tG Mo\Ta\Nb¼È Mo��(No.4~6)���­BÉ:

ÂÃ+4�ÊÄ¿�ÆÇ α(c��'¦§ β(+,�

±�� Nbc Ta¼½MoËÌ���' β)*����  

 

 

 

 

 

 

 

 

 

 

 

 

 2  [Al-(Ti

13.7

Zr

0.15

Hf

0.15

)](Al

0.69

Sn

0.18

Si

0.1

(Mo/Ta/Nb)

0.03

) !"��#$%&'��)*	+, 

Fig.2  OM micrographs of aged [Al-(Ti

13.7

Zr

0.15

Hf

0.15

)](Al

0.69

Sn

0.18

Si

0.1

(Mo/Ta/Nb)

0.03

) alloy series: (a) No.1, (b) No.2, (c) No.3, (d) No.4, 

(e) No.5, and (f) No.6 
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Í�ÎÏ�ÅaÐÏ'ÆÇ α +4�ÑÒ��

[20,21]

�

ÆÇ α+4'Ó§�I(�¡Ô�Ê����®ÕÖ-

�ºF β ¦§+4£×�¡Y'Ó§�IcØÙÚ

��ÊÛ�c����¡Ô-ÄÀ�ÆÇ α cºF β

¦§'ÂÃ+4ÜÝ×�°Þ'ß�àk�®� 

����������

~ 3:¸%&�����'LIaá~��t�

g Zr

0.15

Hf

0.15

¼½ Zr

0.3

��No.2 ��'LIq No.1

��'LI(»�â: 3400 MPa�±ãÄ«±äS�

�×�(­'ºF β ¦§+4-Ta c Nb �ª¼½

Mo�Ýåæ��'LIç�ËÌ (No.3, No.4)�Ê»

Ta

0.15

Nb

0.15

q Mo

0.01

Ta

0.01

Nb

0.01

�N���³+���

E��'¬­m�}��LI�Yè 3650 MPa 

(No.6)�:¸%&éYLI��¸������+4

:êë'ÂÃ+4�ÆÇÐÏ' α ìí(�¡î�ï

�ìð��g�°³��' β ºF¦§+4��±ñ

aáWò'ÂÃ+4åæ��×�¡Y'LI-�

No.5���' βºF¦§+4��(�¡���LI

¡ No.6��ç�ËÌ�ó;ôõ�̧ %&��LIX

Ôb	¿��« 3300~3700 MPa�Zr�Hf�Mo�Nb

c Ta��¬­��E���LIöéY� 

�����	
���� 

ab� 650 c 800 �}����'%&���

�[YZDE�®$M�DE�Qi÷ 100 h�R 25 h

øù�TDEúh�~ 4 abûg�%&���±ä

SZI}DEúhs ��t�g�� 650 �DE 100 

h��%&��(No.2~6)G Ti1100��(No.1)BC'D

Eúh G

+

XWî« 1.0 mg/cm

2

�ü� Ti1100 ��'

DEúh: 0.89 mg/cm

2

�Hf�Nbc Ta��E'�� 

 

 

 

 

 

 

 

 

 

 

 

 

 3  [Al-(Ti

13.7

Zr

0.15

Hf

0.15

)](Al

0.69

Sn

0.18

Si

0.1
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) !

"��#$%&'�*	67 

Fig.3  Microhardness of aged [Al-(Ti
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) alloy series 

'DEúhG

+

ý: 0.25~0.35 mg/cm

2

�þ��� 800 �

}%&��'YZ[DE�®/�Õ«x=��

Ti1100�x=�� Ti1100��DE 100 h�'DEúh

G

+

 = 13.6 mg/cm

2

��Zr

0.15

Hf

0.15

¼½Zr

0.3

����(No.2)

'[DE®à/��Y�DEúh: G

+

 = 6.4 mg/cm

2

�

â:x=��' 1/2-�À�Á��Nb c Ta ¼½ Mo

'��(No.3~6)'[DE®à����Y�DEúhâ

: 2~5 mg/cm

2

��ï�N Nbc Ta'��'[DE®

à ( � � ü � No.5 � � [Al-(Ti

13.7

Zr

0.15

Hf

0.15

)] 

(Al

0.69

Sn

0.18

Si

0.1

Ta

0.015

-Nb

0.015

)DEúhéî�ý: G

+

 = 

2.6 mg/cm

2

�â:x=�� Ti1100' 1/5� 

�%&��'��DEF���>?@1562

3��~ 5���ü�x=�� Ti1100 (No.1)'DE

é�h�DEFHIâ: 150 µm����aFc	


��(~ 5a)�Zr

0.15

Hf

0.15

¼½  Zr

0.3

/�ËÌ���

(No.2)'DEFHI�â: 30 µm�ÊDEF¡�
�

ï��;��DEFaá	W(~ 5b)-�À�Á��

Ta�Nb 	­=�'��E(No.3~No.6)Ýåæ��D

EFHI�ç�ËÌ�: 23~27 µm�Ê�À´5}�

5,'DEF���aá°:Wò�~ 5c~5f��� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 4  !"��[Al-(Ti
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0.15

Hf

0.15

)](Al

0.69

Sn

0.18

Si

0.1

(Mo/Ta/  

Nb)

0.03

)%&'�����89:; 

Fig.4  Oxidation mass-gain curves of aged [Al-(Ti
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)]-  
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0.69

Sn

0.18
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) alloy series at elevated 

temperatures: (a) 650 � and (b) 800 � 

1 2 3 4 5 6

 

 

No.

M
i
c
r
o
h
a
r
d
n
e
s
s
/
H
V

4400

4000

3600

3200

2800

0     20    40    60    80    100 

1.0

0.8

0.6

0.4

0.2

0.0

G

+

/
m
g
·
c
m

-
2
 

0     20    40    60    80    100 

t/h 

14

12

10

8

6

4

2

0

 

G

+

/
m
g
·
c
m

-
2
 

No.1(Ti1100) 

No.2 

No.3 

No.4 

No.5 

No.6 

 

No.1(Ti1100) 

No.2 

No.3 

No.4 

No.5 

No.6 

 

 

a 

b 



� 5�                            �����	
��
�� Ti1100���������������                �1475� 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 5  [Al-(Ti

13.7

Zr

0.15

Hf

0.15

)](Al

0.69

Sn

0.18

Si

0.1

(Mo/Ta/Nb)

0.03

)!"�� 800 ��� 100 h SEM<=>?@AB  

Fig.5  SEM back-scattering electron micrographs of [Al-(Ti

13.7

Zr

0.15

Hf

0.15

)](Al

0.69

Sn

0.18

Si

0.1

(Mo/Ta/Nb)
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) serial alloys after oxidation at 

800 � for 100 h: (a) No.1, (b) No.2, (c) No.3, (d) No.4, (e) No.5, and (f) No.6 

 

� 650 �j�Q��}�x=�� Ti1100 c

Hf/Ta/Nb ��E'%&��W×�¡Y'[DE®

à�W�g�DEF	
���ï¸%&��DEú

h:­�����Wî« 1.0 mg/cm

2

�±ãÄ« 650 �

� O�A����¡� ,'���YZ 800 �!"

}�Ä« O '��®à�Y�ï O � Ti �'��I

¡¿��#$�N��E��� O��ÎÏ%&m��

Ê	­'��E��Ý� O'��ÎÏ	­'%&m

����åæ��'[DE®à'Ï(§�Zr

0.15

Hf

0.15

¼½ Zr

0.3

���'DEúh'Ï)Ë��� Hf ��

®¯*¿�I+�Y��[DE®à�Ta c Nb ��

���EÝåæ��'[DE®à,-�Y�ÑÒ�

� Tac Nb��'�NÝå����ÎÏ�F��ï

.' TiO

2

G Al

2

O

3

DEF�%/�����DE

[22]

�

0lm12��±�3�4ü Hf���N/�ËÌ�

DEFHI�567 Hf��8%& O�A��� 

���������	
�

�¸%&��� 3.5 %NaCl�9����98�

®$M��~ 6 ���:%&��'78rEs �

:;ZI: 298 K�� 2ûg�%&��<� Tafel=

�æ>'?78@p E

corr

�?78@@�I I

corr

tG

78�� R��t�g�x=��(No.1)×�éÌ'?

78@p�: E

corr

 = -0.295 V-Hf¼½ Zr�Tac Nb

¼½ Mo �A� [Al-(Ti

13.7

Zr

0.15

Hf

0.15

)] (Al

0.69

Sn

0.18

Si

0.12

-

 

(Mo/Ta/Nb)

0.03

)%&��'?78@B�: E

corr

=-0.252 

~ -0.181 V�(C�%&��'98�®����Hf� 

 

 

 

 

 

 

 

 

 

 

 6  %&'  [Al-(Ti

13.7

Zr

0.15

Hf

0.15

)](Al

0.69

Sn

0.18

Si

0.1

(Mo/Ta/ 

Nb)

0.03

)!"��C�D�:; 

Fig.6  Corrosion polarization curves of the aged [Al-(Ti
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Table 2  Corrosion potential, corrosion current density, 

corrosion rate of aged [Al-(Ti

13.7

Zr

0.15

Hf

0.15

)]- 
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0.69

Sn

0.18

Si

0.1 
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 R/µm·a

-1

 

1 -0.295 179 2.71 

2 -0.252 169 1.52 

3 -0.200 541 4.93 
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5 -0.181 320 2.88 

6 -0.237 494 4.49 
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Abstract: The composition rule of near-α Ti alloy Ti1100 was investigated using a cluster-plus-glue-atom model for solid-solution alloys, 

and its cluster formula could be expressed as [Al-(Ti

13.7

Zr

0.3

)](Al

0.69

Sn

0.18

Mo

0.03

Si

0.12

). A new series of alloys by adding minor Hf, Ta and 

Nb with similar elements substitution in equimolar ratio were then designed, being [Al-(Ti

13.7

Zr

0.15

Hf

0.15

)](Al

0.69

Sn

0.18

Si

0.1

(Mo/Ta/Nb)

0.03

). 

These alloys were solid-solution-treated at 950 °C for 1 h followed by water-quenching, and then aged at 560 °C for 6 h. Subsequently, the 

microstructures, microhardness, elevated temperature oxidation- and corrosion-resistance of the alloys were measured. The results show 

that the alloy with Hf

0.15

 substitution for Zr

0.15

 in Ti1100 still exhibits a β-transformed lamellar microstructure, while the further 

combinations of Ta and Nb induce a large amount of equiaxed α grains to form a duplex microstructure. The change of microstructure 

hardly affects the microhardness of the alloys, within a range of 3300~3700 MPa. All the designed alloys, as well as the reference Ti1100, 

possess excellent oxidation-resistance at 650 °C, and all the oxidation mass gains are less than 1.0 mg/cm

2

. But the results are obviously 

different in comparison with that of Ti1100 at 800 °C. The oxidation mass gains of the designed alloys with Hf, Ta and Nb co-alloying 

after 100 h are significantly fewer, and the widths of the dense oxidation layers are among 23~27 µm. The 

[Al-(Ti

13.7

Zr

0.15

Hf

0.15

)](Al

0.69

Sn

0.18

Si

0.1

Ta

0.015

Nb

0.015

) alloy has the best oxidation resistance with the fewest oxidation mass gain of 2.6 

mg/cm

2

. In addition, this series of alloys also have good corrosion resistance in 3.5%NaCl. 

Key words: near-α Ti alloys; composition design; minor-addition of elements; high-temperature oxidation 
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