
� 47� � 1� ��������	                           Vol.47, No.1

2018�      1�                        RARE METAL MATERIALS AND ENGINEERING              January 2018

�����2017-01-08

���	����	
���� (1211110001)����������������SJLX-0460�


���� !"#"1989��"$%�"���	&'()*+,-./012��3"�� 4� 212013"E-mail: qinghui0809@126.com

�� Cu � Ti-16.28Si �����	
����

����������	�
����������� ��� �

(���	"�� 4� 212013)

� ��56 Ti7Si7Cu 89:;<=>?-@A-BACD(.E Ti-16.28Si F Ti-15.46Si-5Cu GHI�"JK 800"

900"1000 LMNOPQ'R<STUVWXY6 SEM7EDS Z XRD PCDFTUV[\]^Z_`^ab7cd

ef'Rgh"i��I�\TUj(XDk]lmGHnoV[CDpqrstu Ti7Ti

5

Si

3

7Ti

5

Si

4

d"v Cuno

w+ Cu

3

Sid�v Cuqxyz{<X<STU 80 hq"TUV[\rscd| TiO

2

"}tu~�\ SiO

2

7Ti

3

O

5

7TiO7

CuO � Cu

2

O dXTi-16.28Si I�K 900 L�TU�]��������� TiO

2

"�TU�=��"��TU�z k

+

��| 0.521"���TU��X800 L�"�v Cu ���� Ti-16.28Si I�\�TU�="Q��TU�z k

+

��

| 0.623"����TU���K Cu t�| 5%(��g�) �Q��TU�z | Ti-16.28Si I�\ 57.8%X¡K 900

F 1000 L�"�v Cu¢£EI�\�TU�=X 

����>?�CD�<STU�TU¤¥	��TU�= 

�������TG146.2

+

3        ������A        �����1002-185X(2018)01-0267-07 

 

    ���������	
���������

������������� !"#$#%&'

(&)*�+,-./01234��5��67

89+�:;<�=>.?��@! Ti6Al4V��

6789+�:AB<�C�5��DEFGH

IJK6-�7�LM 550 N�OPQ�6789

+�:RSTU�� !

[1-3]

2 

V" Ti-Si��WXYZ[P�\+]^_`

a@ Ti-Si����U6��&;b�,�:&c

d89+�:���;bef2gh Ti-Si��

89+�:i\jXk+W�\jXl6m9+no

5pqr�<�89+�:stuv�w:xyz

{�9+

[4-7]

2|}~�w��l���������

��D���4�6�89+�:

[4-7]

2�=���

�YZT������ AlV Ti-Si��a 800 N9

+������x�� 4.9%Al(�X��) :�PQ

�6 Ti-Si ��89+�:

[8]

2��P/�YZT

Nb-Ti-Si 5����a 1250 Nu	�9+���

	yB9+m�� 100 h m�9a\+]?� ¡¢

�£¤¥¦�§¨a©9+ª1«xyWX%¬o

®

[9]

2A�" Ti¯°±1678 N²� Si¯°±1420 

N²�Cu��¯°L� 1053 N2������ Cu�

w:³�� Ti-Si��FS�´µE¶���4��

��89+�:234�V"�� Cu ��V Ti-Si

��´µ�89+�:��YZ·¸¹�2º»

¼½¾S¿ Ti-Si-Cu ���§a 800�900�1000 N

%ÀÁÂ?V���679+Ã¼�ÄÅÆÇ�� Cu

��VcÈ Ti-Si��89+�:��2 

���������

»¼É�� Ti&Si&CuÊ�ËÌ�ÍS Ti-16.28Si

� Ti-15.46Si-5Cu±�X��²2È��ÉÎË��S

¿��2ÏË�a QM-3SP4Ð�ÑÒÓÔH«� 300 

r/minÕÖÓÔ 48 h±Ó��� 8:1²2ÓÔ×�Ë�

Ø%ÙÚ 10 h23×ÛËÌÜÝ Φ30 mmÞ�?�

ßa YB32-100ÐàFH«! 550 MPaF���F

S¶Eáp2áp 120 NØ%ÙÚ 10 h�a WZS-20

ÐâãØ%´µä?��åF´µæçØ%è 1

×

10

-1 

Pa�édê7Öëh 10 /min� �´µ-ìíd 600 

��2 h-800 ��2 h-1000 ��2 h-1250 ��2 h��î

µï×äð2 

Ï´µbñp��òE 10 mm×10 mm×3 mm

W��óÔ&ôõ×��öÁ9+»¼�÷!øùú

ûQÀüë29+7�� 800�900� 1000 �2ýþ

10 h�� 1�öÁ9+���ð�×�¤���	

9+m� 80 h2�lûXÃ
�¤im�k+��



¦268¦                                          §u�¨©ª*12                                            � 47� 

�9+��,��29+Ã¼µï×��!���

�(SEM)� EDS:����&X�����V´µ�

9+Ã
[�����¶�&]ADE�����

YZ9+H�2 

������	
�

���������	
���

� 1h Ti-Si-Cu��´µ×Ã
 SEM¶�22

È��[�D� !� C"#5pD�&$X%"

#&ñ'D�&()#*+,()°D�DE�-�

D�.�/�; !¨¹�PQd0�2µ�� 2 

Ø%´µÃ
 XRD ��w��´µ1×Ã
23

j� Ti&Ti

5

Si

3

&Ti

5

Si

4

A�� CuÍ4xy Cu

3

SiA2

V Ti-16.28Si��-ª1D�µ� EDS���"#5

pD�? Ti&SijX��5B�67�23� Ti

5

Si

3

� Ti

5

Si

4

A8%"#&ñ'D�23j� Ti���9

�;$ Si���67�:� Ti±Si²;<p8(

)#*+�)#(°'D�h Ti

5

Si

3

A��;<

p2V� Cu��µ� EDS���=T"#5p�)

#(°'D�©j� Cu

3

Si A���&ñ'D��:

� Ti±Si&Cu²;<p�>���D�D�o

Ti-16.28Si��?@2V���¶���Ti-15.46Si-5Cu

��[�A�$X)#(°D�2BPcdX Cu

��w�C+D_���;<EF�GS�\+�]

A�x��6��´µ�X

[10-12]

2H>�´µ�

�[�j�IJK�ü¬��QÀüë�L�

7.78%� 3.03%��� Cu×¢M��ê2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

« 1  ¬MCDV[\ SEMab 

Fig.1  SEM morphologies of the vacuum sintered samples:    

(a) Ti-16.28Si and (b) Ti-15.46Si-5Cu 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

« 2  ¬MCDV[\ XRD« 

Fig.2  XRD patterns of the vacuum sintered samples:         

(a) Ti-16.28Si and (b) Ti-15.46Si-5Cu 
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Table 1  Average speed of oxidation k
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 in the alloys(g·m
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Ti-16.28Si Ti-15.46Si-5Cu 
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Fig.3  Oxidation kinetics curves of Ti-16.28Si (a) and  

Ti-15.46Si-5Cu (b) 

{|�Ò±2²? lgq-lgt��w� 80 h9+N

��� nr���µF�[ 22nri7�� CujX

�cdkl�k+�Ti-16.28Si�� nri7�ê6

¾�W×v��µ�� 3 9+��,N����[P

Ti-16.28Si��9+N�Ij�ô]�9+kl�4

hW¢«j��4,V�/9+kl�89+�;b8

4ib Cu���7�ê6m nr����� 2�µ

�� 3 9+��,N����BP Ti-15.46Si-5Cu �

�9+kli7�ê6uvc"ô]�9+kl�

89+�:uv���d 9+Ö���2 

2.3  ��������	
�� 

2.3.1  ��� 

� 4 h Ti-16.28Si � Ti-15.46Si-5Cu 2 È��a

800�900� 1000 � 3�7�u9+ 80 h×[�9+

� XRD ��2��w��V" Ti-16.28Si ���   

800 �9+×[��]23h TiO

2

A��� SiO

2

�

TiO]A8900 �9+×[��]5º«A� TiO

2

A8

1000 �9+×[��]23h Ti

3

O

5

� TiO

2

A2��

CuD�×9+�?]ADEo Ti-16.28Si��?@�

= TiO

2

&TiO&Ti

3

O

5

&SiO

2

/]A>�xy Cu

2

O ,

CuO9+]2w�Qx�IJ7�u9+�]AD

E�<L�23h TiO

2

�7��cÅê6m TiO

2

�Õ

+� Ti

3

O

5

c�8[�9+�? SiO

2

Ai7�ê6

4 $8CuO� Cu

2

OjXT;$�ga 800t 1000 

���i7�ê6�CuO $�Cu

2

O��

[10]

2 

2.3.2  ���� 

� 5� 2ÈÍ4
¡IJ7�u9+ 80 h×[

�9+n2w�Qx�Ti-16.28Si��9+ 80 h×

Ã
[�¶ET�;¢M9+]^_�^_¢£

�/ !�ø¤¥M8i7�ê6�^_¢£PQk

W��¦§'z°U�PQ���h40�yx0>

�hc��¨i7�ê6¦§'D��¨©7

ª02µ� EDS � XRD ���[�9+�]A23

� TiO

2

2�� CuD� Ti-15.46Si-5Cu���7u[

�9+]^_C�&ø¤U�¥M�9+e��yx«

¬'D��im�h0åk®ñ'��¦§'D�Õ

k29+7��cÅê6m�Ti-15.46Si-5Cu��a 900 

�9+ 80 h×�yÓ¯'¶°�Àü;�847�ê

6t 1000 �mÀüuv±���ñ'²WD_'� 

 

� 2  2 ���� n � 

Table 2  Parameters of n in the two alloys 

Temperature/� Ti-16.28Si Ti-15.46Si-5Cu 

800 2.61 3.41 

900 3.46 2.75 

1000 2.47 2.13 
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� 4  2���� 80 h������ XRD�� 

Fig.4  XRD patterns of oxides on surface of the two alloys for 80 h: (a) Ti-16.28Si and (b) Ti-15.46Si-5Cu 
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Fig.5  SEM morphologies of the two alloys oxidized at 800, 900, 1000 � for 80 h: (a~c) Ti-16.28Si and (d~f) Ti-15.46Si-5Cu 
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� 6  Ti-16.28Si��� 900 ���� 30� 80 h����� ! EDS"#$%& 

Fig.6  Cross-section morphology (a, c) and EDS line scanning (b, d) of Ti-16.28Si oxidized at 900 � for 30 h (a, b) and 80 h (c, d) 
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� 7  Ti-15.46Si-5Cu� 900� 1000 ��� 80 h����  

Fig.7  Cross-section morphologies of Ti-15.46Si-5Cu oxidized at 

900 � (a) and 1000 � (b) for 80 h 
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Effect of Cu Addition on High Temperature Oxidation Behavior of Ti-16.28Si Alloy 

 

Liu Qinghui, Xu Xiaojing, Ge Xiaolan, Wu Guilan, Zhong Yiying, He Xinghua, Han Tian, Chen Yang 

(Jiangsu University, Zhenjiang 212013, China) 

 

Abstract: Ti-16.28Si and Ti-15.46Si-5Cu alloys were prepared by high-energy ball milling, cold-pressureless sintering using Ti, Si and Cu 

powder as starting materials. High temperature oxidation tests were performed at 800 °C, 900 °C, and 1000 °C in air. The surface and 

cross-section morphologies and phase composition of sintered and oxidized samples were investigated by SEM, EDS and XRD. The 

results show that two kinds of formula samples are mainly composed of Ti, Ti

5

Si

3

 and Ti

5

Si

4

 phases after sintering, while Cu

3

Si phase 

appear after adding Cu. The density increases with Cu addition. The main phase of the oxidized samples for 80 h is TiO

2

, with a small 

amount of SiO

2

, Ti

3

O

5

, TiO, and CuO or Cu

2

O phases. Ti-16.28Si alloy possesses the best oxidation resistance at 900 °C with the single 

rutile TiO

2 

phase nearly, and it reaches antioxidant levels with k

+

(0.521). At 800 °C, Cu significantly improves the oxidation resistance of 

Ti-16.28Si alloy and the alloy reaches antioxidant levels with k

+

(0.623). Compared to Ti-16.28Si alloy, the average oxidation speed of 

Ti-15.46Si-5Cu is 57.8%. However, at 900 °C and 1000 °C, the oxidation resistance of Ti-16.28Si alloy declines with Cu addition.  

Key words: ball milling; sintering; high temperature oxidation; oxidation kinetics; oxidation resistance 
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