
� 48�    � 1�                               ��������	                                Vol.48,   No.1 

2019�      1�                      RARE METAL MATERIALS AND ENGINEERING                    January  2019 

�����2018-01-10 

���	����	
���(51201161)�����	
���(201302411) 


���������19�� ����������� !"!#$�%&'(�)��� � 110136�&*+0086-24-89728683�E-mail+ 

hebo1978@163.com 

 

������ TC4/TC11 ��	
��� 

����� 

�

�  �

1

��  �

1

��  �

1,2

�	  


3

 

(1. � !"!#$���� �  110136) 

(2. !",-'./01�234�
567��� �  110136) 

(3. 89':$��;<�89�211800) 

�

�  ��=>?@AB,- (LDM) CD,EF TC4/TC11GHIJ>KLM�NOPQRFSTUVWXYZ[\

]^_`@�abcdOMefgh&iabcdSEMefjkL6%lmnoOLMpabqrlstuvQRFw

x�NOPstyklabmnQRFzLV{|^}~���AB� TC4/TC11GH>K\��qr��$�ST

U���pqr����WXYZ\]�qr�$����a�OSTU���pLMQRF7�st�TC4/TC11G

HIJ>K\p�s�n� TC4�s�n���TC4/TC11GHIJ>K\p�y��stuv��yuv�7�

stpuv�u� TC4 �H�����F TC4/TC11 GHIJ>K��pyk� �O¡GHIJ>K\pq

r{|¢£FPmn¤1p¥¦^ 

����?@AB,-��H�abqr�styk�abmn�

�������TG146.23; TB331        ������A        �����1002-185X(2019)01-0293-07

�������laser deposition manufacturing�

LDM	
�����������
�

[1]

��
�

��������� !"#$%�&'()*�

+,-./012345678�9:;<��
�

=>?@ABC�DEF$%*GHIJK.L�D

EF'M&NOPQRS�T TC4DTA15N345�

�����UVWX)Y���Z���[\"#$

%�O]^_U`

[2-4]

�ab�������
�cd

BTefeghij%���H67k

[5]

�l

345=>��WmMDnm�oDpqrDs

 !?@�tu�XoNRS�TefegDevDw

xDyz{|H}~{?N�����/�9:�}

B���T����B����h

[6,7]

�345���

�������h�345��*�O��� � ]��

����D����D����HN���

[8]

�

Ti-6Al-4V�TC4	345��B�M ¡X¢�-196~ 

400 £	�45��H��WX¤¥�45¦§¨�

Ti-6.5Al-3.5Mo-1.5Zr-0.25Si�k0©ª«TC11�¬

®©ª«BT9	

[9]

345�¯0°±��T 500 £�²

³´�B���i345��TC11345�67±��

µ]345���s¶0 IMI68545��t·� 

¸¹ef±~�º»�¼½¾3¦¿��ÀjÁ

Â¦�dBs±Ã�����345ÄM 4ÀjÅ

Æ�ÇÈ�ÉÊ

[10,11]

�ÄM 4Àj�ËÌ$%KÍ

ÎÏ�KÍ�BÐÑH��ÉÒÓÔÕ��Ö]×Ö

]��?@�)�O]�iÁÂ�Àj

[12-16]

���Ø

�±ÙKÍ?@���RÚ�ÛÜ$%Ý�¿$%Þ

�ßàáâ�Å�ÀjãC�äå/>ãÛæ�çB�

=>æÒ�±Ãbè�Ó LDM 
�TÄM 4Àj

�)*UV=>éê
�RÚ

[17,18]

�ë���ÁÂÀ

jKÍÎÏ�KÍ��ÒÊ�ì67íB�����

�
��Z TC4/TC11 �45ÄM 4Àj���

TC11 H TC4 345��t�îBïâðñ�Uò

�ó TC4/TC11 �45�)*�ä�ïâðñôV�

óKÍ�nõ^�ö÷ïâðñôV�éø��H�

������iÀjÔÕÅùúûÝÌ�l

1  �  � 

TC4/TC11 �45�������ü�����

��Pýþ)��Pý��«��Â��{D\»ò

��{D��Í���	D
��D��»���D

����N�TC4 H TC11 345?@�¦�)��



§294§                                          ¨©ª«¬�'(                                            � 48� 

 

)�� 1�TC4 H TC11 345���M�� 60 ~   

160 µm��üb�í�>���ó�f����M 100 

£��Þ 2 h������ !T���V����)

*ú?îB"� TC4#$%�)*bú?�VB%&

'()äB*+,-�(�ÛÜ�V!.���ð/

k�)��������F01Ý�«2C 1.8~2 kW�

34'M� 10 mm/s��5ï6 3 mm�7âC 50%�

Á8�üð/T9��»Â¡²�ó� 

����:IJ� 40 mm×30 mm×142 mm��Z

k��� TC4345����M� 71 mm�;)T TC4

��:�úû�<=�� TC11 345���>     

142 mm��)*) TC4/TC11�45�óKÍnõ^�

nõ^�M�� 2�îB GX51 OLYMPUS��éø?

�KÍnõ^²�)*%�éø���óö÷��kq

r@�Â��«V(HF):V(HNO

3

):V(H

2

O)= 1:3:100�AB

INSTRON5982ABC�Dü���d�õ^�D%�

óE�FG�FGD%HIÏJ�K 1�L�MõH 3

8D%�̧ )îB ZEISS-SIGMA34ABéø?�F

GNO*��óö÷��B HVS-1000AiéøPMÕ

�KÍDI�éøPM�óQD�E\\R� 200 g�

S=�Þ� 10 s�PMTH 3 U�V�T�QDSW

TC4 OXYððñZ/ TC11 OX�QDSÞ[�   

100 µm��kM8DI� TC4 OX°\ÏJ]� 0�

�^WXKÍÏJDI�éøPM� 
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Table 1  Chemical composition of TC4 and TC11 alloys (ω/%) 

Alloy Al V Mo Zr Si C O N H Ti 

TC4 5.65 4.02 -  - 0.062 0.15 0.015 0.012 Bal. 

TC11 5.48 - 3.54 1.57 0.32 0.024 0.02 0.012 0.010 Bal. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 1  stLM®M 

Fig.1  Schematic diagram of tensile sample sampling 
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2.1  ����  

K 2 �DI���éø����������

K 2a � TC4 345�������α t_Ò� α

`a× α b*òcT��k α `ahd�eK��

³MIJ� 1 ~ 60 µm�¢Mf� 2 µm�gÎcT

hiXd� α t���¸�j³�kl¥Um�K

2b � TC11 345������cTh�nd�ë

G α t�α t³MIJT 1 ~ 10 µm oÞ�¢Mf

� 1 µm�l

pðö÷K 2c��qÆ���� TC4/TC11�4

5�ðñõ��ÇérTC4 345OX� α tsð

ñôVõ���d�Ó TC11 345OX����n

d�ëG� α t�sðñôVZtd�µsÖ]45

¦�)��¿ βtuv�M>;��� TC4345k 
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Table 2  Heat treatment process 

No Forming technique and status Heat treatment parameters 

1# Laser deposition manufacturing AC 

2# Stress relief annealing 550 ¯, 2 h, AC 

3# Solution-aging treatment 930 ¯, 1 h, AC+550 ¯, 2 h, AC 

X 

Y 

Z 

Deposition path 

Deposition direction 

Transition region 

TC4 forged piece 

TC4 
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Alw��� TC11345�Al� αt�¤¥xy�z

{������� TC4345k αt�IJh� TC11

345|�U TC11345 βtuv�M�� TC43

45��" TC11345 βt�� TC4345� 

K 3 �DI�d�}~nõ^)�éø����

�������K 3a���s TC4�����tW�

TC4 345�d�}~)���Umh"� HDG 2

8Um����QÁ��α t³MIJf� 50 µm�

¢MIJf� 2 µm�³¢WÛd�α`aÛÜ�ih

� αt���K 3b��d�}~) TC11345���

_Ò� α�cT�αt³hi¦Çé�IJ³MT 1 ~ 

50 µmoÞ�¨8 α$��¢Mf� 1 µm�³¢WÇ

é������ TC11345����K 3c�qÆ�

�d�}~nõ^) TC4/TC11 �45ðñõ���

�vd����e���_Ò�³¢WXh� α $�

�)�X�����ôVZtÇéÛ��ðñõ���

E���TC4 345�sðñõOX���h�Ó

T TC11 345OXsðñV��ôõ���*��

�Kh���q/³¢WXh� α $��µ���d

�}~)�E�FGNT TC4345OX��z� 

K 4 �DIl��ãõ^)�éø���l��

ã�M��f
�ÞX³���³hi¦Çé�K 4a

sK 3a tW�l��ãõ^)� TC4 345���

��³¢WÇéÛd�Ó�Um¸���WK 4bHK

3b��qÆ�l�õ^)� TC11345 αtIJ�

�h��kh αtIJf�d αtIJ� 3���h

� αt³Mf� 50 µm�¢Mf� 5 µm�ih� αt

���pðK 4c�ÇéqÆ TC4/TC11�45ðñõ

�ôÇé���� TC4345OXTsðñVõ�

�����h)Ûd�� α t³hK��³MIJ�

2 ~ 60 µm�¢Mf� 10 µm�ih� αtÞä�!¹

Ü��nd α t�TC11 345OX α tÇéW TC4

OX��n³�³M� 1 ~80 µm�¢Mf� 4 µm�ä

���qÆn³� α tW TC11 345OX�G>ð

ñZs�á)O8ÁÂ�TC4 345OX���sð

ñV�Vó�TC11345OX���sðñôV��

ï�µ]�����Ö]45¦�xy�KÍ�xy

oÞt����)��Í���qÆ«ðñZ α tI

Jd� TC4345OX�Çéh� TC11345�µ

�z�l��M�� β tuv�M�l�ð/kÎ�

αt�����Æ AlN αt*)xy�µ�xyTð

ñZæ��e���V��Ó TC4 345 Al xy 
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Fig.2  Laser deposited microstructures of different alloys: (a) TC4, (b) TC11 and (c) TC4/TC11  
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Fig.3  Microstructures of the LDM TC4/TC11 alloy after stress relief annealing: (a) TC4 , (b) TC11 and (c) TC4/TC11 
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Fig.4  Microstructures of the LDM TC4/TC11 alloy after aging treatment: (a) TC4, (b) TC11, and (c) TC4/TC11 

 

w��� TC11 345���æ��e)*)� α t
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2.2  ������ 

K 5 �d�}~õ^)� TC4/TC11 �45FG

NO¢V�éø����� TC4/TC11 �45DI�

NT TC4345OX��� TC4/TC11�45FGN

O¢V��s TC4345t£�TFGUm��α`

a�¤KÍ/M�F³�ä��âFGNO��V

��¥�Çé�TNO¢V!�α `a��sDI

�NO¢V£)�ï�DITN¦b±jX�§æ

�¨�v*�α `a���³¢Wv¦Çé�Î� α

`a��c©±jN¦�αbÁÂ.�G³�l

� 3 �������345DI�d�}~õ^)

�E�FG���TC11345D%ªFmM� 965 MPa�

tW TC4/TC11 �45ðñõD%� 52 MPa���

TC4/TC11 �45ðñõ�ªFmM«W TC4 345

d 6 MPa�µs TC4/TC11 �45ðñõFGNON

T TC4 OX��úì¬4�TC4/TC11 �45ðñõ

�¨�s TC4H TC11345tW>���l

K 6 �345�d�}~)�E�FGNO*

��WK 6 ��qÆ�DINO��®¯ZH°±²

Z�)�NO!�Æ�Çé�³´�Ó�ÇéqÆ

>µhµ¶�·¸��¹i�·�N¦�TC4/TC11

�45DINT TC4345OXrTC4/TC11�45ð
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Fig.5  Microstructures of tensile fracture sections of LDM TC4/TC11 alloy after stress relief annealing: (a) TC4, (b) TC11, and 

 (c) TC4/TC11 
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Table 3  Tensile properties of the alloys 

Alloy σ

b

/MPa σ

0.2

/MPa ψ/% 

TC4 919.400 863.734 21.91 

TC11 965.317 893.017 22.29 

TC4/TC11 913.900 867.496 15.37 

�K 6k a2Db2Dc2��qÆ��d�}~õ^

)� TC11 345�N�·¸hÓ¶�h·¸¼��

e>d·¸�Ó TC4345H TC4/TC11�45·¸

dÓ½�� TC4345X TC4/TC11�45�·¸�

hÓ¶�µ�ºÇ�¨�¾¿ TC11DTC4DTC4/TC11

ÀU��µs������QDÀÁt¬�K 7 �

�d�}~�d�-dvÂÃ��

��

�

20 µm 

a 

b 
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TC11 

Bonding interface 

TC4 

20 µm 
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 6  STU��� LDM TC4/TC11Hpstuv´µ 

Fig.6  Tensile fracture morphologies of the LDM TC4/TC11 alloy after stress relief annealing: (a1, a2) TC4, (b1, b2) TC11, and   

(c1, c2) TC4/TC11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 7  STU��p�HTU-T¤¶· 

Fig.7  Stress-strain curves of the alloy after stress relief  

annealing 

 

2.3  ���� 

K 8�KÍnõ^G�²� TC4345/ðñô

VÄ/ TC11 345OX�PMÂÃ���qÆ�W

TC4 345OX©ððñZ/ TC11 345OXPM

���Å��Ú|©�d�}~)� TC4/TC11 �4

5�ÖXPM��X���Hl��ã�d|l��

ãõ^)� TC4/TC11 ðñZ45PMÇéW���

H�d�}~)��� 
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Fig.8  Micro-hardness distribution of the alloy after different  

heat treatments  
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�K 2cD3cD4c���TC4345OX���i

h������TC11345OX���Xnd���

���ih����"DIPM��z{ TC4OX

PMT�� TC11 345PM�KÍnõ^)�V�

éøPM�� 4�L�TC4/TC11�45ðñZ�PM

T TC4H TC11345oÞ�TC4/TC11�45���

�éøPMv¦��Çé�µs�����ZtÇé

>;��d�}~)�éøPMv¦��d�µs�

d�}~)�éø���e��d>;�l
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Table 4  Average micro-hardness of alloys with different heat 

treatments (×10 MPa)  

No. TC4 TC11 TC4/TC11 

1# 477.075 527.250 507.633 

2# 489.875 530.270 518.700 

3# 496.175 556.350 550.833 
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1) ������ TC4/TC11�45�ðñZ��

��Hl��ã��k TC4OX�\ÆW TC11OX

��ih�Ó�d�}~)������TC4/TC11

�45������/�d�Ä/l��ã��h�

Ú��kl��ã���TðñôVÖX TC4s TC11

����ï;P�l

2) �������d�E�FGNO��®¯

ZH°±²Zj)�·¸X¶�¨�o�TC4/TC11

�45ðñõ�ªFmMâ TC4 �ªFmM�

TC4/TC11 �45ðñõ�FGNO�NT� TC4 3

45OX�ºÇðñôVK�� TC4/TC11 �45�

»�ÐÇ�l

3) ������ TC4/TC11�45�éøPMW

TC4 345/ðñôV�)/ TC11 345éøPM

ÀU�Å�TC4/TC11�45ðñôV�éø��PM

\Æ � TC4H TC11345oÞ|���Hl��

ã�éøPMÂÃÈ~Çé��d����éøPM

�ÂÃV¤�l
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Microstructure and Properties of Direct Transition Interface of TC4/TC11 Fabricated 

By Laser Deposition Manufacturing 
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Abstract: TC4/TC11 direct-transition alloy samples were prepared by laser deposition manufacturing, and the stress relief and solution 

aging heat treatments were carried out. The microstructure and tensile fracture were observed using optical microscope (OM), scanning 

electron microscopy (SEM) and universal testing machine; then the tensile properties and hardness were tested and analyzed. The results 

show that the basket-weave microstructures of two sides of the deposited TC4/TC11 differ greatly; the microstructure is much more 

uniform after stress relieving while the microstructure is coarser after solution-aging. After the tensile tests at ambient temperature on the 

stress-relieved samples, the minimum tensile strength of TC4/TC11 is located at the direct transition zone, which is close to that of TC4. 

TC4/TC11 has a low plasticity at the direct transition zone. The fracture sections at room temperature are all on the side of TC4 titanium 

alloy, which proves that the direct transition interface of TC4/TC11 has good properties. The microstructure analysis of the direct transition 

zone explains its micro-hardness variation.  

Key words: laser deposition manufacturing; titanium alloy; microstructure; tensile property; micro-hardness 
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