
� 48�    � 9�                                   ��������	                                 Vol.48, No.9 

2019�      9�                       RARE METAL MATERIALS AND ENGINEERING                     September 2019 

 

�����2018-09-15 

���	����	
��
���2017YFB1104002������������
���MJZ-2016-G�71�������� !��

(51371173)�"#$%&'��
(���L201738��)*+,�-./0�1�	��23456 !�SHSYS2017007� 


��
�789:;:19<= �>:?@:A%B:CD)*)EF��G�H�I:"# CD 110136:GJK024-89728683:E-mailK 

hebo1978@163.com 

  

�������� TC4 	
��
��� 

 

�  �

1

��  �

1

����

2

�	  


1,3

 

(1. CD)*)EF�:"# CD 110136) 

(2. CD�H�I:"# CD 110136) 

(3. )*+,�-./0�1�	��234:"# CD 110136) 

 

�  ��LMNOPQR TC4 ST!QRUVWXYUZ[\]^_`ab�cde[\fghiNj
(:klm

nOPQR TC4ST!]^:hopqrTb�cdZstuvwxy:QRUz{| 970 }WXY~����Z�

� α ��������������Z��:�� α �h���F���:α ����>��[��F�| 970 }�

� 2 h~ hi�¡WXY~:]^¢�£¤¥¦ α:§¨ αV©ª β�«¬Z­/®U]^:rTcd¯°u±QRU

V²³U�j:���¡XY~Zz{�­/®U]^�:´µc¯°��¤¶]^·Z¥¦]^¸�ª¹º»Z¼�:

§¨]^½¾¿ÀÁÂZÃR¼�hopqÄc:ÅÆÄcÇÈFZpq�ÉgÊ¿ÀË�:rTb�cdÆÌ[�

ZpquOPQR+, TC4 ST!ZQRU_²³U_���¡UV��U���Íg�Î�Z[\fgÏÐÑq:

Ò¢Ó��Ígh��pqÔ�ª	¾ÕhiWXY�:¤¶ v�~Z�Ö]^�>×�Ø:z{Z[\fgÙÚ

y[Û¿u 

����OPQR+,�TC4ST!�WXY�[\]^�cd 

�������TG146.23        ������A        �����1002-185X(2019)09-3007-08

 

���������	
��
�������

��	�������������������� 

!"#$%&'(')��*+,-./

[1]

0TC4 �

��123456�� α+β7��� ��	89�

:%;< ��������=>�?-��

[2]

 @

A%&BCDEEF�EGHI�JKELM6 N

OP$%Q"#����

[3]

0R TC4�����
S

T�
SUVW��X�YZ�?6[T \%]^

_``aBb TC4���HcI defgh%i� 

_`jk
 _`��l BC`amn6oTpq

rstuv�Ywxxyz{|�} �5~C TC4

fg�uv���n�	� ��~C TC4����

�*��������6o�p~C TC4���|�

uv�X �3���}��M�uj ���fg

�����������p��o�������~

I���0�� ¡¢BC TC4���£�¤¥ α�

β ¦�¦Y§¨© α y β ¦�uj�ª��ZV§=

wuv��

[4-6]

p«¬£�­®
��mn¯�HI�

°±²³jZ ´µ¶·¸¹º»���¼½¾�"

#}¿0ÀÁÂ��fgh%i
�_`HIZÃ�

ÄÅÆ·ÇB�_`±�°63�È=T e TC4�

TA156���� ¡¢BCÉÊË	jÌ NBb


��ÍÎ¯�HI�34tÏÉÐ

[7-10]

0 

������yÑ�ÒÓuvZÔ�Õ�Æ£Ö

�×� �ØÙ�ÚÒuv@A� 44Û6Üuv�Ý

Þuv�ßVuv�àáuv

[11,12]

0â2�:�rst

`a£�ãä°Såæ¥ç5�èé$?�ê3ë=

wuv ìqÚÒuví?-���îX��� ï�

¼½���rst`aíuv�������ðA�

ñò

[13-15]

0Póôõ¢ö÷3�¼½jø ùúû

[16]

6ó�üý

[17]

6óÖþ¼½÷ TC4 ���¡¢V��

$?�����¬� 3 4Æ«rstB�íuv�?

-����� {ø�����¬�í TC4 �uv�

?-���	
Q2�Ú0�â2ß/�Vuv�
�

��Q� R�&� ¡¢BC TC4 ���rst¥

ç5uv�wmn �����J*Yw ï��¸ß

/�Vuv�	2��0â�¼½� ¡¢ TC4���

N�£�¤¥rst`a�¸ß/�Vuv�ÖðA0 



Ü3008Ü                                        ÝÇ!Þßà±�H                                             � 48� 

k`1ðT¼½�²&¦YT��4rst`a

í¡¢Vuv��� ì��ß/�Vuv�rst`

ap«¬¤¥Ö�Æ«rst`aíuvZV�?-

����� 2ê3ë�
� ¡¢BC TC4���

�rst`a����0 

1  �  � 

TC4���� ��2 60 ~ 160 µm0TC4���

fg�w-jÖuj!� 10­"P #ï�� ê

$%(&' 9� 120 ( ¬) 2 h �ä�*+e

� �Ê�,Ö jZ-f\%.C TC4/0I j

ZP-f�Ê%12345z%6,78�9:;<

=>'³ �?@�Ên��o�í¡¢¥ç5Cj

���0TC4���� ¡¢BC­"�� ¡¢B

C�^�j À�^ABÛCDE� F�Î�GH

�F�IJ«ÜH�K�L,E�M��NOPQ�

RÖ�S60� ¡¢`a�ª2ÛTi 1.8 ~ 2 kW 

UV±�2 10 mm/s  W�X 3 mm Y�i 50% 

Z[­"¥çe\M��EN<]ê$0 

k­"\%^_���� ¡¢BCÁÂ ̀ ZÜ

É�¡¢ TC4���� Bb¡¢a 2÷bc­"d

A ÖþBb÷ 3[ÄÅ�2 40 mm×20 mm×71 mm�

¡¢a02÷¼½Æ«rst`aíef
g���

�� hi¤¥Ój TC4 ���õ¥ 13 4Æ«rs

t`ak!� 2l5�ÚÒuv �5��m�nË

2ÛV(HF):V(HNO

3

):V(H

2

O)=1:2:70h% GX51OLYM 

PUS  -ÚÒoíÆ«rst]�ÚÒuvê$Ó

j % Nano Measurer pIíÚÒuvqM α ¦�r

8Ëê$ÄÅs� ìícÖefê$ XRD Ö�p

t5íjZ5� TC4���¡¢aê$Æ«�rst

k!� 3l h% INSTRON5982uvw�e"Eíe

fê$x9
g eI�fyz!{ 1 ï| }[¡

¢a_` 3[
gefph% HVS-1000A7ÚÒ��

~íÆ«ef�ÚÒ��ê$se _ÎÎ�2 200 

g ��¬)2 10 s ���� 5<����0 

2  ����� 

2.1  ��������	 

{ 2N� ¡¢ TC4���ÚÒuv0¤¥Ój

{ 2a£� jZI��Óuv����[S��q�

»�*r��X β �Ã|�j �Ã|@Ü�� �

UVÉ�²���0�&uvº{|-��del> 

�Óuv�®�Ú��*r�®�0{ 2bNjZI�

ÒÓuv β |º���*r� α ��yè�� β 

 

 1  TC4!"�#$%&� 

Table 1  Chemical composition of TC4 alloy (ω/%) 

Material Al V Fe H C O N H Ti 

TC4 6.21 4.22 0.18 0.0024 0.005 0.14 0.048 0.012 Bal. 

 

 2  TC4!"�'()*+ 

Table 2   Heat treatment process for TC4 alloy 

No Heat treatment process 

1# 550 }, 2 h, AC 

2# 750 }, 2 h, AC 

3# 900 }, 1 h, AC 

4# 930 }, 1 h, AC 

5# 950 }, 1 h, AC 

6# 950 }, 1 h, AC+550 }, 4 h, AC 

7# 950 }, 2 h, AC 

8# 970 }, 1 h, AC 

9# 970 }, 1 h, AC+550 }, 4 h, AC 

10# 

970 }, 1 h, AC+970 }, 1 h, AC 

+550 }, 4 h, AC 

11# 970 }, 2h, AC+550 }, 4 h, AC 

12# 1020 }, 1 h, AC 

13# 1020 }, 1 h, AC+970 }, 1 h, AC 

 3  &,- TC4!"�'()*+ 

Table 3  Heat treatment process for formed TC4 alloy 

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 

970 }, 2 h, AC+550 }, 

4 h, AC 

 

 

 

 

 

 

 

 

 

á 1  âãz{ä{á 

Fig.1  Schematic diagram of tensile sample sampling 

TC4 forged piece 

Deposition direction 

Deposition path 
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á 2  TC4T!OPQR+,QRU[\]^ 

Fig.2  OM images of LDMed TC4 alloy with different magnification 
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á 3  ËÎWXY+gÛ TC4ST!Z!�]^ 

Fig.3  OM images of LDMed TC4 alloy under different heat treatments: (a) 1#, (b) 2#, (c) 3#, (d) 4#, (e) 5#, (f) 6#, (g) 7#, (h) 8#,  

(i) 9#, (j) 10#, (k) 11#, (l) 12#, and (m) 13# 
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á 4  ËÎWXY+gÛ TC4ST!Z��]^ª0 

Fig.4  OM images of grain boundary change in LDMed TC4 alloy under different heat treatments: (a) 1#, (b) 3#, (c) 4#, (d) 5#, (e) 6#, 

and (f) 13# 
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á 5  ËÎWXY+gÛ TC4ST!Z XRDáç 

Fig.5  XRD patterns of LDMed TC4 titanium alloy under different 

heat treatments 

 

|�=à |�Êá�|���Æ« âãäå ��

��	
0½t|�sdey|ºuv��Æ«�X�

¶· α¦ �bÍ¨��YZ�1% R�&¡¢Vu

vºc|�ªO	@ æEÍ¨YZ�?	l D¯�

��	l0 

�$?��5 α0��wqE¢Öª�_ |�³

� ºcuv�¢w �YZ¬uv)Í¨�?�� 

���_py��¾{��?@D¯çè����p�

&|��w� α����ê��Xäåâ? ���


���_0 

��¬�rst5kß/�Vuvl|�ÇÈãÉ�

�äåâ?�� α 0�Y8q¡2�¢w��äåç

�X ê������_q����p�»uv�®�

34�6Ü α ÝÞ α�©Y β¦�j�ß/�Vuv 

6Ü α¦�¢ÖÂeÝÞuv5)p�&6ÜuvÌÕ

YZÍ¨�1% ÝÞuv£���y��é¢1%ê

��
�� ��äåêë�X ê������� 

���_0 

 

 4  ./01*2 TC4!"�#345678 

Table 4  Room temperature tensile properties of TC4 alloy by 

LDM 

Status of materials σ

b

/MPa σ

0.2

/MPa δ/% ψ/% 

As-deposited 939.5 892.2 12.8 15.2 

Stress relief annealing 953.9 872.5 16.2 20.6 

Solution-aging 

treatment 

900.4  857.7  30.9 38.4  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

á 6  ËÎWXY+gÛ TC4ST!Zâãb�cd 

Fig.6  Tensile properties of TC4 under different heat treatments:   

(a) strength and (b) plasticity 
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á 7  ËÎWXY+gÛ TC4ST!Zèéê.ëì 

Fig.7  Friction coefficient curves of TC4 under different heat 

treatments 
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á 8  ËÎWXY+gÛ TC4ST!Zµí¹î 

Fig.8  Wear morphologies of TC4 alloy under different heat treatments: (a) laser deposition manufacturing, (b) stress relief annealing,          

(c) solution-aging treatment 
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Table 5  Average micro-hardness under different heat treatments 
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6# 950 }, 1 h, AC+550 }, 4 h, AC 5406 

7# 950 }, 2 h, AC 5520 

8# 970 }, 1 h, AC 5630 

9# 970 }, 1 h, AC+550 }, 4 h, AC 5540 

10# 970 }, 1 h, AC+970 }, 1 h, AC+550 }, 4 h, AC 5570 

11# 970 }, 2 h, AC+550 }, 4 h, AC 5690 

12# 1020 }, 1 h, AC 4692 

13# 1020 }, 1 h, AC+970 }, 1 h, AC 5530 
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á 9  TC4ST!ËÎWXY+gÛZïð[\fg 

Fig.9  Average micro-hardness of TC4 under different heat 

treatments 
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Effect of Heat Treatment on Microstructure and Properties of Laser Deposition TC4 
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Abstract: By comparing the microstructures, static mechanical properties and microhardness of laser deposition TC4 alloy in the 

as-deposited and heat-treated states, the approaches to perfect the microstructure of laser deposition TC4 alloy were explored. Results show 

that after the as-deposited sample undergoes 970 °C heat treatment, the grain boundary α is thoroughly broken which is continuous initially; 

with the extension of solution time, globular α phases are more and bigger, and their laths are in full growth and increase dramatically; 2 h 

later, when the sample undergoes aging treatment, its structure turns to be constituted by equiaxed α, basketweave α and transformed β 

phase, which results in the optimized textural parameters. Compared with that of as-deposited and annealed samples, the plasticity of the 

solution aging sample is enhanced significantly and the strength is decreased slightly, and their integrated mechanical properties improve 

remarkably. Its equiaxed structure performs coordinating function and its basketweave structure can reduce the dislocation pile-up to 

improve the plasticity. The microhardness is gradually increased in the laser deposition TC4 alloy in the order of the as-deposited, 

as-annealed, as-solution aged and as solid-solution treated. But when the solution temperature rises to the transformation point, the 

microstructure of the sample rearranges after crystallizing, leading to marked decline in microhardness. 

Key words: laser deposition manufacturing; titanium alloy; heat treatment; microstructure; property 
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