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ABSTRACT TC4 lamellar microstructure obtained by multi heat-treatment and mechanical properties
of lamellar microstructure were discussed in this article. The first and secondary step of multi heat-
treatment were executed respectively in single β phase region and α+β phase region, both followed by
different cooling rates. Tensile properties, fracture toughness and fatigue crack growth rate of samples
under different treated conditions were tested. Results show that multi heat-treatment can modulate
morphology of α lamella, including length/thickness ratio of primary α lamella and the quantity of secondary
α lamella. Mechanical experiments results show that certain multi heat-treatment can enhance both tensile
properties and fracture toughness property. Bi-lamellar microstructure can improve the resistance to crack
propagation due to the influence of fine secondary α lamella.
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7. 35��+2�  , TC4 1��#860�
�)��(#9Æ.

1 4567
7:���;9 85 mm # Ti–6Al–4V 4�, 6

*�2-:+5 1. <� Ti–6Al–4V 4�� β ��

;<6=, 8!� α+β ���6=, 7��899!

� (975±5) :.

8 1 TC4 ��.�;/

Table 1 Chemical composition of TC4 alloy (mass

fraction, %)

Al V Fe C N H O Ti

6.1 4.1 0.04 0.01 0.021 0.01 0.12 Bal.
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7:��#+2�  =�:<090;>>
<2, =-2�  9!=� 1040 :, �Æ 1 h !

->?@�=@.  !� α+β ���'&?>9!

�?>@?)?=12�  , 6>?@!�&#-

(0�->)?@5:3�  : 900 :/1 h/AC"

950 :/1 h/AC � 950 :/1 h/FC,  =@!#A

AB0�:3�  2;->�: 900 :/1 h/AC"

900 :/1 h/WQ"950 :/1 h/FC. 9!� 550 :)?

4 h #*(  .

.CD@#:<#;9� 5 mm, �& �D@

� B=35 mm # C(T) D@, #$&�'"D@'&

B=12.5mm #3@.CD@. � MTS810 +4(D

:5'<2)��(7D. & Axiovert200MAT6�

8678A��0�, &EFB7 PhilipsEM4207'

8A860�, �GBB7 JSM–6301F '<2.C

D@�C8A.

2 ;<=>?
2.1 @ABCDEFGHIJKLMN

7:��)+860���/0� (H 1), D@

9=-2�  , ?@!�&-(0� (H 2a), �6

� α+β ���9:3�  !�&H 3IJ#86

0�. A+=12�  ����, -C- α �O8
� β �, 9!'�O8 2# β �'+, �@K:

+> β �BO8�DL α �. MO82 β �#-

(E�FL α -( (H 3b), FL α -(��GH,

FL α -(C;<�DL α �. �EFB75+�

=>DNI8A&DE#DL α - (H 4), FL α

-(FDL α -(�G�'��H#)!, HE�

�-(0�. � 900 :)?=12�Æ  *, A+

I�OE# β �L2, �H 3a >F�JJG8#D

L-(. K�H 3a �H 3b +?, !Æ=12�Æ
9!#4�, DL α -(#.EK+, 1FL α -

(#@!�KH#HP.=12�  � 950:19

1 h >@!�&#0� (H 3c), !�.E�+LMG

P# α-,�A���19*G2# β ��>@:+

>O8 2#. L@K?!�%L2#-(�@, 1

,M-(I(�FL α -(C;LN, 6N!(&

FL α -(;I##., O LMGP.

=@!#AAB0� (H 2b) � α+β ���9

:3�  !->�&H 5a"5b �H 5c IJ#8

60�. AH 5a �H 5b +�JJ, =@�&#A

AB0�����19!G2!�!�GH α -#

0�, GH α -@!HN� 10 μm, G8H+H 3a

># α -(@!. =12QA�3@?5=�!�
GH# α -L2, LPGH α -#G2F@K2;

RB. � 900 :19*-?(G2HE# β �,  

H 5a�H 5b>!�.E�+#GH α-(,LPG

H α-(�AAAB;C-D 2, -?�AAAB

<O8� β � !OA β �O82 α �. AAB!

�KLM29PEF, EFB75LJ-P, -1�

-*�QNAAB-!��>#QASRBT, AA

B-C;ASRSF2 [7]. AAB����19*,

α �G�AAB�NGH-NH, T�OAAB-!

��>#QASR*, ,MAAB-U�-LN�G

Q 1 UST TC4 ��VUVVWRW
Fig.1 Original microstructure used in the experi-

ment

Q 2 WXP 1040 XIX 1 h JYTQRKYRZ[

VVWRW
Fig.2 Microstructures obtained by β heat-treatment

at 1040 X for 1 h, followed by two differ-

ent cooling rates: (a) lamellar microstructure

obtained by air cooling; (b) martensite mi-

crostructure obtained by water quenching
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Q 3 QRJZ[VW^RW]PQ_[V�RSZ]TZ[VVWRW^\
Fig.3 Microstructures obtained from lamellar microstructure (Fig.2a) after three secondary heat-

treatments: (a) 900 X/1 h/AC; (b) 950 X/1 h/AC; (c) 950 X/1 h/FC

Q 4 W^RW (] 2a) PQXXP 950 X�RSZ]
TJZ[V^W^RW

Fig.4 Bi-lamellar microstructure obained by lamel-

lar microstructure (Fig.2a) after heat-treated

at 950 X

H# α - (H 5a),AAB-C;#SRS_>Y��

O-(C;)T#'_?!, GH α ->?Z`#S

a_�AAB-(`�-LN![5#TU. !�?

>QASR#AAB-_O8�DE# α - (H 5a).

H 5c>H!��T.E#MGP α-,G25.FH

3c >MG α -�>, H�A β �V\@K!L2#.

2.2 @ABCDEFGUVWXLMN
2.2.1 Y�Z[\]^��_`�� 5 2 W

J� 6 3�  .!,%#.C�(, HT1�`- β

��Æ!*(  ,6a 5 3.!=�a]����
  #+2�  .!. F`- β ��Æ>*(  

HT1 K�, HT2 � HT3 b?>+!I4����#

.C�(, b6� HT2 8a4����#bX"!
���, %."!H�&4�; HT4 � HT6 ��#

0�"!Y%, $��K�&�ZH4�, 6> HT4

Q 5 [ScdRW (] 2b) PQ_[V�RSZ]TZ[VVWRW^\
Fig.5 Microstructures obtained from martensite structure (Fig.2b) after three secondary heat-

treatments: (a) 900 X/1 h/AC; (b) 900 X/1 h/WQ; (c) 950 X/1 h/FC
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8 2 _[MSZ]Tccdd^V_eZVeK\`fZ
Table 2 Tensile and fracture toughness properties under different multi-treatments

UTS 0.2%YS El RA Kq
No. Heat-treatment

/MPa /MPa /% /% /MPa·m1/2

1040 X/1 h/A.C.
HT1

+550 X/4 h/A.C. 976 887 8.8 11 92

1040 X/1 h/A.C.+900 X/1 h/A.C.
HT2

+550 X/4 h/A.C. 984 923 10.4 18 95

1040 X/1 h/A.C.+950 X/1h/A.C.
HT3

+550 X/4h/A.C. 974 903 9.6 15 –

1040 X/1 h/A.C.+950 X/1 h/F.C.
HT4

+550 X/4 h/A.C. 910 840 13 23 102

1040 X/1 h/W.Q.+900 X/1 h/A.C.
HT5

+550 X/4h/A.C. 1015 940 8.2 14.5 94

1040 X/1 h/W.Q.+950 X/1 h/F.C.
HT6

+550 X/4 h/A.C. 942 866 11.8 16.8 –

#fCaK HT1 4� 47%, bga4�-Æ; HT5

_�1e��]3?8#cd5%."!4��

40 MPa, bX"!4�� 53MPa. +�JJ, &+

2�  ( *-(0�#.C�(, ?^hb4�

.C�( (HT2"HT3), _(8a4���#e-3
�( (HT4"HT5"TH6).

HT2 � HT3 >*4����#"!���, �

FL α -(C;DE#DL α -#:&. � β �>

iJ#DEDL α -?^"*� β �, �6"!4

�,  1D*�gB0�O 4����#�� [8].

HT4� HT6.!���8a4�_�A+��9�
��19!>@G2#MGP α -�0��&-*
+!#�/*, ��8Ghf()K".

2.2.2 Y�Z[\^��	bcd
 HT2

�  !D@.C�C`�Gg�b, H���fg

#�b, 6>fg�&b�i"�&Ij,  Gg�

&b�h"�&iL (H 6); �i"�&#fg�

baJ�HE#6b8ckj (H 7). TC4 *(!

k�lml*,  "d'k�Rlm�, LP�8G

:+>$mJJi"d#ck, iL6b8ckj.

ef�I�#fg�&b'baJ�6b8ckj,

ckn&-*#%8!UiL�&,LP��j6b

8ckjC;(J&6E#�& k.6b8ckj

!�?>#2R�g",C;�h:& ?�$8
ck2R=2#. i"�b'#DE k, � ��

&#onlo, LP,3�&2;+E�i" �
�& [9].

�h"�& 8A&on ��&# k (H

8), ,���?pNH=2#; >*H8A&?pp

[5*#TU (H 9), ?p�=1�g,�iqmi

L#. T��aL��8G*, =1�g,�iqm

O]B'-h, ri?p#iL-NH, 9e?pj
�-iqj�& [10].

2.2.3 Y�Z[\]bfg�hijf�k�

l`�� �  .! HT1"HT2"HT4"HT5 5

Q 6 HT2 ccdd^jk_e\kV^l

Fig.6 Microscopic fractographs of tensile fracture

surface of HT2

Q 7 sl\`�VWmmntr

Fig.7 Micro-shear slip band in intercrystalline frac-

ture
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Q 8 sl\`]VfnVofZ\`

Fig.8 Dimple in transcrystalline fracture surface

shows ductile rupture

Q 9 QtVpuVovufZ\`

Fig.9 Cavity in ductile rupture which can lead to

rupture

�& �*#7DEp:+5 2. A+D@@!##

., I7Ep=� Kq *. �,+`- β ��Æ>*

(  .! HT1, +2�  .! HT2 q64��

& �*, HT4� HT5_�H4���& �*, $

�.C"!�IY%. AP+?, +2�  +��
-*qrNfr��#�& �,O �snvw�

t#�  #/4s�2t. HT2 I�0��& 
�7::+>.C�&u<u�'"*#�CGo,

�h"�& (H 10a) �i"�& (H 10b) #v��

C.

7:,�-(0�#&�'"?a)?�7D,

-Fp�-(0�m�,K (H 11), '&+2
�  .! 1000 :/1 h/AC+960 :/1 h/AC+

550 :/4 h/AC ���-(0�. AH 11 +�J

J,T ΔK ≤11.8 MPa·m1/2 *,�-(0�#%&�
'"()�+p�-(0�. ,�A+�-(0�
>DE#DL α -(Y%�#$&�'"*#�(

ckIh [8], �&�'"q9�EqrNaL$8,

'"q9aLrx, O Y%�&�'"?a. T#

$&��-wnD#'"IhKH&-*+!!, D

Q 10 HT2 ccdd^\`fZUS�VXo\`x
v

Fig.10 Transcrystalline fracture (a) and intercrys-

talline fracture (b) in fracture toughness test

of HT2

Q 11 sy^W^RWOtwW^RWVd^uv`x
Vwzyx

Fig.11 Fatigue crack growth rates of specimens with

bi-lamellar and normal lamellar microstruc-

ture

L α -(Ui?&pw#:&, LP&�'"?a

n&-*qr!�-(0��-x-(0�#&�
'"?a]3�>.

3 ; ?
1. 0.+2�  >=-2�  #@K?a

�=12�  #9!�@K?a,+��(fr-
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(0�#yz,.; ����19*, AAB0��
-*�QN!��>#QASRBT, 1AAB>#

SRS>Y�'_?!,�AAB-DG2!�GH

α -(#0�.

2. +2�  +�fr��#)��({y,t

T#+2�  +�D*860�, 8a4�-(0
�#��*; ��%#&�'"?au<, �-(0
�>DE#DL α -(Y%�#$&�'"*#�

(ckIh, ��-(0�!��%##$&�'"
?a.

q r , s
1 Shikai Li, Baiqing Xiong, Songxiao Hui, Wenjun Ye, Yang

Yu, Comparison of the fatigue and fracture of Ti–6Al–

2Zr–1Mo–1V with lamellar and bimodal microstructures,

Materials Science and Engineering A, 460–461, 140(2007)

2 G.Lujerring, Influence of processing on microstructure and

mechanical properties of (α+β) titanium alloys, Materials

Science & Engineering A, A243, 32(1998)

3 R.Filip, K.Kubiak, W.Ziaja, J.Sieniawski, The effect of

microstructure on the mechanical properties of two-phase

titanium alloys, Journal of Materials Processing Technol-

ogy, 133, 84(2003)

4 G.Lujerring, Property optimization through microstruc-

tural control in titanium and aluminum alloys, Materials

Science and Engineering, A263, 117(1999)

5 Zhang W F, Cao Ch X, Li X W, Ma J M, Zhu Zh Sh, Ef-

fect of β heat-treatment on mechanical property of TA15

titanium alloy, Rare Metal Materials and Engineering, 33,

769(2004)

6 C.Leyens, M.Peters, Titanium and Titanium Alloys (Bei-

jing, Chemical Industry Press, 2005) p.15

(C. z{z, M. {�yz, ���tu (|z, ��{|}~{,

2005) p.15)

7 WANG Jinyou, Aerial Titanium Alloy (Shanghai, Shang-

hai Science and Technology Press, 1985) p.137, 153

(|�}, vw��tu (}|, }||�~}~}~{, 1985)

p.137, 153)

8 G.Schroeder, J.Albrecht, G.Luetjering, Fatigue crack

propagation in titanium alloys with lamellar and bi-

lamellar microstructures, Materials Science and Engineer-

ing A, A319, 602(2001)

9 H.Migl., Plastic Deformation and Fracture in Material

(Beijing, Science Press, 1998) p.12

(H. }~~�, xyz��{��|} (|z, |�}~{,

1998) p.12)

10 SHU Delin, Mechanical Property in Metal (Beijing, China

Machine Press, 1999) p.29

(���, u�~��� (|z, ��{|}~{, 1999) p.29)


