
� 50�    � 2�                                   ��������	                                 Vol.50, No.2 

2021�      2�                        RARE METAL MATERIALS AND ENGINEERING                     February 2021 

 

�����2020-02-20 

���	����	
��
��������
YBKT17-06� 

��
���  ����1996��������� !"	#$	%��� 100081�&'(010-68912709�E-mail: 386678355@qq.com 

 

Ti6321 ��������	
�� 

 

�  �

1

��  �

1,2,3

����

1,2

��	


1,2

���


1

�Tayyeb Ali

1

� 

���

1

����

1

����

4

����

4

 

(1. �� !"	 #$	%��� 100081) 

(2. )*+,#$��
��������� 100081) 

(3. ���	
��
��������� 100081) 

(4. -./0#$123�45 -. 471023) 

 

�  ��6789:;)*< Ti6321 =>�?@ABCDEFGH@IJKL@IJMNOP��Q2)*RST	

UV<WXYZ[\	]^_`OM�Kab&c]^_`TEM�6S^dABeXEFdfghiYjklm�7;

)*R< Ti6321 =>�<HL@nopqrstuWvTwxyCDz3{|�}~�vWr)*���m]���

�7�;)*<CD7L@MNOR����������YTEM jklm�789:;)*�R<CD��z��

�������� Ti6321=>�l��)*�pX�vY 

����Ti6321=>��MNO�)*pX��� 

�������TG146.23        ������A        �� ��1002-185X(2021)02-0562-06 

 

��������	
���	
���	
�

�	��	����������	��� !"#

$%&'()

[1]

�*+,-.�/01%23�4�

5+,�67%89

[2]

:;<!"=3%&'>()�

���*?@ABCD=E$FG�HIJKL

[3]

�

*IJKL;3��MN&'%OPABQ=RS/

TUVW%PX:IJYZ[%\]^_�̀ abcM

N&'%OXd�ef%\]ghijklmn

[4]

:

TUVW%oPpqrstuv�6();<FGw

xIJKL&'>%y3VW�z{*|}?@~�

"�2P���%()\�2��IJ�K�()TU

VW%PX:�IJKL;3l�6()�����(

)ghP���h���%�����gh�P

[5-11]

:

z{�*IJKL�K���~��%�����P�

�6%������pq�l��������%I

J���X

[12]

: 

Ti6321��� 20�� 80� C¡¢£¤g%!"

¥¦ Ti-Al-Nb-Zr-Mo§ 900 MPa¨ α¦����©ª

«¬���%��­�Ti6321®����	p¯%°��

;<&'>()*+,-.�/01%23

[13,14]

�=3

~�±²³	´µ³%
±¶·�:¸¹;QAº�

»¼½¾¿½À�K±ÁÂÃ�ÄÅ*IJY;3�

%TUv2ÆÇª¤È:É3ÊUrMËÌOMÍ¾

ÎÏÐÑrMËÌTEMÍÄ Ti6321 ��M&'OX

ÆÇªÒÓ�ÔÕª Ti6321 ���*IJY�KÖ

>×%M&'OXqØÀ�K�%TUv2: 

��������

¸ÙÃy3% Ti6321 ���ÚÛÜÒ 1 �Õ:

É3ÝÕÞßàáâÌDSCÍã���%�P�< 970 

ä:å3Ò 2�Õáæçè�Ä��ÆÇáæç: 

É3!éêëìÄ Ti6321 ���ÆÇíIJ�

K:É3îïÄ5ðñ+òñ+óñ7%&'ÆÇôJ�

ÅCîï	ðñ	òñ	óñ()õ< Ti6321���:

ÅCîïö÷< Φ45 mm×3 mm�òñö÷< Φ45 mm 

 

! "##Ti6321$%�&'()� 

Table 1  Chemical composition of Ti6321 alloy (ω/%) 

Al Nb Zr Mo Ti 

6.0 3.0 2.0 1.0 Bal. 

 

! *##+,-./01234#

Table 2  Heat treatment and microstructure of Ti6321 alloy 

Material Heat treatment procedure Microstructure 

Ti6321 960 �/1 h/AC Bimodal microstructure 
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×10 mm:ôJH�ø< 700 m/s: 

ùáæç�úDIJ%ûü()Ì original 

sampleÍ¾DêëìíIJ�KA�%ýþòñ

Ìpreshock sampleÍC�P��.ÌÜ� 1 �ÕÍ�

� Φ3 mm�5 mm¾ Φ5 mm�5 mm%��Â	Û


3~»¼½À�K±ÁÂÃ¾¿½À�K±ÁÂÃ�

À�KÂ	%��
ýþ	�%��mÇ:|�C�

P��.%ûz�$��Gl����Y%uv�z

{$�e�2%|�»�

[15]

�¸ÙÃ|�%C�P�

�.��< 25 mm:»¼½À�K±ÁÂÃ*º�×

ÆÇ�å3 MTS-810�WÂÃ��2P�< 10

-3 

s

-1

:

¿½À�K±ÁÂÃå3Û����� ±!

ÌSHPBÍÄÂ	ÆÇ�K�2P�< 2000¾ 3000 s

-1

:

SHPB%�KAB"#$�%&[16]: 

'DA¿½À�K±Á%Â	(C���)�è

*��Â	:��Â	y3+,¤-�ÆÇ.Ê�D

2%HF+10%HNO

3

+88%H

2

OÌ·/ÛcÍ01ÆÇ��

��å3ÊUrMËÄ��23ÆÇN4:<ªN4

À�K���%M&'PX�QA�567'ÎÏÐ

ËÂ	¤-� 30~50 µm�å3�Ñ89èÚ TEMÂ

	�* JEM-2100LaB6 ÎÏÐË×ÆÇN4�Ð±<

200 kV: 

������	
�

� 2<DAáæç��l%:½23 Ti6321��

�%ÊU¾ÎÏÐËMN&':áæç� Ti6321��

%:½23MN&'�;�Û<* β =·C%ï>?

h α�¾@A%Bh α�2ÚÌ� 2aÍ:α�CàøD

65%�EFö÷ø< 11 µm�ï>?h α �G�ø<

0.5 µm:� 2b<áæç�:½23 TEM�H�ÅC

IJ<ï>?h α��KJ< β�: 

� 3<DAêëìIJ�K�:½23 Ti6321�

�% SEM MNLï:DêëìIJ��* Ti6321 �

�MNpqN4l!OMPQqØ��Û<%MR

S�MRS���MNMTU%=¸VW�MPQõ

��rMRSD�XYa�Z[\�Ú  (� 3a):]\ 

 

 

 

 

 

 

 

¢ 1  ;)*PC£C¤¥¢ 

Fig.1  Sampling of preshock samples 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

¢ 2  Ti6321=>�?@AB^dj¦ 

Fig.2  OM (a) and TEM (b) images of Ti6321 alloy bimodal 

microstructure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

¢ 3  ;)*NOR Ti6321=>�?@AB SEM^d§¨ 

Fig.3  SEM micrographs of the bimodal microstructure of Ti6321 

alloy after preshock: (a) microcracks and microvoids and 

(b) deformed grain 
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ÚªYÖA(� 3b): 

� 4a <:½23ûü	�
DêëìíIJ�

%	�*º�×»¼½À�K±Ác2T-2Pd��

� 4b�4c <¿½À�K±Ác2T-2Pd�:��

pe��
~ûüÂ	�DêëìíIJ�Â	%c

2T-2Pd�õf�gh`r%PX�d��gVh

¾iVh2Ú�DíIJ�%	�rÕj
ûü	�

k�%l?��:*	�l?q��S/iVP�%

�[ÆÇ�íIJÀ�Kd�õümn~ûü	�d�

�o�pDAêëìíIJ�%	�rÕj
ûü	�

k�%q¿2T�Ò^jªIJY�Xr2:{­�*

iVP�ABC�2"Â	* 3s2P�Ö>×2P�

Xrtd�Ýua:�[�K��Â	vP�íIJÂ

	%vP2P�w~ûüÂ	dj^x��p:½23

Ti6321���DêëìíIJq��iV×x: 


»¼½±Á�
�DAêëìIJ�%()*

2 "¿½À�K2P�Ö>×�l?q�S/2P%

y��qP2TPX
wmz�uÜ»¼½±Á×	

�l?�qP2Ty�%{�|`*�2P�%�K

Ö>×�Ti6321���%2P�X�w�:()*�

2P�×%P�ABCáà%�ha~P�ABC%

áT}�z{���()��uv~�:S/2P%

y����%Z[~���q¿2TS�x���"

^�a9<á�Xr2:¿½À�KÂÃC2P�X

��~»¼½À�KÂÃ%2P�X����~á�

Xr2��%: 

Ò 3< Ti6321���:½23íIJÂ	
ûü

Â	* 2000 ¾ 3000 s

-1

%2P�×¿½TUVWÄ


:õ�iV2P��<l?��l}�vPgh�

��h%cÙ2P:IJ�þ��~S/õ�iV2

P%ÆÇ\�h%iVP���QAÄc2T-2Pd

�%õ�iV�h/Û��:'IJ�þ�©qõ�

iV2P��lmõqP2T:DAêëìíIJ��

õ�iV2P* 2 "2P�×õ8��j*w�2P

�×�õ�iV2P×xk`r:2P�< 2000 s

-1

\�×x��ø< 4%Ìù 0.150x�lª 0.144Í�2

P� 3000 s

-1

\�×x��ø< 19.7%Ìù 0.213×x

l 0.171Í�|`*�2P�×�iV�Xk�#:�


�×�DAêëìíIJ�	�%mõq¿2T


ûü()�
��~��* 2 "2P�×Û
y�ª

3.4%Ìù 1356 MPa y�l 1402 MPaÍ¾ 5.1%Ìù

1402 MPal 1473 MPaÍ:Ä
mõqP2T¾õ�i

VP�%PX�pq�j�êëìí�KÄiV%u

vka:IJ�þ�%PX��
õ�iV2P%P

X���]�dj^ª!�B�%x��* 2000 ¾

3000 s

-1

×Û
x�ª 5.6%¾ 15.1%�|`iVÄ�þ 

  

 

 

 

 

 

 

 

 

 

 

¢ 4  xyPC
;)*RCD�¬�GH@
L@MNOIJ­vT-vW®¯ 

Fig.4  True stress-strain curves of the original and preshock samples under quasi-static and dynamic reload compression at RT: (a) 10

-3 

s

-1

, 

(b) 2000 s

-1

, and (c) 3000 s

-1

 

 

! 5##64789:;<(=>#

Table 3  Mechanical properties of dynamic reload compression 

Strain rate/s

-1

 Sample Average flow stress (S)/MPa Uniform plastic strain (S) Impact absorption energy (S)/MJ·m

-3

 

Original 1356 (7.3) 0.150 (0.0027) 215 (3.9) 

2000 

Preshock 1402 (27.5) 0.144 (0.0023) 203 (2.0) 

Original 1402 (7.9) 0.213 (0.0033) 297 (5.2) 

3000 

Preshock 1473 (22.2) 0.171 (0.0053) 252 (5.2) 

Note:

 

Each value of the property is the average result of three measurement; S is the standard deviation 

0.0 0.1 0.2 0.3 0.4 0.5

0

200

400

600

800

1000

1200

1400

 Original sample

 Preshock sample

T
r
u
e
 
S
t
r
e
s
s
/
M
P
a

True Strain

a

0.00 0.05 0.10 0.15 0.20

0

200

400

600

800

1000

1200

1400

1600

 Original sample

 Preshock sample

True Strain

b

0.00 0.05 0.10 0.15 0.20 0.25 0.30

0

200

400

600

800

1000

1200

1400

1600

 Original sample

 Preshock sample

True Strain

c



� 2�                                  �  ��(Ti6321=>�MNOT	F 12                               ¡565¡ 

�%uvka:IJ�þ�%�*!�B�opq�
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[17]

�z{�IJ�þ�%

x���Ò`�DêëìíIJ���á���k²

�* Ti6321���C�h¾��: 

� 5a< 3000 s

-1

2PH�× Ti6321���:½2

3ûü	�¿½±ÁÂÃ�%MN��:*2P�<

3000 s

-1

%�KÖ>×�ûüÂ	( 45°6��p��

2T%�a6��j^ª!Ö�á������� 

IJ�PQ(/����hi���`Â	�miú

vP�f����%Û¡�¢£�^�: 

� 5b<DíIJ�%	�* 3000 s

-1

¿½À�K

±ÁÂÃ�%MN��:
úDIJ%	��
�p

qN4lbÖ���%¤*�PQ(/������

��	�}r¥¦:�����%y�������

*��ABCj^ª¢£	§d	Û¡�^�:�|

`íIJ¨Æª:½23 Ti6321 ���C�á��

�%�©;3:��DIJ�MN'�j^aànª�

yE«¬PW~��̈ Æª ASB�ÚB­%¿½ýx

AB

[18]

:z{�DíIJ%:½23 Ti6321���*

SHPB �KÖ>×k²��Ú�á���:�~��

�
=·23%rsÝ®�S/P�%ÆÇ����

MN�����
=·%�¯æMTUk²��X¾

��:���°b��h%MTU�°b��� Ti6321

���*¿½À�KABC%�á��vP±�°

a�z{()%õ�iV2P¾IJ�þ�x�: 

� 6a < Ti6321 ���íIJÂ	Cú�h²E

�.% TEM`³H�� 6b<Å|�ÐÑ´Ïµ	:

pq]\N4l α�¾ β�%¤*:� 6c�6d<�h

²E�.%`³HØ|�ÐÑ´Ïµ	:pqN4l

D�HíIJ�()iVP�ABC�Ú%�P²

E��O²E*hYABCmÇÛ<�¶�u�:�

6e< HRTEMHN4l%·¸ö÷%²E�.�¶�

aø< 5 nm:!¹º|��6()C%IJ�X^a

B�o�»~��%¼¦	�½	��ØIJ�K�h

%¥�:�~íIJ<�2P��K�nªºuØQA

½¿¾2p'lº%KL�z{�gh²hP�

[19]

:

{­ Ti6321 ���C% α �·/Ûcw��α �<  

hcp &'�ÅÄ9Vw�ij¿À§¬wÁ�_��

� Ti6321 ���C% α �*�2P�P�\��~

É3²hP��èÂÃP�

[20,21]

:²E%;3¼ÄE

¯�pqÅÆnª¿À½¿:Ç!6È�²EÃÉª

E·%���yp¿nªÊPÚªË�nª

[22]

�Ä

Ti6321����hª�Xrt:`��~ hcp&'w

�%Ä9V¾w�% Peierls2T�Ìèª*íIJK

L× Ti6321���CnªÆ!ÍyÎ	À¿Ø�©;

3�ijíIJ�g�Ú%²E��_�Ì�_f�

¼Ä ω���X�%�Ú�z{íIJ�º%IJ�

XrtÏÛ�Ì:{­�DêëìíIJ�()MN 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

¢ 5  3000 s

-1

vW°�xyPCK;)*PCL@MNOIJR\	]^_§¨ 

Fig.5  OM images of original (a) and preshock (b) samples after dynamic reload compression at the strain rate of 3000 s

-1
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¢ 6  ;)*R Ti6321=>�< TEM± 

Fig.6  TEM images of Ti6321 alloy after preshock: (a, b) no twins area; (c, d) twins area; (e) nanoscale twins (HRTEM images) 
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BCnª%½¿�ÑÚ2T£C�ù\yMTUk²

��X����m��ªíIJ	�%iVPÝ: 

��������

1) Ti6321���DíIJ�l?��	mõqP

2T
ûü	��
��~�:`vP2P	IJ�

þ�j^ª×x: 

2) DAíIJ% Ti6321 ���*¿½À�KÖ

>×k²�gh�á��¥¦:TEM&tÒ`íIJ
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Abstract: The quasi-static and dynamic reload compression tests were conducted to explore the changes in mechanical properties of 

Ti6321 alloy with bimodal structure after preshock. The optical microscopy (OM) and transmission electron microscopy (TEM) were used 

to observe and analyze the microstructures. The results demonstrate that the static and dynamic yield strength and average flow stress of 

Ti6321 alloy after preshock are higher than those of the original sample, but the fracture strain and impact absorption energy significantly 

reduce, and the preshock sample is more likely to appear an adiabatic shear failure after split Hopkinson pressure bar (SHPB) loading. 

TEM results show that twins form inside the sample after the preshock of the light gas gun, which causes the Ti6321 titanium alloy to 

exhibit a shock wave strengthening effect. 

Key words: Ti6321 titanium alloy; reloading; impact strengthening; twins 
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