
� 47� � 3� ��������	                          Vol.47, No.3

2018�      3�                        RARE METAL MATERIALS AND ENGINEERING               March 2018

�����2017-03-20

���	����	
���51001014�


���� ����1990���������������� !"#$%�&'()��*+,-.�/0 �� 730050�E-mail:

liuh19900101@126.com

�������� Ti-6Al-4V 	 Ti-47Nb 
�

����������

� �

1

����

2

���	

2

�
��

2

���

3 

(1. ������ ���� !"#$%�&'()��*+,-.�/0 �� 730050)

(2. 12�����12 100081)

(3. ������ 34�5�6�/0 �� 730050)

� ��()789:,-;<=>?@AB�CDE�FGH(OM)IJK4LFGH(SEM)MGNOPQR�ST

UVWX%YZ[\ Ti-6Al-4V ; Ti-47Nb 2 ]^_`abDcdeGCfgh&ie3�jCklmnTi-6Al-4V

Dcodepqrstu Ti-47NbD�vwxyu Ti-6Al-4VDcWtzjTi-6Al-4VDdeG{|�}y α/β

~�������������� Ti-47NbD�cGe����G{|������j���Dc��|��e��

��c�����(ASB)%�U�<depqc ��Ti-6Al-4V& Ti-47NbD¡l¢£U¤¥ieghj

����bD¦>?@¦de¦ie3�

�������TG146.23     ������A �����1002-185X(2018)03-0829-06

��������	
����������

���������	
� !"#�$��� %&

'()*+�,-./���0/

[1]

10/23456

./789:;<�)*=>?@AB120CDE�

B. Hopkinson

[2]

FGHIJK9)*0/LM�NO�

PQRSTU�VWXYZ[�\]^J_`a�0/

bc�defghijklmno)*p"#���

,-�qr�?@�dst^Ju?@vB�bjJw

g./�xy1L. DavisonzA. L. Stevens

[3]

F{�|}

2)*}~����\���jJ�:0/�E���

��1�p���

[4]

����

[5]

7��NO0/���

��J����A����J)*./���+ 1¡

¢£

[6]

7�¤)*�=¥¦�§¨�©ªz�/«�

=>¬®��LJ¯�10/bc2°±²³�́ µ

z´¶²³7·¸¹º ��d»¤0/�NO¼½¾

¿À}ÁÂÃ�ÄÅÆÇ�ÈuNO)*�0/LMÉ

ÊËÌÍÎ���2ZÏtÐ1 

Ñ�KoÍÎ�~Ò)*�ÉÊº�Ó�ÔÕ�

¥�Ö×ØgÕ7xÙ�xÚo� 20~873 KÛ�ÜÝ

pÞÔÕ�ßàá'K9)*ÂF

[7]

1Ñ�Kâã�

´µ´¶�äå¾áæçè7·¸�+éÍÎê'�

ë�o&Mìíîïoðñòó��ôõR³�8Î

ö÷XY�¥ø¾ù¥øú�7lû�§üý1þ��

� Ti-6Al-4V �KM;<��� α+β <Ñ�K��J

ËÌ���ê'�2u���β <Ñ�KÉÊ�	�


Û�v�²gn����� �g�»��K�

�������ïmQR������l¥�
ÛÕ

��Èu�^NO���Í�

[8,9]

�Ti-47Nb �K�M

;<� β<Ñ�K1Èu��Z[� α+β< Ti-6Al-4V

�K�¾ β < Ti-47Nb �KMNO¤c��LJS�

�� £
��Z[(ê�!" 10

5 

s

-1

)��Ô#=¥¦

��$%¨ 2À)*�¬xg1 

M&'“�{¬”�()c�*+,p-./0�

127&M34���53672,p�����Z

b 2 À�K86�“9*+”1QRK �¾.:v;

7�\Ì<=>�?@J 2 À)*�=¥¦��$%

¨��\~Ò�v2=>¬./xg��T1AB

^)*�ZÏê'��:C!����DE(ÞF

nGHSGê�I>�Èu��Z[�JJ86�K

��LÕJC!����MN&'�O�hPQJ8

6�ZÏ('��üý

[10]

1 

��������

�Z[ÌÚ�eR��¦| 5�7�10 GPa ¤



§830§                                         ¨ "©ª&�5                                             � 47� 

Ti-6Al-4Vz Ti-47Nb 2ÀÑ�K�LS�¥¦�� 

4�Z[�¤86�L“9*+”�d¤*+67�L

S�TU(SEM)¾VU(OM)\]2Ì<1 

Z[W'�K)*ÌÚMXYÊZK9NO[¾

Xîù\)*Ê]^_�`� Ti-6Al-4V(Φ80 mm)2

Ti-47Nb(Φ160 mm)�Ka�Ti-6Al-4V �º�M 4.41 

g/cm

3

�Ti-47Nb �º�M 5.97 g/cm

3

�Þb}rÌU

:� 11$ÀÑ�K�
Ûcd>,-|}gnU:

� 2186e):a*�fîß»,-g£L:a)

g!���ê�!M 10

-3 

s

-1

1��himj�

Ti-6Al-4V�KkôÕ�(R

p0.2

)�: Ti-47Nb�Klm

Ti-47Nb �K�ng(.o-p! A ¾.�+q! Z)

Îr�: Ti-6Al-4V1 

Z[W'��(Φ54 mm×3 mm)�s
(Φ71 mm×10 

mm)�86(Φ60 mm×20 mm)te): 2À�Ka*�

�fîß�Þ���!£L:a)g!1u
���

ävoö®wNxyzÞ��{|� RaÓ: 0.4 µm�

£���: 2 µm1 

£
��Z[�XY}=>NOW�S��� 

~�L�Z[�e¤�ú�AB����2	
)*

 ��d�'��¦�����
pZÏ¦| P

H

 [11]

�

£
��Z[ò�f��[12]1¦�����hi

m��j86W��ZÏ4���¦|¾��ø��

f� 3�d¤=¥¦��o�86�L�9*+�1 

�86��� 1 �ZîÌ6e���0/���

286��Ì�����286�����Êë��

�������:ù �¡¢£�¤=¡¢ 2 {�¥

{ 10 min�dO¦ë����Âo�86'§¨®§

M1�' Hitachi S-4800 <©ª+�S�T«¬�U

¤ 2 ÀÑ�K86�0/��.:�L\]Ì<1�

2
��!£Ld®
��f�¯�M\]���

86��îÌ°~�±²)*���L{x�³x�

´V�×Ø7�' OLYMPUS BX53 V}¬�U�\

]×Ø�o)*0/¬+ Iý1 

������	
�

4��"RÑ�K���(Þpîvr¥º�µ

¶�·4��¸¹º»¥�Ñ�K�+�0/?@1 

 

� 1  2 �������	
 

Table 1  Chemical composition of Ti-6Al-4V and Ti-47Nb 

alloys (ω/%) 

Alloy Ti Al V Nb 

Ti-6Al-4V 0.894 0.0623 0.0413 - 

Ti-47Nb 0.5704 - - 0.4696 
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Table 2  Quasistatic tensile mechanical properties and elastic  

constants of titanium alloys 

Alloy R

p0.2

/MPa R

m

/MPa A/% Z/% 

Ti-6Al-4V 932 1085 12.8 38.0 

Ti-47Nb 354 363 30.5 94.0 
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Table 3  Shock velocities of flyers and shock pressure in 

targets of two titanium alloys 

Ti-6Al-4V  Ti-47Nb 

Parameter 

1 2 3  1 2 3 

Shock velocities 

of flyers/m·s

-1

 

421.05 587.60 848.55  334.45 470.25 695.60 

Pressure, P

H

/GPa 5.39 7.00 10.24  5.20 6.73 10.00 
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Fig.1  Obtaining methods of samples 
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Fig.2  Longitudinal sectional macrograph of the backing plates 

for two titanium alloys showing the degree of spall 

damage in two alloys shocked at different pressures 
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Fig.3  SEM images of two alloys after shocking at 10.24 and then 

at 6.73 GPa: (a) Ti-6Al-4V and (b) Ti-47Nb 

 

456� ASB�� 4e �ÛÜ1ó56�pî£Ù�

Í×Øg��ÌÄo��< ASB

[13]

1 

� 5a~5c ÌÚMöF�¸¹4��&'o

Ti-47Nb �K86�0/�¬�_Ñ¬����3

ì86�4���A!¿:� 5a �1ö P

H

=5.2 GPa

�#_¸¹4��&'o�Ti-47Nb �K86�Êv

rJ��îÌ2��©ª2�/«�m� ®¸¹4

��&'o� Ti-6Al-4V �K�éjbJlí���

©ª�k¼��j Ti-47Nb �KÍ0/?@n|�:

Ti-6Al-4V�K�ÞÎÈ�: Ti-6Al-4V�K�¥Õ�1

P

H

M 7 GPa ��86Ê+���0/vr��1�

P

H

LJ^ 10 GPa ��vr�����OJ�»�8

6�jb¿Í0/�»ó�K��/«Ö�	Òbj

h
ÆÇ ñ�vI��Äó�K��/«�©ª

çVñQvr1� 5d~5f ÌÚM Ti-47Nb �K0/8

6�K ì÷1m��j�Ti-47Nb �K�0/�¬

�àù¾�Åàùúv}�Ú� 5e�ÛÜîß1�

©ªö÷v}�pJ� ®�©ªçVñQvr�/

«1�©ª��/«þ���vrJ/«��ð��ñ

V�J©ª�J/«ÂÃï\]^56|&'¨��

� ASB�� 5d�ÛÜWi�ó56�pîà��v³

�#J�µ¶Ì2º��Ò;<�v�< ASB

[13]

1 

Ti-6Al-4V 

Ti-47Nb 

60 mm 

5.39 GPa 

5.7 GPa 

7 GPa 

6.73 GPa 

10 GPa 

10.24 GPa 

2
0

 
m

m
 

 
I
m

p
a
c
t
 
d

i
r
e
c
t
i
o

n
 

a 

b 

400 µm 



$832$                                         ;<�=>? @A                                             � 47B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 4  %&'()*+,-./ Ti-6Al-4V����C�7DE5FGHIJ8KLMJNOPQ 

Fig.4  Low magnification morphologies, nucleation site and propagation path of micro damages in Ti-6Al-4V shocked at 5.39 GPa (a, d), 

7 GPa (b, e), and 10.24 GPa (c, f) 
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Fig.5  Low magnification morphologies, nucleation site and propagation path of micro damages in Ti-47Nb shocked at 5.2 GPa (a, d), 

6.73 GPa (b, e), and 10 GPa (c, f) 
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Spall Microstructure Characteristics and Fracture Mechanism of Ti-6Al-4V and 

Ti-47Nb Alloys under Dynamic High-pressure Loading 
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Abstract: Spall microstructure characteristics and fracture mechanism of Ti-6Al-4V and Ti-47Nb alloys were studied by plate impact 

experiments and “sample soft-capture” technology under the dynamic high-pressure loading, as well as microscopic analyses using optical 

microscopy and scanning electronic microscopy. The results indicate that Ti-6Al-4V alloy has stronger ability of spall resistance than 

Ti-47Nb alloy because of the high strength of Ti-6Al-4V alloys. The micro-voids in the spalled Ti-6Al-4V alloy almost nucleate at the α/β 

phase boundaries and propagate along the phase boundaries, and the micro-cracks of Ti-47Nb alloy are directly connected through 

micro-voids. Subsequently, the adiabatic shear band (ASB), which forms between macroscopic voids or main cracks, promotes the spall 

fracture of samples. Ti-6Al-4V and Ti-47Nb alloys fracture with ductile characteristics. 

Key words: titanium alloys; soft-capture; spall fracture; fracture mechanism 
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