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|^r6óÀ>få (HCPEB) C�é7áXv?1ñÂ, æ^ X ��û�, ×£>fw�º9ß�>fw�
ºEâ�[©Û
ñÂ�¬L��(�Ú"�. X ��û�©ÛL², HCPEB U
3á�L�puÌ�� GPa þ
?�ØAå, ¿3 (100), (102) Ú (103) ¬¡ÑyJ`��. L��*(��*	L²: HCPEB ñÂ�á�L�u)

ê¼N�C, /¤
�þ�¡Gê¼N|�; d	, HCPEB ñÂ�3ËìL¡pu
r���5C/, �gñÂ
�, ¬âSÜ��5C/± (100) ¬¡� �w£�Ì, ��ÝwÍJp; õgñÂ�, �¬C/(�u)Cz, C
/Ì¬�êþ²wOõ. ù
C/�(�Ø=K�L����üz1�, ��U[z¬â, ?Jpá�L¡M
Ý,� HCPEB Eâ?1XvL¡rzJø
�^k��å».

'�c: r6óÀ>få, Xv,�*(�, AåG�

PACS: 61.80.−x, 81.40.−z

1 Ú ó

vÜ7äkp�'rÝ!ûÐ�F¡5!¥
§5U½!Ã^5Ú)Ô�N5Ð�A:, ´Ê
�ÊU!�hzó!�fUó�Ú)Ôó§�+
��©��(�á� [1]. �duvÜ7�3X
F�5Ú�95�!p§´�z���":, 4�
/��
ÙA^�� [2]. évÜ7á�¢�L¡
?n´�ÖþãØvÚÿÐÙA^���k�Ã
ã, ¯õïÄö3vÜ7L¡?n�¡mÐ
2�
�ïÄ. l±>Û!ý�Û����L�DÚL¡
rz�±�lf'!lfå!-1å�A^�I
��y�L¡?nEâ, A��«L¡EâÑQ^
5UõvÜ7�L¡5U, ¿��
�
�U�?
Ð [3].

Cc5, r6óÀ>få (HCPEB) ��#Ñ
y��«1UåL¡U5EâÉ�á��Æó�
ö�2�'5 [4,5]. 3 HCPEB Ëìá��]�L
§¥, �p�Uþ (108—109 W/cm2) 3�~á��

mS (AB¦�A�¦) �^3á��L�, E¤á
�L¡4�¯��\9Úe%, �)ÃXLz!ð
z!�lfNí�!AåÅÚÀÂÅ�NõE,
�Ôny�, ËìL�²{
4�¯��C/, l
3á�L¡/¤Nõ~5L¡?nJ±¼��
#(� [6,7], ?Uõá��5U.

HCPEB L¡U5���«äkd3A^cµ
�\óÃã, 8cÿ?uåÚ�ã��¤Ù. d
u HCPEB Ëì3á�L¡�)�9 - AåÍÜ�
ALuE,, <�éu HCPEB �á��m��p
�^Å��@£�4�k�, NõïÄö�´ÏL
ê��[��{édmÐïÄ, å¦ïá$UóÀ
>få6�á��p�^�Ôn�., �[á�L
�SÜ�§Ý|ÚAå|. ��3�¯K´yk
�.ÑLu÷*,Ã{�Ä�á�¬N(��ØÓ
3 HCPEB U5L§¥�AåAC1�Ú�*(�
üz1��¡¤u����^, �'�¢�yâ
�'�"y.
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\ó!�*(�±95Unö�m�'X, \óU
Cá���*(�G�, á�5U�UCgu
�*(�G��Cz, =�*(�´ë(\ó1�
Ú�ª5U�Ý�. Ïd, ÏL©Û HCPEB Ëì
pu��¯C/^�eá��*(�G��/¤
�üz5Æ´
) HCPEB éá��ª5UK�
±9 HCPEB �á��m��p�^Å���Ã
ã. du~§e Ti��ü8� (hcp) (�, é¡5
�$, Ïd3 HCPEB Ëìá�L¡�)��¯C
/L§¥,�*(�G�ÚAå�üz1��@

pé¡57á (X¡%á� (fcc) ÚN%á� (bcc))
á��U¬k¤ØÓ. cÏ®²kNõó�é fcc
Ú bcc 7á�Ü7 HCPEB �^e��*(�G�
üz�¡mÐ
�\�ïÄ, ¿uy
Nõ#Û�
(�y�, �é hcp .7á�ïÄ%�'���.
k�ud, �©æ^ HCPEB éõ¬Xv?1Ëì
?n, é HCPEB �^eXv��*(�9AåG
�?1ïÄ.

2 ¢��{

ÀJó�Xv�¢�á�, |^>»s��
�¤ 10 mm×10 mm×3 mm ��¬, L¡Ëìc
k3ý�¬¥?1ò»?n, ò»§Ý� 600 ◦C,
�§ 2 h, ò»�¬âº��� 40 µm. ò�1!
�1���¬L¡3 Nadezhda-2 .r6óÀ>f
åC�þ?1L¡Ëì, ¢�ëê�: >fåUþ
� 27 keV, Uþ�Ý�� 4 J/cm2, óÀ�m 3.5 µs,
Ëìgê©O� 1, 5 Ú 10 g.

| ^ Rigaku D/Max-2500/pc . X � � û �
¤ (XRD) é HCPEB ?nc��¬L¡���
1�?1©Û; |^ JEOL JSM-7001F |u�×
£>fw�º (SEM) Ú JEM-2100F ß�>fw�
º (TEM) éËìc�á���*(�G�?1©
Û, ¿|^ HV-1000 w�MÝ¤ÿþ?nc��w
�MÝ.

3 ¢�(J9©Û

3.1 XRD

ã 1(a)�ØÓóÀgê HCPEB Ëìc�Xv
�¬� XRD ã, ¤k�û�¸þ�^8��� Ti
?1I½. ·���, Xv3~§e� hcp (� (α-

ã 1 HCPEB ?nc�XvL¡� XRD ©Û (a) XRD; (b)
ØÓóÀgêeËìL¡�í{ØAå; (c) �¸°�Ëìgê
�Cz5Æ

Ti: a = 0.295 nm, c/a = 1.587), 3 882.5 ◦C ±
þ�äk bcc (�� β-Ti (a = 0.3606 nm), ¯e
�u)ê¼N�C, ¼�¡G� α′ |� (α′-Ti:
a = 0.296 nm, c/a = 1.587). duê¼N� α′ �
²ï� α ¬NäkÓa�¬N(�, �´:
~ê
ÑkØÓ, Ïd:
~ê��ÉØU3ã 1(a) ¥û
�¸� �þ«©m5, I(Üw�(�*	âU
(½ËìvL¡´Äu)ê¼N�C. ��©�¬
'�, HCPEB Ëì�û�¸�p���u)
�
�� £, =Ëì�¬�~êC�. L 1� HCPEB

056105-2



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 5 (2012) 056105

Ëìc��:
~ê a, c Ú c/a �, lL¥�±w
Ñ, HCPEB Ëì�:
~ê a, c þ'�©�¬�
k~�, c/a '�©�¬�kO�, ¶' c/a �C
z`²Ëì���¬¬�u)
ÆC. 7ávu)
ê¼N�C�, α′ �'�© α �:
~êÑ�, �
�±(½ HCPEB Ëì� XRD ¸�p���u)
� £ (¬�~ê~�) �½Ø´ Ti ¥�ê¼N�
CE¤�, L² HCPEB Ëì�L¡�½kí{Ø
Aå��3, ��´í{ØAå��3, ¦Ëì
���¬:
~ê~�, ¬�u)
��ÆC. �
â XRD ¸� £§Ý,·��±���� HCPEB
L¡U5�á�SÜ�÷*í{Aå [8], �ã 1(b).

σ =
E

ν

(
dn − d0

d0

)
, (1)

ª ¥ E, ν © O�� 5 � þ Ú Poisson ', é u
X v, E = 110 GPa, ν = 0.34. b � , ¬ â ¥
� (100) ¬¡�Ð�9Aå��R�, 3 HCPEB
? n c ¬ â ? 3ÃA å G � e, Ù ¬ ¡ m å
� d0, 3Aå σ(100) ��^e¬¡måC¤ dn.
ò XRD êâ�\ (1) ª, ��?nc�©�¬
Ú HCPEB ØÓóÀgê?n� (100) ¬¡�í
{Aå, Xã 1(b) ¤«. 1 góÀ�L¡í{A
å� σ = −1.927 GPa; 5 g� σ = −2.796 GPa;
10 góÀ?n� σ = −2.632 GPa. �± �'
� fcc 9 bcc 7á�Ü7�(Jé' [9,10], �±u
y HCPEB ËìXvL�pu�AåÌ�²w 
p. éu hcp (�� Ti, Ùé¡5�$, w£X�,
Ïd3 HCPEB ËìL§¥AåJ±ÏL�5C/
?1k��º�, E¤ HCPEB Ëì�XvL�È
à�í{AåÌ��é��.

lã 1(a) ��±wÑ HCPEB ?nc��û
�¸�rÝu)
²w�Cz, L² HCPEB Ëì
��á�L��¬N��u)Cz, =3,
¬
N��þÑy
J`��. �±^��Xê5�
½ HCPEB Ëì�L�|��J`�� [9]:

Thkl =
Ihkl/I0

hkl

(1/n)
∑

h′k′l′
(Ih′k′l′/I0

h′k′l′)
, (2)

ª¥, Ihkl ´ (hkl) ¬¡�û�rÝ, I0
hkl ´�?n

�¬ (hkl) ¡�û�rÝ, n��Ä�û�¸�ê
8. �¤k��¡� Ihkl Ñ���, æ�¥�¬�
vkJ`��. XJ,���¡� Ihkl �u 1, K
`²T¬¡3 HCPEB ?n�Ñy
J`��. À
J (100), (002), (101), (102), (110) Ú (103) ¬¡O
�, O�(J�uL 2. lL¥�±wÑ, HCPEB ?

n�Xv�¬3 (100), (102) ¬¡Ñyé²w�J
`��, (103) ¬¡��Xê�kO�.

L 1 ØÓóÀgê HCPEB Ëì��:
~ê a, c Ú c/a,

ü : nm

óÀgê a c c/a

�©�¬ 0.2958 0.4694 1.587

1 g 0.2947 0.4681 1.588

5 g 0.2942 0.4675 1.589

10 g 0.2943 0.4674 1.588

L 2 ØÓóÀgê HCPEB Ëì��¬¡���Xê

óÀgê (100) (002) (101) (102) (110) (103)

1 g 2.168 0.168 0.549 1.868 0.346 1.401

5 g 2.000 0.125 0.507 1.981 0.335 1.053

10 g 1.493 0.148 0.512 2.090 0.451 1.306

ã 2 10 g HCPEB Ëì�XvL¡/m� SEM � (a) L�;
(b) �[¬

ã 1(c) ´ XRD �¸° (FWHM) �Ëìgê�
Cz�, ·�5¿�, �Ëìgê�O\, Bragg
û�¸²w°z. ��5ù¬â�[z!"��Ý
�Jp±9á�SÜ�3�p��*AåÑ�±
��û�¸�°z.
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3.2 ���***|||���(((���

ã 2(a) �² 10 g HCPEB Ëì�XvL¡
� SEM �. lã¥�±�Ù/wÑ HCPEB Ëì�
�¬L¡C�à]Ø²¿/¤
�þ�Ñ�»ì
�G�L�/m, Ùº���lA���A���
Ø�, `² HCPEB ?nL§¥L¡ÛÜ«�Ñy

Lzy�. Nõ©zÑé»ì�G�L�/m9
/¤Å�?1
ïÄ, ÊH�*:´3óÀå6�
^e, uËìL¡e�gL�NC�k��L:,
SÜ�Lz¦�NÈ×�)ä¿�L¡�u, Ïd
��á�L¡�)aqu»ì�u�/¤�L�.
ØL�(�	, �U3ËìL¡/¤�[¬|�,
ã 2(b)� 10 g HCPEB Ëì��L¡ÛÜ«�[
¬(�� SEM �, �±wÑ HCPEB Ëì�,
«
�¥/¤
�þ�¥G��[�â, dã 2(b) �±
��ÿþÑ�[�âº���3 0.1—0.4 µm �m.
HCPEB ËìXv�, pUþ�]m�È��L�
¯�Lz, ����g��9D�Uåu)¯�e
%, e%L§¥L�9D�Xê�p, �¦L�

Lz«��§Ý×�ü$¿v�, 3ù«�¯�v
�L§¥¬â5Ø9��, l3ËìL¡/¤X
ã 2(b) ¤«�[¬(�.

HCPEB ËìØ
3L¡�
«�E¤Lz�
	, �U3ËìXvL¡/¤´L��C|�ÚC
/(�, ã 3�Ëì�¬L¡�/¤�ê¼N|�
�w�ã�. ã 3(a)—(c) �L¡ SEM �w«¤k
�¬Ëì�L¡þ�/¤¡G(�, L² HCPEB
Ëì�3XvL¡puê¼N�C, ��Ëìgê
�O\, ¡Gê¼N�êþkO\�ª³. ã 3(d)
� 10 gËì�¬¥�;.ê¼N�¡� TEM �,
À«>fû�ã�I½w«ù
¡G(�äk hcp
8�(� (�ã 3(d) ¥�ã), lÙ¡G�/��±
(½ù
¡G(��;.��^ê¼N(� (α′-
Ti)[10]. HCPEB ËìL§¥, �¬L¡puE,�
9 - AåÍÜ�^¿��¯�LzÚ:�e%, Ï
E¤
XvL�Ñy�²ï�C�)� α′-Ti ê
¼N|�. ùaqug¥�ê¼N�Cpu�5,
ÏLù«�C�±²ïÜ©>fåñÂ�)�A
å [10].

ã 3 Xvê¼N�C(� (a) 1 gËì; (b) 5 gËì; (c) 10 gËì; (d) 10 gËì TEM ²|�
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ã 4 HCPEB ËìpuXvL¡�C/(� (a) w£�� SEM �; (b) Ì¬¡ SEM �; (c)  �|�� TEM �; (d) Ì¬
¡ TEM �9À«>fû�ã

ã 4(a) ´ HCPEB Ëìpur��5C/3¬
NL¡/¤��p²1�w£� SEM � (ã 4(a)
¥��Þ¤«), ù
w£�¥��ü��3¬.
?ª�. �ã 3 ¥�¡G|��', ã 4(b) w«¬
âSÜ�3�\[���^�G(�, ÙßºGA
�w«ù
�^�AT´Ì)C/L§¥/¤�
Ì¬(�. ã 4(c) Ú 4(d) �ËìL�� TEM �,
ã 4(c) w« HCPEB Ëì��¬L�� ��Ýé
p, Nõ«� ��(î, �â©z [11] �ÿþ
�{, ²Ëì� ��Ý�� 1012 cm/cm2 þ?, '
ËìcJp
� 2 �êþ?. ã 4(d) �ËìL�
¥ßºG�^�(�� TEM �, �ã¥�À«>
fû�ã�ß/w«ù
�^��C/Ì¬(�.
TEM ©Ûw«, HCPEB Ëì(¢3XvL�pu

r���5C/, ¿3Ëì�¬¥/¤
4p�
"��Ý.

w£�Ì)þ´�ü8�7á�5C/�Ì
��ª, ÙÌ��w£¡� (100) Ú (110), Ì)¡

KÌ�� (102) Ú (111)[10]. dL 1 �(J��,
HCPEB ?n�Xv�¬3 (100) Ú (102) ¬¡Ñ
yé²w�J`��, ¿�ËìgêO\ (100) ¬
¡��XêÅì~�,  (102) ¬¡��XêwÍ
O�. dþã5Æ¿(Ü TEM ©Û, ·��±í
ä, HCPEB Ëì�, dÙpu�Ì�é��L¡A
å¦� (100) w£¡� (102) Ì¬¡ÄkmÄ, ¿
� 1 g HCPEB Ëì±w£�Ì, /¤
�þ�ä
k (100) .w£"�A��¡"�, �� HCPEB
ËìgêO\, (102) Ì)¤�ÙÌ��C/�ª,
d��¬SÜ�"�A�=C�äk (102) Ì¬¡
A��¡"�. �´ HCPEB �^e¯�e%L§
¥�)�ØÓC/G��AåG�pu
ØÓa
.�w£!Ì)C/�ª, ?�)
ØÓ�w�
|��A½�J`��1� [12]. d	, (103) .J
`��Ñy��Ï8c·�ÿØ�Ù, �U�ê¼
N�Ck'. 3ê¼N�CL§¥, # β �7L÷
X�½�§ÝFÝ��/Ø, ��� β → α′ ê
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¼N�C��UUC8���¬N©Ù [13]. �,,
ØÓóÀgêe HCPEB ?n��J`��1�,
�I���\�nØÚ¢�ïÄâU\±(@.

3.3 www���MMMÝÝÝ

ã 5(a) � X v HCPEB � ^ e L ¡ w
� M Ý � ó À g ê � ' X. � ± w Ñ, ²
L HCPEB Ë ì �, � ¬ L ¡ � w�M Ý ² w

ã 5 ØÓËìgêe HCPEB ?n�XvL¡��¡�w�
MÝ©Ù (a) L¡; (b) �¡

, p, ¿ � � ó À g ê � O \  , p, d Ä N
� 167 HV þ,� 264 HV. [¬rz�A!p�
Ý �9C/Ì¬�Ñy±9�Cê¼NrzÑ
�L¡MÝ�Jp�Ñ
�z. ã 5(b) �ØÓó
ÀgêeXv�¡w�MÝ©Ù. �±wÑ, �X
Ëìgê�O\, 3�½Ëì�Ý��Sw�MÝ
Ñk��§Ý�Jp; ØÓ�ËìgêÑUE¤
3ålL¡�� 70 µm Ú 120 µm ?ÑyMÝ�
¸�, ¥V¸�©Ù. 3åL��� 70 µm, w�
MÝÑ�ål�O\O�, ± 'uÙ¦7áá
� HCPEB L¡?n�ïÄ(Jw« [4,5], L¡�
ew�MÝ1��¸��Ñy�9K�«��S
>få\óL§¤²{�§ÝÌ�k', �"��
Ý�O\´MÝJp�Ì��Ï. w�MÝ1�
�¸��Ñy, Ì��>få3á�¥pu�r�
ÀÂAåÅk'.

4 ( Ø

1) HCPEB Ëì, ��L�L, ¿¯�e%,
Ø3XvCL¡Lz�/¤�þ��[¬(�	,
�U3ËìXvL¡/¤ α′ ê¼N|�Ú´L�
C/(�.

2) HCPEB Ëì?nU
3á�L�puÌ
� GPa þ?�ØAå�?n�¬Ñy (100), (102)
9 (103) ��. (100) Ú (102) ��´d (100) w£¡
Ú (102) Ì¬¡�mÄÚå�, (103) ���Ñy�
U�ê¼N�Ck'.

3) � HCPEB Ëìgê�O\, á�w�M
ÝwÍJp, ÷Ëì�Ý��w�MÝ¥V¸
©Ù. L¡¬â[z!ê¼N�Crz±9á�
3 HCPEB ?n¥"��ÝO\´w�MÝJp�
Ì��Ï.
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Surface microstructure and stress characteristics in
pure titanium after high-current pulsed electron

beam irradiation∗
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Abstract

The specimens of polycrystalline pure titanium are irradiated by high-current pulsed electron beam (HCPEB). Surface microstruc-

tures and defects induced by HCPEB irradiation are investigated by using X-ray diffraction (XRD), scanning electron microscopy and

transmission electron microscopy technique. The XRD results show that the high value of stress (GPa order) is introduced into the

irradiated surface layer, and the characteristics of preferential orientations (100), (102) and (103) are present after HCPEB treatment.

The surface microstructure observations indicate that martensitic transformation occurs in the irradiated surface and a large number of

plate martensite structures are formed in the irradiated surface. Moreover, strong plastic deformation is triggered by HCPEB treatment.

After one pulse, (100) type slip bands are formed in the interior of grain, which leads to the increase of dislocation density. After multi-

pulses, deformation microstructures change significantly, and the number of deformation twins increases evidently. The formation of

these deformation structures produces a significant effect both on the evolution of surface textures and on grain refinement, which

improves the mechanical performance of irradiated surface. It is suggested that HCPEB technique is an effective approach to surface

hardening for pure titanium.

Keywords: high current pulsed electron beam, pure titanium, microstructure, stress characteristic

PACS: 61.80.−x, 81.40.−z

* Project supported by the National Natural Science Foundation of China (Grant No. 50671042), the Program for Innovative Research Team of
Jiangsu University and Science Foundation for the Super Special Talents of Jiangsu University, China (Grant No. 07JDG032).

† E-mail: guanqf@ujs.edu.cn

056105-7


