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ABSTRACT SiCf/TC17 composites were fabricated by a method of precursor wire with magnetron
sputtering using a vacuum hot pressing (VHP) process and then exposed in vacuum at 973, 1023,
1073 and 1123 K for different times, respectively. The results show that element diffusions include
interdiffusion caused by interfacial reaction and concentration gradient, and phase transformation
diffusion in matrix. C and Ti mainly carry on reaction diffusion which is the reason of formation and
growing up of reaction layer. Si, Al, Mo, Cr, Zr and Sn carry on downhill diffusion at interface of
C–coating layer and reaction layer, but this type of diffusion is not obvious. Phase transformation
diffusion in matrix lead to that Al diffuse to α phase, Mo and Cr diffuse to β phase, and Sn diffuse to
Ti3AlC, so the interfacial interdiffusions of these elements is suppressed. The results of the interfacial
thermal stability show that the activation energy of reaction lay growing up is 138 kJ/mol, and the
interface of SiCf/TC17 composite is stable for long time while it is used not above 973 K.
KEY WORDS titanium matrix composite, SiC fiber, interfacial reaction, element diffusion,

phase transformation
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/�, $!������(��%�0, "�"��� 
*/� [5], 1#, !�$$��")��&)!&��
2# !. 3����� *$�)$'%%1!�&
(, !�$$�"�)!��&''"(4. Kyeong �
Patrick[6] � Jones% [7] *)+ Sigma 1140+/Ti–6Al–
4V, SCS–6/Ti–6Al–4V �����!��"(5)2

#, *,*", " C +)*-++�!�$$�"%,�
� TiC,&(��.6� TiC+(� +'"�+/,�
0#",,+; Lerch% [8] Æ-, SCS–6/Ti–15–3���
�$$+3 TiC � Ti5Si3 ,,-�; Das[9] Æ-, SCS–
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6/IMI829 �����$$�"� TiC � TiSi2. Grace
% [10] + SCS–6/Ti–48Al �����2#Æ-, !�$
$+'1 TiC,,0, 5'" Ti3AlC � Ti2AlC,1&
� Ti5(Si, Al)3 ,1; Smith% [11] � Hall% [12] �2#

*,*", SCS–6/Ti2AlNb ����!�$$+��"
� TiC, Ti5Si3 � Al(Ti, Nb)3C,21&32.� '4
-) Ti3AlC 31. .'23, SiC ����$����
���&:4�4&32!�.�!��",�� Ti �
5#"60#", 5� ��'�(*��)! () Al,
Nb %) 7�581, ;"�79��)!�$$�"<
�. $$�"�<��� C, Si, Ti � Al %)!�:�
�, ;��<67#*$$�=/*�8�"), �1:
��0��9&���&'&�'"'+���6�, ,
)767. 8�, "���� '!�', "!�$$+
29�(1, � '��;"Æ�:#, 86:;"0=
!�>9�)!, <�>;��')!�*=14, -2
>;��� */�. 1#, 2#)!�.���&'�
�)!&��?@.

TC17(Ti–5Al–2Sn–2Zr–4Cr–4Mo) � α+β 8�

��, %�)$</Æ��0?%�&��� [13], A�
� Ti–MMCs �=B� ��+�. :% SiC ���
� TC17 ��)$�@<%1�>> TC17 ��01
%, 6(�?;2Æ��&�, 9A?��%�36 *
/�. ��, TC17 � '7 5 *��)! (Al, Sn,
Zr, Cr � Mo), �� '1, ��)!���&'B�
�C, +!�$$�"�� �-�&��� */��
>;,&"3, 4�, C� SiCf/TC17 ����!�@
A�2#,)767. @�%A%B"<5B6CDC
*�4�&:=D)$ SiCf/TC17 ����, C(52
1&32ED, 2#)!�$$+<��29�� �5
:!�, E4)��� TC17 � 'F)!�.���
&'.

1 6�78
ED2% SiC ��A%#*7�DGD (CVD) �

� [14,15], 9' 100 μm, *��H�E� 2.3 μm � C
+. A%B"<5D [16] >� TC17 ��DGE SiC
��*�)�����B6C. B6C4F8�?G�+
9%!�.::;<��', (54�&:)�����,
&:�F�: �� 1123 K, : 50 MPa, 1+ 3 h.

+ SiCf/TC17 ����" 973, 1023, 1073 �
1123 K (54�&32ED, 1+� 50, 100, 200, 300,
500, 700 � 1000 h. :% HITACHI S–3400N!=>H
/FG@ (SEM) IIG?<@CJ�!�$$+H�,
J�1"AJG?'H�B1 20 K��, +AK���
$$+H�*)J� 10 K, J�*,�8KJ��>A
BB;. :% SHIMADZU–1600 !H/I< (EPMA)

+!�C#�)!*=(5L/*J, CD+!�$$+
�� F�'�)!7�(5L�*J, �'+!�$$
+')!7��L�*JCE)$$+H��$$+')
!8�:#�$$+DE�� �*$+JK;�>;,
JK*,�8KJK.�>ABB;. :% TECNAI
F30 !MÆ5L5H/FG@ (TEM) II&:4G?
!�GI<@, C:%BCH/H5 (SAED) 3L!�
$$�". :% SEM '>N� OXFORD X 5M�F
I (EDS) *JB6C'���C N+�� �F)!7
�. :% RIGAKU D/MAX 2500PC ! X 5MH5I
(XRD) 3LB6C�&:4�&32.� ��-�, �
'B6C� XRD JKG?�>�O*2G.)$�LH
G?.

2 6�=>
2.1 SiCf/TC17 �?@�ABCD

O 1 �B"<5D��� SiCf/TC17 B6CMF
�<@. 67, ��(� *�GN, � H�BJ. #0,
EDS )!L�*JB1�PE;Q�O 1 ', �*,)
* 1 2Q. 67, � ' Ti � 5 *��)!*=BJ, I
�4-)!JH-R. C N+'1O7 C 0, 5'"K�
Si, K�1� C +*P'7�K�LI SiC, D7�3�
��P6� �PQ;.
2.2 SiCf/TC17 FGHIJ�KLMNÆOPQB

CD
&:�!+.����MF�<@)O 2 2Q. 6

7, SiC��� C+(� +<�)BBH�� 0.67 μm
�JM!�$$+, $$+ P)*-� C+BBH��
2.17 μm, 0P�� � α, β 8�%R-S, D8�*=
BJ, � 'KN*=�ORL31, EDS *J*"KO
31� TiC. PQM% [17] " SiCf/Ti40 ����';
Æ-) TiC 31J4". TEM II (O 3) FQ, !�$
$+3 3 S*-�, L9 C +��3 TiC �K� SiC P

T 1 SiCf/TC17 ���
���QM	
N
 EDS ���
NRSRO�TU

Fig.1 Cross–section of SiCf/TC17 precursor wire and the

selected positions 1—5 of EDS quantitative analysis
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Table 1 EDS quantitative analysis results of element contents of the five positions in Fig.1

(mass fraction, %)

Position C Si Ti Al Mo Cr Zr Sn Total

1 40.01 59.99 – – – – – – 100.00

2 82.66 17.34 – – – – – – 100.00

3 – – 85.55 5.56 1.57 4.36 1.42 1.55 100.00

4 – – 85.32 5.42 1.84 4.18 1.57 1.67 100.00

5 – – 85.68 5.71 1.38 4.18 1.33 1.72 100.00

T 2 SiCf/TC17 ���
��Z�
	PU
N

Fig.2 SEM image of interfacial region in as–processed

SiCf/TC17 composite

T 3 SiCf/TC17 ���

	
��� TEM [

	
�
X\� SAED UV

Fig.3 TEM image of interfacial reaction layer (a), SAED

patterns of TiC (b), SiC (c) in fine grain layer and

TiC equiaxed grain (d)

��,,+, H�E� 20 nm; DE,,+��,1Q9
� TiC '+!V+, H�� 40—100 nm, ,1YZ9
W&�; L9� �P�� TiC [9%R,+, H��
300—600 nm. 67, SiCf/TC17 ����!�$$+
�,��"� TiC, R",,+''"K�� SiC 31,
K/6�� C N+'=��LI SiC, 8"$$+'C
)Æ-7 Ti �0#".

EPMA 6&R]\$X4!�C#F)!*=1
S, 8O^*]� �_, 1#,*�AJ^� C N+�$
$+H�`T, W)4O^'S SiC/C N+�C N+/$

$+�$$+/ � �!�PE. SiCf/TC17 ����&
:4�_�5H/^�)!*=*,)O 4 2Q. 67,
$$+''"�)!� C, Ti � 5 *� ��)!, Si �
+��" SiC ��'7�5W1�I�"$$+'F-;
� ' Ti S6�" α �'HX, 5 *��)!�*=`
-4&(aa, Al " α �'JH, Mo � Cr " β �'J
H, Zr � Sn I�"F�YT/*=, K�3� Al � α

�bL)!, Mo � Cr � β �bL)!, � Zr � Sn �
�'/)!, + α/β �!I�>;.

2.3 SiCf/TC17 FGHIJYZ[LM\�]^_
B`a�b
O 5 FQ) SiCf/TC17 ����&:4G?�"

1073 K 21&32!�.!�$$+�� <@. 6

7, H&32�(5, SiCf/TC17 ����!�$$+H
��U, C N+H�;W, D$$+H��U�9� C
N+H�;W�, *"$$+,�"� �P�2. <

O 5 56&V4, &32!�'� Æ�)Fc:#, ,
�ad� α �� β �YZ�9, D(&:4��, β �

 G*`�U. #0, &:41� '�RL TiC 31
" 1073 K &32Wc., 31`�eÆ�8, 2&32
500 h 1, TiC Y=B6C,!&X1UY, C& SiC �
��'Z, >fJF�Z*�VUZb<d[, &32(
5 700 h &., TiC 319S*W[, α �'� �J4,
4 EPMA *J*"9�� Ti3AlC, �'\W� Sn 7�
"FJ�, �� �9PE� 3 cg[. K�3� Sn �
Xa (504.9 K)[18] /", Al–Sn �])"X^,e, &3
2!�'9^,e<�\4WXd, 6Uf Al � Ti �
��. \0, Sn ]T Al PE, 6&<� Ti3Al(Sn) \W
 , e( α �6 Ti3AlC �5:. 1#, 9J4�;6�
�� Ti3Al(1−x)SnxC. EPMA *,)* 2 2Q, �'R
L TiC 31'� Ti 7�J�6��3�H/ggf9
'!92Æ.

O 6 �" 1073 K 4 700 h &32G?!�C#�
_�5H/^� EPMA �*J. *,*", $$+''
" C, Ti, Zr � Sn, 8��)! Al, Mo � Cr 7�5&
:419A;W64-YZ; � ', Ti � Al " α �'
�JH-R�U"F, Mo � Cr (�?6 β �'JH,
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T 4 SiCf/TC17 ���
��Z�g
�h�[� EPMA ��	Ri

Fig.4 Backscatter electron image (a) and EPMA element maps of Ti (b), Al (c), Si (d), Mo (e), Zr (f), C (g), Cr

(h) and Sn (i) in as–processed SiCf/TC17 composites

T 5 ��Z
	 1073 K ]j�����^� SiCf/TC17 ���

	
��
��
N

Fig.5 Interfacial reaction layer and matrix morphologies in SiCf/TC17 composite of as–processed sample (a), and

samples after thermal exposure for 300 h (b), 500 h (c) and 700 h (d) at 1073 K
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V 2 ^ 1073 K _ 700 h [k`_`hWaiV EPMA TXWPSYQT
Table 2 EPMA element quantitative results of some phases in SiCf/TC17 composites matrix exposed

at 1073 K for 700 h

(atomic fraction, %)

Precipitated phase in matrix C Si Ti Al Mo Cr Zr Sn

White particle (TiC) 23.98 0.19 69.29 3.90 0.49 0.91 0.67 0.57

Polygon in α 14.00 0.05 64.56 18.82 0.04 0.08 0.70 1.75

phase (Ti3AlC)

α phase 3.62 0.06 82.86 11.37 0.18 0.51 0.85 0.55

β phase 2.73 0.06 79.59 6.65 3.05 6.74 0.79 0.39

T 6 SiCf/TC17 ���
	 1073 K ] 700 h ���V\�g
�h�[� EPMA ��	Ri

Fig.6 Backscatter electron image (a) and EPMA element maps of Ti (b), Al (c), Si (d), Mo (e), Zr (f), C (g), Cr

(h) and Sn (i) in SiCf/TC17 composites after thermal exposal at 1073 K for 700 h

Sn _JH� α �'� J4�, Zr ]BJ*=. KO
-R*", ���� 'F)!1(5!�:��0, S
*)!5l(� �:��, a)�+� Al, Mo � Cr
%��)!, .6+�)!��<6���f^�>;�
9, ��,�mh� '�$bL�'(5, `�)KO
)!"$$+'�YZ67�9A;K.

3 i��jk
3.1 �lmnop

$!��!��#*$$��*� 2J!�, "!�
$$�qnab, =/$!,�!�+�`49�!�#
*$$*-�=/`, !�$$7 C ( Ti �#*$$"
), 5$$+abaH, �C=/"$$+'���&�

U9, !�$$�=/c$��", !�$$5:7��
") [19]. :��c_ [20] ��, SiC ��($��� 
Æ�!�$$1, !�>9F)!(5:��, C � Si <
��6� �P��, Ti � Al %� ��)!6���
P��. 89c_r��!�>9 C, Si � Ti ��9�
�)!(5$$���=/*�8�����?, CI�
CE� Æ��:+l(!�:��=/�o0=p. 1
#, `�3L� 'F)!�4E��&', ;b"3!
�:���� �:aJ1!�,q%%.

3.1.1 ���� !"#$%&'()*+ &

:!�', 1 C " TiC '���e`� Ti 9 5 J`�
d&' [21], C 6� �Pdf��C( Ti $$, j$$
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+,�6� �P�2, <� TiC'++�[,+. Si�
�f^c"� C, D7�/", �e��2$$+'�7
��K, b&<�0#". Ti 3� ��2 C N+1(
C $$��,W� TiC ,1, 9Æ(N+'=��K�
SiC ^(<�)JM� TiC+SiC ,,+. Ti )( SiC
Æ�$$�6�=1� C N+'L� �Pbd� SiC
7�5K (SiC ( C �A��e� 0—4%[22]). fe+,
,,+�"= C N+PE<��, � Ti 6���P$$
����Y.

rf:��c_, ��)! Al, Mo � Cr $6*�
8�;W�<6��, ;m C N+�P��, 8Eg'l
(:���=/`��_, h98`=/7E� �:>
;6� 'Fs�bL�'(5�:��. *� XRD(O
7) *,*J, &:� SiCf/TC17 B6C')Æ- bcc–
Ti �H5f, *" β �YZ67��+/K. &:Wc+
., ��)! Al, Mo � Cr 6Fs�bL�'HX, Æ�
�:$$, β � G*`�8, XRD F'4-) bcc–Ti
�H5f. CEE C =/s' (<0.1 nm) 5W, ���
k�+l���), ��f�c9�&�P�)(5��
� Al, Mo � Cr, 1#, 5&:*g.!�$$+''"
�L����)!, C)�9Æ3� 6���P���
*,, ��1$$+�2f�!d, ��gI"$$+'.
Zr � Sn k�'/)!, &:!�'&l(�:��9$
$��, ��� ,��=/*�8�, 81=/s'5
9�̀ �5K, g6 C N+'���f�/c, ��`�
/K. (G, &:+�.$$+''"� Zr � Sn ;,�
�3�$$+]T=� 2Æ.

3���)$<m�=1, � '1 Ti � 5 *�
�)!0, 5'"K�� C, a)�"&:.B6C++
� ��*��b!, ;=B6C�0*�, C 7�5�.
U+ C +'� C &h\6� 'df��, j^� 
� C 7�eÆ�U. &:+�. β ��8j C "fJ�
 '�\W��� (C " β �'�\W�R� α �'�
1/3 g[), TiC J4, �"7 C �5K�C#&a1*
=, 7 C �5��PE&JM6+h�X1*= [23].

3.1.2 �,-�� !"#$%./&'()0
&32!�', !�>9 C, Si � Ti iM(5:��,
$$+tM29. ��, $$+�,��"� fcc–TiC,�
ÆV#���� bcc–Ti(β �), ��� hcp–Ti(α �), 1
#, &h�2�$$+H�;?nhF)!"$$+'�
��&��U, ��t �9. a)�+�L+l�)�
�� C �e, >;��"F, U+$$+' Si 7��U,
`�l(!�:��� C ��e`�". C ��." C
N+'hj��9��P�� Si ���$7, Hh Si �
&h��, $$+'6�<�K�0#". !�>9� 
'� Ti �<�7E$$+29�>;, 6���P��

�t U9; \�<�7� α �29�%%, &h\6
E9� α �'HX, <�qÆl(!�:��� Ti ��
e`�".

&32!�'� Æ�)�C��:, �U)��)
!��&'��C/. O 8 � 1073 K &32!�'$
$+ F��)!7�H1+�:#Ce, 6&$X4�
 �:+��)!��&'�>;. 6&V4, $$+'
Al, Mo � Cr 7�Hh&uc1+i2jf��, &3
2 700 h .o"F:#, *"Hh&32�(5, Al, Mo
� Cr (�?6�bL�'JH, $$+'�KO)!;
7E� �:>;, 6� �P(5��, ej� ' α

�( β ��YZtM29, 92&32 700 h &., � 
' α �( β ��YZd�bL. Zr "fJ&32!�'
&7� �:>;, BJ*=�� �$$+', o"F
��. Sn _FQ4a)���&', ��Wc1, Sn i
c\6$$+'��, 5&32(5E�L��., Sn 5
�6 Ti3AlC �'JH, $$+'� Sn 7�:>;;6
9e)�(5'+��, `�$$+' Sn 7�`-Bf
�.���d:. 5�, " C N+/$$+!�, ��)!

T 7 j�uZ� SiCf/TC17 ���
� XRD g

Fig.7 XRD patterns of SiCf/TC17 composites in different

states

T 8 1073 K ����
	
���j��kNk����^
�lp

Fig.8 Relationships between element content in the inter-

facial reaction layer and thermal exposure time at

1073 K
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6���P���]�Æ�, r�3�� �:+$$+
 =/�0=, &�$$+H��&h�U, jl(!�
:�����)!=/c$�;W, ��)!ic. &

:�&32!�!�C#F)!�.���&')O 9
2Q.

XRD *, (O 7) kQ)&32!�'� Æ��
TiC 3129�W[, 92 Ti3AlC �J4��eY:
#. &32Wc., � '� C "&,!��� ��
2 *<m6,!uHX, Hh C 7���8, TiC 29C

eÆJl�X1, <�d[*=. &32iM(5, 5 α

��YZ�9E�L��., +>9C# C �\W� 

�U, `� TiC W[, C ��(: α �C]T hcp–Ti
*P�v� +lPE. (#(1, Hh Al " α �'�
tMJH, 5 25% � Ti PE� Al 1�1, α �5:
� Ti3Al, C( C $$, ����m$m*P� Ti3AlC
�, �' Al ]Tn< �waPE, Ti ]T�ZPE, C
" 6 J Ti =/P��v� +l'Z. <& *o�*
J, Ti3Al+C=Ti3AlC $$� Gibbs s3� ΔrG �

–527.3 kJ/mol[24], ;9$$6sÆ(5. <, *o
�bV, hcp–Ti3Al � (0001) ,�( Ti3AlC �

(111) ��=/UY<mB��q, D�+p*)�
0.2319 nm(PDF–090098)� 0.2396 nm(PDF–893207),

*"866<�"���^[!�. \0, Ti3Al xt)
α �� hcp *P, R� Al r�S* Ti j,[!`Æ�
)GW:#, 1# hcp–Ti(0001) �6&�� Ti3AlC �

<n�y.
3.2 LMJ1v2

&:.h�&32!�', !�$$7=/���"
), $$+H�6%�m*Q:

x = x0 + kt
1
2 (1)

m', x �!�$$+H�, x0 �!�$$+ncH�, k

�$$+29f^!`, t �$$1+. 67, x 29o

�i"MYT, ( t1/2 �M/Ce. k (��++jw
Arrhenius[20] Ce

lnk = lnk0 − Q

RT
(2)

m', T �& *��, Q �$$+29pq�, R �7

 !`, k0 �k^1/. Q ( k0 �(��oC�!`, �
9WqL�#*$$@l.

lT&32.J^�$$+H�`T (* 3) 6&%
4 x–t1/2 CemM, )O 10 2Q. 67, 1073� 1123 K
&32.h x ( t1/2 &mxnM/Ce, $$+H�s

T 9 SiCf/TC17 ���
�j��	����
 1073 K ����
�����
rs
Fig.9 Element diffusion paths of SiCf/TC17 composites in the process of hot pressing (a) and thermal exposure

at 1073 K (b, c, d)

V 3 [k`_tnrozstutpv C uzst
Table 3 Thicknesses of interfacial reaction layer and residual C–coating layer after thermal exposing

Temperature, K Thickness of interfacial reaction layer, μm Thickness of residual C–coating layer, μm

300 h 500 h 700 h 1000 h 300 h 500 h 700 h 1000 h

973 0.71 0.83 0.96 1.05 2.21 2.15 2.14 2.03

1023 0.93 1.12 1.34 1.48 2.06 2.08 2.08 2.01

1073 1.17 1.42 2.32 2.51 2.00 1.95 1.66 1.43

1123 1.53 3.27 3.23 3.48 1.96 1.15 0.97 0.83
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�9A�U, �.ic�2, ,�=1�� �:jl
(!�:��� C � Ti ���f^Æ�w:. `C

E� �:+$$+29�>;, > 1073 � 1123 K
� x − t1/2 mM;9q�9M. + 973, 1023, 1073
� 1123 K � x–t1/2 mMrM/o�., ^E k *)

� 1.86×10−10, 4.16×10−10, 9.68×10−10 � 17.50×
10−10 m/s1/2. 67, Hh&32��f�, $$+29
f^?�, !�bL/��. \0, " 973 K 1 k R

� 1.86×10−10 m/s1/2, 4u 1000 h &32., C +

H�R;K 6.62%, *" SiCf/TC17 ����"9�
�1!�&bL/GN, 6&" 973 K �&���2h
j%.

:% 973, 1023, 1073 � 1123 K � k W)
lnk–T−1 CemM, )O 11 2Q. m*�m (2) Av4
Q = 138 kJ/mol, k0 = 46.4×10−4 m/s1/2, �
6( Sigma 1140+/Ti–6Al–4V �$$+29pq�

(159 kJ/mol)[6] l9, "� SCS–6/Ti–6Al–4V �$

$+29pq� (248 kJ/mol)[25], *" SiCf/TC17 (
Sigma 1140+/Ti–6Al–4V�!�&bL/�q, !�$

T 10 SiCf/TC17 ���

	
����pw
Fig.10 Interfacial reaction kinetic curves of SiCf/TC17 com-

posites

T 11 SiCf/TC17 ���

	
����� Arrhenius

lpx
Fig.11 Arrhenius diagram of the interfacial reaction layer

growth in SiCf/TC17 composites

$+29f^+���qx/"� SCS–6/Ti–6Al–4V,
K�3� SCS–6 ��� C N+'y��L�LI Si �
SiC[26], �!�$${v8*0#"���$$, KO$
$�zÆ�&�$$��%7)���:#.

4 =k
(1) SiCf/TC17����"&:�&32!�', !

�>9�)!��<m�#*$$�*�8�qÆ�!
�:��, &�� �:��. #*$$���$$+<
��29�=1, � C � Ti ���,�� ; =/*�
8�j Si, Al, Mo, Cr, Zr � Sn " C +/$$+!�C
#(5�+��, 8����5W; � �:��+!�
:���E�L�q)%%, qÆ!�$$+29f^�
"�)!��&'w:, a)�+���)! Al, Mo �
Cr, j���*)mhFs�bL�<6(5, � Sn 6
Ti3AlC �JH-R"F.

(2) SiCf/TC17 �����$$+29pq��
138 kJ/mol, " 973 K 4 1000 h &32., C +;

o"F*-, 9��!�" 973 K �&����21b

L�.

yz��
[1] Mukherjee S, Ananth C R, Chandra N. Composites, 1998;

29A: 1213

[2] Wadsworth J, Froes F H. J Met, 1989; 41: 12

[3] Doychak J. J Met, 1992; 44: 46

[4] Jeng S M, Alassoeur P, Yang J M, Aksoy S. Mater Sci

Eng, 1991; A148: 67

[5] Yang Y Q, Zhu Y, Zhang J Y, Ma Z J, Chen Y. Acta

Metall Sin, 2002; 38(suppl): 466

(rsr, { t, -wu, s|x, | v. yy�Æ, 2002; 38(w
z): 466)

[6] Kyeong H B, Patrick S G. Scr Mater, 2001; 44: 607

[7] Jones C, Kiely C J, Wang S S. J Mater Res, 1989; 4: 327

[8] Lerch B A, Hull D R, Leonhardt T A. Composites, 1990;

21: 216

[9] Das G. Metall Mater Trans, 1990; 21A: 1571

[10] Grace K G, Jeffrey A G, Martha L M. Scr Metall Mater,

1992; 26: 1043

[11] Smith P R, Graves J A, Rhodes C G. Metall Mater Trans,

1994; 25A: 1267

[12] Hall I W, Lirn J L, Rizza J. J Mater Sci Lett, 1991; 10:

263

[13] Rodney B, Gerhard W, Collings E W. Materials Proper-

ties Handbook: Titanium Alloys. United States of Amer-

ica: ASM International, 1994: 453

[14] Shi N L. Mater Rev, 2000; 14: 53

(tu{. �
�Æ, 2000; 14: 53)

[15] Shi N L, Liu Q M, Chang X C, Quan R, Xia F. Acta Metall

Sin, 1990; 26: 153

(tu{, |rv, }x~, w x, z {, yy�Æ, 1990; 26:

153)

[16] Subramanian P R, Krishnamurthy S, Keller S T, Mendi-

ratta M G. Mater Sci Eng, 1998; A244: 1

[17] Zhao Y Q, Zhou L, Alain V. Rare Met Mater Eng, 2003;



01314 O0U0S0T � 48 �

32: 161

(yzy, } }, Alain V.{�yy�
k|
, 2003; 32: 161)

[18] Han X, Wang M Z, Liang B Y. Rare Met Mater Eng, 2010;

39(suppl): 204

(} {, |�~, ~�|. {�yy�
k|
, 2010; 39(wz):

204)

[19] Dybkov V I. J Mater Sci, 1986; 21: 3078

[20] Martineau P, Lahaye M, Pailler R, Naslain R, Couzi M,

Cruege F. J Mater Sci, 1984; 19: 2749

[21] Xun Y W, Tan M J, Zhou J T. J Mater Process Technol,

2000; 102: 215

[22] Wang Y M. PhD Thesis, Institute of Metal Research, Chi-

nese Academy of Sciences, Shenyang, 2005

(|}z. �~��~yy��} #�T{~, |�, 2005)

[23] Zhang S Z. PhD Thesis, Institute of Metal Research, Chi-

nese Academy of Sciences, Shenyang, 2004

(-}�. �~��~yy��} #�T{~, |�, 2004)

[24] Yang Y Q, Zhu Y, Ma Z J, Chen Y. Scr Mater, 2004; 51:

385
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