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ABSTRACT Bulk metallic glass (BMG) and its composite (BMGC) are new members in the area
of materials science and engineering. In this paper, we simply reviewed the development history, es-
pecially introduced our recent progress referred to Ti–, Ni–, Zr– and Mg–based BMGs and BMGCs.
The study of the microstructures of BMGs prepared by controlling the solidification conditions indi-
cates that the microstructure of BMG is flexible. Several factors including the casting temperature,
the mold temperature and the mold material etc. influencing on the glass formation, microstructures
and properties were studied. The relationship among processes, structures and properties of BMGs is
furthermore illustrated. Some BMGs and BMGCs were prepared by mediating the solidification condi-
tions and designing the novel composite structures, of which the size of Ti–based BMG reaches 50 mm,
and crystal/BMG bi–continuous phase composites exhibit good properties. Investigations reveal that
the application of these BMG and BMGCs will be expected in the near future.
KEY WORDS bulk metallic glass, bulk metallic glass matrix composite, solidification controlling

��
����
����
�� 30 �, ����
������, ������������������
� [1−26]. ��, 
���������������

* ����������
��� 2006CB605201 Æ�����

��
�� 50825402 ��� ����
 50731005 !�
������ : 2010–07–29, ������� : 2010–09–08

���� : �"#, �, 1929 ��, ���, ��
����

DOI: 10.3724/SP.J.1037.2010.00381

(� 1)[27−45], ���$%�������������;
��� ���������������������

��������, �%�!������������
���������. ��, %�����������
�, ��� ���"������� ���� ��
��������#.

���, ��
��������, �������
��
���&�� [46−50]����� [51−55]�!� �

��� [56,57]�����
�� ��� [58,59]�
��

�$!�"� [60−62] �
�����! [63] "%"&�



�1392 '�#�#�� � 46 �

' 1 !#($��! (")�$% 20 mm) &"*+�'�$,#!�()
Table 1 Bulk metallic glasses with the size over 20 mm

System Alloy composition Critical Size Method Year Ref.

(atomic fraction), % mm

Pd base Pd40Cu30Ni10P20 72 Water quenching 1997 [27]

Pd35Pt15Cu30P20 30 Water quenching 2005 [28]

Zr base Zr41.2Ti13.8Cu12.5Ni10Be22.5 >25 Copper mold casting 1993 [29]

Zr55Al10Ni5Cu30 30 Copper mould suction casting 1996 [30]

Zr60Cu25Fe5Al10/ 20 Copper mold casting 2009 [31]

Zr62.5Cu22.5Fe5Al10

Zr61Ti2Nb2Al7.5Ni10Cu17.5/ 20 Tilt casting 2009 [32]

Zr60Ti2Nb2Al7.5Ni10Cu18.5

Zr50.5Cu30.5Ni4Al11Ag3 20 Copper mold casting 2008 [33]

RE base Y36Sc20Al24Co20 25 Water quenching 2003 [34]

(La0.5Ce0.5)65Al10(Co0.6Cu0.4)25 25 Tilt–pour casting 2007 [35]

La65Al14(Cu5/6Ag1/6)11(Ni1/2Co1/2)10 30 Water quenching 2007 [36]

Mg base Mg54Cu26.5Ag8.5Gd11 25 Copper mold casting 2005 [37]

Pt base Pt42.5Cu27Ni9.5P21 20 Water quenching 2004 [38]

Ni base Ni50Pd30P20 21 Water quenching 2009 [39]

ZrCu base Zr48Cu36Al8Ag8 25 Copper mould injection casting 2007 [40]

20—25 water quenching 2008 [41]

Zr46Cu38Ag8Al8 20 Copper mould injection casting 2008 [42]

Zr48Cu34Al8Ag8Pd2 30 Copper mold casting 2007 [43]

TiZr base (Ti36.1Zr33.2Ni5.8Be24.9)91Cu9 >50 Water quenching 2010 [44]

Ti32.8Zr30.2Fe5.3Cu9Be22.7 >50 Water quenching 2010 [45]
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�����*/ [1−26] 5!�:��
�����

��"�-0�(,. �*;+4
������ – �
� – ���4� (, 5��5��%,)�:�, Æ,

���%$/��������&���-�.

1 )�*+,-.�/01���
Turnbull � Cohen[64,65] *�, 0�,)$-$�

�, 60��5�*("&'$��, 1
"3��2(,
!�
�,��. ,����)6&  ���-3".
,.97%���5�!�
�,���*1��, <

����!�� ��, ." �����+4��,)
$��(=���
�!�� �7. -), #�, 2 �
*8�!1��, ��"�!���%���"�
�(
/�,�8/+4,�+> [4,66−75], %2
����6
9/, 9-�
������.

::, �+6+>+8/�)
*"�&,05!1
�%. 2�%*���5��"6;�2/<, ,�!�

����5����7�2. �.,,*�, 
���
5��;.���(�4�2�0-4�2, ;
��2.
8.���<?�, Ostwald[76] .1%�(3��, *�
3:���(3����,,*1, 9,3�,3:-(#
#!&,�,4&,�,2(3��, .!)1@2(�
�&,��, (<���3#��7��,), :).4�
.3�(/��/�,�@���4�, (<(��5&
2() �=>, �:��&,�,.0. ,1�� Ostwald
7+�;. Ostwald7+�;?���(3��(#��
 ��  ��44����. '�*����5(3�
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�85 Ostwald 7+�;, <,,�&�20/4 ,
�&"20/2(, �4�/�3�(/5&2(, �
:4="= 2(. .D7���2,  ,���7
����5&/<. ,�� ,����6(��,�
Tanaka[77,78] �>*8 ,����+. Tanaka *� 
,��;.4��7��: B��7��)%3"�� 
,���, <."-?�3"�5�; BC�7��)%
3"���718= ���. �9)?,  ,��.@
��3��;.�(. .B��7���BC�7���
4,  ,��D�5&,, 7�����2��. :/A
�2����1���A������ , .";,��
81�����9=�. ,� ,��������)/
�0���"(-3". Wang � [79] 5� ,����

XRD ��"�, Fe 5��248��&/<� 2E.
1600—1650 3���3+3;.��5(, ?# Fe 5
��"3����2(. . , Pb–Sn, In–Sn, Pb–Bi,
Sb–Bi � Fe–B �5��, �%��49�3��"6�
��@�
���"((, �#���5�"3���>
2� –  ��2( [80]. �� Fe–Al  ,�����
�� [81] �"�, .D6�63+�5��*;.9��
(��2�7 Fe2Al5 �&/<, ��43"F� ,4
��2, �����2��. 69���@�, 1��2
��:"3((, ?G:Æ [82−87].
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�. ���!13�*�0�� 2 �4�H@�+%: �
&�!# ,2(�,,<5�3#��((, ,�+%
)�6!!5��7  ; �6!�;2+ /,�8;
.-/����, ,�+%�A9�6�!���1�5
�. , 2 �+%�4�H@;8,
����!�. ��
��� [88] �#, �2��;�5�I73, ,���
3#�, ,�5�
����!�. -), �2���;.
�,- /,�8� [89]. � ,���1�����1�
�H@�,���1��7�,  /,�8�;��I7,
;
("I7 1—2 8�J [90], ?�=:. �.-,,  
,����5&��($1��� ��3�, ,��3
�;.-,-$6;���0�, -:,-$
�!��
 %<��
���������. �9)?, !�%,
8K2���5�!�
���39���!�. .,.
'�;��5�.��3�����!�
�� , 1�
�
������!�� , �1��
����(�(
�, ":6�.*-,
����!�� .

.$�
������)>$!*+#��L, 9
�, Xing � [91] � Popel � [92] 5�5�3�D�)

�:"�9"�:"���!�� ; Kui � [93] 5�5

�7E/D�;"��; Tamura � [94,95] 5�F�8$

!D�;"�9"��5�, )�$!�� �. -)-

B!$, $�+�)�
������*+!$; C)

������)'$+�'$%,, !��"*'(, �
��%,�454, &4()��+%&2. ::, ))#
�,��
�����(����!$, 2+�
���
��� .&,�. +�, )!*+���
�!�� 
%$(,-+%, -B
����(�(����, �;
9�*+
����� – �� – ���4� (��-

������ �M5?@.

2 *+,-�<=>.?@A�
2.1 BC�D�E�FGBHIJ�K


�����6."@��75��=��6 [67],
���4�2("��75�=��L�&,�4�H
@��7. )),�H@;����3�. <�, 
��
��1+�2(��Æ��,��7, �(�!�7. +
�.1+��GB�5�"2, -";.�1+��.�
F&����(�)>����:�10(.

���#, ��
������4(�3�=���
�)*�LB�4 ��=�(��� . 5� �:

�, ("*�
�����4(�366������5
&��18�. ��4(�3)
�!��� H@3

5�. ��"����
���7%���3H���7
��%:;B%�, *�LBL�� Zr–Al–Ni–Cu, Mg–
Y–Cu, Nd–Fe–Al � Pd–Ni–Cu–P �. ,%��LB�
4*�!�����4(�3, � Zr–Ni–Al–Cu ��(
"!� Zr2Cu, Zr10Cu7 � Zr2Al�(�3, Pd–Ni–Cu–
P ��("!� Ni3P, Cu3P � Ni2P (�3�. +�(
"*�, ��
�����6)#����4(�3�6
L�:�. ��
���5 ,,)!�
�,)#�,
%��4(�3!1%35)  �8K-;�, ��>
�  � �, ;. ,�,)3��C<"3��4(
�3�!1%35, �:!�/���4(�3.


���) ���I����, � ���
"�
�. +�, ������6=.�,��.("?� ,
����7. � La55Al25Ni20 
������6= [96]

"�, Ni �&C+ La �&�248����,��!
�, La �&�5�?&)��!1%5��( ; %"
�.3, �:-0�AD�, ����(��0-4�
2�?>"3((, (F�&�?&( &�, ����

"&,. � Zr–Al–Ni–Cu 
������6="�,
Zr–Zr �&�4@��$�&1E, - Zr–Ni �&�4
@ (0.2670 nm) >DB�4�&2E�� (0.2840 nm),
,�# Zr–Ni �&�4�=0(���. "(%�#, Zr
�&C+� Al �&2486�A%�(�"3:EN&
�, ?# Al �&�5�?&;)��!1%5��( .
�30, � Zr70Ga10Ni20 
������6= [97] "�

Ga � Zr60Al15Ni25 
���� Al �%���.
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�
������6=�#, 
���4���&0
/����,���&�:6, 9�., La, Al � Ga
��&.
�,����0/0!���������.
,?#1+�&��)���!�� %�&,��-
��+. <�88, 18���;.!F��(�3, #
��&��:��"%�&�4!��(�<� :4
�OG.�5, ,%*.-(#��!1%5�. .3@
(+)�!��  �8K(";��,��=
, �A
@D
����!�� .

5  �:�,  �M���&?&� � , .3
, �:, 6��I7 �M�PAEN, M�EN;(
#�&?&���-0, +�(#18�!1�5�. 9
-��,!���� Tg/Tm (Tg ���2(��, Tm �

5(��) H�,  �M�6��I7:E��$-H�,
���!�� H�. .�,��2, ���6�!��
,-$M�. ��4(�3%������ ��*��
�(�31���+�&4�2, +�>DE����M
�. I�J?�), ��
���#�&��!���L
BL�, �!�7��(�31���, �&�JK��
-NQ=, +� ���M�-�. N"������(
#����/��� [98] *�#, 5��� �M�;

������� 1—2 �8�J. �M�E����.3
, �:�&,�.

.�L�!1�%�, 05!1�&,!1- J∗ (
�E� [99]

J∗ = Zβ∗Nexp(−ΔG∗/(kT )) (1)

F�, Z ) Zeldovich +&, β∗ )G��&)���1?
G�>-, N )G4�M�18�168, ΔG∗ )!�
���1-/�!1�, T )� ���, k ) Boltzman
"8. ��4� �H,!1�%BC��&�?&/�
�4, ��BC�'$%,3���
05!1, !1�
ΔG∗ .�N.!�+& f(θ)(θ �!1"����5�
4�IJ:)

f(θ) = 0.25(2− 3cos θ + cos3θ) (2)

;H,!1-���F�

J∗ = Zβ∗Nexp(−f(θ)ΔG∗/(kT )) · exp(−τ/t) (3)

F�, τ �!1KL&, t ����4. ,)$-H�, �
��4H4, KL&H5, !1-H7.

Xu[100] ,@� β∗ ���F, *� β∗ ��<��B
�/M��� 

β∗ =
S∗DXa

a4
(4)

F�, S∗ � ���1��A@M8M, D ��&�?&
(8, Xa � ��="�&�?N68, a ��A"8.

".'F�#, �<��H�, ���!1-HB, �
5�
����!�. � 2 O��@%�� – 7����
�� – ���
����18�����A"8���
,)$-.

5��5��:�, ���35$�);���  
�(8, :��  �(8����=A� . � 3 B

�O�� (Ni, Co), 22� (Si, P), ��4(�3
(FeSi, CoSi), P�� (Al5Fe2) �C(3@P (YFeO3,
Y3Al5O12) ��<�M���35(8� (. �<�
MH�, ��H/M, ��  �(8HB. ".�6=
��'�).�4�;��,�=
�KD: �)EN�
,����/M���<��; C)ENH@�,���
6�3�.

'�C<. Co–Hf–B ��(�(3�,�7/�
(0� [108]. Co–Hf–B LB(�, ��5�%,�� 4
�=�?�"3, 66�

E1 : Liquid (Co79Hf2B19) →

Co + Co2B + Co21Hf2B6 (5)

E2 : Liquid (Co66Hf6B28) →

Co2B + Co3HfB2 + Co21Hf2B6 (6)

E3 : Liquid (Co79Hf5B16) →

Co + Co3HfB2 + Co21Hf2B6 (7)

E4 : Liquid (Co79.5Hf10.5B10) →

Co + Co3HfB2 + Co23Hf6 (8)

' 2 RNQD#("*BCEQ�=(D>M#")ECAR
Table 2 Phase constitutions, lattice parameters and critical cooling rates of typical amorphous alloys

Type Alloy system Equilibrium phase Critical cooling rate, K/s

Metal–Semimetal Fe–B Fe3B (I4; 0.87 nm, 0.43 nm) 106

Ni–P Ni3P (I4; 0.89 nm, 0.44 nm) 105

Metal–Metal Ni–Zr Zr2Ni (Fd3m; 1.2 nm) 105

Ni–Nb NiNb (R3m; 2.7 nm, 0.49 nm) 105

Metal glass Zr–Al–Ni–Cu Zr10Cu7 (C2; 1.26 nm, 0.9 nm, 0.9 nm) 102

Mg–Cu–Y Mg2Cu (Fddd; 1.8 nm, 0.9 nm, 0.5 nm) 102
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$�, �;� E1, E3 � E4, E2  ��/M��L�. "
(�#, E2  ����
�!�� . "(��3"� 
�/M�L�����6 ���
�!�� , ��S
E�.3FO18�,��7�("�A09/ ��


�!�� ���. Ni–Zr–B ��(��� [109] �

����7��%.
-�-��), ,��7�� CALPHAD �B/�

$!;���4).����9/, ")����
�!
�� [110]. B 1 �.3 CALPHAD /�<�� Ni–
Nb–Zr LB(� �8C,B� ���6 Nb 7�(
( ( [109]. B�?G� Ni–Nb–Zr LB��(� 3 �
=�?�, 66�

E1 : Liquid (Ni44Zr46Nb10) → Zr(bcc)+

NiZr + NiZr2 (T (E1) = 1210 K) (9)

E2 : Liquid (Ni56Zr25Nb19) → NiNb+

Ni3Nb + Ni10Zr7 (T (E2) = 1100 K) (10)

E3 : Liquid (Ni85Zr7.5Nb7.5) → Ni(fcc)+

Ni3NbZr + Ni6Zr (T (E3) = 1440 K) (11)

$�, E2 =��# 4 �L�, 66� �, NiNb (a =
0.5114 nm, b = 0.4224 nm, c = 0.4538 nm), Ni3Nb
(a=0.49 nm, c=2.664 nm) � Ni10Zr7(a=0.9211 nm,
b=0.9156 nm, c=1.238 nm). $30�/M��

�4(�3. Ni–Nb CB(��T
�!��6�
Ni61.5Nb [111]

38.5 . +�, 5 Ni61.5Nb38.5 ��4 E2 8
4��(, �B 1a �H�UD-E, ;@D���
�
!�� . +�, ("��, Ni10Zr7  �;D���<�
�, DF5?P=��� E2 �84., :"��T
�
��!�:�.

B 2 �"(!,� Ni–Nb–Zr LB��(���

���!�3+ [112]. ("G
, Ni–Nb–Zr LB( �

' 3 EI@H&(AEV#FJNBGM
Table 3 Linear growing coefficients and unit cell volumes of

some materials

Parameter Cell volume, 10−3 nm3 Coefficient, m/(s·K)

Ni 44.36 1.83[101]

Co 22.03 1.88[101]

Si 78.4 0.17[102]

P 86.97 0.17[103]

FeSi 90.4 0.014[104]

CoSi 86.94 0.02[104]

Al5Fe2 206.82 5×10−3 [105]

YFeO3 223 1×10−3[106]

Y3Al5O12 1731 3.5×10−5[107]

&6�
�!�:�. 1E� 2 mm�
�,��!�3
+) 60%<Ni<64%, 28%<Nb<38% � 0<Zr<9% (�
&68). $�, .��5B�:�, ��("���1E
� 3 mm ���
�,��. . 3 mm ��
�!�
:��, Zr 7�((3+5B, �9)?, Zr 7��((
� Ni–Nb–Zr ���
�!�� ,->D. "(!,
� Ni–Nb–Zr LB(�
�!�3+�/�<����

� 1 Ni–Nb–Zr OQ�K�HIL��K�SC�HJK�
� Nb E��CFFH (E1, E2, E3 � e IRG�T�
�)[109]

Fig.1 Liquidus projection (a) and the dependence of uni-

variant line with Nb content of the liquidus projec-

tion (b) in the Ni–Nb–Zr system (E1, E2, E3 and e

denote the eutectic reaction point, respectively)[109]

(1: NbNi MU liquid F0 Ni3Nb, 2: NbNi MU liquid

F0 Ni10Zr7, 3: NbNi MU liquid F0 NiZr, 4: bcc A2

liquid F0 NbNi MU, 5: bcc A2 liquid F0 NiZr, 6:

bcc A2 liquid F0 NiZr2, 7: NiZr liquid F0 NiZr2,

8: Ni10Zr7 liquid F0 NiZr, 9: Ni10Zr7 liquid F0

Ni11Zr9, 10: Ni11Zr9 liquid F0 NiZr, 11: Ni10Zr7

liquid F0 Ni3Nb, 12: Ni10Zr7 liquid F0 Ni21Zr8,

13: Ni21Zr8 liquid F0 Ni3Nb, 14: Ni21Zr8 liquid F0

Ni7Zr2, 15: Ni3Nb liquid F0 Ni7Zr2, 16: Ni3Nb liq-

uid F0 Ni5Zr, 17: fcc Al liquid F0 Ni3Nb, 18: fcc Al

liquid F0 Ni5Zr, 19: Ni5Zr liquid F0 Ni7Zr2)
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(D�H�D�. -), �T��!�� ���J=�
� E2�@DS, ,(���B/��P!�� ZrB%�
KN� ,��1����@("%=
�7��@(

� . ?� X %�?G2LG (EXAFS) �� [113] �

#, � Zr -� Ni–Nb ���, 
����1���"3

� 2 Ni–Nb–ZrOQ����MDU�Æ���EKTCMV
��P�FMV�CFHQ (	NU
�WO 2 mm �

���
MDIV, ÆNU
�WO 3 mm ����
M
DIV)[112]

Fig.2 Schematics of the glass formation and variation of

Tg and Tx in the Ni–Nb–Zr system (the solid grey

ellipse corresponds to the region where BMGs with

at least 2 mm in diameter can be formed, and the

solid black ellipse to 3 mm diameter BMGs)[112]

((, Ni �&��L���, Zr � Nb "3H@, -.4
�!� Ni–Zr X�:!) Nb–Zr X�. ,�((;:,
-���%,3����=
, 5:@(���
�!�
� .

B 3a—e 66�1E� 2.5 mm !��6���

Ni61.5Nb38.5−xZrx (x=1, 3, 5, 7, 9, �&68) ',F
��P%FY (TEM) #8N [110], >E�H@=
�,
��
�!�� �4� (. ("G
, ���� Zr7
�7� 3% �, Ni61.5Nb37.5Zr1 ��# NiNb � Ni3Nb
�L�, ���A� 400 nm. Ni61.5Nb35.5Zr3 ���#
NiNb � Ni3Nb �L�, -)��6� 20 nm. ���
Zr 7�� 5% �, �B 3c -E, ����. TEM 20

5�+, F&'%G��L��
�WI, �#���

�,��. 69 Zr 7��-��)�, ��39��L
�&"3�((. � Zr 7�� 7% �, �B 3d -E, 

�"�.6G�%=
�, ��A� 50 nm, �Z,�O
8 Ni10(Nb, Zr)7. � Zr 7�� 9% �, �B 3e -E,
Ni10(Nb, Zr)7 �C<=
, ���H65�, ���A�
500 nm; R2� �!�����, B�" A IE. ,
?# Zr 7��-��)�QJ����
�!�� .
(F, 69 Zr 7��EN, ���H@=
� NiNb �
Ni3Nb �5�MA);�, 6;���
�!�� ��
�T, �;#��� Ni10(Nb, Zr)7 �=
JK����

� 3 �WO 2.5 mm X	 Ni61.5Nb38.5−xZrx �
J�� TEM KKP [110]

Fig.3 Bright–field TEM images of the as–cast 2.5 mm rods of Ni61.5Nb38.5−xZrx with x=1 (a), x=3 (b), x=5

(c) x=7 (d) and x=9 (e), indicating the dependence of the microstructures on the Zr content (A in Fig.3e

denotes the amorphous pahse)[110]
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�!�� . ,����6=��)�+�. /M�1
8�.%,3��S1);�, 5:E����
�!�
� .

L�EN�,����/M���<���, .3�
7B%(H@�,���6M��3�, �);��,�
=
��A'+ [33]. Zr50.5Cu34.5Ni4Al11 ���
�
!������ 8 mm, 69,)$-�-��I7 (E
�39���), *�H@=
��L Cu L Zr �,�.

B 4 � Zr50.5Cu34.5Ni4Al11 ��L��W'�=

�� TEM N. ("G
, L��W*�#N8� (B
4a) ���� (B 4b) L�. N8� Al � bcc ��,
�A"8� 0.339 nm, �6� Zr52.2Cu32.8Ni4.4Al10.6;
��� A2 � fcc ��, �A"8� 1.21 nm, �6�
Zr47.8Cu32.7Ni2.5Al16.9. ��;�,%L Cu �,��
=
, '�FO� Cu ��RB% Ag %�KNB%, �
� [33] "�, 69 Ag �KN, =
�0L7 Ag, M=

��8���I7 (B 5). -), Ag �3�KN:@(
=
�7�, (=
�8�&�EN�NT. %,3�)
0%,�Q����"�� �=U"%%,�80�)

��. Ag �KN@(�=
��3,5�4��80�.
�� [50] �#, Ag ��( Cu–Zr ��, ;:.���3
,5��!�" Ag ��R�/<��. .R0?, 9)
Ag �&OX�+6 Zr �&, ( Cu � Zr �4��4
%�I7. 3,5����@((%,�Q����"�
=U-NN*, 5:;��,��=
. 5=
��:�

", "��7B% Ag �KN, @(�=
���6. =

��6�@(, 9/�%,�8�Q-N/M�"�=
U. ,�EN�=
�5��*�, ��5�
����
!�. Zr50.5Cu30.5Ni4Al11Ag3 ��("5� Cu �'(
<���� 20 mm �
�39, $��,)$-�M�
A� 6.9 K/s.

�7B%�3��(��"�7. .�,���, �

� 4 Zr50.5Cu34.5Ni4Al11 P�
XYN�
��� TEM P
Fig.4 TEM images for lath–like (a) and block–like (b) crys-

talline phases precipitated in Zr50.5Cu34.5Ni4Al11

master ingot

7B%�$�B%L���������: ��7�.
9�, :;B%�$�B%L��(�3����)�+
�, RAl2(R Z�:;B%)  ��������"%�
7��A"8. ,��7�2+�.�,���, ���
:;B%+6�Z<��:;B%, �O!:<5���
����((. ;�. Mg �������:;B% A

+6�Z<��:;B% B �, :"�7:;B%��
,������.>�"3((, ���A.+6 B �&
(") A �&�Z. -),��"�88(3, �-
N&,, <�88EN�%,3��"�=U�*�. ,
%*;���,��=
, �5�
����!�.

��, '�&.3�7�KD, . Ti–Zr–Cu–Ni–
Be �(���
������ 50 mm �
���

(Ti36.1Zr33.2Ni5.8Be24.9)91Cu9(B 6)[44]. ,�-��N
���
����!���,�=
�4� (�*+

��#.

� 5 Zr50.5Cu34.5−xNi4Al11Agx (x=0, 1, · · ·, 14, YS�
V) �
XY� XRD Q [33]

Fig.5 XRD patterns for Zr50.5Cu34.5−xNi4Al11Agx
[33]

� 6 TiZr ��
X	SR (�W�	O 50 � 60 mm) �

XRD Q�ÆZ�O 150 g P�
Y��WO 50 mm �

SRSO [44]

Fig.6 XRD patterns of the as–cast TiZr base samples and

appearance of the 150 g ingot and as–cast 50 mm

sample[44]
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2.2 GBHITUJVWXYZ�
������$��3�=A� . ��=#��,

�P9�:���:���, ��(".3����D�
�,N)�)>�[)�������, <��T���
��. 
����1)*�)��0"��'4���5
&��. -), ���� [51−55] �#, 
�������
$�������.!05�=A� . :
�����
!05���$��3�=A� [114]. ��
����
%,8K, �['�� [61,114−117]�� �� [60]�[\
�7�,)$-�, �
���!�����,-, ��
#
������ – �� – ���4� ( �-��
?@.

2.2.1 ���� �%., ���
�!�� �
2)���,���(�!"3((��7��. ::�
�3��, !&%,3���O��L\*!"�3)

"N*�, 
��!�:0�%,3����+%�,-,
�!�
������P:"3((, ���)���(
"&��
�
�!�� , �9)
����(�(!
�� , ��(��7
�!�� ��,�:6. ��
-,, 
����5������=A� , ['���
@((",-��5���,�,)$-, 5��?@.
�?, )�['���))*3$��"�� Q%��
��)�'+.

B 7 B
�['��� Zr64.9Al7.9Ni10.7Cu16.5 �

Zr47Cu37.5Ag7.5Al8 ��!�
��,- [116]. 69[
'���@�, ���
�!�� <@�;2I, <�
!�
��['��;.���,3+, �B�H��E.
�39��@�
������, !�
��['��3
+6�]B. ['���
���!�� �,-�BC
�"2 3 �88�+%: 5���1+�&/<�6;�
*5�,��"&,)$-�5����� O 7�.

� 7 Zr64.9Al7.9Ni10.7Cu16.5 � Zr47Cu37.5Ag7.5Al8 �

�MD���^XMVU� [116]

Fig.7 Glass–forming casting temperature vs sample size for

Zr64.9Al7.9Ni10.7Cu16.5 (a) and Zr47Cu37.5Ag7.5Al8

(b) alloys[116]

(1) 5���1+�&/<�6;�*5�,�. 5
���1+�2�&/<.%,3��."5��"!
1[�%�. <�, .FQ5P��L���3��, L�
�.W, Cu [\��3�
18%,�(�2+�%
���,�3�. .6;�['3��, �['��D7
�, ,%���,�:RQ.��5��%��"!1[
9-�(�I7
�!�� . -", 7�<���
�
!�� 9PT:L+4.�]B,%!1[�,-.  
,���;.�5&�1+�2/<�69���.@
:?G:Æ. �����@������, ;
(".

"4��43!":X, ������OA) 1.4T

[118]
m .

Zr64.9Al7.9Ni10.7Cu16.5 � Zr47Cu37.5Ag7.5Al8 ���
5�*A) 1100 K, �� Zr64.9Al7.9Ni10.7Cu16.5 �

Zr47Cu37.5Ag7.5Al8 ��, ��['��66� 1450 �
1550 K, 66) 1.32Tm � 1.41Tm, @������
1.4Tm.

(2) "&,)$-. ��['��2+��5���
���EN. %,3��, ����-\2+���"&
,)$-2I, -:]Y
����(�(�(� . �
��@������
���+4['������, ,
�,-:(�-N#>.

['��!6,-���
�!�� , �,-
�
�������. B 8�!�['��21E� 3 mm'

,39� TEM #8N����F:F&'% (SAED)
G [116]. �['��� 1250 K �, (�S�2����
����,�6G.
�"��� (B 8a), ���,�
��B� 20 nm, �#/�M68B� 2%. �['��
� 1350 K�, ���,��8����*PA]2, ;

.B83&*��� (B 8b). �['��EN� 1450 K
�, ���,�!":X (B 8c).

(3) O 7�. O7��
����!�����,-
�)R]��� [119−121]. +� O ���B%�4��
=��4%�, � O 7�43���I;, O �;.."
:9-�,��=
:!5�!�
���. Altounian
� [122] )
 O � Zr �4�&'��2,,X�, �9
)?, "�� O �&�C+ 6 � Zr �&��� Zr–O Æ
8���!F, <(. ,�,2, O � Zr �4�R(
("&,;.. ,���!F77� fcc NiZr2 �<��
Zr �&Æ8�. +�, Zr–O �&/<(�<5�,��
!1�35, ;�? NiZr2 �, -:(�� �XS&,
�, :!���!"
���. )�['��<55��
�� O 7�EN�4��+: �)T��5�N��-
���/�-5�9��4, 5���(�?G-��R
;.)%T�.� O; <��)-���2, ��5� 
�-��(���, � O �?�-S1. ZrO �3�]A
) −1100 kJ/mol, ;ZU$�*��6 SiO2 �3�]
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� 8 UT^\MV��� Zr64.9Al7.9Ni10.7Cu16.5 �
� TEM KKP����VI^SW[Q [116]

Fig.8 Bright–field TEM images and selected–area electron diffraction (SAED) patterns (insets) of as–cast rods of the

Zr64.9Al7.9Ni10.7Cu16.5 alloy with 3 mm in diameter prepared under Tcasting=1250 K (a), Tcasting=1350 K

(b) and Tcasting=1450 K (c), arrows in Fig.8b showing very few crystalline phases[116]

−908 kJ/mol ��. +�, Zr �(�5ZU$�.3
%�?�?G O. "&., !��['��<?U9��
5��!��3�� (Toverheating=Tcasting − Tm). �
88, ��3���]�:L5���1+�&/<�
RQ�*5�,�, )�
�!�� ; <�88, �
�3��:2+"&,)$-�I7�5�� O 7�

�EN, !5�
����!�. +�, ���3���
�218,488�,-:<�. I�J?�), ��
Zr64.9Al7.9Ni10.7Cu16.5 � Zr47Cu37.5Ag7.5Al8 ��,�
� [116] �#: .��3��2, "&,)$-�5�� O
7��
�!��,-:+���(�!�:((. B 9
>E�3����
�!�� �4� (E?B [116].
�� Zr64.9Al7.9Ni10.7Cu16.5 ��, $��4(�3.[
'��� 1250 � 1550 K �=
, :��C(3;.-
�� 1750 K V!�, ?# O �,-0�.-��['�
V#>0,-���%,3�. .�, "&,)$-�I
7�2-N'$0,-�
��!�, �B 9a -E. �
� Zr47Cu37.5Ag7.5Al8 ��, .['��� 1650 K2�
��1E 16 mm ���\3��+6�(, BC�1E
3 mm ���\3�"&,)$-SS���4, -).
['��� 1650 K ��3"3�(. +�, '�*�.
Zr47Cu37.5Ag7.5Al8 ���
����, "&,)$-�
I7.!)*���A
�!��+%, �(3�*�S
+� O 7��PAEN:<�����"!1[, 5:
JK3, ��&,;.I_. ��['��# O 7�
�,-8,, �B 9b -E. �B 9 ��U� 2 � 3 4^

"@��, .!,��['���, "&,)$-�5
�� O 7�*�%�-��+%BC.3, �����
(�
�!�� ;0�44Æ��-N/M�,-.

2.2.2 �� !"�� ��=#����['8

/, ��'K�,)$-*�0"2��+%�,-: [
'������ ���'K������ W��� 

���2�-"%'K�� �4�=�(8. =#'(

� 9 	�MVLX�
��MD���]Y� [116]

Fig.9 Schematic effects of the overheating temperature

on the glass forming abiliy (GFA) of Zr64.9Al7.9-

Ni10.7Cu16.5 (a) and Zr47Cu37.5Ag7.5Al8 (b)

alloys[116]

�, )�� ��))�'K9"�@D'K�����
"��8/. -), 
�������, ,�8/.>�
����, +�
������O��'$+�'$%,,
,)�454, � �'K4��4,-�4�54. -
), �� [60] �#, .54�4'$%,3��, 5��
� �4�5XVW+4V"% ����� 3W�

4�IJ��*:,-
������.
'$%,)����S *�#�8�()��'
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(8F. ��`G!��'K, %,�4 tf ("#2

F/� [123]:

tf =
ρsH

h(T − T0)
· V

A
(12)

F�, ρs )���=�, H )5(], h )�OT(8, T

)��5����, T0 )� ��, V/A )'K��M

8M;. ρs, H , T � V/A ("G%)!(�, ��#�
T � T0, (8 h �%,�4�,-)\��. ::, h #

3 +68,: ��5��2�-���5��� �4�
�OT(8"%� ���2�-. Louzguine–Luzgin
� [124] ;D�W"�X"��5���=2-�$,)

$-�
�!�� �4� (%
, �;�W"��,
X"���
�!�� D7��+��)X"���

�=2-D7. � ��:���5��� �4��O
T(8$3D��,-, (".3 Holman[125] �`(�

OTUF��E��5��� �4�10�OT(8

h �

h =
1
δg

(Ac

A
· 2kmkM

km + kM
+

Av

A
· kg

)
(13)

F�, Ac )'K�� �41@@M�8M; A )'K�

8M; δg )�84TV�10��; Av )'K�� �4


@M8M, <�8410��� δg �TV�8M; km,
kM � kg 66)'K�� ��84V��2�-. .�,
A, km, kM � kg 0("G%)"�. =# Cu �Y'3
��, ��YZC(�9�N�3�����_", ."
.UT�H�� Ar. ,2+ Cu � �T�3�8:"
3+6 Ar �3�?Æ, .�� J��T�H�, ?Æ
� Ar :.�� �� 3W�4!�VW+)V[. �
O�?, V�.,��8?Æ�)���Z �V8. .
Z &'!(�, ��@�:2+V�?Æ��PA]2,
,?U9�84!��VW(X+)V[(B. .F (13)
�, <)�84TV�10�� δg ]2, TV8M Av I

7��841@@M8M Ac �EN. >:, ,:2+�8
4�10�OT(8�EN. +�, � Cu ���&7�,
. Cu �3TW. Ar �?Æ�EN, ���5 J��
Cu �3T%,�, .��5 �3T�4�V�Z!1
0
, 2+44�4�@M�(E�, �=2�A-I7,
�� �,)$�I7, !5�
�!�. �����),
� Cu ���@��, Cu �3TW. Ar �?Æ��_
�]2, �5���5 �� 3T�4�Q=X�, )
����5��� �4��OT(8, �5�)���
,)$�, 5:�5�
�!�. -) Cu ���3�, &
:I7,)$�. B 10 � Zr64.9Al7.9Ni10.7Cu16.5 ��

!�� ��1E� 5 mm ',39� XRD G [60]. (
"G
, 353 K ��T�� ��.

� �"�2�-�),-��5�,)$-�-

� 10 UT\�MV� Zr64.9Al7.9Ni10.7Cu16.5 �
J�
XRD Q [60]

Fig.10 XRD patterns of as–cast Zr64.9Al7.9Ni10.7Cu16.5 al-

loy rods with a diameter of 5 mm prepared under

different copper mold temperatures[60]

�+%��. O Cu ��2-. 293 K �) 394 W/
(m·K), :�"�� 304 �![P��2-. 293 K �
� 12.1 W/(m·K), %!$ Cu � 1/30. �(� 304 �
![P%�� ���, ;.-I7���,)$-, !
5�
��!�.
2.3 VWZ�#$^_`�%a&bJc'

���, 
�����������5�� 

J [51−55], �
�!�� ��DY����(, B��
39 (�1E ≤2 mm) ��
D��ZY�� (≥10%),
M��A�;D#>, �39�� ≥4 mm �ZY��(
�&B, ;
�V. -��"�27B��
���-�
�
�� ���(-/���D:, !�)>���3
9���:�, <()��W39!�+4$ ����
�:�. ��, '������3�%,)��!�
�
���������� (.

2.3.1 ()*+ B 11 ) �!�)>���
1E� 2 mm � Cu47.5Zr47.5Al5 ��F�� XRD G
� DSC U� [114]. 1E� 2 mm F�.3 Cu �Y'%
Cu �?' (SC) �8/��. Cu �Y'����4�:
��1��7� (LT), A� 1273 K; <��1����
(HT), �O�� 1573 K. �B-E, 3 �!�"(8K'
(�39� XRD G0�W&`, I`939�
�,�
�. 5 DSC U�("G
, .N��3��, 3 �39*
��
#>���2(��(�8. -), ��2(���
�(��"%�(]0�-!�, ��Y'�39;7�
Y'�?'�39��
-����2(���/A�(

��"%�(]. ,�#, Z:39*)
�,��, -)
�������.;.:�. �� Zr62Cu15.4Ni12.6Al10
� Zr55Ni5Al10Cu30 �����, �"�77�*1.

TEM (�S�!�)>��� Cu47.5Zr47.5Al5 �
������:�, �B 12 -E [114]. B 12a � d ��
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��Y'39. B 12a [8N�05\�, �#39�0
5��; ����6] (HRTEM) N��#�,��, $
�B83[�S��A8\;.; ��:��F&'%G

�WI, ,%*�#��Y'�39�05�
�,��.
B 12b � e ��7�Y'39. 5[8N("G
, \a
.\]�^�, �#39!)G��
�,��; ��:

� 11 Cu47.5Zr47.5Al5 �
�WO 2 mm X	J�� XRD Q� DSC FH [114]

Fig.11 XRD patterns (a) and DSC curves (b) of as–cast Cu47.5Zr47.5Al5 rods with 2 mm in diameter prepared by

different methods (HT, SC and LT correspond to high–casting–temperature injection casting, in situ suction

casting and low–casting–temperature injection casting, respectively)[114]

� 12 Cu47.5Zr47.5Al5 �
SR� TEM _KP
HRTEM P�Æ��IV�^SW[Q [114]

Fig.12 TEM dark–field images (a—c) and HRTEM images (d—f) of as–cast Cu47.5Zr47.5Al5 alloy rods prepared

by HT (a, d), LT (b, e) and SC (c, f)[114]
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��F&'%G.
���Y�`�, ,�#39���
��3�; HRTEM N�3"�,��, �B!����
�\].
���"�., �������A� 3—8 nm.
B 12c � f ��4?'39�[8N� HRTEM N. �
���766�B 12b � e �7, ,�#�4?'�3
9������7�Y'�39�7. 5 HRTEM N(

"G
, �4?'�39�������B�7�Y'�
39, �OA� 3—5 nm. 5 DSC U�.("�+M�
���7�. (""�, �(3��, 7�Y'�39-
\���B��4?'�39. ��;��Y'39G�
O
�, DF7�Y'��4?'397�����M6
866A� 7% � 3%. ��YZ,. XRD � TEM 6

=b��]:, (���c%�� X %�6=�$��
�Y'�39. '%G�WI, �#�39�05
�,
��. ,?#
����������!���)>;.
:�. �� Cu47.5Zr47.5Al5 ��, ��['�39�0
"
���, :7�['+4�4?'�390����

�/���. ����,����6,  �!���8
K, -<��
�������:�&�, -��5"(
.a#�
�(�(��3X.

2.3.2 ,-./ ��2, 
���D�� �5
&,. ��N�;:"3�&-0, ���ba��(�.
,����((;,-
�� ���, �������
��. 
�����&,�.")%�.N�^X2&'

�,���dY�(�� . "�G� – /<��, 5
� Johnson–Mehl–Avrami(JMA) 8�("1%['�
��
����&,��,- [126]

ln
( β

T 2
p

)
≈ ln

(1.239RU0N
1/3
A κ

1/3
c

ΔE

)
− 1

3
Δh

RTl

− ΔE

RTp
= A + B

1
Tp

(14)

F�, R )V�"8; U0 )
�����6;�1�M

68; NA ) Avogadro "8; κc )"8; Δh )/<:

Æ-/�a��, �O�YI; ΔE )�15��a��;
Tp ��7��, �O�`I��; Tl �['��; β �"

8. >:, .3O- B ("/�
�(a�� ΔE. <�,
b@ A )['�� Tcasting �V8 (�D Tcasting=Tl).
['�� Tcasting ��&,��,-(".3b@ A 6

['���((:;^0?G.Z]N�^X2��2

( – �4 – ��U�.. �W"�N"
�����
� [126,127] "�, 69['���EN, 
�����&
,�E�. ,���(".3���(�8/��(3.


�����&,��$
�!�� =A�

 [128]. �&,��EN�#$
����!�� 

��E��NT, ,����1%)�+�. -)69[

'���3�, #� O �<�:JK���
�!��
 . �����)>��EN���
�!�� , ��
@D$��.

2.3.3 01/2 ��-,, �����6!�
��)>8K2
��������!�. B 13 )!�
��8K2<��39�ZYU� [114]. 39*A0)
1E� 2 mm�5� 4 mm �bF. ��Y'���0
"
�,��39.ZY"(���
L��e�!�,
��(!!43 1%; :�7�Y'��4?'.
��
��<����;, ��39��
�����, ;
, *
_ [129] cf�e� Zr55Ni5Al10Cu30 
�,��.Z

Y3����"3 2%—3% ���(!. JK;39�

� 13 UT��
^`SR�dc	_a_`�
 – �C
FH [114]

Fig.13 Quasi–static compressive nominal stress–strain curves

of Cu47.5Zr47.5Al5 (a), Zr55Ni5Al10Cu30 (b) and

Zr62Cu15.4Ni12.6Al10 (c) prepared under different so-

lidification conditions[114]
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8![�#G�dAb)���Y'39�(!3�, :
7�Y'��4?'�39���(!*)#���-

dAb)��. 
�,�������(!)��1�(
�, �����(!1 �&c�dAb3. ��0"

�,��, ��.!;.60(#dAb'$?��+%,
dAb�g\3, 9:'$?�, 2+�:�5:JK. �
7�Y'��4?'.
�,���<��,����

��, ���(!8F"3�@(. �O**��4=

��"��4��8����, ���A=>dZ. ��
���(!�OSB�
�,��. ��390�dZ%
�, C<�$3��-�, :����
�,����-
��!�+, 2+.�8D� !�. ,�� !�:.

�"��\3�-dAb, .MdAb�?�3�:0
�����(#� �, 2+dAb�8�EN. ��d
Ab!�, 05dh��(!, 5:(
�,��39 
������.

��
�,��)i ���>���,���, ,
*��8�$����. 0"
�,��! ���(!
� , +��! �>"�-dAb�(#dAb?��
���7; ����;.771��2��, �����,
��V���
�����. 
�,�����)>�$
�����>D,-. �� [110,114] �#, 5�7�Y'
��4?'�8/.
�,���<�!05��, 5:
(��\3 ���. >:, ,�8/^���+6
�
,��. -), ��!��6�!����
�,��, _
/aL��$)�*8.

�30, 3��5�3��:.
����<�3
�� O, 9-�,��=
, ,�>D,-
����
����� ��� [130]. �B 14 -E, �� Zr64.9-

Al7.9Ni10.7Cu16.5 ��, �['��43 1550 K �, �
,�5
�"��!�; �� Zr47Cu37.5Ag7.5Al8 ��,
�['��� 1650 K �, ;.��J����,�`&
6G�
�"��, �,���M68A� 8%; �['
��EN� 1750 K �, �,�(�Æ�."��e��,
�,���M68EN� 11%.  ����\�#, 
�
"��!��b"�,�:(���>�b�EN, ZY
��I7.

".���#, �=#����3, 
������
)>�$���������>D�,-��,�((

*1. ����#
������ – �� – ��4� 
(, _:/�R]�(#���)%.

3 *+ef,gh.ijkl0�<=>.A�

��������(!."��1�(, ���d

Ab!F, <� 6� (."*� 10—20 nm) ��8d
AbS����.Nd3��$3��+6(!. ���
�(!!��dAb�, (dAb3��"3`( (��
3#�Me!), ��-1�.dAbD"3JK. 
�
�������(!0�(��Z:.1��3+("

d0��&��(!�, -)>�:c��
���(!
)a6� . 9�, 0"
���.��ZY8K2��
(!!43 2%, .]b8K2��(!;�?�V. 

����,�"6fFJK8F($�����!� �

���� ���.[d3��"/��
�, 5�� 
���%������"&��.

��)�
������>���"@D��(�

��, �0�A0(FdAb�3#'$?�.9-dA
b�Ef
 -�. ��, ��gZ�,���<�B
C�� (�a, .3!��8/.
����<�BC

� 14 �����
UT^XMV� SEM P [150]

Fig.14 SEM images of Zr64.9Al7.9Ni10.7Cu16.5 alloy under casting temperatures of 1450 K (a) and 1750 K (b); and

Zr47Cu37.5Ag7.5Al8 alloy under casting temperatures of 1550 K (c), 1650 K (d) and 1750 K (e)[150]
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�, M"�'�
���"�/���, ($����
���&��)�, �@%N"+W"
���/��
�.!QX�����, ��ZY��(!���43
� 50%[51,131]; 7��^�e�����6G05�N
" [132] �:" [133] 
���"/������]b��

�� 10%.

��, 
�/���egE� ( ) ��<�8F6
�33� (�4��) 
�/�����N� (�4��)

�/���. ��33�
�/���, $��/��
c���8/�)>, +�, ,�+6;eg$��8/
67a,; �N�
�/�������$E��T40
-�� (-N=A, +�, ;egE��T40-!�
67a,.

3.1 mn�GBoHpq
33�
�/���, �1���4��
�/��

�, ��*�� 4 ���8/, $!�0������'
!��.

3.1.1 34456 
���)��5&,��,
.N�3���4�,2(�NT. 5�,���, FO
���b\)>(<�����a���^_056G

�
�"��/���. ,�/���.dZ%�2#
���_&�"�4� ����:�"%$�8��
����, �5��-dAb�$3, 5:(�� ��
,���. 5.<? 90 �ZMA, ��M��R]��
�, <;.3,�8/@D�N"�W"���
���
��� [134,135]. -), �88#�N�3�2+
�"
����ba, (��8"�
�e(.4 [136−138], <
�88
����=
���e���4(�3,  ��
,�8/R]��. ::, �� [139,140] �#, �3b\�
(<��9"���/
�/��� ��������,
��
������h.

3.1.2 78�96 .3����69/�%,

)�, ��5�.%,3��C<=
/3�, R2�5
� �����!�� , (".6;�,)3��I�
�
�,��, 5:!�/3�6G�
�"��/��
�. ,7/3�."�^_�e��, ��5�a���
.f��.

B 15 � Zr62Cu15.4Ni12.6Al10 ��',���

�/��� [52]. ("G�, ��� 2—10 nm ����

\].
�"�.. ,7/���!��#b\<���
��
�/���. .�8^X2, ��b\;��
�
���b�EN, :��I7; .28^X2, ��V("
��@D. Fan � [134] cf� Zr53Ti5Ni10Cu20Al12 �
����.b\,2.3=
 10%—20%(�M68) �
���, (���ZY���-@D (!�� 3%). B 16
) Zr62Cu15.4Ni12.6Al10 ��',39�Pi,ZY�

� 15 �WO 2 mm X	 Zr62Cu15.4Ni12.6Al10 ���
�
HRTEM P [52]

Fig.15 HRTEM image of the as–cast Zr62Cu15.4Ni12.6Al10

glassy alloy with a diameter of 2 mm[52]

� 16 UT�WX	 Zr62Cu15.4Ni12.6Al10 ���
dS�_
a�
 – �CFH [52]

Fig.16 Compressive stress–strain curves for as–cast Zr62-

Cu15.4Ni12.6Al10 rods with different diameters[52]

 – �(U� [52]. ,7/�����
��� ���:
������� (>10%). $*��+)',�
�"�
>��3b\D�, 7����3#�M. ��, ,7/
���% �<�����, <��A�. 6939��
�E�, 39�,)$-I7, 2+������6G5
!05, 5:2+��PA2I.


����9/�O��$ Inoue �(L�;. :
.3P,'(/.
��<�BC�, �69/;/bJ
Inoue �(L�;, <���(�
�!�� 7, LB
B%4�]��@�V+�)I�. Inoue[141] 9O�

<����/
�/���-8e��;: �7+�(3
���!1-�735-�Rh
����&,�. ��
Zr–Al–(Ni, Cu) (��:c, KN"2 3 7B%9("
(���$".�;: Pd, Pt + Au � Zr �4 �&Y
�]��; Ti, Nb � Zr �4�]��@�V+�)I;
Ag � Ni, Cu 4�]���). KN,%B%(���
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(bJ� Inoue L�;, (
���$3!05�4�2
��, .%�����!11R9-����=
.

�� [51,52,131,142] �#, '(3��=
�����
��A0@DN"�W"�:"
������. . Zr–
Al–Ni–Cu + Zr–Al–Ni–Cu–M(M=Ag, Pt, Au, Pt,
Nb) �.3�4=
 20%—30%(�M68) �A 5 nm
��,�, (<��� 2% �ZY��. Zr–Cu–Al �
��"�� CuZr `f��, �<�� 6.4%—7.7% �

ZY���( [143]. . Cu50Zr50, Cu50Zr30Ti10Nb10

� Cu47Ti33Zr11Ni8Si1 �W"����"�=
���
@D
�����8 [144,145]. Das � [53] "�1E�

2 mm � Cu50Zr50 ��39 �A 5.9% �ZY���
(; Inoue � [51] ;.1E� 1 mm ��3��39�

<��43 50% �ZY���(. :"
�����4
=
���P���(����
����� [142]. :
:, ',8K2=
����8��!,�'(8K
"
49, !��'(8K:2+
������a6!&,.
+�, ��',���
�/���!6���69/�
�, ��%���'(8K.A)�.

.N"�W"
����KN Nb + Ta, :.
�
"�.=
L Nb +L Ta ���BC�:<�����
�
�"/��� [110,115,146−149], *�)#� Nb, Ta
� Cu, Zr �]���V+�)I, (� Nb � Ta �&
1+e!, .� Nb� Ta 7�2, ,�!e;>"-��
�!1�5�, 2+L Ta ��L Nb ��=
. ,7L
Nb �+L Ta ��O����a��. #�,7��g
 ������(!� , M�4=
;���"�4�

����8��, �
������@D%�
"#>.
B 17 )1E� 5 mm � (Zr62Cu15.4Ni12.6-

Al10)100−xTax �� (x=6—12) F��g&% SEM
N [149]. (F, ���LG#^h�"��^h�BC
�^_L�. BC��![�c��e�� 2 �. �G6
=�#, , 2 �![�BC�0�L Ta �,=�, 0)
$�6!�. .e��� Zr 7�D�, %�2�� Al,
Ni � Cu. .c�L Ta ��, Zr 7�D7, $�B%�
7��&2. ��� Ta 7�!�, ���BC���M
68�!�, �B 18[149] -E. 69 Ta 7��EN, 1
0��66� (11.6±11.3), (12.0±7.8), (11.9±8.5) �
(7.3±6.3) μm; ��7 12%Ta ���F��CjL Ta
e���10��� (1.5±0.79) μm.

/���� ����BC���M68� , �B
19 -E [149]. ZY��� 6 Ta ^_�M68�EN
:EN, ��, ���(�6 Ta^_�M68�EN:E
N. ,� ����((�[�
�"��BC�=�%
�.#�
�"�; Ta ^_�d[� ���, Nd3�
�, Ta^_C<"3d[, ..34kEf$3N)b(;
�Nd� 43
�"����5 �, dAbMA\3
.?�, 5:2+�(`(. ,� Ta ^_�N)b(�
"���(`(�4%�;*2/����(!0�. �
7 6%, 8% � 10%Ta(���B 19 � Ta ^_��M6
8) �����=� 66� 1985, 1925 � 1905 MPa
�, ����=� �=�( εp 66� 0.053, 0.075 �
0.086. ,�#, Ta ^_�M68H�, N)b(�%�
-�, d:�(`(�A�-#>, 5:(����
-

� 17 �WO 5 mm � (Zr62Al10Ni12.6Cu15.4)100−xTax ���
J��_ Ta ���h [149]

Fig.17 SEM–BSE images showing distributions of Ta–rich particles in the as–cast (Zr62Al10Ni12.6Cu15.4)100−xTax

rods with 5 mm in diameter, x=6 (a), x=8 (b), x=10 (c) and x=12 (d)[149]
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� 18 (Zr62Al10Ni12.6Cu15.4)100−xTax �
�XY���
J��_ Ta ��j�Vi Ta �i���� [149]

Fig.18 Volume fraction of Ta–rich particles in the as–

cast ingots[149] and the as–cast rods of (Zr62Al10-

Ni12.6Cu15.4)100−xTax alloys

� 19 �W 2 mm(Zr62Al10Ni12.6Cu15.4)100−xTax �
J�
�_ae`fV
_afV�c��Ci_ Ta ab�j
�V��� [149]

Fig.19 Relationships of compressive stress (a) and plastic

strain (b) vs volume fraction of Ta–rich particles

in the (Zr62Al10Ni12.6Cu15.4)100−xTax rods with

2 mm in diameter

����.
BC������M68!6�
�/���

�ZY��,->D, %�$]b0��8,��%
� [110,132,150]. �^�BC�!,��M68"%�

8��!63g��).����(!� , ��%�(
#� �
�"���\?�, ��)�/���]b�
��A�. ��, Johnson ��BL [132,150] 5�2,�

D�8/)�33e���!,��M68��8��,
M"
!�� �M ���]b���N"�:"

�/���. .������(, Qiao � [151] � Zhang
� [152] 5� Bridgman %,8/, �����,�A�.
,%*SE�)�E���!,��8��)��
�
/�����)�� X. ::, ��,7/���:
c, E���!,��8���8���3��[). �
� Zr–Ta–Cu–Ni–Al /�������3"�,��.
B 20 )!�['��2 Zr58Ta4Cu15.4Ni12.6Al10 �
Zr54Ta8Cu15.4Ni12.6Al10 ��� SEM N [110]. 69[
'���@�, Ta ^_�10���7�*6['��
�E�:2I. ,�9,-�
�"���6, ��0,
-
�"��!�� ���. :E���
�"��

�8������8K=A� (B 21). ,%+%�:
*,-�/������ (B 22). (F, 0��^��
�3�V�<��^�������8��, -:<��
����. +�, ��P,'(/��
�/���:c,
�0.3�69/�)���3�(/���e��^

�����-: ������, ;(�
"-�. <�,
�0(,7/��� ���!�� �)��-��

��84. ,%*),-/������ X+%.

��, �7.3P,'(��(E �
�/��
�0�=A� J. Zhang, Lu � Eckert ���
L [61,153−156] �k"�, . Cu–Zr "
��(�, .3
�6[$�%,)�(<� B2 � B19′ 7� CuZr �E
 
�/���. ���# B2 � CuZr � �����
�. ��, .Nd3��, 2/�����"3 B2→B19′

2(. ,(/���.(!3�� �77��,��(
!3��N)b(�8 [155], �B 23 -E. �3, 7�!
�� �),7/������gl.

3.1.3 :;<=6 @P^_�1*)/��

�E����TFO��. ��.
�"��<�@P

^_, ."("FO�4?�/. .���N�
��

B%+(�3, � B, C � SiC �, 5�,%
��B
%������B%��<�%�, 3��5��@P^
_, ("<�05�^_E��/���. Kato � [129]

�8M��,88�)%, .3. Zr55Cu30Ni5Al10 �
��KN C ^_�4?��� ZrC ^_E�
�/�
��, <�������E�. Fu � [157,158] .34

Cu47Ti33Zr11Ni6Sn2Si1 "����<� B + C �&,
5��48/!�!��M68 TiB +4 TiC ^_E�
W"
�/���.

�O^X2, �4?�3��^_��@P^_M!
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�5!*;, ��
������@D��� . <�,
BC���M68)�"%69�M68�ENb��
BC�/e��, *(#,�8/�R]��. 69��
5��<�D��
��B%+(�3, ,�;����


�!�� $3!5�,-. >:, ,7/�����
�8�9��/�#8���.

3.1.4 >?@A6 .�,���, .3��4�
+��/����, 5�!��4���:�("�A@

� 20 UT^XMV`�WO 2 mm ��X	J�� SEM P [110]

Fig.20 SEM–BSE images of as–cast rods of the Zr58Ta4Cu15.4Ni12.6Al10 alloy (a—c) and the Zr54Ta8-

Cu15.4Ni12.6Al10 alloy (d—f) with 2 mm diameter prepared at casting temperatures 1373 K (a, d), 1473 K

(b, e) and 1573 K (c, f) (white phase are Ta particles)[110]

� 21 UT^XMV��� Zr54Ta8Cu15.4Ni12.6Al10 �������� TEM P [110]

Fig.21 TEM images of the interface of Ta/matrix prepared at casting temperatures 1373 K (a), 1473 K (b) and

1573 K (c) in the as–cast Zr54Ta8Cu15.4Ni12.6Al10 alloy[110]
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� 22 Zr54Ta8Cu15.4Ni12.6Al10 �������_`�
 – �CFH [110]

Fig.22 Nominal stress–strain curves of Zr54Ta8Cu15.4Ni12.6Al10 bulk metallic glass matrix composites prepared at

different casting temperatures under compression (a) and tension (b)[110]

� 23 Zr48Cu47.5Co0.5Al4 �������cj�
 – �CFHÆcjdSSO�cjhadS� XRD Q [155]

Fig.23 Tensile strain–stress curves, appearances and true strain–stress curves of Zr48Cu47.5Co0.5Al4 bulk metallic

glass matrix composites (a) and XRD patterns of the as–cast and fractured specimens (b)[155]

(�\�?�8F, @D��� ���. �3�8/�
^��
���. ��L��
�� �����,:
�,$����`�, <����b�, DF.0 3��,
dAb.".`��<\3, :b�;(#dAb�?�,
5:(�� ���� ���. 4�
�+��
�/
���������5���,���, <��5�.�
�2 �*]=4V.  �*]54V���5�.��
2 ��6J���, .'$%,8K2, 5���)'
$I�, 5:<�4�
�+��
�/���. ��<
� �*]=4V���5�, .".
����<��
��*�LB�; ���)]�]�LB.  �)]�
]�LB�4�40i, (5�
�4�6J. ���#,
. Ni–Nb ���<� Y[159], Zr–Ni–Cu–Al ���<�
:;B% La, Gd � Y � [160], 0(<���+���
��4�
���. ,����9/���
�/���
).��KD. CALPHAD �B/�8/.,7
�/
���9/� �-����=I, 9�, Du � [161] 5

�� �/�`K CALPHAD /�� Zr–Al–Ni–Cu�
(� ��", ����
 ������4�
�/�
��. ,7/��������#
����!� �-

��?@, ����9/��� �1����
�[i
��).�KD.
3.2 Br�GBoHpq

�N�
�/���, &1�4��
�/���,
*�.3 �mk/�ljf�)>��.  �mk/9
). ��".��&�, (5���N�H6]�;'
$,), �de�bn�+6^_�
�"/���.3
,�)>��. ljf�)>��<.3f(+0g��
(��
�l, :;;
�l�BC�^_05]�;.
3, �:-0�oZ<�����, � Cu E X"

�/��� [162]. �oZ
�"/���;.�,�TV
-, $=�D7, ���7�55�'$,)-<���
�. ��, ." ��);ljf�)>� �)>��
��8/, <<;�� (W, Nb, Ta, Mo �) ^_+@P
^_ (SiC, ZrC, TiC, TiB, WC %��C(3�) �"
������6�k, :;;6�k9�N�
5(j-
0 Cu �[', ��^_E�
�"/��� [163−166].

/������#"���(�"%���4��8

-8,. "��E�������4�:���(���
M68"%���*)-��7*8. �0 �dAb
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�?���AEfdAb)
�/���9/�
"�.
���N�
�/���:c, L��8��, E���
T40-���)�� X�+%. �+6;<5/��
���89/
", :;eE���T40-�� (^_�
de�Z��Lebn) �67pl�1%�N�
�/
������-�.

3.2.1 34CD EFGHIJ Z@"��

E����8)/����i<������8,+%

��. /���FO���3��)���9/�^�
�8��k�-�. ��
�"/���:c, /���
(�&,���"�����S�
"-�, +�,;.
-,-"��
�!�� . .3�����5��!�
"l (�@P���) �4�IJ"(, �FOE���"
�"%�����)>�,).��%"� [167−176].

�O^X2, 69IJ���)�, ��5��"l
4�IJ�)E��, �B 24 -E [176]. ��IJ�
�5�/������. -)69���)�, !���
�5���8?�0��!�, ��� 1173 K �&�

30 min, Zr50.5Cu36.45Ni4.05Al9 ��/W "l��8.

MA� W–Zr �3� (B 25)[176]; 1023, 1073, 1123 �
1173 K &� 30 min, Zr41.25Ti13.75Ni10.0Cu12.5Be22.5

��5�/W "lIJ�(�8D0>�?�$3, 0
����@� 1173 K ;, V�2� W "3�=#

(B 26)[176]. ,�!���80�;,-"��
�!�
� ��8��. .��
�"/���3��, �8?
�$3�3��88;@("����6, <�88, (
�%��"!1�1R, ,*!5�/������. :

<�7�8qr, �5�/������. -))>�)
��>�k�-�, �g��3�, /��"3=#, �3
@(�"��6, �!5�/����!�. ,%���
�;���5��/���FO"%����)>��

,).)>. -������#, ���;,-/���
��8���, �B 27 -E [176]. 69���@�, �8
�b�<E�;I7, ��Zc>E�8����. >:,
��^���!,)��-���)>.

���#, 
�/����"��E���FO"%
����)>��,/8h"2��P;: 
���"�
 ��
�!�� , M5��^; E�� ��&,�,

� 24 Zr41.25Ti13.75Ni10.0Cu12.5Be22.5 �
��i W �m
��UTMV`jM	��mns – o�CFFH [176]

Fig.24 Measured contact angles as a function of time

for molten Zr41.25Ti13.75Ni10.0Cu12.5Be22.5 al-

loy/W substrate wetting system at different

temperatures[176]

� 25 Zr50.5Cu36.45Ni4.05Al9 �
��i W �m�mn��Md [176]

Fig.25 Cross–sectional BSE micrographs of samples after wetting for 30 min at temperatures 1173 K (a), 1183 K

(b), 1193 K (c), 1203 K (d), 1213 K (e) and 1223 K (f)[176]
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� 26 Zr41.25Ti13.75Ni10.0Cu12.5Be22.5 �
i W �m�UTMVjM 30 min a�mn��Md [176]

Fig.26 SEM–BSE micrographs for interface between molten Zr41.25Ti13.75Ni10.0Cu12.5Be22.5 alloy/W substrate

after spreading for 30 min at 1023 K (a), 1073 K (b), 1123 K (c) and 1173 K (d)[176]

� 27 Zr41.25Ti13.75Ni10.0Cu12.5Be22.5 �
��/W �mmn����m Vickers iVJMVCFFH� 1073 K jM
30 min amnSR��miV_d� SEM P [176]

Fig.27 Temperature dependence of hardness of Zr41.25Ti13.75Ni10.0Cu12.5Be22.5 alloy/W substrate wetted at 1073 K

for 30 min (a) and SEM image of indentation print on the interface (b)[176]

.
���5�".�,3+3!"3�(M�_��

5�!#>; 
���5��E�� �D��IJ�,
M!1"3(�?�.

3.2.2 KLMN/O34CD E ^_E�/ 

�/���, W>^_��", &6�e�^_� �
^_E�/ 
�/���. Pan � [177,178] (#0��

�e�^_ (SiC) � �^_ (Nb, Ta, Fe) E�;"


�/������� ���, "�"% � ��%)
e��E�;"
�, *�@D;"
���� ���.
-), @D�A��E���"=A� . E��^_�
��H�, ;/������)���H#>. ��)�
�_�)j� Nb ^_ (B 28) ���, Ta � Fe ^_j
�, SiC ^_��:. ���((NT���?, � SiC
^_���, Fe ^_j�, Nb ^_��7. ,�#,47
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�/���(!0��:&�.
SiC )L���b������^_E��. ��e

[dAb?��8 SiC ^_�(#%�, dAb0�43
+A3 SiC ^_, �B 29[178] -E. : SiC ^_��
��(-/����EN, ��(dAb��k]?�:
PTs-���(�����#>)�. #� SiC ^_
*"��(!, �(�. SiC ^_D?GfM, (/��
�������&��W1. �^_"/jk]l',�
!05(!:"3JK;, dAb<mg� SiC ^_�p
e, $?�n ;!j060(#, fn$�\3�dA

� 28 ����	�
�E	 Nb ab������qM_a
ogFH [177]

Fig.28 Compressive stress–strain curves for single phase

Mg–based BMG and Nb–containing composites

(Vf=4% and 8%, respectively)[177]

b(\3$h"3e�!�. +�, Z: SiC ^_E

��;"
���/������&�, -)#�!�
�A(#dAb�!&,?�, �!�d0&,���
(!.

� SiC ^_�;, Nb � Fe �^_���7:��
�. ./����(!3��, dAb("��S104
3+A3E��, +.3��^_3g�(!(�(��
"hb, +�, ,%/������*!)&�. -).3
��^_3g�(!, dAb�!05�()0506G
��^_C+�"�., ��CjdAb�\3�"�(
(!�"0506G�$�\3., �B 30[177] -E. ^
_���H�, ,�A�9H#>. .3��^_�%�,
dAb�!&,?�)�A;�, 5:go�/����
������. +�, 5@D
������:�, ��
^_E�� �e�^_-"/;���T. ��� �
^_/� Zr 
�/������ [110,149,164] �l',

���.
5".6=(p, ,47
�/������@D0

�!�. e�^_@D
������*��[�"�,
.3e�^_(#dAb�?�:2+dAb�Ef<
�.,96E9^_���;.,�3��5&��%�.
SiC ^_E�N"
���/�������#, ���
M68�����^_@D���A�-T.  �^_@
D
������0�6�4�+6, �) �^_�g

� 29 SiC abqf�����	�
����_adS�kl�� SEM P [178]

Fig.29 SEM micrographs of the outer surface of the square compressive specimen of Mg–based BMGC

reinforced with SiC particles[178]

(a) intersection of shear bands (b, c, d) interaction between shear bands and SiC particles
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� 30 Nb abqf�����	�
����_adS�kl�� SEM P [177]

Fig.30 SEM micrographs of the outer surface of the square compressive specimen of Mg–based

BMGC reinforced with Nb particles[177]

(a) shear bands sliding through Nb particles

(b, c) shear bands inducing multiple slide bands in the Nb particles

(d) multiple shear bands

���(!; C)"��(!. , 2 �!����@D
0�(���+e��E�
�/����$^_��

M68���!�. Johnson ��L [164] �)%�#,
@D �^_E�
�/�������BC���7
7����. Fu � [179] ���#, @De��E�

�/��������BC�7����3+, .,�3
+��, !��A@D
����. -����� [115]

�#, !���^_��M68�3+�!�. ��, ^
_�����M68�"��
�!�� ��&��

,-. O�:c, ^_��HB�"��
�!�� H
!5. ��,47/���, n.�0�"%BC���
���M68���� (, _/�(#���. ��,
7/�����:c, )�^_05�9>�k�-�.

3.2.3 PQMN34CD E Johnson ��B
L [180,181] C<5�kS/���deE�
�/��

�, "�![P�W de�
�/�������#>�

@DA�. �;:c, W de�@DA�-T. 6;, h
3�M�� W de�
�/������(!0�,-

��� [182−190]. B 31 � 80%W(�M68)/N"
�
/������ZYU��\3b8B [190]. B 32 �
80%W/N"
�/����8� TEM N� HRTEM
N [190]. /����8:�� HRTEM N�8;^��

� 31 80%W(�j�V)/���������qM_aFH�
dSit� [190]

Fig.31 Compressive stress–strain curve of 80%W fibre/Zr–

based metallic glass composite, inset showing the op-

tical image of cross–section[190]

���, >�"�ip�=
���� im�8BN.
%>E
��a6-����, <�8.>��S�5�
mk3��"3(�?�!��(�3�8Z, 0;."
��&4E���?&, !����8?&:, ?&��
A 2.0 μmm�8D�F&'%j30�
����'%
WI� W �'%`�, >�(�3�;.m�����
05���8��&3�/��������. Zhang
� [190] �,7/���-0�(#���, SE�,7
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� 32 80%W/�������� [190]

Fig.32 TEM (a) and HRTEM (b) images of interface of 80%W fibre/Zr–based metallic glass composite[190]

/���.!����!��($-2�(!�JK

0�.
3.3 BC/GBCtuR�oHpq

Æ�-,, 
�/�����8��(".3FO"
��/����7"%�����3�)��"#8. :
:, 9�����$!:c, 
�/����BC��M
68)��BCj�056G_:)��*�. -), �
�
�/����"&��, , 2 �+%>�k�-�,
+�,!6 (�
�/�������(, :M% (
�
�/������&,�. +�, �0#8,�$!
*����
�/���������'A/�.

>Z]�/���)5.<? 90�Z?G)��*
+�����/��� [191]. ,����/����c

f�@P/��/��� (interpenetrating phases com-
posite, IPC),$"���.LeT43!�Z.jj, �
(�.LeT43�!�Z.jj, "�����(�.

LeT43�4OGkP, 5:go�/�����=#

Z]�E�/����'��". #�L��.LeT
4�4Z., �5�;!�.�+48.�� k$0.
T4�3+6&�=>, +:("�_�)�/����
dd� +Ynu� . ,�ka����������
��, �#8.�*�).�KD, <5��i����
��BC��6G��M68()���/
�,>Z]
�/���. ���L� SiC[192]��� W[176,193−195]

��� Ti[196,197]/
�>Z]�/���-0�(#�
��)%. ���#, ,7/���!6#8�.,��,
%#�,7E������6�5� �dAb�?�,
5:(
�/��� ��H���(!� . � 4 ;
D��� Ti/Mg "
�>Z]�/����$�;"

�/��� ��� [197]. ��, #�E��LeZ.
b��
�"����A�"%
�"����3, 

�*:(,7/���$31������.

' 4 *r Ti/Mg v#(sklEl"@Hr�klv#(l"@H!mJ�ow [197]

Table 4 Mechanical properties of the Mg–based bulk metallic glass/titanium bi–continuous phase

composite and Mg–based bulk metallic glass composites[197]

Material σy , MPa σf , MPa εf , %

Mg–based Mg63Cu16.8Ag11.2Er9+30% porous Ti 970 1180 11

BMG composites Mg63Cu16.8Ag11.2Er9+40% porous Ti 930 1460 23

Mg63Cu16.8Ag11.2Er9+50% porous Ti 820 1490 32

Mg63Cu16.8Ag11.2Er9+60% porous Ti 795 1615 35

Mg63Cu16.8Ag11.2Er9+70% porous Ti 740 1860 44

Ex–situ reinforced Mg65Cu20Ag5Gd10+8% Nb particle[177] 800 909 12

BMG composties Mg58Cu28.5Ag11Gd2.5+20% Fe particle[198] 800 960 9.2

Mg58Cu28.5Ag11Gd2.5+25% porous Mo particle[199] 950 1100 10

Mg65Cu25Gd10+30% Ti particle[200] 700 897 37

Mg65Cu25Gd10+40% Ti particle[200] 650 897 41

In situ reinforced (Mg65Cu7.5Ni7.5Zn5Ag5Y10)87Fe13[201] 950 990 1

BMG composites Mg81Cu9.3Y4.5Zn5+48% Mg flake[202] 650 1163 18.5
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3.3.1 ST W/Zr U34VWX?CD E B

33 ) 80%W(�M68)/ZrTiNiCuBe 
���>Z]
�/���b8 SEM N [195]. $�, oh�) W bn,
�h�) ZrTiNiCuBe 
���. ("G
, 4�056
G, ZrTiNiCuBe 
���!"lH� W bn�'��

BiV�. .
�3+>��S��,�=
, �8Æ�
�>�$�?�33�, �>��S��8M��8, ?
#4��8����. B 34 )/���� TEM #8N

��8D HRTEM N [176]. W bn� ZrTiNiCuBe 

���8[�S�#�;.�� 3�:2+���\.
5�8� HRTEM N("G
, >�?�33�, �8D
�'%`��3"�,��. �8.;.�&4?&Z,
&3�/�����8����.

B 35 ;D� ZrTiNiCuBe 
����W F�W
bn��� W/ZrTiNiCuBe 
���>Z]�/��
���ZY ��� [176]. W bn�d[���!��

�*&7, 66� 0.56 � 1.38 GPa, ���()&�,
��� 41%. � W bn� ZrTiNiCuBe 
���/
���>Z]�/���;, ���A)�� 3 p, ��
(!��-)�. ,�#, /���Æ��44��T,
H6"m� ZrTiNiCuBe 
���� W bn'3��
�. ZrTiNiCuBe
��������/�������
n_�, : W �����/�������n_�, -
)/����,%���!) ZrTiNiCuBe 
����
W bn'3���`GqN. 5�]�,1�/�<�
>Z]�/����d[���!���66� 0.83 �
1.53 GPa, S7�"(���8I. �� W/ZrTiNi-
CuBe 
���>Z]�/���!) ZrTiNiCuBe 

���� W bn`G�0g/�, :)4�.Le�4
Z., 4�E��, �4�(. jN.m,��8��, (
�� W/ZrTiNiCuBe 
���>Z]�/�����
��_�)�. ,H6>E�>Z]�/������.

� 33 80%W/ZrTiNiCuBe ���
��������t
�� [195]

Fig.33 SEM image of 80%W/ZrTiNiCuBe BMG bi–

continuous phase composite[195]

� 34 80%W/ZrTiNiCuBe ���
�������� TEM

KKP���m�W[QÆ��m� HRTEM P [176]

Fig.34 Bright–field image and selected–area electron diffrac-

tion pattern (a) and HRTEM image near the in-

terface (b) of W/ZrTiNiCuBe BMG bi–continuous

phase composite[176]

� 35 ZrTiNiCuBe���

W J
Wox�
tW/ZrTi-

NiCuBe ���
��������qMdc	_a�

��
 – �CFH [176]

Fig.35 Compressive stress–strain curves for ZrTiNiCuBe

BMG, W rod, porous W and W/ZrTiNiCuBe BMG

bi–continuous phase composite[176]
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�� W/ZrTiNiCuBe 
���>Z]�/���
�(!*�6�L�7+ [115,176].

B�7+, ZrTiNiCuBe 
������(!� W
bn���(!!p2, 2+4��8D� !�, (/
���d[.>"dAb�\3. W bn�d[���

A� 560 MPa, O W �d[���A� 1100 GPa, :
ZrTiNiCuBe 
����d[��. 1900 MPa, @�
W bn� 4 p. ��, �O�,�����(!5 A�
0.2%, :
��� �&����5 A� 2%. /��
�0 3��, 
�"�C<�"3��(!, :�� W
bn��"3���(!.

BC7+�&,���(!7+. #� W bn�;

., @(� ZrTiNiCuBe 
����� �,, dAb�
?�) �.
�� W bn��8�4, dAb�\3
�?�Om-0, CjdAb��\3, dAb�8�P
AEN. �30, W bn�"3������(!, pn
b8�E�, pnb�?��) �. ZrTiNiCuBe 

�� W bn��8�4. ��, ZrTiNiCuBe 
���
� W bn�4����8��, &3�� ��A=>,
��I7�
�3+�!05(!. &3�>Z]�/�
�����(!("&,0-0.

BL7+�JK7+. #�dZ�']EN, (��
�dAb.�Nd84M�A 45◦ �84q!�*dA
b, :*dAb�-��?�!���\, ,%��\.
>�fn$�39, :)) W bn�A0(F�, �;
/���.q4] �%�2
�10�Nd84�v
4�\, "3JK.


��� �1����S(��. ��"�, ��
W/ZrTiNiCuBe 
���>Z]�/���� �77
���, �B 36 -E [176]. . 618—868 K !���2
�]b"(�, /���* �D����(!. \3$
�05(! (B 37), >�1�dA(�8. ������

��((, *�� ZrTiNiCuBe 
���.��2�
(!��� . ,�1����S(���"��,7�
�M68 W /����r��Mq�rn.

3.3.2 ST Ti/Mg U34VWX?CD E ;

"
����*���)=�B����,  �R]��
��h. -), ��e�)$��fD.C�#8���
��. �0.&Q;"
��r"�����@D$�
�, ��s3&�r\, �� 4 -E. �� Ti/Mg "

�>Z]�/�����
#��?�A� [196]. B 38
)!��M68��� Ti/Mg "
�>Z]�/���
rb8 SEM N [196]. �i Ti �iE� 100—200 μm�
iV�� 30%—70%. B�oh:��;"
�, �h:
�� Ti ��. ���ZY� – �(U��B 39[196]

-E.
�� Ti/Mg"
�>Z]�/�����

"�

� 36 
t W/ZrTiNiCuBe ���
����������
CnoO 1×10−4 s−1 oUTsdMV`�cjs�

– �CFH [176]

Fig.36 Tensile true stress–strain curves of W/ZrTiNiCuBe

BMG bi–continuous phase composite tested at var-

ious testing temperatures with a strain rate of 1×
10−4 s−1[176]

� 37 �UTMVcja, 
tW/ZrTiNiCuBe ���
��
�������sOtm [176]

Fig.37 Appearances of W/ZrTiNiCuBe BMG bi–continu-

ous phase composite deformed at different temper-

atures[176]

H� ���.  �!��M68 Ti ���/���Z
Y\30��
�,�ZY��; d[;/����S(
� *?GEN; 69�i Ti �M68�EN, /��
��d[��?GI7, ZY!�(!�?GEN. ��,
#�69(!��EN Ti ��N)b(�%�H�H>
D, /����!����?GEN. �i Ti �M68�
30% �/��� ����d[��A� 970 MPa, �
i Ti �M68� 70% �/��� ����!���
�!��(, 66� 1860 MPa � 44%.

/���(!�JK#"���E���H@)�.
69 Ti 7��EN, /����(!�JK0�?G#

���)�24�i Ti )�. ,�^_E�
�/�
���(!0��7. B 40 ;D�,%/���ZY!
�\3��� [196]. �i Ti �M68� 30% �/��
�ZY"(.!�;J����BÆ�, , �L�e�
!���7; :$�/����ZY\3;edAJK!
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� 38 UTpoVsp Ti ���������������� SEM PÆsp Ti oxptMd [196]

Fig.38 SEM images of the Mg–based BMG/titanium interpenetrating phase composites containing 70% (a), 60%

(b), 50% (c), 40% (d), 30% (e) titanium and the porous titanium skeleton (f) in the composite[196]

� 39 sp Ti �j�VO 30%—70% ����������
����_a�
 – �CFH [196]

Fig.39 Compressive stress–strain curves of the Mg–based

BMG/titanium interpenetrating phase composites

containing 30%—70% titanium ((1−x) Mg63Cu16.8-

Ag11.2Er9+x porous Ti (pore size 100—200 μm),

x=30%, 40%, 50%, 60%, 70%; sample size: Dia.4

mm×8 mm; strain rate: 5×10−4 s−1)[196]

F"3J�.
-�-��), �� Ti/Mg "
�>Z]�/��

��;"
����)���<���wu#8���,
<!�t��).�8t. B 41a �
�7�� 30% �
>Z]�/����Mg63Cu16.8Ag11.2Er9 ��
��
AZ91 ;��.�� 0.032 mol/L(pH=1.5) HCl = 
�� F45(U� [196]. �$� 2 ���'$t�!
�, 69F4�.@, /����t���?GI7. B
41b )���
�7�� 30% �>Z]�/����

� 40 sp Ti �j�VO 30%—70% ����������
���_aogdSMd [196]

Fig.40 Macroscopic observation of the fractured Mg–based

BMG/titanium interpenetrating phase composite

specimens[196]

Mg63Cu16.8Ag11.2Er9 ��
�� AZ91 ;�� 14 h 3
�t�X- [196]. "(8K��. ���"(39���
B 42a -E. � F45(U����7, Mg63Cu16.8-
Ag11.2Er9 BMG � AZ91 ;��. 0.032 mol/L HCl
= �']X-, $ 14 h 10X--66� 2.22 �
0.38 mg/mm2. :
�7�� 30% �>Z]�/�

��<X-D�;?G&,, 10X--;B��, 6
� 0.07 mg/mm2, 66� Mg63Cu16.8Ag11.2Er9 BMG
� AZ91 ;��X--� 3.1% � 18%; <(0BC
/�����;"
��, $t�X--�S7���

�. ��t��1E 4 mm×4 mm �Bbu\3,
Mg63Cu16.8Ag11.2Er9 ��
��3 14 h m[;, �+
6\3��=#, :/����!["�.>�((. ,
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� 41 qM`��E�O 30% ���������
Mg63Cu16.8Ag11.2Er9 ����� AZ91 ��
� pH vO 1.5 �

HCl uK��v^pyFFH (^pvsnoO 0.33 mV/s) Æ 14 h uwx� [196]

Fig.41 Potentiodynamic polarization curves of Mg–based metallic glass/titanium IPC, Mg63Cu16.8Ag11.2Er9 BMG

and AZ91 magnesium alloy measured at a potential sweep of 0.33 mV/s in HCl aqueous solution with pH

value of 1.5 open to air at 300 K (a) and their corrosion kinetic curves (b)[196]

� 42 ��E�O 30% ���������
Mg63Cu16.8Ag11.2Er9 ����� AZ91 ��
dS� pH vO 1.5 �

HCl uK� 14 h uwMd [196]

Fig.42 Macroscopic appearances (a) of the Mg–based metallic glass/titanium IPC, Mg63Cu16.8Ag11.2Er9 BMG

and AZ91 magnesium alloy specimens after soaking in the 0.032 mol/L HCl aqueous solution for 1 to 14 h

and magnified images (b, c) of IPC rod corroded for 14 h[196]

�#;�i Ti � MgCuAgEr 
���/�;, .�,
��.�E�
����Yt���. B 42b � c �#,
/����Z;"
�<)t�gq, : Ti ��&'&
,. 69t��-0, rs��i Ti �ip?G)t�
$3wy, (F�;"
��= �-��@M, 5:(
F�t�?��-0.

;"
���t�� Ti�����>Z]�
�/
���.�q�p"� ���,�Yt��. ,�Yt
�� �\3�Z�i Ti �iE� , iEHB, H�5
�!�t�$3yM, Yt�� H�. ,�����;
����t�;"
���t
��t�;"��).

�����KD.
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4 )�*+,-xyf,ghYZ[\
���"��3Æ .�"&��. 
���7%�

��f��N)��F&��0g�3��(��33�o�
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