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ABSTRACT Plastic Zr58.5Ti14.3Nb5.2Cu6.1Ni4.9Be11.0 bulk metallic glass matrix composites con-
taining uniformly distributed dendrites in the glass matrix were synthesized by the Bridgman solid-
ification methold. Through tailoring the withdrawal velocity, the volume fraction of dendrites with
characteristic spanning length, as well as the mechanical properties of the samples can change. The
characteristic spanning length of the individual dendrites roughly obeys linear relationship with the
withdrawal velocity. The compressive ultimate strength and the fracture strain of the sample reached
1930 MPa and 11.3%, respectively, when the withdrawal velocity was 1.0 mm/s.
KEY WORDS Zr–based bulk metallic glass, composite, unidirectional solidification, mechanical

property
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Bridgman x�b.f0~������,#fx�, T9sv>-<|�-�u0~<|f"o. �V0~<Io
f���C$Al�z:<�V, �l�zfW��
M-\� P��C$A7��℄.�6{. ��Æn�k0<��V���C$Af�ew*?7��℄f6{.

1 8L!��9H| > 99.9% f Zr, Ti, Cu, Ni, Be ? Nb�dGA, �Y Zr58.5Ti14.3Nb5.2Cu6.1Ni4.9Be11.0 f4��Æe�, 9��;℄ H�O H Ar �Hq�94UC~
%u. �Gn�uW�TC�
[�d 3 mm,�Fd 1 mm f�B2q, >℄ k 3×10−3 Pa G< H Ar �H, ,#e�k\}�N��fH 10 min G�Æx�b.�!. x�f|M|WH 45 K/mm, >-<|���|d 0.2, 0.5, 0.8, 1.0 ? 1.5 mm/s, 0~zpd Ga–In–Sn (IC~.x�b.o
fC~#fz�k%9 Philips APD–

10 � X �x��+ (XRD, CuKα). �8��f| Tg?�N� f| Tx1 %9 Perkin–Elmer DSC 7 �Æ�x, e�<Id 20 K/min. a1�ef1-9
Qq�
(SEM) \4, #f|���#ff
tP. ,#f�F�!O MTS 809 ,!W�\4, �F<Id 2×10−4 s−1.,#�F�DGf�D�P?)P%9
Qq��Æ1-.

2 8L-(N=3
2.1 B'UR>IY 1a dT9 Bridgman x�b.o
f4�d
Zr58.5Ti14.3Nb5.2Cu6.1Ni4.9Be11.0 fC~�
M. Y 1bd�V>-<|
af#ff XRD i. �-�A, G=f��i�dK���te=�Qzf���, ���5>Q
5�w* β–Zr f���, �S$#f�<��VQ? β–Zr ;z�4.Y 2 d�V,#f DSC zx, zx�s"ASsf�8��?�v���, �)!a�>��zfOO. �
1 BA>�!*
f�8��f| Tg, �N� f| Tx1?��f�N��� ∆Hx. �-�A, B�>-<|fN , �N���zmVe, �S��z�4Ve. x�b.f0~<I (R) �-<q!+� [9−11]

R = vGL (1)!q, v d./(xP*y<|, GL df|M|. �-�A, Of|M|)xfRlq, >-<|JW, S�5f0

A 1 w�a-nbeB}��L[�U=,;{p+"e
XRD h

Fig.1 Morphologies of the rod–like Zr58.5Ti14.3Nb5.2-

Cu6.1Ni4.9Be11.0 samples obtained by the Bridgman

solidification with different withdrawal velocities (a)

and XRD patterns of the samples (b)
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A 2 �U=,;{w�a-nbeB}�+"e DSC yw
Fig.2 DSC curves of the fabricated samples~<IJW, �qWf0~<I�.o�Qzf�4.Y 3a d>-<|d 0.2 mm/s �
afC~�
tP SEM Y, KYq�-�A
��Lj� O��VQ�, \{$&<>
tP�$Ef0~<IzVGl. Ob.98q, Nb �dix β–Zr fF:A{F: Zr -\ Ti O fq
4.�QK f�Qq
=�u-5
�
I�0, �? f�Qb.4d��VQ.  �of

Nb ��C$Aa1�ef
4na>;�Pf�9: )�P�
 β–Zr 
�
4�ix; F)�P�
�?VQ
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A 3 =,;{
 0.2 > 1.5 mm/s �a-b`eB}	sO SEM }[�U=,;{pQbeY"[_b�&Ie:{
Fig.3 SEM images of the longitudinal sections of the samples obtained with withdrawal velocities of 0.2 mm/s (a)

and 1.5 mm/s (b), and the dependence of spanning length of individual dendrites on withdrawal velocity (c)�QfG�X-+�K�=~>
4��. Y 3a q�Æ2|zd β–Zr 
�, zIoe4℄�. IZ, 
��LNu�%�-�1-a, \&<>
�0�fEO fqdi��P℄�%|fOO�! [13]. Y 3b d>-<|d
1.5 mm/s �
afC~�
tP SEM ~, AY 3a z��, 
�;QSsi�. T/, 
�fW�%9)J
��S�J
��f�.�^. Hofmann h [14] 9	��.�^���C$Aq
�fW� (jY 3a qf+Y).>-<|d 0.2 mm/s x�b.
afC~q
�W�Hd 400 µm. Y 3c G"dx�b.�V>-<|q
af���C$Aq
�f;Q. KY 3c �j, >-<|A
�;QOOx�0n, \�S Bridgman x�b.�-=�jsv���C$Aq�Qf;Q. IZ, �V>-<|_l0~<I�V, O�.��VQY�7fl�z. �2 Zr58.5Ti14.3Nb5.2Cu6.1Ni4.9Be11.0 C~q��VQ4�?p�f Vitreloy 1 C~4��V, [
�fQY�7���-LJjT9 DSC *
f��VQ�N�A Vitreloy 1 C~�N�z���9
a [13]. `�
a>-<|d 0.2, 0.5, 0.8, 1.0 ? 1.5 mm/s ����C$Aq
�zQY�7��d 58%, 52%, 49%, 46%? 45%.

2.2 :DK<1JHC���C$AAZz���V, OeM�?�l�z

.r.�{��
, �G��VQ� 
��udhtX
=�+X, O+X98qDa�Qzf��, S[�9�Q.�htX�,b�+X, S[��Q�R, ^�)!�
�htXv	
=. �2htX+X98qPD�Q�-�s�!b��Æ, Ærz�ud�vhtXO`#,#�� , ��vhtXf
4&��$A?�f�j, K�8S���C$A�=?�. x�b.�C$Af�F'857 – 5�zx	Y 4 G", KY�-�A,G=f�Fzxzs"ASsfE1?��
?e'7
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A 4 �U=,;{b`e+")ep�E&746 – 4�yw
Fig.4 Compressive engineering stress–strain curves of the

samples obtained with different withdrawal velocities
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��A"? 413�N. Bridgman x�b.
afC~�,#f{�q|
σy, {�5� εy, Æ q| σmax ?�D5� εf \�7�'7j� 1.�> q|f�V���C$A, Æv$f7��℄&�D5�. Y 5 G"dx�b.
af�C$A�D5�B>-<|f�Nx%, wC� 1 �-
A^>-<|d 1.0 mm/s �, �Dq|�u>ÆWN, �u�D5�%V�SaÆWg, d 11.3%. �5�g� Hays h [6]T9WTl�
af���C$A 8% f�D5�=GN , \8SoÆRl�H��f Bridgman x�b.�-T9>-<|sv, -
a�VQY�7\;Qf�Qz.�u�C$A7��℄f;N.)�.8, ���C$Aq�Q:<�;Q�� hAm?�5�Ntz0 [15,16]. Lee[16] hO�V���C$Aq�u�Qfw*?� OOEx��, u�m?�
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A 5 �U,;p+"e�E~C4�
Fig.5 Dependence of compressive fracture strain of samples

on withdrawal velocity

=qWf6{. 2I, 
�zfQY�7�&�x���C$A?�fb)h�. �'�q
�f� ?W��℄��4�f�V���C$A?�.�%Ssf6{, i>-<|q
af
��qLW, Z#
�f�qW, �
htX�/Kq)ff�qF9, ��/��, ÆrR4$AqQ�D��; � f>-<|q
af
��qo�, V#�
htX�/frF9
�, R4NQ�D.2I, OC'f>-<|q
afC1
�;Q, �-=���htX�<+X, �

�:<O�&ÆWfw*q�u>�D?�ÆWN.Y 6 d,#�F�DGf�$?)P SEM ~. Y
6a d>-<|d 0.2 mm/s 
afC~�$L^, 6up�DG�J#; �D)P
M	Y 6b G", �=�<fhtXA�P4)xp|� (	YqfkXG"), \Amq�f�D?�zhC. >-<|d 0.8 mm/s fC~�$
M	Y 6c G", B>p�DG�J#Z, O=SsfK*Rg, K*Rg	8>,#O�F�Do<>htK*
2>qWf
�, \&?��
f)s�u [17]; �D)P6u;s��fhtX� , S[A�PGf, S[A�PgÆ, 	Y 6d G". >-<|d 1.0 mm/s 
afC~,#�F�$	Y 6e G", <DG�J#?K*Rg�4; Y 6f d�>-<|q
afC~�D)PY, KYq�-�A, 5SdBf{htX�L� O)P, A�P6H 45◦, f�Hd 200 µm. {htXdf� f�JhtX�-�vCj1-a, 	Y 6f qf+YG", )P�� fZm��fhtXA�C~��s|f?��
z�5. �D�k�S�F,#�$\)P
MAz5f7��℄)l.

� 1 Bridgman w�a-b`eB}�+"e�6�&6>6��\
Table 1 Termodynamic parameters and mechanical properties of the samples fabricated at different withdrawal

velocities

v, mm/s Tg, K Tx1, K ∆Hx, J/g σy, MPa εy, % σmax, MPa εf , %

0.2 634 665 26.4 1330 1.6 1810 4.2

0.5 626 660 30.6 1360 1.7 1880 7.7

0.8 628 661 32.9 1210 1.9 1740 9.4

1.0 632 661 34.6 1350 1.8 1930 11.3

1.5 615 652 34.7 1290 1.9 1820 7.4

Note: Tg—the glass transition temperature, Tx1—onset crystallization temperature, ∆Hx—integrated heat release of

crystallization, σy—yielding strength, εy—yielding strain, σmax—maximal strength, εf—fracture strain
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A 6 �U=,{�e+"�E~#[~#��(O SEM }
Fig.6 SEM images of fracture surface (a, c, e) and their side images near surface (b, d, f) of the samples obtained

with the withdrawal velocities of 0.2 mm/s (a, b), 0.8 mm/s (c, d) and 1.0 mm/s (the arrows in Fig.6 b, d

and f denote shear bands and the arrows in Fig.6 c and e denote sliding traces

3 -3%9 Bridgman x�b.��4)oÆ>C~4�d Zr58.5Ti14.3Nb5.2Cu6.1Ni4.9Be11.0 f[��Q���C$A. 
�zf:<-\;Q�-T9sv>-<|"o, 7��℄L�&�D5�V�P���. ^>-<|d 1.0 mm/s �, �F�Dq|Sa 1930 MPa, �D5�Sa> 11.3%, um�D
MA7��℄zhC.�/EF
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