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ABSTRACT The rapid solidification welding of Zr55Cu30Al12Ni3 amorphous foils with the thickness
of 25—35 μm was conducted using a micro–type capacitor discharge welder. XRD analysis shows that
the joint presents still amorphous structure under the rapid solidification welding conditions. The joint
cooling rate calculated is high up to 106 K/s, which is much higher than that of critical cooling rate of
amorphous Zr base alloy, and effectively suppresses the crystallization of joint zone. The micro joints
with the size of 60—90 μm in diameter are produced and there are no welding defects such as porosity
and inclusions within the joints. The joint shear strength is up to 1141 MPa. Contributing to higher
electrical resistivity, the welding energy for welding metal glass foils is lower than that of crystallized
metal foils remarkably.
KEY WORDS Zr base amorphous alloy, ultra–thin foil, rapid solidification welding, mechanical

property of joint
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;<( 25—35 μm � Zr55Cu30Al12Ni3 ��0$=0
%,&0� , �.>11��0$?@���8�2�
�  9, ="� 0$�%,&0� $�, A:��
 9323��24.

1 2345
4(5B1467;<( 25—35 μm, /<( 4—

6 mm � Zr55Cu30Al12Ni3 ��0$. B�;,<04
� 20—40 m/s.

(C8<1=����0$6229  9, !D�
/Æ)+*��2)��=0%,&0� . ��:7!
15/.> [6]. � ;?(: � )6 U=40—70 V, )
+ C=3300 μF, )E� F=15—25 N.
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2500/PC Æ X D;:D (XRD) ;NE 9�882.
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2.1 @ABCDEFGHIJ
2.1.1 KLMNOPQR R@ Zr55Cu30Al12Ni3

��0$(HN$$, 32��  9IJ/=. (K�
NE 98?@, >( 9AS?. ��S1�: O�
Zr55Cu30Al12Ni3 ��0$=0%,&0� , >1PT
�  9; @(B# 9A 2 0$?���QC, <(R
UT(QDLS�TMLNEF; !DUV�MVWNQ
7 973; UD(W# 973G ��H, 467X
Y 1 #:� 9 XRD K7. ����0$X�%,&
0�  9� XRD IXY 2 #:, J(OÆ���$$
:DI.K/ Zr55Cu30Al12Ni3 ��0$�%,&0' 
�P?�*"�+Z%, 32�M� 9[(���?@.

2.1.2 VWMNXYZ� Y 3 (����0$
�M� 9Y�36. �Y 3a KL7, '()+*�Q\
&Z)� !1K(��0$' H�, 32JB2M�
/ÆM� 9.  9IJ( 60—90 μm, �?];NQ[
CR� O^. �� 91P$\!��, _�;D'.  
91P$#&]QBS<, TQ 9�/?@1����
0$������2�.  `, aE�P?.*Z,  9?
"K*"A]��UF^D, 32XY 3b #:�Vb[W
^7c. ^D�X"GH1������@I8A���

\ 1 �		� XRD �JdKe
Fig.1 Schematic of more joints bound sample used in XRD

analysis

\ 2 ���Y_�		�� XRD R

Fig.2 XRD spectra of the Zr55Cu30Al12Ni3 amorphous foil

and joint sample

\ 3 �����Y��		�
S
Fig.3 Cross section OM morphologies of normal join (a)

and joint with sputtering edge (b)
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2.2.1 VWXijklmno \]@],: Rc

�TO����32��UP ^K_�;?. ( , �
����=0V DSC NE. aEGE� Zr55Cu30Al12-
Ni3 ����� DSC `;XY 4 #:. K/, Zr55Cu30-
Al12Ni3 �����[X_\�< Tg=677 K, Ci?�
�< Tx=745 K, Z�eQ�< Tp0=751 K, 08;�
< Ts=1104 K, I8;�< Tl=1136 K. �@I8A/
< ΔTx = Tx − Tg=68 K, ��32��ab γ Q( [7]

γ =
Tx

Tg + Tl
= 0.41 (1)

\]@],: Rc 1 γ ab#&�`�( [8]

Rc = 5.1 × 1021e−117.19γ (2)
G�I (2) Pj1^� Zr55Cu30Al12Ni3 ����

�\]@],:( 6.2 K/s. Rf,SH@,�� 6.2 K/s,
KK>1 Zr55Cu30Al12Ni3 ����.
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\ 4 Zr55Cu30Al12Ni3 ��� DSC im
Fig.4 DSC curve of Zr55Cu30Al12Ni3 alloy

\ 5 ��e�	���
�X
Fig.5 Calculated zone in micro spot welding joint
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I?, T (����<; t (&0�&; α = λ/cρ (�

kÆ�?, λ, c � ρ N+(�f:Qg�+�M<. Pj
#(�c�;?(I8;�< Tl=1136 K, 0;8�<
Ts=1104 K, _��f: λl=85.2 W/(m·K), 0��f
: λs=169.9 W/(m·K),_�g�+ cl=447.8 J/(kg·K),
0�g�+ cs=404.95 J/(kg·K), _�M< ρl=7152.8
kg/m3, 0�M< ρs=8145.3 kg/m3, _+l� ΔH=0.
YZ;?[F�h Cu, Zr, Ni� Al��c�;? [10] m

�"2. �PjAUAdj!FRN, (BI!N1=0
nÆ�e, <(noab>1�&h�. _hii�<p
1140 K, `jP$�<p 300 K, ]\�<lE( 300 K.

efPj>1�_h@]`;XY 6 #:. ��<
��I8;Q����[��_h�hK���k�@
],:. %q�Y�%,Æ', _h�<=�hmH, �
Tl—Tg �<A&32�@I8. l�<qb� Tg �,
[��@I8�]<],�k"m?2[X�0�, 32
�� 9. efPj>1�_h?TA�rJ@],:
( 8.1×106 K/s, _h]\�@],:n�, n 9.7×106

K/s,  9@],:^^k�32�����\]@],
: 6.2 K/s. K_, �*�� '!, /Æ_h��OÆ�
%,&0$O. ��@],:`4V_h�?�, �`�
>1����  9.
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Fig.6 Calculated cooling curves of different zones in the join
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kY� aE?rTQ, � ����#aH��Y
w�=�/���#aH�� �Y, Y1������
)Æ:$��`.aEGE� Zr55Cu30Al12Ni3 ����
0$�)Æ:e( 200 μΩ·cm, g/� Cu–Fe � Cu–Sn
q����)Æ: (UkQN+( 20 � 28.6 μΩ·cm) �
7b 10 r#W. ub Joule–Lenz Es, �� )<�
Z)�&8q� '!, ��)Æ:KH������ 
AX"�k���, (�$��_+�h, H]��h�
�<�\&��f�@I8A�<rfn���<. $ ,
� s]�[t8q� '!, � ����#aH��
YHg� /���#a��Y=Z.
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v`, )E/0$]� s[�Q� qk;?R"
)f2)E]aZ%�*". �)E/0$ s]�[�
�E�wt!, (wx*")Ei'Z%, � )6 U �

)E� F #&'���e�92. Y 7 (x*")E
]a#lm�Uk� )61)E�#&�`�. K�L
7, l)E�� 18—20 N �, x*")E]a#lm�
Uk)6S� 46 V. p�, %q)E��k, x*")E
]a#lm�)6Q"nvF�, l)E�( 26 N�, x
*"ia�lm)6Qn^ 62 V. K/, -ly�$)E
�K�oymH)E]aZ%�*":. )E��7("
N)wpV)E/0$ s)Æ�)E]a�qr. l)
E��=�, ]�)Æ�k, X"�)Æ�"�W, S��
�=�� )6!z�K�wx)E]a. %)E���
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k, )E/0$]�)Æx=; q�, G�)E_f7��
Y�W, $"#lm�)6"%#�k.
2.4 ab@Atefvx

�� �Y�� �&�E�wt!, )E��� 
)6� 9Q>?< τ �qBy�qr. l� )6�
E�,  9Q>?<%)E��\+XY 8a #:. K�
L7, %q)E���k,  9Q>?<],F�, n^U
kQDgRyx=. Y�[�l)E��=�, [� s
]��j�=, s2)<M<�k, X"Æ^, tH 9N
Y!m. l)E��k�, 0$/0$&� s{N,  s

\ 7 oy�zz�{��uv�{zw|�}u
Fig.7 Relationship between maximum voltage and elec-

trode force when no adherence appeared between

electrode and foil

\ 8 	�����v�{z3�u�|�
Fig.8 Variations of shearing strength with electrode force

(a) and welding voltage (b)

)Æx=, _hIJ)$wxw�Y�xy"x=, ��
rf)7Zf�' ����Z%. l)E6�( 24 N
�, �  9�Q>?<n^Uk, ( 1123.5 MPa.

�)E��E� '!,  9Q>?<%� )6�
\+XY 8b #:. K�L7, %q� )6F�,  9
Q>?<nv�k, n^U�MDgnvx=. Y�$(
�� )6�=�, [��Yx|, �A�h��n^z
{_{, ]132_h%x_hIJ�=,  9Q>?<
�H. %q� )6F�, � �Y�W, _hIJ�#�
k,  9Q>?<%#�k. pl U>52 V �, [�wx
 9�� ���k, �h|�y|, Æ^�k,  9f�
\3yj, ?<mH. l� )6( 52 V �Q>?<U
�, n^ 1123.5 MPa.

l U=52 V, F=24 N�, �� 9�����U�,
 9�rJQ>?<( 1059.8 MPa, UkQ( 1141
MPa.

3 ;?
(1) '(*��!1K�aZ Zr55Cu30Al12Ni3 �

�0$�M�' , /Æ 92M]O^X",  9IJ
( 60—90 μm.

(2) _h?T�rJ@],:n^ 106 K/s, ^��
Zr55Cu30Al12Ni3 �����32\]@],:, 32�
 9[!(��.

(3) �����)Æ:��, �� #a��Y=�
����; � )6�)E�� 9��J��By�q
r. l� )6( 52 V, )E�( 24 N �, �� 9Q
>?<�n 1141 MPa.
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