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ABSTRACT The glass forming ability (GFA) of a newly developed Zr50.7Cu28Ni9Al12.3 alloy can be
improved by minor addition of Gd element, for example, the amorphous alloy Zr50.7Cu28Ni9Al12.3 has a
critical diameter of 14 mm, but the alloy added by 1%Gd (atomic fraction), (Zr50.7Cu28Ni9Al12.3)99Gd1,
has 16 mm critical diameter. However, the Gd addition decreases the fracture strength and plastic
strain under compressive condition. Meanwhile, with Gd addition increasing, the fracture mode trans-
forms from pure shear to shear with hysterical failure. A combination of vein pattern and nanoscale
corrugations can be clearly observed on the fracture surfaces of the alloys with Gd addition.
KEY WORDS Zr–based bulk amorphous alloy, glass forming ability, mechanical propertyUU.~��A��zwnf�QH|, 1��x��uxi℄�℄Hr�Z2h, N�}'&O�z0	frv�Æ [1−4]. u�, �3V��h!�D�0UU.~��A�,, 1 Zr–Ti–Ni–Cu–Be[5], Zr–Cu–Ni–Al[6,7],

Zr–Ti–Cu–Ni–Al[8], Zr–(Ag, Cu)–Al[9] h. �., Zr–

Cu–Ni–Al A�,y{�;�5~Eg�$u�!91�X, ��zC�f�CD;|���WJV�. \ Zr–

Cu–Ni–Al A�,�+Æ5?.ZkU\9Jft7, E���D;|�/7vj [10]. 'v+��bN�4
�b, 1 Y[11,12], Er[13], Gd[14] h, !\'i:EA�,.
* 2dG(%PT�D:8t 50771040TaB�-Æ : 2008–07–14, TaI��-Æ : 2008–10–19M�k� : lU�, �, 1978 ~=, �J=

\
,fz7Nv, ��L'�bJ& Laves 5~CF�J5fD;�t7�F�"}'hNv, M�ZWlz���A�f�CD;|� [15]. �C, +��b4
t~.~��A�fH|5>1_ft7, 1* sH��QH|h. u�+{+��b4
~��A�fNvV9℄H|t79&�,�fV�. ��V�M+��b Gd 4
~?A Zr50.7Cu28Ni9Al12.3 .~��A�f�CD;|�~�QE�ft7.

1 ��geDZ'v Zr (Ix 99.5%), Cu (Ix 99.9%), Ni

(Ix 99.9%), Al (Ix 99.9%), Gd (Ix 99.5%) ��O. A�rf/F'vJ)#ZpFZ, ��I Ar 
G.�E/F. �M
b 	fA�;�, sA����



�244 ��V�N�� m 45 �>/F 3—4 L, 'v Cu r(<�+ÆD!�#�f��A��. :v.�9/ D/MAX–RB A X ;4Y;g (XRD, Cu Kα) ~+Æ^�f}'�E-S. ��A�f*�'y Perkin–Elmer $_>5f Pyris–7 A1I6nJ*g (DSC) ~ Pyris–7 A1*�'g (DTA)�E-S. *�''vXtf�I Ar 
G, ?�
℄
20 K/min. Q�Sn-S� Instron 5500 A�|SZV8�E. SnDZ^�'v#� 2 mm f�9DS^, 7��� 2�1, 
�Hy�E�H#, r�
℄� 4×

10−4 s−1. 'v Hitachi $_f S–570 > S–4700 A6np� (SEM) ~Sn^�f|+�E-/.

2 ��sl���
2.1 (Zr50.7Cu28Ni9Al12.3)100−xGdx ou
\~�`�|	 1  DM�5�f+Æ�r., !�#�f
(Zr50.7Cu28Ni9Al12.3)100−xGdx(x=0, 0.5, 1, 1.5 (�F�\, %)) A��D{mf XRD �. M	.'i"D, _ x=0 C, `UFA� Zr50.7Cu28Ni9Al12.3, #�� 14 mm <r^�f XRD �4'zed5;�,���A�foAx�, m�CKC�A����r}'. _ Zr50.7Cu28Ni9Al12.3 A�f^�#�AS�Wb 16 mm C, �5rf XRD �D1e=i3fY;�, �qKCA�.R�esJf�r5. _ x=0.5C,` (Zr50.7Cu28Ni9Al12.3)99.5Gd0.5,�#�� 16 mm^�f XRD �8�rY;�f\Jq/n:, ^q�A��r5~W�\n:; _ x=1 C, ` (Zr50.7-

Cu28Ni9Al12.3)99Gd1, �#�� 16 mm ^�f XRD�8=1��xzfd5;�, ^qKA�'D;#�
16 mm f��A��. _ x=1.5 C, ` (Zr50.7Cu28Ni9-

Al12.3)98.5Gd1.5, �#� 16 mm <r^�f XRD �8ÆLD1:Ji3f�r5Y;�, �q5Jf Gd 4
��OE�r5f'D, vjA�f�CD;|�.
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XRD �

Fig.1 XRD patterns of the as–cast samples of (Zr50.7-

Cu28Ni9Al12.3)100−xGdx alloys

8Y}4�q, _ Gd �b4
J (�F�\) �
1% C, ��CD;|�L
. 	 2 �#� 16 mm f
(Zr50.7Cu28Ni9Al12.3)99Gd1 <r^��-	. S^�m/K, fz~}�5+fW4BX, �qM�;�f��A��zG:f�CD;|�. 'o, NJf+� Gd�b4
'/7z� Zr50.7Cu28Ni9Al12.3 A�f�CD;|�, �5Jf Gd 4
��Nvj��CD;|�.�V�+� Gd 4
~ Zr50.7Cu28Ni9Al12.3 A�*H|ft7, ~#�� 2 mm �%��rf (Zr50.7-

Cu28Ni9Al12.3)100−xGdx �EM*�'-S, 	 3a > b�� DM�A�,f DSC ~ DTA  4. ��C>��x Tg, CF�J�x Tx, 
54�x Tl, 58
5�j ∆Tx (∆Tx = Tx − Tg) i℄�CD;|�)\ Trg

(Trg = Tg/Tl)
[16] > γ (γ = Tx/(Tg + Tl))

[17] f�~\%P{� 1 .. y	 3a 'o, a0A� R�q/f�C>��x058
5�~/7f�J�*�. hC Gd9Jf�f, �A�,f�C>��x Tg ~CF�J�x Tx  5svj, \�58
5�j ∆Tx f�J�!q/. 	 3b �qM DTA DZ}4, hC Gd 9Jf�f, �
54�x Tl !|vj, _ x=1 Cv(Lj, �_
x=1.5 C���f. !�� 1 .f*�Q)\%, bf�~,f�CD;|�)\ Trg > γ f%. }4�q, Trg!|�-�A�f�CD;|�, � γ )\�-f�CD;|��~DZ}4�6�A.+� Gd 4
'/7z�UU.~��A�f�CD;|�, e�mLy{+��bxzfE\Nv [14,15],Ve�m Gd fp2, t~A�/~�*f*�Q�t�Q℄�F�"}'h5>1_t7. .mM�FAS<r~*�Q Gibbs Hy|1 ∆G �m, sv Gd ~UU��A��CD;|�ft7.�FASf1�Lt7��rA��CD;|�f1_ob [7,18−21]. �UFA�.f Zr, Cu, Ni > Al

� 2 "�� 16 mm e (Zr50.7Cu28Ni9Al12.3)99Gd1 Æ
��℄�eÆ,�
Fig.2 Sample appearance of (Zr50.7Cu28Ni9Al12.3)99Gd1

amorphous alloy with a diameter of 16 mm
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� 3 "�� 2 mm e;q (Zr50.7Cu28Ni9Al12.3)100−xGdx Æ
��e DSC = DTA �3
Fig.3 DSC (a) and DTA (b) curves obtained from the as–cast (Zr50.7Cu28Ni9Al12.3)100−xGdx alloys with a

diameter of 2 mm (heating rate 20 K/min)Z 1 (Zr50.7Cu28Ni9Al12.3)100−xGdx (x=0, 0.5, 1, 1.5) Æ
��e)?P([
Table 1 Thermal parameters of the (Zr50.7Cu28Ni9Al12.3)100−xGdx alloys

x Tg, K Tx, K Tl, K ∆T (= Tx − Tg), K Trg(= Tg/Tl) γ(= Tx/(Tl + Tg))

0 719 799 1142 80 0.630 0.429

0.5 714 794 1118 80 0.639 0.433

1 707 790 1114 83 0.635 0.434

1.5 702 785 1119 83 0.627 0.431

�F����� 0.216, 0.157, 0.162 > 0.182 nm, �4
�b Gd f�F��� 0.254 nm, W{UFA�.oz�bf�F��, Gd 4
EA�,.K�!jf�FAS�"�
"�
. �0�
f�FAS�", �fMK;�b!jW�F~;�F!jf5HNv, z�MA�,.�Ff�$�"kx, E�F!jf7?35�
1x, z:{.~��A�fD;~ s.

Poon h [22] ~�U��A�fV��1, _�zxW�F��f�b�fb��A�.C, '~3��K�Zf�U�F (	2U~�F�;�F>W�F) D;7`�A}'Q)h}'. �0}'fD;|(�e#J��Ff35Q��F
f�f, E�FfzLJ?xvj; �C��U~8f�0)h}'|(��58/~f sH, �e#j+�~5fD<>7W, �f��5D;f�9H. W�F�� Gd �fb Zr–Cu–Ni–Al A�_.�^|D;5`f�A}'Q)h}', ��58/~f sH. DTA DZ}4�qNJf Gd f2, vjA�
54�x Tl, �DM�58
~ sHf�f, ~8Y}'x��A. o�, NJf Gd 4
'O���5fD;, z�A�f�CD;|�.M*�Qwx#\, M/~b}�5?. Gibbs Hy|1 ∆G (∆G = ∆Hf − T∆Sf , �., T ��x,

∆Hf > ∆Sf ���I
5>��*5fP�>Q�) �;, �~D<f"t��j, `)A�58/~.D<℄vj,58/~f�CD;|���� [23]. Battezzati>

Garrone[24] fV��q, 
~~�J5!jf�*01~A�/~f/JQ!jR�esf�;+,, �KUF!8, Hy|1 ∆G 'ive��x0k-Jf)\5�U
∆G =

∆Hf∆T

Tm
− α∆Hf

[∆T

Tm
+

T

Tm
ln

( T

Tm

)]

(1)H., α ��;,\, ~{.~��A�, α f\%�6# 0.8[25]; Tm �A�/J!F�x, `*54�x; T �A�/~�x; ∆T = Tm − T ; ∆Hf �/JP, oK!�-J
bf ∆Hf \�'O+D5rf Gibbs Hy| 4. ~ (Zr50.7Cu28Ni9Al12.3)100−xGdx .~��A��E*�'-S, 'i
b Gibbs Hy|1~�J�x
(T/Tm) f+, 4, 1	 4 oI. y	'o, _ x=1 C,��A�;�o~rf Gibbs Hy|1 4j{�p��A�~rf GibbsHy|1 4, �m�C�A�f58/~D<J_"WfT���AS>JQ�x��, M�j+�~5f'D�P
��r}'. K}4M*�Qwx^qM (Zr50.7Cu28Ni9Al12.3)99Gd1 A�;��z�f�CD;|�f�o.

2.2 (Zr50.7Cu28Ni9Al12.3)100−xGdx iwou
|���	 5�#� 2 mm (Zr50.7Cu28Ni9Al12.3)100−xGdx��A�fSnr� – r� 4. hC Gd 4
Jf�f, �A�,feH�D|�5svj, eHr�yUF
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Fig.4 Gibbs free energy difference curves for (Zr50.7Cu28-

Ni9Al12.3)100−xGdx metallic glasses
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Fig.5 Compressive stress–strain curves for (Zr50.7Cu28-

Ni9Al12.3)100−xGdx metallic glass samples with a

diameter of 2 mmA�f 5% vjb 0.8% (9 1.5%Gd), �C�!��x~|R�x`^�vj.

Yang h [26] ~ Yan h [12] fV�}4�q, .~��A�f�C>��x~�|R�xR�k�f+,. 'iv�4H+,�.~��A�f�x~��C>��x Tg D,�5, `: Tg ��, A�f|R�x��. y{��A�fL/|RL�5
KK�jf}Ap5D1f, A�f|R�x#�{K�!jf}A|. �.~��A�f�C>��x~}A|!jlR���+,, `: A�f�C>��x Tg ��, �|R�x�� [26]. y8e|f*�'}4' , W�F Gd 4
E
 (Zr50.7Cu28Ni9Al12.3)100−xGdx ��A�f Tg vj,�qA�y$�F!j}ApfpDNvn4, ���Nv.�Fjf}Apxk�
K, `)��A�|R�xfvj.��e#V� Gd 4
~UU��A��D~|RE�ft7, ~S^fSn|+De�EM6np�-/,1	 6 oI. Zr50.7Cu28Ni9Al12.3 ��A�S^ioA

fm�|RDH�>|R, |+f,m�"\J5~x�fm�X, 1	 6a .fq�oI, �~�xWfeH�D|�k�5+; �|+�bAI^, ��z℄j/JE�*f
k, 1	 6a .	oI. �_ Gd �bp2E, ��A�f|+�mEMx�fm� I ��, LR�Ve!�f|R II �, �hC Gd 9Jf�f, |R II �fmWR��Wf�K, 1	 6b—doI. Shenh [27] ~�U��A�fSn|RV�l�1K0|R|+x�. �C, hC Gd9Jf�f, |+,m�"fm�X\J5sn:,1	 6b—d.fq�oI, �`)A�feH�D|�vj. � (Zr50.7Cu28Ni9Al12.3)100−xGdx ��A�f|R
II �R�5`fDe. i (Zr50.7Cu28Ni9Al12.3)99Gd1�;, ~|R II ��E-/, 1	 7a oI, �|R�m��!�, 6_R�e=!��f7`�IAfDe, 	.q�oI��<�, �q4r��|R5?.�bM1_Nv;XR�3��9�"C�m�~�;AfN*�,1	.�$�*oI. 	 7b  DMN*��W!EfDe�+"Af}'. ~�m���
 SEM .-/, �1�"CwjAxf3�H��, ���j��� 100 nm

(o	 7c). K}4~gU [28,29]��U [27]��U [30]�RU [31]�VU [32] hPH.~��A�|+D1fwj3�H��7`. +{�0|+DeD;f&9V+, u�9$s^. Xi h [28] zD, �L℄H�~tr3�fR��y5HNvf}4; � Shen h [27] �,�, �0wj��LtrR��y~R�
x85esT�%C5>fR���4./�R�n,5HNvf}4.8Y}4�q, Gd4
vjM Zr50.7Cu28Ni9Al12.3.~��A�feH�D|�, ��y{ Gd �bfp2, �|R�Hh�!ÆL[efm�|R. Zhangh [33−35] ,�, m�|R~
j|RL��A�fH0|R�H. ~{��+Hf��A��W, |R'X6m�m�E, �>m�|R, |+�oAfbA�; �~{��PHf��A�, |RtX���9
j;-;f;., �>
j|R, |+R�N*�>�m�, ��-8�m�L'|"
wjAxf3�H��. ��V�f
(Zr50.7Cu28Ni9Al12.3)100−xGdx(x=0.5, 1, 1.5) ��A�|+!�R�m�|RfbA�, ��LR�
j|R|+�zfN*�>�m�, ��m��-8�"CwjAxf3�H��, �|R�H~1Mm�|R~
j|Rf�ADH. ���A�., m�XfD;>3�)+C��S^f�D~|R5?. m�XfD;LHy~W>�
t~[.f}4 [36−39]. �r�Nv., Hy~Wf
t~[., h>MCFm�X, hCr�f�f, Hy~W!|�$, Em�Xj
3�. �C, m�Xyf5�Hy~W!F�M�[D;�(, �r�Nv., �(N�[>7W, Em�D;X5#��;��R� [40]. hE, �R�fqytNÆL~���pf�(�A, ER
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� 6 "�� 2 mm e (Zr50.7Cu28Ni9Al12.3)100−xGdx Æ
��eRm{*+R�
Fig.6 Compressive fractographs of the amorphous (Zr50.7Cu28Ni9Al12.3)100−xGdx with x=0 (a), x=0.5 (b), x=1

(c) and x=1.5 (d) with a diameter of 2 mm (the insets are the magnified images of shear region I, arrows

indicating shear bands)

� 7 (Zr50.7Cu28Ni9Al12.3)99Gd1 Æ
��e{* II �e{Qw�
Fig.7 Magnified images of the region II in Fig.6c, arrow indicating the core structures of chrysanthemum–like

morphology

(a) the fracture surface at lower magnification

(b) high magnified image of hackle region in Fig.7a

(c) high magnified image of mirror region�XLW�r��9j
3�. hCR�iyr�f�W, R�iy�zI(Wf|J�ER�3��2�
zz, L/`)��A�f|R. ~{ Zr50.7Cu28Ni9Al12.3��A��W, �H<f�F}'~Hy~W�"ArEA���D5?.'����*h>m�X, D;�kxfm�X (o	 6a), �lM6m�Xyf5�Hy~W5/f6WD;�(℄R�, oK���A��zxWfeH�D|�. �C, y{xWfeH�D:;M$�℄H�D5?.GRf℄H|, M�ER�3�f|J5~xj, #yXm�m|R, =1 sfm��D [34,35]. �

hC Gd 4
Jf�f, ��A�y$f�F}'~Hy~W�"~6m�X.fHy~W�$Z�z:, �C/��;�(℄�R�, EA�feH�D|�vj. y{eHvjEeH�D|f:;n:, �D5?GRf℄H|6_v{R�3�, E�R�iy�zC�f|J. �:;�=|J, R�tf
3� [34,45]. �Cy{Sr�f�f℄�F!jfpDNvfn4, E
 Poisson <rf�, S^,9t5>xWf4r�℄4r�, E6m�R�3�[��>��~��,oi|+D1M1	 6b—

d oIf II �.



�248 ��V�N�� m 45 �K�, ~{	 6 . II �f|+-/�q, ��m�R�wjAxf3�H��, u��PH��A�&O℄+HUU��A�f�
?R5?. R��0|+De [41]. �.+{�0DeD;f�,zDMa0!�f~O [27,28,30−32], \$,f-nL, �0|+De~R��/
3�5?.�>ftrA k�5+. �9 Gd fUU��A��Sn|R5?.`-/bM�03�Hwj��, ^q Gd fp2f
MR�3�
x, `)��A�|RrHf��. �0m�|R, ~
j|R�C&Rf|Rx�R��
f|+De, p!Le0v=f|RV+, �L8YH0|RV+f�A, �|RV9�mLR�K�!{zYV�.

3 s�
(1)NJf+�Gd4
'z� Zr50.7Cu28Ni9Al12.3A�f�CD;|�, _ Gd �b4
J� 1% C, `

(Zr50.7Cu28Ni9Al12.3)99Gd1, �D;��fASy#�
14 �fb 16 mm. �Ly{f2 Gd �bE, !\'i�bE\fNv, ���f58/~f sH, vjM
Gibbs Hy|1 ∆G, M�z�MUU��A�,f�CD;|�.

(2) +� Gd ff2, vjM Zr50.7Cu28Ni9Al12.3.~��A�f|R�x℄eH�D|�, �hC Gd 9Jf�f, �|R�Hy[efm�|R��m�|R~
j|Rf�ADH. W�F Gd fp2��M��A�y$f�F}'~Hy~W�", M�`)��QH|)\~|RrHf��.℄x
�
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