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Table 1  Physical parameters of different minor-alloying  

elements 

Element 

Atomic 

radius/nm

[16]

 

Melting 

temperature/K 

Electro- 

negativity

[17]

 

U 0.156 1405 1.4 

Co 0.125 1768 1.9 

Y 0.180 1799 1.2 

Zr 0.160 2125 1.4 

Sn 0.155 505 1.8 

Pd 0.138 1828 2.2 

Si 0.132 1687 1.8 

Cu 0.128 1358 1.9 

Be 0.113 1551 1.5 
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Fig.1  Low and high magnification OM images of polished raw uranium metal before remelting (a, b) and after remelting (c, d) 
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Table 2  Thermodynamic parameters of U
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alloys 
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Sn 552 1013 1055 0.523 8.97µ

Si 552 1012 1057 0.522 10.88µ

Be 551 1011 1058 0.521 7.32µ

Cu 548 1005 1051 0.521 7.87µ

Pd 548 1000 1055 0.520 7.52µ

Y 549 1012 1059 0.518 7.09µ

Zr 550 997 1061 0.518 7.20µ

 

Aó��
 GFA�&P"�³
��de��/�Y

� T

g

hk.T§\]&Å��
 GFA.̧ ¹���Î

ô) T

rx

=T

x

/T

L

�}"3À.Å0ô) T

rx

]T GFA�

}"jÖ 2iF.U

69

Co

30

M

1

��
 T

rx

~* 0.518~0.523

� .WX|*Îº�6de��
 T

rx

R����

0.6S.Ì�[(����
 GFA&P"st#ê��


 T

rx

v9&Ó.�Ï�6�â.Sn�Si ����


T

rx

�P.Be�Cu�Pd �W.¬ Y�Zr �|.Gý 2

WF
v��k����v" 

Z*&Å M ��i�c
 GFA k�.�§�G

²`OJ
e6wxv
BCk���L.á(ÏN

ñ_ `þ���a 

(1) jý 4 iF.U

69

Co

30

M

1

�� GFA G M ��

}~� UV��3����A.GFA�  M}~{

|UVzP
��.Z* Sn��¡T¢�"#(�G


�|}~����*{|�� T

m

L T

L

.Ï¬£Ô

��}63,-�!W
e�¤¥Q��" 

(2) ¸¹ÖÇ

[18]

�����
Øë�.¡Ë&Å

��� 
Øë�9∆x�Gde��
 GFAO3�F

�¦"ËW∆x��:rR1SGR2S`a.#§ x ¨

©HØë�.i ¨��ª«.n ¨���ï.c

i

¨l i

��
pq�ï.x

i

¨l i��
Øë�" 

1

n

i i

i

x c x

=

=

∑

                             (1) 

∑

=

−=∆

n

i

ii

xxcx

1

2

)(

                      (2) 

ý 5þ�§ U

69

Co

30

M

1

�� GFAGM��Øë�

¬∆x� 
���Aý"UG Co
Øë��bT 1.9

� 1.4.­ M Øë�~* 1.4~1.9 � ��� GFA �

P.¬­®¯#�BC� GFA �|.�ý 5a iF"

¬�ý 5b (Nâ�.GFA � ∆x °
UV±zP×

{|
��.�3∆x=0.230 � GFA é�²Ó³.# 

  

  

  

20        40        60        80        100 

2θ/(º) 

I
n
t
e
n
s
i
t
y
/
a
.
u
.
 

UCo phase 

U

69.2

Co

30.8

 

Sn 

Si 

Be 

Cu 

Pd 

Y 

Zr 

  

  

Zr 

Y 

Pd 

Cu 

Be 

Si 

Sn 

m 

800      1000     1200 

T/K 

b 

T

L

 

T

m

 

Zr 

Y 

Pd 

Cu 

Be 

Si 

Sn 

350   500   650   800 

T/K 

E
x
o
t
h
e
r
m
i
c
 

a 

T

x

 



� 3�                                   ������	
�� U-Co

���������

 

                       �993� 

 

 

 

 

 

 

 

 

 

� 4  M����� U

69

Co

30

M

1

��	
 T

rx

� !" 

Fig.4  Relationship between the melting temperatures of M 

elements and T

rx

 values of U

69

Co

30

M

1 

glassy alloys 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 5  U

69

Co

30

M

1

��	
 T

rx

� M���#$"%#$"&∆x

� !" 

Fig.5  Relationship of T

rx

 values of U

69

Co

30

M

1 

glassy alloys with 

the electronegativities (a) and the electronegativity 

differences ∆x (b) of M elements 

 

G Al �

[19]

G Mg �

[20]

de��6A
V´�v"(

ð.U ��<=>��µ\¡¢hF
��Øë�¶

�.�T­&Å��� 
Øë�9·Ô�.��¸

��¹º6XØë�9·Ó�.¸*��é��¥`

�i
��ìX­Øë�9Y­�.»��*��d

ev"Sn�Si 2$��
����Z GFA
%K¯É

�ÂGËØë�Y¼��.#�(��TOP§��

f6
�¥EF�" 

(3) ��W
�ìZË GFAO3bc"ý 6þ�

§ U

69

Co

30

M

1

��
 GFAG M-C½�|
��ý"(

ð.­Â½�|P* U-C ½�|R–15 kJ·mol

-1

S�

GFA �Ó.(� GFA �Ô.#(�G�p�Wö�

ì
�¾àRðý 1S��"� `.V U-Co��W


�G C½�|�|
�� ZrR–41 kJ·mol

-1

S�YR–26 

kJ·mol

-1

S.��* Cpq0 ZrL Y¿+��ö�ì.

Ï¬°
ö�ì
$�Gï�X�� `.Zr� Y


ö�ì
EF�P*�ö�ìRUC

2

ÀÁÂÃx�|

T–181.7 kJ/mol

[21]

.¬ ZrCG ZrC

4


ÀÁÂÃx�|

�bT–196.6 kJ/mol G–962.3 kJ/mol

[22]

.�^_[23]

W¨�Äê¼Å�¥`�i
 Yö�ì
DQ¥EF

�P*�ö�ìS.�Æ¸3��WEFO3"#ê�

Æ
PEF�ö�ì²¸Çw��}6
dH��

y.Ï¬{|��
 GFA" 

(4) B�Ö 1GÖ 2 �â.M ��
pqÑÒZ�

� GFA (�/O3bc"ij.Si ��Oz�� GFA

(�GËpq4±YW��.�T Si pq�
J U-Co

��W×ÈIJÓ�W�Ô 3$pq.��*OP��

}6Wpq£s�.°¤f6
BCEF�.Ï¬Oz

GFA"(�.
� YG Zr 2$Ópq.&�*��
p

q£s.{|f6
EF�.Ï¬{|��
 GFA" 

��.&Å M ��
�
Z U

69.2

Co

30.8

��=>

���Q
bc(ÉÊTË~a%k��f6
�¥

L_ÌBCEF�X%k��f6
Be¤¥Q" 

 

 

 

 

 

 

 

 

 

 

� 6  U

69

Co

30

M

1

��	
 T

rx

� M-C'	(� !" 

Fig.6  Relationship between the T

rx

 values of U

69

Co

30

M

1 

glassy  

alloys and the mixing enthalpies of M-C 

 

3  �  � 

1) �� Sn�Si�Be�Cu�Pd�YG Zr;&Å�

Æ��3 U

69.2

Co

30.8

W
����.wV SnZÂ��


 GFAé�ÇW%K¯É.Si)�.Be�Cubc&

Ó.¬ Pd�Y�Zr�d�])" 

2) B�����×��
}�gTk�.N¬

0.516  0.518  0.520  0.522  0.524  0.526 

T

rx

 

2200

1800

1400

1000

600

200

M
e
l
t
i
n
g
 
T
e
m
p
e
r
a
t
u
r
e
/
K
 

Zr 

Y 

Pd 

Si 

Be 

Cu 

Sn 

 

0.517      0.519      0.521      0.523 

T

rx

 

90

60

30

0

–30

–60

M
i
x
i
n
g
 
E
n
t
h
a
l
p
y
/
k
J
·
m
o
l

-
3

 

U-C 

Y-C 

Zr-C 

Pd-C 

Be-C 

Cu-C 

Si-C 

Sn-C 

0.517       0.519       0.521       0.523 

T

rx

 

2.4

2.2

2.0

1.8

1.6

1.4

1.2

1.0

E
l
e
c
t
r
o
n
e
g
a
t
i
v
i
t
y
 

Pd 

Cu 

Si 

Sn 

Be 

Zr  

Y 

Co 

U 

a 

0.227       0.231       0.235       0.239 

∆x 

0.524

0.523

0.522

0.521

0.520

0.519

0.518

0.517

T

r
x

 

Pd 

Cu  

Sn 

Si 

Be 

Zr 

Y 

b 



�994�                                         )*

+,�-.                                             � 47/ 

GFAG M��
}~�Øë��pqÑÒ�M-C½�

|� 
v���Í.y[ÍFAó M��
���

�])[\6V3%k U-Co ��}6
EF��B

e¤¥QË `" 

� ��01�2-34567�89-.:;<=>+,<=?

�@ABCDE9�FGHIJ;-IKLMNOCPQRSTU 

 

����    References  

[1] Wang Weihua. Progress in Materials Science[J], 2007, 52: 540 

[2] Zhang Laichang(VWX), Shen Zhiqi(YZ[), Xu Jian(\ 

]). Acta Metallurgica Sinica(

K^)[J], 2004, 40(4): 981 

[3] Liu Bing(_  R), Liu Lin(`  B), Chen Zhenyu(@ab). 

Acta Metallurgica Sinica(

K^)[J], 2007, 43(1): 82 

[4] Xu Min(\ c), Yi Jun(d e), Quan Mingxiu(fgh) et al. 

Acta Metallurgica Sinica(

K^)[J], 2009, 45(1): 91 

[5] Wu Zeyu(ijb), Guo Shengfengklmno, Li Ningkp qo

et al. Acta Metallurgica Sinica(

K^)[J], 2009, 45(2): 249 

[6] Sun Yajuan(rst), Wei Xianshun(uvw), Huang Yong- 

jiang(�xy) et al. Acta Metallurgica Sinica(

K^)[J], 

2009, 45(2): 243 

[7] Sun Y D, Chen Q R, Li G Z. Journal of Alloys and 

Compounds[J], 2014, 584: 273 

[8] Deo L P, de Oliveira M F. Journal of Alloys and Compounds[J], 

2015, 644: 729 

[9] Ray R, Musso E. US Patent, 3981722[P], 1976 

[10] Giessen B C, Elliott R O. Proceedings of the 3rd 

International Conference on Rapid Quenching[C]. Brighton: 

The Metals Society, 1978  

[11] Elliott R O, Koss D A, Giessen B C. Scripta Metallurgica[J], 

1980, 14: 1061 

[12] Elliott R O, Smith J L, Finocchiaro R S et al. Materials 

Science and Engineering[J], 1981, 49: 65 

[13] Elliott R O, Giessen B C. Acta Metallurgica[J], 1982, 30: 785 

[14] Drehman A J, Poon S J. Journal of Non-Crystalline Solids[J], 

1985, 76(2-3): 321 

[15] Huang Huogen(��� ), Wang Yingmin(Dz{ ), Chen 

Liang(@ |) et al. Acta Metallurgica Sinica(

K^)[J], 

2015, 51(5): 623 

[16] Pearson W B. Crystal Chemistry and Physics of Metals and 

Alloys[M]. New York: Wiley, 1972  

[17] Hou Zengshou(}~�), Lu Guangxi(���). Metallography 

Principle(

K�;)[M]. Shanghai: Shanghai Science and 

Technology Press, 1990: 28 

[18] Botta W J, Pereira F S, Bolfarini C et al. Philosophical 

Magazine Letters[J], 2008, 88(11): 785 

[19] Ma C S, Zhang J, Chang X C et al. Philosophical Magazine 

Letters[J], 2008, 88(12): 917 

[20] Fang S S, Xiao X S, Xia L et al. Journal of Non-Crystalline 

Solids [J], 2003, 321: 120 

[21] Li Guanxing(p�� ), Wu Sheng(�  m ). Science and 

Technology of Nuclear Materials(�+,�K�-.)[M]. 

Beijing: Chemical Industry Press, 2007: 387 

[22] Ye Dalun(�I�), Hu Jianhua(�Q�). Practical Handbook 

of Thermodynamic Data for Inorganics(2nd version)k���

�:��K����k� 2�oo[M]. Beijing: Metallurgical 

Industry Press, 2002: 1204 

[23] Powell G L, Holcombe C E, Knoxville J. US Patent, 3985551 

[P].1976 
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Abstract: Minor alloying is a useful approach for promoting glass forming ability (GFA) of metallic glasses. U-Co metallic glasses can be 

achieved in a wide amorphous composition range, but their GFAs are very poor. This study is aimed to increase the GFA in U-Co system by minor 

alloying. Sn, Si, Be, Cu, Pd, Y and Zr were selected as different-typed minor alloying elements in U

69.2

Co

30.8

 alloy. The glassy U

69

Co

30

M

1

 (M=Sn, 

Si, Be, Cu, Pd, Y, Zr) ribbon samples were prepared by melt-spinning with a copper roller, and their phase formation and thermodynamics were 

investigated by X-ray diffraction (XRD) and differential scanning calorimetry (DSC) techniques. The results indicate that Sn element significantly 

improves the GFA of U-Co alloy, Si displays the second improvement, Be and Cu are slightly effective while Pd, Y and Zr deteriorate the GFA. 

Based on the combination of the melting behavior change reflected by the DSC result, and the relationship between the GFA and the melting 

temperatures, electro-negativities, atomic sizes of M elements as well as mixing-enthalpies of M-C, the effect of the minor alloying on the GFA in 

U-Co system should be attributed to the variation of both metallic liquid stability and the crystallization driving force. 

Key words: metallic glass; glass forming ability; minor alloying; uranium alloy 
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