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ABSTRACT Many researches have demonstrated that the free volume have a great effect on the
properties of bulk metallic glasses (BMGs). For different BMGs, however, quantitative measurement of
free volumes and analysis of properties of BMGs using the measurement results are still difficult. In this
work, the two types of characteristic free volumes, the free volume released in structural relaxation,
ΔVf−sr and the free volume generated in glass transition, ΔVf−gt are given from the Δ(dV (T )/V0)
curve, where the Δ(dV (T )/V0) is the thermal expansion difference between amorphous and crystalline
samples measured by a cyclic thermal dilation test. In a series of Fe–(Er)–Cr–Mo–C–B BMGs, it
is found that the BMG with the largest critical diameter (Dc) has also the largest ΔVf−gt, and Dc

increases sensitively with the decrease of ΔVf−sr. More impressively, D2
c or Dc can be fitted with high

regression coefficient of 0.998 by a negative exponential function of ΔVf−sr. Hence, the characteristic
free volume has a sensitive and close correlation with the glass forming ability of BMGs.
KEY WORDS bulk metallic glass, free volume, structural relaxation, glass transition,

glass–forming ability, thermal dilation
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���� � (BMG) ��%�*��&!�Æ�.
Cohen " Turnbull[1] '�,  �%�+�,-��#
(Vf), ,�&$�+, ��% Vf !�,��&�+ [2,3].
Vf (�� ���'.��(�/, ) BMG �*0�
)+���, � ()*� [4] "!� �)� (GFA)[5]
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�"1��. �# Vf #(�',�$��, *�$��%
�- [6], & Vf ,.%-�'.Æ'., &(/ '%$
�%-'.0 BMG �*0$��2�'.�!"�/
) Vf .%-�'.� ΔVf , 3($��*#$- [7]+,

1 [3,8,9]+4-52% [10,11] .. &(3($�01+�
�()*, ,34%$-1'%$��(+5,1/�2
6�&74%0�$-0, 6)�3(1/�72�+5
,4%0�-��#0 ΔVf , &Æ3001#)41+5
� Vf ,&1$�+,� (,!�8'$�+(35'.
�.Æ,1"4-52%.%-�'.�,ΔVf 9"�,
:�','-8, 3'-8(��%(6�, #)�,1
"4-52%$�29!:6, &(.)#)'$$�3
2 '$���'.!*�,*#/�% BMG � ΔVf , +
Æ.)-06�1,#/�% BMG ��),; ΔVf 9
"�7-. ;-, 1,/<'$= .<�0=, SiN 2
33>4#/�5 Cu–Zr 8>-��6?, @2'$$
�233,492�AB-/)/��C"��C Cu–
Zr 6?�$-0, :5$-0;70��C� GFA[5] "

6- [12] .;7. 3001,2>('$$���726
?��#0!/)��C"��C� ΔVf , +Æ68;�
$-0. Æ$� BMG �#.%-'.;%7�01(1
D?$E1, 2<@078=1D?$E1/)/ BMG
+5>;9):��C+5��#0.%-�'.B;,
�(B;>6<1/ 2 '�/-��#, 81,/ Fe–
(Er)–Cr–Mo–C–B �-��/-��#,!� �)�
�7-.

1 Æ#A$BCD
,?9 Ar F@:A=, ;7-B%1E)G �C,

;<D>�%3= 1 6H. ,>+67�F2% �?9
Fe(99.99%), ?9 Cr(99.99%), ?9 Mo(99.99%), ?
9 C(99.99%), 9 Er(99.5%), <? Fe–B  � (99%).
G �3E>%10:G�%4H, .2� Cu IJI1

(Rapid Quench Machine System VF–RQT50, MAK-
ABE) E?1*5 1 mm, @ 50 mm � �JA, 3 X
<;@<$E (XRD, Bruker D8) :'���C. 07
01%AB (DSC, Setaram SETSYS Evolution 1750)
$�!�8'%- Tg, �.KL%- Tx−on, �.�M
%- Tx−end "C9%- Tl, N%O6� 0.0833 K/s.
071FDE1D?B (DIL, Netzsch DIL 402C) +
F8=1D?$E, 78+5,8=&1$�+�1D?
dL(T )/L0 (;+, T �1�G%-, L(T ) �%- T 0E

+�@-, L0 �E+BL@-) "1D?-8 α(T ). +5
@-� (25.0±0.1) mm,+59C�� 0.3 N,8=%-�
1073 K, N%":%O64� 0.0833 K/s, BP%D6�
1.25 nm.

2 Æ#KL
2.1 %&'()*+MN,OP-Q./

H 1 � h(Fe48Er2Cr15Mo14C15B6)  ��1D?
(DIL)B;+1D?-8 (α(T )) B;"01 (DSC)B;.
3H6H, � DSC B;:61 �� Tx−on " Tx−end

% � 877.9 " 1007.5 K. ,�.$�+, DSC B;"

1D?-8 α(T ) B;�9Q�'.G; [13], 3(&�
EIJC8'��JC�F5.R$�+, +5SH11
�"FT�#UV(/0+F�, &( DSC B;>�H

1I" α(T ) B;>�#UVI(��):�. α(T ) B
;�JG%- Tα−p(862.1 K) , DSC B;>�!�8
'�M%- Tg−end(865.7 K) K�- (H 1 +HH). L
<-��#�= [1−3], !�8'$��0>R(�'�
�&C� Vf KO'70IJ$�C� Vf �$�, Vf �

KO'7L�MU)�, 3):: DSC B;>�M1$

�, /0.W+5KOD?, 3):: α(T ) B;>�?
O>N$�. KN�!�8'2, +5'�$�CC, #6
M1. DSC B;3$�MNS�XO'.2, , Tx−on /

@L?O=:, =AM1��.$�@L. B�0C, $

T 1 Fe–(Er)–Cr–Mo–C–B DOPEQFLMRSGPNÆHIOP Dc LQYRQTRUYZUR[JV
Table 1 Compositions of Fe–(Er)–Cr–Mo–C–B BMGs, thermal analysis results by DSC and cyclic DIL tests (diam-

eter: 1 mm; heating rate: 0.3333 K/s for DSC tests and 0.0833 K/s for cyclic DIL tests)

Alloy Composition Tg Tx Tl ΔTx Trg γ γm γc ΔVf−sr ΔVf−gt Dc

K K K K 10−3 10−3 mm

a Fe50Cr15Mo14C15B6 841 863 1531 22 0.549 0.364 0.578 0.592 2.033 <0.001 1.5

b Fe49.65Er0.35Cr15Mo14C15B6 830 865 1537 35 0.540 0.365 0.586 0.608 1.656 <0.001 3

c Fe48Er2Cr10Mo19C15B6 840 895 1557 55 0.540 0.373 0.610 0.645 1.372 <0.001 4

d Fe48Er2Cr19Mo10C15B6 845 890 1530 45 0.552 0.375 0.611 0.641 1.198 0.157 5

e Fe52Er3Cr15Mo9C15B6 842 885 1510 43 0.558 0.376 0.615 0.643 1.015 0.227 6

f Fe49Er1Cr15Mo14C15B6 823 884 1513 61 0.544 0.378 0.625 0.665 0.894 0.031 7

g Fe48.5Er1.5Cr15Mo14C15B6 830 889 1518 59 0.547 0.379 0.625 0.663 0.647 0.108 9

h Fe48Er2Cr15Mo14C15B6 843 895 1515 52 0.556 0.380 0.625 0.659 0.413 0.262 12

Note: Tg—glass transition temperature; Tx—crystallization temperature; Tl—liquid temperature; ΔTx=Tx–Tg,

width of supercooled liquid region; γ=Tx/(Tg + Tl); γm=(2Tx–Tg)/Tl; γc=(3Tx–2Tg)/Tl
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Fig.1 Thermal dilation (DIL) dL(T )/L0, thermal expan-

sion coefficient α(T ) and DSC curves of Fe48Er2-

Cr15Mo14C15B6 BMG (Insert showing an enlarged

region around the glass transition)

�C��X-.%-,?O=:, &(+5,15]

. [14], �#Y]+5�^-K?, ÆBP�9C�ZK
[, 6030]., DIL B;>#(KA", & α(T ) B
;&?O=:, P^X_\130].. &(, +5,!�
8'+�KOD?"+_$�C9`2�].W) α(T )
B; ��'I, IY%- Tα−p �0-QX>R(!�
8'��M%-"$�C9`�KL%-. L�aA�(,
Tα−p , Tg−end �):7-,$�C9`*7� BMG
�-+")`&b], ,3,Z]+Q]+̂ ]+[].�
-+ [15,16].
2.2 12345\P]/

H 2a 41/ Fe48Er2Cr15Mo14C15B6  ��8=

DIL B;. �#8=%- (1073 K) 7# Tx−end, �&0
+5_3��, 60):� DIL B;]2>(`*;. 3
H 2b 6H, ,8=%-/, BPE&18��&0,R�
%-'.O6,S0cSadO6, Y^�&0� α(T )
B;�BLM��A"Za, [%-'.O6b62, �
&0� α(T ) B;.-Q��*;. �&0� DIL B;
" α(T ) B;-Q*;�'., (&�T7�% Vf ,9
7���$�+'$F5.R\b]/,  ���2, F
59"�9)c_&6=!, �,#F59"� Vf _3

eJ�0cU. 3�G�0�H 2a HH+�^ 2 V8=
DIL B;GA, 33�C+5de�*E Vf �f, fW
,6>&1$�+),��(_dW) Vf SH1!, 3
,Y^6>�&=!� DIL B;,&10� DIL B;

` [4], &H+�^8V&1"�& DIL B;]2>(.
 �, &()GA/�C+5+#�,$E� Vf . X@�
C+5� Vf eJ�0cU, ÆIC��+5+e��6
�� Vf , Æg3( Vf ,.%-�'.Æ'., fW)�
00�C+5@�aYC!6�1,IC��6e� Vf

(35'.�. Z�013==6H:

0 2 b[ 2 	�����
�hef
Fig.2 Schematic illustration how to quantify the two char-

acteristic free volumes

(a) the first and second (insert) round cyclic DIL

traces
(b) the first round cyclic α(T ) traces

(c) the volume difference Δ(dV (T )/V0) between

amorphous and crystalline states calculated by

Eq.(1)

Δ(dV (T )/V0) = 3 × [(dL(T )/L0)heating−
(dL(T )/L0)cooling] = Vf(T ) + Vshrink

(T ≤ Tα−p) (1)

=+, Δ(dV (T )/V0) (IC��+5"�C+5��
D?0.%-�'., ;+, V (T ) �%- T 0E+

��#, V0 �E+�BL�#; (dL(T )/L0)heating "

(dL(T )/L0)cooling % (IC��+5,&1$�+"
�C+5,�&$�+�1D?; Vf(T ) (-��#.%
-�'.; Vshrink (+5,&1$�+K%-?# Tα−p

2:T��#UV, *#,$�C9`+�]."��$
�+�UV. �#`1,��C+5 Vf �'., &(=
(1) �\igg� T ≤ Tα−p, �33H 2c 6H. H+
Δ(dV (T )/V0)� aNjh -��#�=6a$� Vf

.%-�'.G; [3,9]. K%-IJ Tsr−on 2, +5@L
15A"��(_d, Vf @LSH1!, Δ(dV (T )/V0)
B;@L=:; K%-IJ Tsr−end 0, �(_d�M, !
�8'@L, Vf @L'7, Δ(dV (T )/V0) B;@L>N;
K%-JI Tα−p 0, !�8'�M, +_$�C9`, Vf

]h'7, &+5@L15]., Δ(dV (T )/V0) B;,
(�M. �# Vshrink (+5,%-?# Tα−p 0:T�

�#UV, `�� Δ(dV (T )/V0)B;,bcc>�c_,
Δ(dV (T )/V0) B;� aNj� Vf(T ) (6. &(, I
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L:61 Vshrink �Z�Y)�0E Δ(dV (T )/V0) B;
>)J 2 '.��$��, i�/-��# ΔVf−sr "

ΔVf−gt. 3H 2c 6H, ΔVf−sr 6<� Δ(dV (T )/V0)
B;,�(_d�KL%- Tsr−on "�M%- Tsr−end

9"�bcc90, =/�(,�(_d+SH1!�
-��#; ΔVf−gt 6<� Δ(dV (T )/V0) B;,%-
� Tsr−end " Tα−p 9"�bcc90, �# Tα−p �

0-Q�>R!�8'��M%-, &( ΔVf−gt �0

-Q=/!�8'+T��-��#. 3^L�aA�
(, )#Y] BMG, Vshrink '%d� 1% ei, #,"
1��+5,�&0�$�_-, 60, �0078=1
D?/) 2 '�/-��#. &�(�-� BMG, ,
3Z]"Q], k �^-,*`, Æ$�C9`Z,*
7, &Æ,!�8'2].�Kj., l7d1/1D?
B��� [15]. )#3(�-� BMG, 8=1D?$
E#6m7, &�0;7Bk�0aYC!/)�/-�
�# [15,16].
2.3 f67g89:12345\;h<iPj(

Ponnambalam. [17] # 2004nef/'$2�l
&mn>o!o?Y] BMG � GFA, p ,`a*5
gh (Dc) `� 1.5 mm � Fe50Cr15Mo14C15B6 ^l&

#/�� Er pi Fe, 8gjb Cr " Mo �e�, E?
1/ Dc ?I 12 mm � Fe48Er2Cr15Mo14C15B6. �#
3(Y] BMG Ij�, kc^-"k�I�+K?, Æ
gqlr�Km, &(\l@m��nn, ( BMG dk+
��'.�%l [18]. 2<@qm Fe–(Er)–Cr–Mo–C–B
3���n�-o 8 '�% (= 1) !6�1, GFA" 2
'�/-��#9"�7-, F&�eG: �(k ��
%9-, GFA nfoo, %p*4H, 03+�=�%@
�1,)r, �0,*bqXsk1t'a�) GFA �
'.(pP^; 8( GFA (p,t'a�9"��6�

8G7-0>307-�_:-�E?, L�'$,>8
<:6, '$ 8 '8<G�gp`Æ [19,20]. �##e Er
� Fe50Cr15Mo14C15B6 � Dc `� 1.5 mm, Æ#/g
h�+5,E?0��&O6�K70s, Y^$���
/-��#.�A"0s [16], &(,$E++W7*5
1 mm �+5, 3+X):G6�+54���C, Z)
:G6$��/-��#�0sh,�%�0s�7, $
E�33H 3 6H.

�H 3 �i, 8 '�%�8= DIL B;" α(T )
B;]29Q, ^ 5 '�% Fe52Er3Cr15Mo9C15B6 �

α(T ) B;,��$�+"),;k�%`ju(, ;F
&(, ;k�%+�% Fe \ Er pi, Æq�%+�%
Mo \ Fe " Er pi, r6e� Fe " Er ;EÆ Mo
;e. rE DIL B;" α(T ) B;>K->1 Vf (Æ+
'.�, &� Vf �'.\+529��#'.6ts. #
$07= (1) Rkr�\i2, )�0E Δ(dV (T )/V0)
B;>tsJ 8 '�%� Vf .%-'.�A"�0s

(H 3a3—h3), 3(0s�� 2 '�/-��#!6�=
H. = 1 l1/3 8 '�%� ΔVf−sr " ΔVf−gt, � 
H 3a3—h3 �0>J, h Dc ≥5 mm ��%t�A"

� ΔVf−gt, Æ ΔVf−gt ;7��% Dc .;7, B�0C,
.: ΔVf−sr �m[ Dc nfo7. = 1 +dl1/u
'%7� GFA s<, i$�C9`n- ΔTx, d.!�
8'%- Trg

[21] ", Trg �7� 3 'qoa8 γ[22,23],
γm

[24] " γ
[25]
c . 9)# ΔTx " Trg !a, 3 'qoa

8)`mX_: GFA �'., #$`� γ " ΔVf−sr (

. Dc �'.Æru'.�; `�.��(, .: Dc �

o7, ΔVf−sr , 3 'qoa8'.)`A". 0= 1 + 
� a " h ��%�', Dc=1.5 mm � Fe50Cr15Mo14-
C15B6 " Dc=12 mm � Fe48Er2Cr15Mo14C15B6, 3 '
qoa8�9)'.% � (0.380–0.364)/0.364=4%,

0 3 rpv 1 mm � Fe–(Er)–Cr–Mo–C–B us���������	
�

, �vwx���	
���


��
��



Fig.3 Cyclic DIL traces (a1—h1), and corresponding cyclic α(T ) traces (a2—h2) and Δ(dV (T )/V0) curves (a3—

h3) of Fe–(Er)–Cr–Mo–C–B BMGs rods with diameter of 1 mm, measured at heating and cooling rates of

0.0833 K/s
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(0.625–0.578) / 0.578=8%, (0.659–0.592) / 0.592=
11%, Æ ΔVf−sr �9)'.� (0.413–2.033) / 2.033=
–80%, &(, ΔVf−sr )`&P^X_\1 GFA �

'..
2.4 f67g89:12345\;h=>Pj(

H 4 41/ GFA , ΔVf−sr 9"�7-. 3^7
D2

c !=H GFA, F&(: (1) E1vY�q-!a, 7A
a+5��# (π(Dc/2)2l, 4,# D2

c ) !=H GFA ,
7wC# (πDcl, 4,# Dc)`& m; (2) =/ GFA;
 ��a8(`a�&O6, ÆL< Lin . [26] �1,,
`a�&O6-Q, D2

c Æ#(, Dc �_,. H 4 +�
8<��==!v :

lgD2
c = (2.64 ± 0.06) + (−1069.8± 46.7)ΔVf−sr (2)

v _-?I 0.998, &(, D2
c �0=H� ΔVf−sr

��'wt8x8:

D2
c = 4.37 × 102exp(−2.46 × 103ΔVf−sr) (3)

,R>, 337 Dc !=H GFA �f.�0)Jr
Q�7-, 8gv _ (9/�. E= (3) �i, 3 8 '
Y] BMG � GFA ,k ��/-��# ΔVf−sr �:
$w�7-.

0 4 y�	 Fe–(Er)–Cr–Mo–C–B �����������
�������
 ΔVf−sr ���

Fig.4 Correlation between GFA and ΔVf−sr for a series of

Fe–(Er)–Cr–Mo–C–B BMGs, where the GFA is rep-

resented as D2
c

3 u?@AB
�#��&C+e�� Vf (�%�+� Vf 3$?

O�&!�=!�, &(IC BMG +� Vf 7[(� 2
'&o(6�: (1) %�� (%-,%Gy-�%�e
�Ee Vf , 3,%Gy-%��X-�7[9): [27];
(2) %�E%G$�7 Tg 3�M%-`"x, Vf .%-

�'.O6?s, zvaX-.%-�'.O6?s, 3
,$�C��x�9): [28]. �=",>+=A, Z�

?X-"`x��$�C�`&b6, ,%-:`� Tg

7, :CC9"yt�9A1�)�`^, &( GFA )
w7 [29]. E-��#�q-!a, %Gy-%��X-
w7, 6e� Vf )we, B�0C, $�C��x�w[,
?O�&0X-o@�ws, !�JIC��+� Vf )

we. 2'�/-��#�7[y(#IC��6e Vf �

7[, �0C Vf we, ,�(_d+SH1!� ΔVf−sr

)we, ÆB�0C, L<-��#�=, !�8'(�'
��&C� Vf {u'7IJ$�C�� Vf �$�, 33
IC��29e�� Vf *E, fW,!�8'$�+`
L�T�e�� ΔVf−gt ))8'�$�C�, _9IC
��29e�� Vf *e, fW)L�,!�8'$�+
T�*E� ΔVf−gt t)8'�$�C� [3,9]. 3)(=
1 + 8 '�%� ΔVf−sr " ΔVf−gt Y7^z_u'.�
F&.

$�C���2(6/ GFA �7[, d.!�%-
Trg 07!�8'%-"%G�,Y!vz$�C���
/, ,;]{>z_��%-:x1 3 0qoa8, �E
1�G�q-!w|$�C���/. x}E$�>>,
2 '�/-��#_\�(��&C�(>��/, &3
0�/22>(E$�C�+{vÆ!�, &( ΔVf−sr

" ΔVf−gt ,R>"�_\/$�C��(>��/. E
,>�3!>, , Fe–(Er)–Cr–Mo–C–B3��-+, $
�C��(�/�'.,1�G�/�'.A")E, ,
GFA �7-.`P^, /0 GFA , ΔVf−sr 9"9K
?�v _-.=A, ,/��-+�%'.K[�{y
=, GFA �'.u~Njy(#$�C��(�/�'
.. L�t1�(, GFA , ΔVf−sr 9"P^Æ$w�
7-8#hhz|#2<@61,�Y] BMG +, ,
Z]+Q]+[]+^]"y] BMG +.�rQ�7
- [16], &(��)07�/-��#+�|1, BMG
��(,�)�7-.

4 KB
'$8=1D?$�/���� ���/-��

# ΔVf−sr " ΔVf−gt(;+, ΔVf−sr =H,�(_d+
SH1!�-��#, ΔVf−gt =H,!�8'+T��
-��#). '$)�-l Fe–(Er)–Cr–Mo–C–B���
� ��$�, :5):!� �)�;7��%���
 � ΔVf−gt ;7, Æ ΔVf−sr ,!� �)��:P^
Æ$w�7-. 2 '�/-��##h*�_\/��
&C�(>��/, Æg"�_:/$�C��(>��
/, &(��)07k +�|1,���� ��(,
�)�7-.
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