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1 Ú ó

��7á��*(�9Ù�ÅÝ�m�'
XïÄ��´và�ÔnÆ��'5�¯K�
� [1−5]. 3�*(�ïÄ�¡, JÑéõ£ã��
7á(��nØÚ�. [1,2,5−8], XÃ5�æM¥
�.!Frenkel~ �ÇnØÚ(��*Øþ!5n
Ø�, lØÓ�Ý£ã
���±þ�½§«�L
N(�&E, é��Ô�(���\ïÄ�)

�K�. Ù¥, (��*Øþ!5nØ [1,2,9−11] ´
�ÛdÆö�@l�*þ£ã��7á(��
��., @�7áLN(�d�$Uþ�f�Û�
kS«Ú¹kpUþ-¹�f��«�¤. 8c
TnØl�Ðü|�7áLN(��{üAÛ�
., uÐ��Ä�f�m�p�^�õ|�LN(
��azÆ�., ¿�Ô5ÿþ!��Ý¥fÑ�
ÚpU X ��û��¢�y¢ [10−17], ÅÚ/¤n
ØNX, � Frenkel~ �ÇnØ�Ó�ï
l�f�
gþ@£��7á(��nØÄ:.

3ÅÝ�(�'XïÄ�¡, gl Mendeleev

JÑÅÝ�LNÙ¦ÔnÚzÆ5��m�3é
X±5, <�éÅÝ�A5Ú��?1
2�ïÄ,
JÑéõ£ãLNÅÝ�§Ý!�*(��m'
X�nØ�.½²�úª [1,2,5−8,18,19], X�â©
Ù¼êïá� Born-Green úª!Äu�ÇnØ�
Å¢Xê�§�, �8cÏLÅÝCz5Æ@£Ú
�ä7áLN��*(�C½
ûÐÄ:. ¢Ã�
´, 4u7áLN�*(��Ø½5ÚØ(½5
9¢�^���, l7áLN(��*Øþ!5n
Ø�Ý@£9½þ£ãÅÝ��*���¯K�
8ÿ�)û.

Ïd, �©3cÏïÄó� [20−24] Ä:þ, }
ÁlzÆ(Ü��Ýïá½þ£ã7áLN(�
�ÅÝ'X�nØ�., �3�«7áLN�(�
�*Øþ!59ÅÝ��*Ôn��, ��\@£
��7á��*(�Jø�«#�g´.

2 � .

�â7áLN(��*Øþ!5nØ, Ú\�
m�Vg£ãLN¥�f�$Ä�¹ [25−27]. ½
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Â τ� ��f��Ä±Ï (≈ 10−13 s), τÏ ��f3
²ï �þ�Ï3�m (≈ 10−11 s), τc �Û�kS
(���3�m (l/¤�����m, ≈ 10−8 s,
τÏ ¿ τc). �,��m�Ý� τ , � τ� ¿ τ ¿ τÏ

�, K3d�mS�f²ïü�vku)Cz,
� τÏ ¿ τ ¿ τc �, K3d�mS�f²þ ��
±ØC, � τc ¿ τ �, KÛ�kS(�3ØÊ�
CÄ. 38cæ^�&ÿ�{¤¼���m&Eþ
áu τc ¿ τ ��¹, ¤±LNÛ�kS(� (½�
fìq) ´��ÚO�(J. �é{`, ÚO²þ¿
Âþ, �½êþ�f�¤�Û�kS(�´�Ü�
f��m �Ú�ã�mS²þ�(J, ÙA�º
� d Cq��, ���ÚO²þ�, LN(��A
Û�.Xã 1 ¤« [21].

ã 1 7áLN(�AÛ�.«¿ã

e¡ò±¢�¯¢�Ä:, lzÆ(Ü��Ý
@£7áLN�Û�kS(� (�fìq). ��/,
7á�Lzd9�ðzd9��é'�3 1%—
7%�� [28], =7á�ðzd9���uÙLz
d9, ±yÚ¾~, ÙLzd9©O�kðzd9
� 6.5%Ú 3.6%, `²7áLz�é��Ü©zÆ
(Ü��»�, vk���»��(Ü��33L
N¥; Lz��ðz���é'�3 4%—11%�
�, =7áLz��kSÝCzé�, `²7áL
z�LN¥O\�ÃS�f�'~��, �í��
', �Ü©�f�m(Ü��éX�\�Cu��
�f. u´�±lzÆ(Ü��Ýïán��.
£ãã 1 ¤«�7áLN, =LN¥Û�kS«d
� - ��=Cvk�»��zÆ(Ü�ë���f
�¤, �«d(Ü��»��)�gd-¹�f
|¤. 3ÚO²þ¿Âþ, �3e5�zÆ(Ü�
¦LN¥-¹�f±	��fUì�½�ü��
ª�pë�, ¿��ã�mS�Ü�f��m �

�²þ�¤
Û�kS(�, ¤±�33Û�kS
(�¥�zÆ(Ü�·�¡�LN�{zÆ(Ü
�, {¡LN�{�. lù�¿Âþ, LN�{��
¤�Û�kS(�¡�LN�{�(�, £ã�{
�(��Ì�ëêk²þº� d 9Ù�¹��{
�ê n �. éuõ|�7áLN, �{�(��£
ãI�l>fnØ�g�Ä��rf¯K [29].

7áLz�, LN�{�(�¥�¹��{�
ê n dê - U''XªL« [21]

n =
( p∑

j=1

q∑
i=1

dHbij

)3

×
( m∑

j=1

dHvj

)−3

, (T = TM), (1)

ª¥, dHvj �©��z��{�(��Lzd9,
dHbij �©��z��{��ðzd9, p, q, i, j

þ�g,ê.
���±þ�½§«, Äu'X (1) ª�±�

ÑLN�{�(��²þº� d �9åÆ§Ý T

�¼ê [22]

d(T ) =2r

[(
a
Z1

2

(
1 + C0

C0
exp

(
Q

k

(
1
T

− 1
TM

))
− 1

))
− 1

]
, (TM < T < TC), (2)

ª¥, k �À�[ù~ê, α �AÛ/GÏf (0 <

α 6 1), Z1 �7áLzc�� ê, r ��{�(
�¥�fmål��� (ê�þ��fü��å),
Q �-¹U, C0 �L:?-¹�f��éßÝ, TM

�L:§Ý, TC �LNl���í�=CL§1
�gu)(�=C�§Ý.

ÏLé (2) ª?1¼êC�k

T (d) =
1

1
TM

+
k

Q
ln

[
C0

1 + C0

(
d + 2r

αz1r
+ 1

)] ,

(TM < T < TC), (3)

ò (3) ª�\ Arrhenius 'X [30], �

v(d) =A exp
(

Hv

RTM
+

Hv

R
ln

[
C0

1 + C0

(
d + 2r

αz1r

+ 1
)]k/Q)

, (TM < T < TC), (4)

�nz{�

v(d) =
C0

1 + C0

(
2

αz1
+ 1

)
A exp

(
Hv

RTM

)
+

C0

1 + C0

1
αz1

1
r
A exp

(
Hv

RTM

)
· d,
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(TM < T < TC), (5)

òLN�$ÄÅÝ�ÄåÅÝ'Xª v =
η

ρ
�

\ (5) ª, �

η(d) =
ρC0

1 + C0

(
2

αz1
+ 1

)
A exp

(
Hv

RTM

)
+

C0

1 + C0

ρ

αz1

1
r
A exp

(
Hv

RTM

)
· d,

(TM < T < TC). (6)

duL:�ÄåÅÝ�±�â Arrhenius 'X
L«�

ηM = A · exp
(

Hv

RTM

)
,

¤±

η(d) =
C0

1 + C0

(
2

αz1
+ 1

)
ηM

+
C0

1 + C0

ηM

αz1

1
r
· d, (TM < T < TC). (7)

-

η0 =
C0

1 + C0

(
2

αz1
+ 1

)
ηM, K1 =

C0

1 + C0

ηM

αz1

1
r
.

¤±, (7) ªL«�

η = η0 + K1 · d, (8)

ª¥, d ��{�(��º�, η0 Ú K1 þ�~ê.
�â Andrade (Ü Lindemann Lz½Æ�Ñ

�ÅÝ�²�úª�±�ÑL:�ÄåÅÝ [5]

ηM = 1.8 × 10−7 (MTM)1/2

V
2/3
M

, (9)

ª¥, M ��f�þ (kg), TM �L:�ýé§
Ý (K), VM �L:?��fNÈ (m3).

Ón, �±��LN$ÄÅÝ

ν = ν0 + K · d, (10)

ª ¥, d � � { � ( � � º � (nm), v0 � ~
ê (m2· s−1), K �~ê (m2· s−1· nm−1).

l (10) ª¥�±wÑ, ÅÝO����U 
�Ì�5uLN�{�(�º� d �°ÝÚ~
ê K �, ÉO�� v0 �K���.

du (9) ª�ü�fLNL:?�ÅÝ, 3
¢S7áLN¥�3-¹�fÚ�{�(���
*âf��p�^, ¤± (8) Ú (10) ª¥� η0, v0

þ��kXê�ÅÝ, ÉL:?-¹�f�éßÝ
Ú�f� êK�, ÙÔn¿Â�±n)�LN¥
�«-¹�fm�p�^�÷*�N; K1, K þ

��-¹�fÚ�{�(��målk'�~ê,
�ûu�{�(�S�fmål!� êÚ��
�.�LN(�Ï�, ÙÔn¿Â�±n)�-¹
�f��{�(��m�p�^�÷*�N. �X
7áLN§Ý�,p, ÅÝ��*(�CzA5�
�{�(�º��Øä~�, `²-¹�f�m9
��{�(���p�^~f, =S�Þå~�.
��, (8) Ú (10) ª��¡lzÆ(Ü��Ý�\
@£
7áLN(���*Øþ!5, =LN�
{��Ø�d5ÚØ²ï5´��Û�kS«�
�!|¤Ú(�ØÓ����Ï, ,��¡�«

7áLNÅÝ��*Ôn��, �ÅÝ�nØO�
Jø
#��{.

3 � y

æ^l�Û{�Ä{ÿþ
 935—1190 K §
«,§Úü§L§yLN�$ÄÅÝ, Ù�éØ�
$u 2.2%[20]. ÏL[ÜyLNÅÝ�Á��Ú�
{�(�º��nØO��, �±��yLN¥Ø
Óº��{�(�éA�ÅÝ, Xã 2 ¥� 1, 3
¤«.

òy�9Ôn5ëê9Ä�(�ëê [28,31]

(∆Hb = 133.76 kJ/mol, ∆HM = 8.69 kJ/mol, M =
0.024 kg, TM = 923 K, RMg = 1.6 Å (1 Å= 0.1 nm)
Ú VM = 1.52 × 10−5 m3 �) �\ (10) ª�±¦
)ÑyLN�ÅÝ v ��{�(�º� d �m
�'X

vMg = 3.17 × 10−7 + 3.04 × 10−7 · d. (11)

�â (11) ªO��Ñ 935—1190 K §«yL
N�$ÄÅÝ��{�(�º��'X�, X
ã 2 � 2, 4 ¤«. lã 2 ¥�±wÑ, yLNÅ
Ý�O��©Ùu¢����ÅÝ��{�(�
º�'X�NC, =õ�O���¢�(J�Î
Ü. ù`²yLNÅÝ�§Ý�5Æ5Cz�N

LN�{�(��üC1�, = (11) ª½þ)º

yLNÅÝ�§ÝCz��*Å�.

Ón, ��
¾LN�ÅÝ v ��{�(�º
� d �m�'X

vAl = 1.65 × 10−7 + 1.05 × 10−7 · d. (12)

ã 3 �¾LNÅÝ - �{�(�º��'X
�. lã 3 ¥�±wÑ, ¾LNÅÝ�nØO���
©z [32, 33] �Á�(JÄ�ÎÜ, ?�Ú�y

7áLNÅÝ��{�(�º��m�'X�..
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ã 2 yLNÅÝ - �{�(�º��'X ã 3 ¾LNÅÝ - �{�(�º��'X

4 ( Ø

�©lzÆ(Ü��Ý&?
7áLN�
(��*Øþ!5, ÏLêÆí�ïá
½þ
£ã7áLN�*(��÷*ÅÝ'X��{
�nØ�., = v = v0 + K · d, ¿�«Ñ�A
ë ê � Ô n ¿ Â. A ^ ï á � . O � 
 � � �
�½§«yÚ¾�7á�LNÅÝ, ��¼ê'
Xª©O� vMg = 3.17 × 10−7 + 3.04 × 10−7 · d

Ú vAl = 1.65× 10−7 + 1.05× 10−7 · d, ÅÝ�nØ
O���¢�(J�ÎÜ. T�.�ÑLN�{�
�Ø�d5ÚØ²ï5´��Û�kS«��!
|¤Ú(�ØÓ����Ï, �«
ÅÝ��*Ô
n��, ��\@£��7á��*(�ÚnØO
�LNÅÝJø
#�g�.

a�¥I�Æ�ÔnïÄ¤�rP�3ÅÝÿþ°Ý
�¡JÑ�¿�, a��Ûd�k$��7áLNïÄ¥
% Popel~ �Ç3ÅÝÿþ¢��¡Jø��Ï.
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Relationship between liquid structure and property
III—residual bond theoretical model∗
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Abstract
Based on the concept of residual bond, a physical model quantitatively describing the relationship between the melt structure and

viscosity of metal is established by mathematical deduction, and the microscopic nature of viscosity is considered to be the evolution
of the size d of the residual-bond structure of melt. Using this model, the kinematic viscosityies of the magnesium and aluminum melt
in a certain region above the melting point are calculated, and the functional relations vMg = 3.17 × 10−7 + 3.04 × 10−7 · d and
vAl = 1.65 × 10−7 + 1.05 × 10−7 · d are obtained, which accord with the experimental data measured by the method of crucible
rotating oscillation damping. This model reveals the microscopic naturs of the micro-inhomogeneity and viscosity of the melt structure
from the view of chemical bond, which provides a new way to calculate the viscosity of melt and is of significance for understanding
the relationship between microstructure and macroscopic properties of liquid metal.

Keywords: liquid metals, residual bond, physical model, micro-inhomogeneity of structure
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