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!17! "#$%&'()*+  

! ,,-./012()*+3456/"#$%&789-:;<=%&  

(regular solution) >?56@A;B<=%&7CDE./&F7GH%&>IG

HJK-:;L%F>I45MN;BOP/Q;RSTU-./V'W7XY

>Z[>\8>GH]^/_G`ab'2;&FGHcdefghMN65;B

\8218L%FJK-I/:;RSTU-.iZj7k%el,;mefg

:;B<=%&7CDE./,7XY2Znkop3@A;qrst'2;uv/

vw/vxyB 

 

17-1y&FGHc'L%F7#$%&  

! O^/fznd#$%&7{|sM}#~6�,YBfznd#$GH�F

'�8��7�������Ee/\|2&FGHc�L%F7�H>Iz�

�;�/�NM.#$%& (ideal solution)'��N;B#$GH�F7zn i7

�������E./!13-6 (63-2)� 

! ! !
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i
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 ! 8¡/!13-3-47(46-1)~(46-4)>¢~PXY>/£�7fznd\8Z-./ 

(1)ez��;£�7#$%&7�HI¤¥6/d7 Gibbs����E��3/ 

! ! !
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1
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2
,# #  # #,n

k
)                                 ¦2y 
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'�;'/§¢¨ab¨.TU7XY>©c|¨'ªnCE¨7«¬7`-­

o®¯;. 

! !

! 

G = ni "
i=1

k

#  (
$G

$ni

)T ,P ,nj(% i) = ni "µi

i=1

k

#                             (3)!

!!!!

! 

V = ni "
i=1

k

#  (
$V

$ni

)T ,P ,n j ( %i )
= ni "V i

i=1

k

# = ni " (
$µi

$p
i=1

k

# )T ,ni ,n j
!!!!!!!!!!!!!!!(4) 

    

! 

S = ni "
i=1

k

#  (
$S

$ni

)T ,P ,n j ( %i )
= ni " S i

i=1

k

# = & ni " (
$µi

$T
i=1

k

# )P ,ni ,n j
              (5) 

    

! 

H = ni "
i=1

k

#  (
$H

$ni

)T ,P ,n j ( %i )
= ni "H i

i=1

k

# = ni "{&T
2
[
$(µi /T)

$T
]P ,ni ,n j

}
i=1

k

#       (6) 

,7(4)~(6)7°±7²�./!13-3-4>³´Pfznd-7 V/S/H7ªnC

E¨>µ�;J¶3·¸~65;B! �������E

! 

µ
i
7¹º»n/RS»

n/

! 

(µ
i
/T)7RS»nsM/,NM7ªnCE¨e¼O;,'3¢�B,NM7

µ½./#$%&7¾2M^/¿7XY2ÀzÁÂc|>I�6.O;B 

! #$%&  (ideal solution)7zn i7�������E.(1)-ÃAMN;7-/

,N3(3)~(6)>·¸�N�/8?7d'~67#$%&7¢¨ab¨eÄMN;B!

! ! !
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G = n
i
"µ

i

i=1

k

# = n
i
" (µ

i

0

i=1

k

# + RT ln x
i
)! ! ! ! ! ! ! ! ! ! ! ! ! (7) 

      

! 

V = ni "V i
i=1

k

# = ni " (
$µ

i

0

$p
i=1

k

# ) = ni " (V i
0

i=1

k

# )!!!!!!!!!!!!!!!!!!!!!!!!(8) 

!!!!!!

! 

S = n
i
" S 

i

i=1

k

# = $ n
i
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%µ

i

0

%T
i=1

k

# )
P

+ R ln x
i
] = $ n

i
" [S 

i

0

i=1

k

# + R ln x
i
]        (9) 

      

! 

H = ni "H i
i=1

k

# = ni "{$T
2
[
%(µi

0
/T)

%T
]P ,ni ,n j

}
i=1

k

# = ni

i=1

k

# H i
0               (10) 
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! 
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i
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! 
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i
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! 
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i
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>X;¢¨ab¨Â�¬'�Ï, ¢¨ab¨e Y7'Ð/

! 

"Ymixing  '­Ñ�;B

#$%&7�H>?56,NM3Ò¥;'/  

! ! !

! 

"Gmixing =G # ni $µi

0

i=1

k

% = ni $ (
i=1

k

% RT ln xi)                     (11) 

!!!!!

! 

"Vmixing = V # ni $V i
0

= 0
i=1

k

% !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(12) 

     

! 

"Smixing = S #{# ni $ S i
0

i=1

k

% } = # ni $
i=1

k

% R ln xi                         (13) 

     

! 

"Hmixing = H # ni $H i
0

i=1

k

% = 0                                   (14) 

'2;BGTÓ7¢¨ab¨-©GH>X;¢¨ab¨Â�¬ew-.257

./

! 

"Smixing = # ni $
i=1

k

% R ln xi > 0ÔÕ-:t/,N.fznd7#$�FGHc-7

©GH7��ÇÈÉ�¬>�;B  

! !

! 

"Gmixing = "Hmixing #T"Smixing = RT ni ln xi
i=1

k

$ < 0                     (15) 

-:t/<7Ë7

! 

"Smixing = # ni $
i=1

k

% R ln xi > 0e/

! 

"Gmixing = RT ni ln xi
i=1

k

# < 0'2�6

GeÖU~/#$%&e×Ø�~65;B18ÙÚÛ-Üg7Ý2;#$�F

e�Þß>GH�;#�'�à-:;B~s~/I~/\|2&FGHc�L

%F-/ 

    ! ! ! !

! 

"Hmixing = H # ni $H i
0

i=1

k

% & 0      

2M/,NM."#$%&-:;B

! 

"Hmixinge<sá-"#${7ÛÙeÝ2;B

! 

"Hmixing > 07�H/(15)7

! 

"Gmixing = "Hmixing #T"Smixing > 0 '2;,'I@AMN

;B

! 

"Gmixing > 02M�/GH.�Þß>.l,M^/_G`ab7iZ'2;B

,7XY>/(11)~(14).#$%&7â{3­�e/,NM."#$%&7{|3
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@A;ãä-I:;B 

 

17-2y()*+sM@A;GH%&  

! å=ß2JK()7()æ>/i9ç7è)¦é.n)ya' b3êëì];

,'-/2znd7L%F (solid solution) Q5.GK (mixed crystal) 7íîº

�ßCDE'~/�7ïº�ß{|3@A;B,N. 2znd&F7äJKC

DE (quasi- crystalline! model) 'I#ð-Ð;7-/&F7GH%&I()C

DEsM@A;,'e-Ð;BTU-./L%F¦GKyJK3ñò>óô�

;e/�7ÛÙ.&F7GH%&>I�7OOõ4®¯;'�;B 

!  

  

 

 

 

 

 

 

 

 

 

! ()'~6./1��¡()3@A/�7()æ>Ý2;i9ç7è)¦é

.n)ya' b3êëì];¦ö 17-xyBJ¶'~6/,7L%F¦GKy./  

è)(é.n)) a 

è)(é.n)) b 

ö 17-1B1��¡()>ê÷ìNPè)(é.n)) 

a' bBÝ2;ê÷7øg.¦17y-ÃAMN;B  

! ! ! !  
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ae

! 

N
a
ù/ be

! 

N
b
sM2;B,7L%F¦GKy3�NÅN7�znsMú;

ûõ-­o�N� 

! ! ! ! !

! 

N
a
" a + N

b
" b = (a

Na

,b
Nb

)! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ¦16y 

Naù7è)(é.n)) a 

Nbù7è)(é.n)) b 

ö 17-üBý67()æ3 aeþ¥;JK¦ÿy'/ý67()æ3

beþ¥;JK(U)BÝ2;ê÷7g.!N7�HI8"t~s25B 
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-:;B¦16y7#$%.ö 17-27i?7�c|JK7`-/¦16y&$%e! ! !

ö 17-x7L%FJK-:;Bûõ(16)./i?7�zn3GH�;ûõ-:;B

¦16y7ûõ-'��´Ð./c|¨3­�()g¦ae

! 

N
a
ù/ be

! 

N
b
ùy.

12;()g-:t/CEg31)'�;c|¨-.25,'-:;B()7

Z[ú43@A;�H./12;()g345P¡e*+ÔsM-:;BCE

g31)'�;c|¨-­o�;,'./!17-4-³´;B!

 

17-2-1) GH>X;ê÷��ÇÈÉ�Â�  

! ûõ¦16y&$%7JK¦ö 17-xy-./ýF-

! 

N = N
a

+ N
b
ù7()æe:

t/,NM7()æ>

! 

N
a
ù7 a'

! 

N
b
ù7 b3n,ì];�/Ý2;-.ßê÷

¦/y7øg/

! 

1 =   
"

# W (N
a
,N

b
)/3@A;'/,N. 

! ! ! ! ! !

! 

1 =   
"

# W (N
a
,N

b
) =

(N
a

+ N
b
)!

(N
a
!)(N

b
!)

                       (17) 

'2;B§()æ./8?7}g7À(l, m, n)>0õ�;7-/[5>12®¯

;B�,-/I~ù37è)¦é.n)yI12-Ð;'�;'/ 

! 

N!= (N
a

+ N
b
)!!

ù7Ý2;ê÷e@AMN;B~s~/o4>./Q;8?7 a'57 a.6

2-Ð25BOP/ b>?56I�à-:;BÔsM/ù37 ae62®¯;

'~P�77Ï8A7øg

! 

(N
a
!)/ b>?567�92øg

! 

(N
b
!)-/

! 

N!=!

! 

(N
a

+ N
b
)!! 3:�6�;<=e:;B�7J¶e(17)&$-:;B 

! 8¡/ö 17-27 a7�>JK/b7�>JK-./a� b7ê÷ab¦/y.

89ç~s?@~25BÝ2;ê÷7øg.

! 

1 =1  

"

# -:;B,7,'./(17)

&$-/

! 

N
b

= 0! é./

! 

N
a

= 0'�;'x'2;,'-IAB-Ð;BL%FJ
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K3?;;ûõ¦16y

! 

N
a
" a + N

b
" b = (a

Na

,b
Nb

)-7ê÷��ÇÈÉ�Â�./ 

      

! 

"Sconf = Sconf [(aNa
,bNb

)]# Na $ Sconf (a) # Nb $ Sconf (b)         ! !  ! (18) 

'2;e/Boltzmann7�/

! 

S = k
B
lnW sM/�>c-.WCx-/

! 

Sconf = 0'

2;7-/JDTU7�'2;B 

! ! !

! 

"Sconf = Sconf [(aNa
,bNb

)] = kB lnW (Na ,Nb ) = kB ln
(Na + Nb )!

(Na!)(Nb!)
      

,7&$>EÊ�F�G7HI, 

! 

ln(n!) " n ln(n) # n , 3JA�/ 

! ! !

! 

"Sconf = Sconf [(aNa
,bNb

)]

! 

= "k
B
{N

a
ln(

N
a

N
a

+ N
b

) + N
b
ln(

N
b

N
a

+ N
b

)}     (19) 

-:;B 

! KLMNÈg3 NAV, CEg1)7c|¨3

! 

n
a
,  n

b
/CEn 3

! 

x
a
,  x

b
O! P3M

EØg'�;'/(19)7&$./!

! !

! 

"(k
B
N

AV
)
(N

a
+ N

b
)

N
AV

{x
a
ln(x

a
) + x

b
ln(x

b
)}

! 

= "R(n
a

+ n
b
)(x

a
ln x

a
+ x

b
ln x

b
) 

'2;7-/ 

! ! ! !

! 

"Sconf = Sconf [(aNa
,bNb

)]

! 

= "R(n
a

+ n
b
)(x

a
ln x

a
+ x

b
ln x

b
)! ! ! ! ! (20)!

-:;BL%F3�c|7�znsMú;Q7©ê÷��ÇÈÉ�Â�¬./

üznd-7#$%&7©GH7��ÇÈÉ�¬(13)>8R�;B,7J¶3J

A;,'e()CDE7SFTÇ-:;Büznd3 3znTÿ7fznd>

UV�;,'.ÙW-:;B 

! (20)./ûõ¦16y

! 

N
a
" a + N

b
" b = (a

Na

,b
Nb

)-7©ê÷��ÇÈÉ�Â�¬-

.:;e/¦16y-7©��ÇÈÉ�7Â�¬-.25,'>'�B()CDE

-./()æ3þ¥;è)¦OP.n)ya, b!./XÖR-25Yt/ïZ[

3\�65;'@A]�2M25BÔsM/^�./©ê÷��ÇÈÉ�¬75
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>/©Z[7��ÇÈÉ�¬I@A]�2M25B~s~/()CDE-./ç

I7_`a'�a3b?è)¦é.n)ya!b7÷c3@A65;7-/©GH

>X;Z[7��ÇÈÉ�Â�/

! 

"S
vib
¬./dn>eì;fg®¯;'~65

;BOP/è)¦é.n)y-:; a' b7©h)��ÇÈÉ�¬>?56I

fg�;,'>�;BJ¶'~6/i0 jS>H5XÖR-25�H-I/©ê

÷��ÇÈÉ�Â�¬ÔÕekl>ìN;B 
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17-2-2)!!"#$%&"'()*+,-  

! . 17-3#/0$1#23456789:;<=67>9:?<=@AB6

7>#CDEFG%H2345678=@AB67>IJzK9L8M%HNO

F:P67>= aDQ9 b#<GFLR=@ABSTUVWE:XEW9:a-a!

b-b!a-b=YEZ=S#[OFG%H67>=@AS=I\]^#0%=9:

_`89:@ABS=&"'()*+\aGF:bcd&efd=gh'()

*+\ijk$1l0%ZW8M%H@ABSmnZWgh'()*+\op

%=9:qrpFsGtuv89M%T:wE9xyk$1H!

!  

 

 

 

 

 

 

 

 

 

w=bcd= a!b=z{7I\ N:a" #=R|={7I\

! 

N
a
,  N

b
l0E}: 

@AB&"S=zI9: 

               

! 

1

2
" z " N =

1

2
" z " (N

a
+ N

b
) = N

aa
+ N

bb
+ N

ab
! ! ! ! ! ! ! (21) 

8M%H~I 1/29:&"S\��IVFG%wl�=��8M%HDQ:@A

�7(�9�7) a 

�7(�9�7) b 

. 17-3H234567#���EQ�7(�9�7) 

al b=@AB67>9LRM%Jz�LKH  

 

! ! ! !  

a0 
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!"#$%&'a-a!b-b!a-b(#)*+',-.-'

! 

N
aa

,  N
bb

,  N
ab
/0123#

4'5-6#789:;!<="#7*>?02@A4B3C

! 

N
a
)# a9D3

E<="#*@

! 

z " N
a
4B39'5#F/<="#$%&G)*

! 

N
aa

,  N
ab
/#H

I+JK3L=@'

! 

N
aa
@MN01*K3OP9BQ' 

! ! ! ! ! ! !

! 

2N
aa

+ N
ab

= z " N
a
! ! ! ! ! ! ! ! ! ! ! ! ! ! (22R1) 

4B3C

! 

N
b
/

! 

N
bb

,  N
ab
/#HIS 

! ! ! ! ! !  

! 

2N
bb

+ N
ab

= z " N
b
                             (22R2) 

TU4B3C!

! VW'XYZ a#<[\] 17-2^4@'_`#:;!abc#dbeZb@

E1Tf# a4BQ'g)#<="#E19 a-a4B3CXYZ b<[4@E1

#<="@ b-b4B3C!

! h'a+

! 

N
a
)ijXYZ a#<[\] 17-2^4'] 17-3>klmnoabp

* a0+qrs>tuvw4vxyl35/+JK3C5-+z{l3>OPo

E|}~��@'�<=" a-a+tuv#��>�x�l>OPo|}~��+

! 

"
aa
/l3/' 

! ! ! ! ! ! ! !

! 

E
a

=
1

2
z " N

a
" #

aa
> 0! ! ! ! ! ! ! ! ! ! ! ! (23R1) 

4B3C5#��@�>���6��+�K1z{l3���6, 

! 

E
a

> 0#|}

~��9�>�K6-3C

! 

"
aa

> 0+��l3C0�0'�<=" a-a+��>t

uv#��>�x�0���+�<=|}~�����#�q>��l3/'a

+

! 

N
a
)ijXYZ<[4'abp* a

0
#��w4 a-a"9!�0���#� 

|}~��U
a
@'(23R1)#¡¢+£">0�S#/o3C 
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! ! ! ! ! ! ! !

! 

U
a

= "E
a

= "
1

2
z # N

a
# $

aa
< 0! ! ! ! ! ! ! !  (23!2) 

"#$%&'()*+,-.'/012345'(6378 0 96:;<=>

'?@ABCD3EF'*+,-.AGHDI;$%JKL'()*+,-.

MN'OP?@"DI23QR63ST'?@AUCVW$%DXD3YZ8

a-a'[\AL]6G^_'`a6Db?@3cd3[\e'L]fgMN'?

@3A()*+,-.MN'OP?@6hgi$'jZkl13mn3&'?

@A()*+,-.MN'OP?@6hgi$%&'OP?@2378 09' a

'opqr?@6Lsi$%tXu3a A

! 

N
a
v'wxyz{|Y}13~\C

� a
0
'`a�1 a-a8j�:Db?@'()*+,-.U

a
23(23!2)1����

$%! b A

! 

N
b
vxyz{|Y}13~\C� a

0
'`a�1 b-b 8j�:Db?

@'()*+,-.U
b
2, (23!2)"��63 

! ! ! ! ! ! !

! 

U
b

= "E
b

= "
1

2
z # N

b
# $

bb
< 0                        (22-3) 

1�$% 

 �[\�j N!a" #'v�'[\�j

! 

N
a
,  N

b
�

! 

N
a

+ N
b

= N�1�$���'

()*+,-.A

! 

U
ss
"i$"3 

             

! 

U
ss

= "(N
aa
# $

aa
+ N

bb
# $

bb
+ N

ab
# $

ab
)                 (23-1) 

"#$%

! 

"
ab
23

! 

"
aa
�

! 

"
bb
"��63YZ8 a-b AG^�'`a�1��ai6

��#*++,-.1�$%�6��b��63���8'���3a-a!b-b!

a-b 'v�A3¡�¢�3

! 

N
aa

,  N
bb

,  N
ab
"DI;$'13(22!1)"(22!2)'£¤

A¥;(23-1)'

! 

N
aa

,  N
bb
A

! 

N
a
,  N

b
1��D3

! 

N
ab
t¦A§i¨6i$"3 

! ! ! ! ! !

! 

U
ss

= "
z

2
N

a
# $

aa
"
z

2
N

b
# $

bb
+ (
$
aa

+ $
bb

2
"$

ab
)N

ab
        (23-2) 
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!"#$! %&'!%(')(22-2)!(22-3)*+,-.a ! ! /01/2345

! 

N
a
,  N

b
67#89:;<=>/?@ABCDEU

a
!U

b
/F;G67#$HIJ.

;<=>KLM-. 

! ! ! ! ! ! !

! 

N
a
" a + N

b
" b = (a

Na

,b
Nb

)! ! ! ! ! ! ! ! ! ! ! ! ! N16O 

/P,*QR.S/TUV=>KW#X/?@ABCDEYZK

! 

"U = "Umixing!

[#!.(23-2)/%&'!%(')N16O/\]6^_`aCbc.%d'He

5f#$ 

! ! ! ! !

! 

"Umixing = (
#aa + #bb

2
$#ab )Nab! ! ! ! ! ! ! ! ! ! ! ! ! ! (24) 

67#$A`gChE/ij H=U+PVIJ.klm/Qn*&imo/p6/

YZ*+-q).

! 

"H = "U + P"V67R.

! 

"V # 0!rstu#v).

! 

"H # "U!

wx#S!56y#$z{q. 

          

! 

"Umixing = (
#aa + #bb

2
$#ab )Nab % "Hmixing                     (25) 

!"#$LM|}/?@ABCDEYZ

! 

"Umixing).

! 

"Vmixing # 0K~i-q.L

M|}/A`gChEYZ

! 

"Hmixing!wx#$(25)).89:=>IJLM=>

KW#X/.=MABCDEYZ!�"[S!56y#$ 

! �. 

! ! ! ! ! !

! 

" #
"
aa

+ "
bb

2
$"

ab
 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (26) 

!ij[#!.��23+/=MABCDE5��23+/=MABCDE/

����*�-ec�.��. 

! ! ! ! !

! 

" = 0,          "
ab

=
"
aa

+ "
bb

2
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (26�1) 
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!"#$

! 

"Hmixing = 0  %!&$'()*+ 

! 

"Hmixing,-./01234./5 

 676$ 

! ! ! ! !

! 

" > 0,         
"
aa

+ "
bb

2
>  "

ab
                             (2682) 

+9:$

! 

"Hmixing > 0%!&$

! 

"Gmixing = "Hmixing #T"Smixing > 02;<=>,!/5?

@$a,! b+ABCDE1FGHI2J<&KLM>%!/5NO6$E1

FGHDP"QR,SFTUVWXICYZD[\/W

! 

"Gmixing > 0Z7]^7:$
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! ! ! ! ! !

! 

("(" 2g /"x 2) /"x)x= xC
= (" 3g /"x 3)x= xC

= 0.            (38-2) 

2:;5#)@ABCEhi5#j-8kl9% 17-5&mnopEqrV?28

(38-1)H(38-2)98st&uvwExy 

! 

(" 2g /"x 2)E.z-VZ{#|!9\{&

! 

(" 2g /"x 2)  

0 

x
C
 

! 

T > T
C
, (" 2

g /"x 2
) > 0 

 

! 

T = T
C
, (" 2

g /"x 2
) = 0 

 

! 

T < T
C
, (" 2

g /"x 2
) < 0  

$xe( 

% 17-6)

! 

(" 2g /"x 2)&34&}~)T�TC!98

! 

(" 2g /"x 2) = 0!"g8

��-8

! 

(" 2g /"x 2)9 T�TC! x e-T5#&!8

! 

(" 3g /"x 3) = 0!

"#) 
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!"(38-1)#(38-2)$%&'()*+,-./012!3-4 

 56789:;"g$<36-1=!>?@A-B@"%&'(12(38-1)$" 

   !

! 

(" 2
g /"x 2

)x= xC
= 0#     $ 2(z % & (m )

) +
RT

x(1$ x)
= 0  

!3-4(38-2)$" 

     

! 

"(" 2
g /"x 2

) /"x = (" 3
g /"x 3

) = 0.  #    
RT(2x $1)

x
2
(1$ x)

2
= 0 

#C-4DAEF"56789%&GH#%&IJ$KL9M!>?@A-4 

            

! 

x
C

=1/2,   

! 

T
C

=
z " # (m )

2R
                       (39) 

NOPQRSCT12$ TUTC!3-B@" (39))VTW"  

             

! 

T > T
C

=
z " # (m )

2R
   X! !

! 

z " # (m )

RT
< 2            (40-1) 

$"5678!NOPQRSCT12!3-4D9Y912 

               

! 

z " # (m )

RT
> 2                                (40-2) 

$, 5678Z[\-NOPQRS-12!3-4 
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17-6)! !"#$%&'()!*+,-./01234  

! )!*+567(7,89!:;<=%8>?5@A97B8!:;<=C

DEFGHIJKLM, immisibility gapN,OP!"#$%QRSB(T$ 17-17

8)!*+5UV()W*XCYZ[\]^_%`OabCc@(Td%ef

34CgChWLMc9)!*+567(7,\QiT[jk9lmnCgC

/0o2pqrst,uvwxtytC)W*X897B%z{i(!"#|

}\`i~�)T7C)W*XC�?�= TC8 19�c97C�=�dc8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

/0o2pqrst,uvwxtyt8�C��fhWcb��f��J�;

�,f(Tb���9$ 17-17���(��%9�W*�AChWc89�?�

= T C�A��cb��C��J�!\fiT�?�= T C�A���=C!:

T 

x 

T1>TC 

T2=TC 

 

T4<TC 

 

a b 

a’ b’ 

c 

c’ 

‘ 

��C��;�  

�f(hWC!

�;�C��  

xb 

$ 17-17.!  )!*+\QRi(!"#$Td%ef345 

!:;<=C>?\QiT! �=,hW\�j9�C��f

!5UV(�\��(7,c97C��$8�WSB(T 

T3 

 



 543 

!"#$%&'()*+,-./012(345678(9:05;-<5=>

?(@A(!BCDEF=GH 17-17( T4<TC+,-a’(>?(!B0 b’(>?

(!BCDEF=GI!JK7LM(N0OP,-LiCl-NaCl Q(T CR314S)-

NaTU-KTUQKT CR700~800SM5VWXY=Z0C+[=G 

! H 17-17(@?\Q+-T>TC(]#^_`aCbcd->?C x(Q+, T3

+!"#efgh0ijF=KH( aMGZ(kl+->? x (!BC+[-Z

m0DEFn[o4pA(7qB(>?, b +-r(s,teu+v=Gw_

x]#CyzOP T{05=0-DEF=@A(!B(>?,-a’0 b’x|};-

~�(�?s�,- 

! ! ! a’(!Bs�b’(!Bs! R! �� c’-b’! :! �� c’-a’! ! ! ! (41) 

+��_m=GZm,.PZ(��20��m=C-��(�E�^_��Z

0C+[=G 

! H 17-17x�O�!"#efghx��P-H 17-15(�O�|g�KI0 KM

W���ghW�h+�����CH 17-18+v=GZ(�(|g�(�C;,-

��� ¡¢ghKspinodal curveM0��m=G��� ¡¢gh,-!"#

$%&')*W@A()*x£\F=(H 17-18)G|g�xv=7q�( g ,-

��� ¡¢gh(klW¤�F(+

! 

(
" 2g

"xb
2
) = 0+v=G!"#efgh0���

 ¡¢gh+¥¦m�)*(§)+,

! 

(
" 2g

"xb
2
) > 0+v=C-��� ¡¢gh(¨x

¥¦m�©ª«()*(¬)+,

! 

(
" 2g

"xb
2
) < 0 +v=G 7q�W­`®O- 

! 

(
" 2g

"xb
2
) > 0

()*§xO�0F=G)*§(7q�,->?(¯_°x±OP g (²W³

x´Fµ�Cv=(+-­`®(7q�,¶·5¸¹?C+[=¦+º»¼½
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!metastable phase"#$%&'()*+,-./*0$1$23456789:

;<=>?@ABC(D)=EFGH@*IJK2

! 

(
" 2g

"xb
2
) < 0L/M2N1OPQ; 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RST=U$%VWJX; g KYZ=[\$2]^_L/*0BC(D);`a

b;cadeLK0fgQEhij*k#lmnoc.pk*k#.qS@%

r*0s;t23456789:;uvLwxAcaPyK`z;{|i}~2

345678o�!spinodal decomposition"#��@*��"0 

!  

T 

c 

xb 

3456789: 

a����9: 

� 17-18.! 3456789:#a����9:03456789:K2

� 17-15;�$A�9�!I# K"i�r�9:L/*0a�����

�BCK23456789:=��%��;BC=�oH@*0�;

BCK�^_BC2D;BCK]^_BCL/*0 

! 

" 2g

"xb
2

> 0 

! 

" 2g

"xb
2

< 0 

�

  

�  D  
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17-7)! !"#$%&'()*+,-.  

! /01234 17-556789:;<=>?@ABC3"DE 1F.GHI5

JK GibbsLMNO.PQ3

! 

g[(ana ,bnb )] "
G[(ana ,bnb )]

na + nb
! 5RST'UVQ+3 

WXSY aZ[\][(T^_)[\`[(T^_)[\][WXSY bZ! W37Z 

ab!"#$%:cdefgehHi! 4 17-556789:;<=>?2j3

W37Z5kc5\]l:mn<opq5mrstuvn</&@wxC3/5

uvt3pun<yc589z2SY5'()*+,-.t{Cd/&@|}

n<&fge~dHi//2j3/5����@�d36789@��:CH

�3!"#��5��&���Q�.^rj�5;��RS��&Ce�$�

�<a:cdefg<i 

!  

17-7-1) pqmr5uv  

 

! 

g[(ana ,bnb )]&F.��5'()*+,-.5��j3T, Pj��&Ce 

! !   

! 

g[(ana ,bnb )] "
G[(ana ,bnb )]

na + nb

! 

= x
a
"µ

(m ),a
+ x

b
"µ

(m ),b               (36-2) 

2�<ikSY�5F.Y�5#j3!  

! !    

! 

x
a

+ x
b

=1! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (42-1) 

2�I3/5� @¡YCe 

! ! !

! 

dx
a

= "dx
b
                                         ! (42-2)   

2�<i(36-2)@¡Y¢:C3(42-2)@£�&3 

! ! !

! 

dg[(ana ,bnb )] = xadµ
(m ),a + µ

(m ),adxa + xbdµ
(m ),b + µ

(m ),bdxb

                    = xadµ
(m ),a "µ

(m ),adxb + xbdµ
(m ),b + µ

(m ),bdxb

                    = xadµ
(m ),a + xbdµ

(m ),b + (µ
(m ),b "µ

(m ),a )dxb
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!"#$%#&'()T, P(*+,# Gibbs-Duhem#-./01132322345 0

678#,) 

! ! !

! 

dg[(ana ,bnb )] = (µ
(m ),b "µ

(m ),a ) # dxb! ! ! ! ! ! ! ! ! ! ! ! ! (43)   

,98:;<=>) 

! ! !

! 

"g

"xb
= µ

(m ),b #µ
(m ),a  ! ! ! ! ! ! ! ! ! !                  (44)  

 678: (44)?@AB)(36-2) !"#

! 

µ
(m ),b  ?CDE86) 

! ! ! !

! 

g = xa "µ(m ),a + xb "µ(m ),b = (1# xb ) "µ(m ),a + xb " [
$g

$xb
+ µ

(m ),a ] 

67>) 

     !

! 

g[(ana ,bnb )] = µ
(m ),a + (

"g

"xb
) # xb                            (45-1) 

,9845)FGHI># gJ)Fa#KLMNOPQHJ)Fg#RS#TUJ#V

W#-./XY5<8:FRZ

! 

x
b
,# g#RS#TUJ[

! 

x
b
?\]B^%_RS

#`a[ a #KLMNOPQH?bc<d)e<(RZ

! 

x
b
,# g #f[78;

6?ghE8:KLMNOPQH?i"[j]d) 

     

! 

µ
(m ),a = g[(ana ,bnb )]" (

#g

#xb
) $ xb                              (45-2) 

678X);<(:RZ

! 

x
b
,# g #f45RS#`a?klm]d)e<XR

Z

! 

x
b
,# a #KLMNOPQH#f,98;6?ghE8:(45-2)?(44)[no

E<d)FGHI># gJ)Fb#KLMNOPQHJ)Fg#RS#TUJ#pW#

-./XY5<8: 

! ! !

! 

"g

"xb
= µ

(m ),b #{g[(ana ,bnb )]# (
"g

"xb
) $ xb} 

67845)(45-1)[qrE8st 
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! ! !

! 

g[(ana ,bnb )] = µ
(m ),b " (

#g

#xb
) $ (1" xb )                          (46-1) 

!"#$%&'()* (45-2)+,-.%/0+.$1*   

! ! !

! 

µ
(m ),b = g[(ana ,bnb )]+ (

"g

"xb
) # (1$ xb )                       ! (46-2) 

23%& 

! 4 17-19 )*5(45-1)*(45-2)64789:;2*

! 

x
b2;<=!

! 

x
b

= 0, 12 y

>6?%@;A!BC a,b;DEFGHIJK23%LM678N(%&  

 

 

 

 

 

 

 

 

 

 

 

 

 

! 

x
b;A;OP+QR#.*STUVWXKY9Z; Gibbs [\]^K_`(g)a,

SbBC;DEFGHIJKc

! 

µ
(m )a ,

! 

µ
(m )bda*S

! 

x
b+ef% g ;<=;gha;

! 

µ
(m )b  

! 

(
"g

"xb
)(1# xb )

 

! 

µ
(m )a  

! 

x
b  

! 

g(xb )  

! 

(
"g

"xb
) # xb  

1 0 

g 

<= 

4 17-19&5(45-1)M(46-1)*5(45-2)M(46-2);4i/0&

! 

µ
(m )a6j

(9S

! 

x
b+ef% g;<=a;kl5!(45-1)23%&m9(46-1)

)*

! 

µ
(m )b6j(9S

! 

x
b+ef% g;<=a;kl52*no)p

q;<=6/.&STUVWXKY9Z; Gibbs [\]^K_`

(g)a,SbBC;DEFGHIJKc

! 

µ
(m )a ,

! 

µ
(m )bda*S

! 

x
b+ef% g

;<=gha;ro),L;stuvPEiwx+3%&! !  
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!"#$%&'()*+,'-./0123&456789* Gibbs:;<=9

>?#@AB9C(D13E3)FGHIJ12 

! KL

! 

x
b*LM 17E5#NOP#Q H#RS-L g#TUVWXY1Z.F[

012 \]^LM 17E5 #NOP#Q L -_`01Q[]^LaS+bLg #

TUVWXY1Z.

! 

x
b
'WcYL

! 

x
bI#de[

! 

x
b
'I#defghIJ1[012

i#jk*M 17-20-l]m2M 17-19GHn1RS-Lo1Z.-pq1 g#

deWcYLi#def

! 

x
b

= 0, 1I yrWs1Q#Vf,.A a,b#3&4567

89IJ12t-Lub#TUVI#defghIJvwL3&45678

9agh#V[x12yzL

! 

g(xb )[

! 

g(xb ')#ghdeI{|1.A a,b# 

 

 

 

 

 

 

 

 

 

 

3&456789*_}-~]�2���-R�u_A�f�i�LZ.

! 

x
b#

���[�#Z.

! 

x
b
'#�� IIf��m[]^L.A a[ b#3&456789

#()W�I��0vwL 

xb xb’ 

g 

gh#de 

M 17-202xb[ xb’I g#ub#TUV-d01gh#de2 

defghFGHLxb [ xb’I#3&456789#Vag

hI~]�2 

! 

µ
(m )b  

! 

µ
(m )a  
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! ! !  

! 

µ
(m )a

(I )
(x

b
) = µ

(m )a

(II )
(x

b
'),         µ

(m )b

(I )
(x

b
) = µ

(m )b

(II )
(x

b
')          ! !  (47) 

!"#$%&'()*&+,-./01(47)234567&89:;2<=>.

?@A#BCDEF!"#$ 

! GHIJ?K

! 

x
b

=1/2.=LMNO!"#4567!23(47)&PQ2RST

U!VWXY#$%Y2Z[!\]#$ 

 

17-7-2) 4567&GHI^_`*;abcde:`*  

! 4567fghLij&GHI^^_&J?(47)fklMmno$pqrM3

abcde:`*skl3tufv]Mm#$wi34567!2GHIJ?

K

! 

x
b

=1/2.=LMNO!"#%;Kxy;T#&!3%&z{&|}s~A$ 

! 4567!&8:��&�������:�

! 

µ
(m )�23�17-4!3 

    ! !

! 

µ
(m ),a

=
"G[(a

na
,b

nb
)]

"n
a

 

! ! ! ! ! !

! 

" #
z

2
$ %

aa

(m )
+ z $ % (m ) $ (

n
b

n
a

+ n
b

)
2

! 

+ RT ln(
n
a

n
a

+ n
b

)! ! ! ! ! (35-1) 

! ! ! !

! 

µ
(m ),b

=
"G[(a

na
,b

nb
)]

"n
b

 

! ! ! ! ! !

! 

" #
z

2
$ %

bb

(m )
+ z $ % (m ) $ (

n
a

n
a

+ n
b

)
2

! 

+ RT ln(
n
a

n
a

+ n
b

)! ! ! ! ! (35-2) 

!"�i��38:��

! 

x
a
,  x

b
f��M3 

     

! 

µ
(m ),a

=

! 

"
z

2
# $

aa

(m )
+ z # $ (m ) # (x

b
)

2
+  RT ln x

a
 

    

! 

µ
(m ),b

=

! 

"
z

2
# $

bb

(m )
+ z # $ (m ) # (x

a
)

2
+  RT ln x

b
 

;T#$��3�?��fZ&no.V~A#$  
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! 

µ
(m ),a

0
(T,P) " #

z

2
$ %

aa

(m )
,             µ

(m ),b

0
(T,P) " #

z

2
$ %

bb

(m )
! ! ! ! ! ! ! ! ! (48) 

!T!P"#$%&'()*+,'-./&01&234567386-#9:

%;5<(

! 

"Hmixing = z # $ (m ) =,>?' w&@AB3C$%6; 

! !

! 

w " z # $ (m )                                                   (49) 

DEF(GHIJ3&KLMN&OPQRSTUL!

! 

µ
(m )"' 

! ! ! ! !

! 

µ(m ),a = µ(m ),a

0
(T,P) + RT ln x

a
+ w " (x

b
)

2
 ! ! ! ! ! ! ! ! ! ! ! (50-1) 

! ! ! ! !

! 

µ(m ),b = µ(m ),b

0
(T,P) + RT ln x

b
+ w " (x

a
)

2
 ! ! ! ! ! ! ! ! ! ! !50-2" 

#V6;W?&,'(X.Y.&Z[\1]#^V%-#=_`6; 

! !

! 

RT ln"
a
# w $ (x

b
)
2

= w $ (1% x
a
)
2, 

! 

RT ln"
b
# w $ (x

a
)
2

= w $ (1% x
b
)
2
! ! !50-3" 

!50-1"#!50-2"9abF((47)&!

! 

µ
(m )a

(I )
(x

b
) = µ

(m )a

(II )
(x

b
'),   µ

(m )b

(I )
(x

b
) = µ

(m )b

(II )
(x

b
')  9

cdefb;-./';!  

! !

! 

µ(m ),a

0
(T,P) + RT ln(1" x

b
) + w # (x

b
)

2 =  µ(m ),a

0
(T,P) + RT ln(1" x

b
') + w # (x

b
')

2 

! !

! 

µ(m ),b

0
(T,P) + RT ln x

b
+ w " (1# x

b
)

2 =  µ(m ),b

0
(T,P) + RT ln(x

b
') + w " (1# x

b
')

2 

#V6g()*+&,'hi3jkl.6m/( 

! !  

! 

RT ln(1" x
b
) + w # (x

b
)

2
=  RT ln(1" x

b
') + w # (x

b
')

2                   (51-1) 

 ! !

! 

RT ln x
b

+ w " (1# x
b
)
2

= RT ln x
b
'+w " (1# x

b
')
2                      (51-2) 

386;! GHIJ3no%6pqr&sj&t*g( 

! ! !

! 

x
b
'=1" x

b
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (52) 

#(xb=1/2 uvwFxy386z{'( (51-1)#(51-2)&s|'}~'�@&@

�&|386;! (51-1)�(52)9��wF( 

! !    !

! 

RT ln(1" x
b
) + w # (x

b
)

2
=  RT ln x

b
+ w # (1" x

b
)

2                 (53-1) 
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!"#$%&'( 

! ! ! !

! 

RT ln(
1" x

b

x
b

) = w(1" 2x
b
)                                   (53-2) 

)*#$+17-5,(39)),-./0123#45(  

! ! !   

! 

x
C

=1/2,   

! 

T
C

=
z " # (m )

2R
(=

w

2R
)                              (39) 

678!((53-2)'  

! ! ! !

! 

T = T
C
"
2(1# 2x

b
)

ln(
1# x

b

x
b

)

                                         (54) 

!"#$9:;<)'(=>3#?@A,BC,DEF xb=1/2 12GHIJK

)*#%!F(LM6NO13#$P 17-211(54)6PQGR$ 

! ST)'(%,IJU1VWHXGYZ3#$

! 

g[(ana ,bnb )] "
G[(ana ,bnb )]

na + nb
! ' 

      

! 

g[(ana ,bnb )] = {µ
(m ),a

0 + (µ
(m ),b

0
"µ

(m ),a

0
) # xb}+ w(1" xb )xb  

                 

! 

+RT[(1" x
b
)ln(1" x

b
) + x

b
ln x

b
]! ! ! ! ! ! ! ! ! ! (36-1) 

)*[(%,\]^_R[, Gibbs`abc^de', 

! 

µ
(m ),b

0
"µ

(m ),a

0 = 0  ,f(g

h(

! 

µ
(m ),b

0 = µ
(m ),a

0 )*#f,i(

! 

x
b
" (1# x

b
)!GHjk'lmG"W$nBo!

npo'%,qr12GHIJstu)*#$GtG(

! 

µ
(m ),b

0
" µ

(m ),a

0 )*&v%

,qr) g,k'lm3#$P 17-5'

! 

µ
(m ),b

0
" µ

(m ),a

0 )*#9:;<,wxy)*

[(g `z'(

! 

{µ
(m ),a

0 + (µ
(m ),b

0
"µ

(m ),a

0
) # x

b
},n{o1|[(xb=1/2 12GHIJ

K)'"W$%,},IJU6~VnBo!npo,A6 

! ! !

! 

f (xb ) = w(1" xb )xb + RT[(1" xb )ln(1" xb ) + xb ln xb ]! ! ! ! ! ! ! ! (55) 

!3#!(g'(

! 

x
b
" (1# x

b
),qr1�IJ"o!IJ"o,A)*#$ 

! !  

! 

g[(ana ,bnb )] = {µ
(m ),a

0 + (µ
(m ),b

0
"µ

(m ),a

0
) # xb}+ f (xb )                    (56) 
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! !"#

! 

x
b
,  x

b
'$ g%&'(&)*"+,-# 

! !   

! 

y " g(xb ) = µ
(m ), a

0 + (
#g

#x
)x= xb

$ (x " xb )                           (57-1) 

      

! 

y " g(xb ') = µ
(m ), a

0 + (
#g

#x
)x= xb '

$ (x " xb ')                            (57-2) 

$.(/0*12*&)34!$.(5%-#6789:34;$<=>?<

@<A/673BCADEF@# 

! 

{(µ
(m ),b

0
"µ

(m ),a

0
) " (

#g

#x
)x= xb

}xb + f (xb ) = {(µ
(m ),b

0
"µ

(m ),a

0
) " (

#g

#x
)x= xb '

}xb '+ f (xb ')! (58-1) 

8<(/9:34;8-# 

! ! !

! 

(
"g

"x
)x= xb

= (
"g

"x
)x= xb '

                                          (58-2) 

*08$.(/0>GH#673BCADE(58-1)-# 

         

! 

{(µ
(m ),b

0
"µ

(m ),a

0
) " (

#g
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LST'(/UV#WX&)*YZ-# 

! ! !  

! 

f '(xb ) = f '(xb ') =
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*DEL[\#0>L]^'( xb, xb’ 3WY1_`*ab$.(/ 



 553 

! !"#

! 

f (xb ) = w(1" xb )xb + RT[(1" xb )ln(1" xb ) + xb ln xb ]$%#&'  

! ! !
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f (x) = f (1" x)                                         ! (60-1) 
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! 

T =
2(z " # (m ))

R
x(1$ x) = 4T

C
" x(1$ x)                        (61) 
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