PLATFORM FOR DESIGNING HIGH
FUNCTIONAL MATERIALS

PHASE DIAGRAM GENERATOR
PDFT

USER’S GUIDE

Nagoya University, Doi Project
Research and Development of the Platform
for Designing High Functional Materials

Computer Aided Materials Design Joint Research
Japan Chemical Innovation Institute (JCII)

OCT 31 2001



Authors

Hiroo Fukunaga

Acknowledge

This work is supported by the national project, which has been entrusted to the Japan Chemical Inno-
vation Institute (JCII) by the New Energy and Industrial Technology Development Organization (NEDO)
under METT’s Program for the Scientific Technology Development for Industries that Creates New Industries.

Copyright (©2001 Research and Development of the Platform for Designing High Functional Materials
All rights reserved.



Contents

1 Introduction

2 Ternary phase diagram
2.1 Flory-Huggins free energy

2.2 Chemical potential . . . . . . . .. .
2.3 Spinodal . . . .
2.4 Critical Point . . . . . . . . e
2.5 CoexiStence CUIVES . . . . . . . . . o i i e
2.5.1 Binodal line . . . . . . .. .
2.5.2 Trinodal line . . . . . . . . . . e

iii

-

S OO U W W W






Chapter 1

Introduction

This program generates a phase diagram for exact ternary system based on the Flory-Huggins free energy.[?]
The program requires the input file written by the UDF format which includes three degrees of polymeriza-
tion, N1, Ny and N3, and three y parameters, x12, x13 and x23. The program writes the information on the
phase diagram and the free energy surface in the two types of output files with both the UDF format and
the gnuplot format. We call the program as PDFT (Phase Diagram For Ternary).






Chapter 2

Ternary phase diagram

2.1 Flory-Huggins free energy

Under the incompressibility condition,

1+ g2+ 3 =1, (2.1)
the Flory-Huggins free energy of mixing for a exact ternary system is approximated by
F = & Ing; + L} In ¢o + s In g3 + x120102 + X130103 + X230203
Ny No N3

- %m@+%m%+%ln(l—¢l — ¢2)

+x120102 + X1301(1 — P1 — P2) + x23p2(1 — d1 — ¢2)

_ (=da—¢y) qj\zﬁ_ ¢3) In(1 — ¢o — ¢3) + %m@ + %mqbg

+x12(1 — P2 — P3)d2 + x13(1 — 2 — P3)P3 + X230203
— %qu Y G B ) ‘f\lf; ic) In(1—¢1 — b3) + %Zln%
+X1201(1 — ¢1 — ¢3) + x130103 + X23(1 — P1 — P3) D3, (2.2)

where N;, ¢; and x;; are the degree of polymerization of polymer 7, the volume fraction of polymer ¢ and
the binary interaction parameter (taken to be independent of composition) between polymer 4 and polymer
J, respectively.

2.2 Chemical potential

Differentiation of the free energy with respect to the volume fraction leads to the chemical potential for the
three components.

oF 1 1
H1 = % = E(l + ln¢1) - E(l +ln(1 - ¢1 - ¢2))
+x1202 + x13(1 — ¢1 — ¢2) — x13P1 — X2302
1 1
= E(l +In¢r) — E(l +In(1 — ¢1 — ¢3))
+x12(1 — 1 — ¢3) — X1261 + X1303 — X2303 (2.3)
oF 1 1
H2 = % = E(l +1H¢2) - E(l +1H(1 - ¢1 - ¢2))
+X1201 — X1301 + X23(1 — d1 — P2) — X2302
1 1
= —E(l + 111(1 — (]52 — ¢3)) + E(l + ln¢2)
+x12(1 = ¢2 — ¢3) — X122 — X13P3 + X2303 (2.4)
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_or
g3

1

1

N (1+In(1 — ¢o — ¢3)) + N%,(l +In ¢3)

—X1202 + x13(1 — ¢2 — ¢3) — x13P3 + X2302

-6 -+

N

Ny

! (1 + hld)g)

—X1201 + Xx1301 + X23(1 — 1 — ¢3) — X233

(2.5)

Differentiation of the chemical potential with respect to the volume fraction, which is used in the calcu-

lation of spinodal, is as follows.

_Om
=56 T
Opa .
G2 96y
ps
G = — =
33 D3
- 8u1 - a,ug
12 =62 = 55, = 6
Opr — Ops
Gis3=G31 = —=—
13 T 00s 041
_ _ Ouz  Ous
Cras = Cisz = I3 0o
2.3 Spinodal
Spinodal is given by the condition,
Gu Gro
Js1 = =0
! ’ G211 Gao
Thus the spinodal equation becomes
1

G11G22 — G5 = (

N (1
N3¢

Nigq

1 1

+ —9
Nipr  N3(1— o1 — ¢2) s
1 1

+ —9

Nigr  No(1—¢1—gg) 12
LI 1 —9

Naga  N3(1— o1 — ¢2) X2
1 Ly

Ni(1—¢2—¢3) Nago X2
1 L,

Ni(l— s —3) | Nagg

1 1
— 2x23

No(1 — ¢ — ¢3) * N33

1

m +X12 — X13 — X23

=0.

1
= m—X12+X13—X23
S S
A —— X12 = X13 T X23
G2 Gas
or Jso =
2 ‘ Gsz G

1

1 1
+—— -2 +—
Nsos X”’) (N2¢2 Nsos

2
+ X12 — X13 — X23) =0.

- 2X23>

When Eq. (2.13) is multiplied by NiNaN3¢1dap3, we can get the following equation.

Ni1¢1 + Nopa + N33 — 2N1 Nop1pax12 — 2N1 N3d1 313 — 2N2 N3 293X 23
—N1NyN3d1¢ags (xT2 + XT3 + X33 — 2X12X13 — 2X12X23 — 2X13X23) = 0

(2.6)

(2.7)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)
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Equation (2.14) can be rewriten as a function of ¢,

[2N3N3x23 + N1 NaN3¢1C) 63

+[Ng — N3 — 2N2N3X23 — 2N1 Nox12¢1 + 2N1 Nax13é1 + 2N2Naxa3h

—N1N2N3¢1C + NiNaN3gi C| o

[N3 4+ Ni¢1 — N3dy — 2N1N3x1361 + 2N1 N3x1367] = 0, (2.15)

where C' = x%5 + X35 + X33 — 2X12X13 — 2X12X23 — 2X13X23- We can solve Eq.(2.15) for a specified ¢;. Thus
the entire spinodal curve is obtained by repeating the procedure for different fixed values of ¢;.

2.4 Critical Point

The critical point is required to satisfy the following set of conditions.

G G2 Gor Gas Gsz Gz
T = —0 | J,= —0 | Js= —0
! ‘ Ga1 Ga ; 2 Gs2 G ) ° Giz3 Gn (2.16)
|Jc1a|+|<]clb |:0 |Jc2a|+|Jc2b ‘:O |Jc3a|+|J03b |:0
H
e 9ty 0Ja Gui Gro
Jela = g*‘” g‘” Jeib = | aJa  0Ju (2.17)
21 22 01 02
0Jsa  0Jsa G Goe
JcQa - G[M)2 §¢3 Jc2b - 6}522 8}52 (218)
32 33 9> O3
sy OJsg G- G
JcSa = 993 991 Jch = %‘3533 %3513 (219)
Giz Gn b5 Oy
Ja = G11Ga2 — G5, (2.20)
Js2 = G22Gss — G3, (2.21)
Jss = G33G11 — Gi4 (2.22)
0J,
8@;1 = G11kG22 + G11Ga2k — 2G21Ga1g (2.23)
0J,
8(;5; = G221 G33 + G22Gs3r — 2G32G 321 (2.24)
0J,
W; = G'33,G11 + G33G11k — 2G13Gh3k (2.25)
1 1 1 1
YT NG T NsgR T Nig? | Nad3 (2:26)
1 1 1 1
G — + — + 227
2T Nagd  Nsgd . N3 | Mg} (227
1 1 1 1
T UNs@E T Nig? T Nasgd | Nadd (2:28)
1
Gii2 = Gao1 = Go11 = Go12 = N2 (2.29)
1
Ga23 = G332 = G = G303 = Mia (2.30)
1
G331 = G113 = G131 = Gi33 = o) (2.31)

The independent two variables can be calculated numerically with the two set of equations.
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2.5 Coexistence curves

2.5.1 Binodal line

The binodal lines are required to satisfy the following conditions.

u1(¢1a, ¢2a)

= w1 (o1p, P2p)

p2(P1as P2a) = p2(P16, P2p) (2.32)
13(P1as P2a) = p3(P16, d2p)
¢1a + ¢2a + ¢3a =0
2.33
{¢1b+¢2b+¢3b=0 (2:33)
The resultant set of equations becomes
Fy = ¢10 — ¢rpexp (N1 (AF — AT)) =0
Fy = ¢aq — gapexp (N2(AF — Al'2)) =0 (2.34)
F3 = ¢34 — ¢3pexp (N3(AF — AT'3)) =0
Here b1a b2 & b1 om0
AF = [ Pla | P20 | P3a P16 P26 P3b 9.
<N1+N2+N3) (N1+N2+N3 (35)
ATy =T, - Ty
AT, = T, — Ty (2.36)
Al'3 =T'3, — '
I'ip = (x12027 + x13P37) (1 — d15) — X23P25 D3
Loy = (X12017 + X23037) (1 — d25) — X13P15 P3¢ (2.37)
Lap = (x13915 + X2302f) (1 — d35) — X12015 P2y

At fixed @14, the three independent variables can be calculated numerically with the three set of equations.
In addition, the obtained binodal lines must be checked with the conditions of thermodynamic stability,

a¢2 > O
82F 3*F
2.38
LEae =
96109s 092
2.5.2 Trinodal line
The trinodal lines are required to satisfy the following conditions.
p1(P1a, $2a) = p1(P1p, P2p)
p2(b1a, 024) = p2(P1b, d21)
p3(b1a, 024) = pa(P1v, d2p) (2.39)
L1 (@P1a; 924) = p1(@1c, d2c)
M2 (¢1aa ¢2a) M2(¢lcv ¢20)
/’63(¢1a7 ¢2a) = M3(¢lcv ¢20)~
¢1a + ¢2a + ¢3a =0
P16 + P20 + P36 = 0 (2.40)
¢lc + ¢20 + (b?)c =0
The resultant set of equations becomes
Fi = ¢p1a — p1oexp (N1 (AFup — AT'145)) = 0
Fy = ¢oq — ¢2b exp (No(AFy, — AT'243)) =0
F3 = ¢3q — ¢3pexp (N3(AFup — Al'345)) = 0 (2.41)
F4 - d)la d)lc €xXp (Nl(AFac - AI‘lac)) =0 .
FS = ¢2a ¢2c €xXp (N2(AFac - A1—‘20,(:)) =0
FG = ¢3a ¢3c €xXp (NS(AFac - AF?)GC)) =0
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Here
_ [ 91a P2a P34 o) [0} [
AFab_ ﬁ+NL2+Ni3 o Nillb—i_Nizb—i_Ni’; (242)
Al'gp =T — T
A]-—‘2(;17 - F2a - F2b
Al'sqp =T'3q — 'y
AFlac = Fla - Flc (243>
A1_‘2110 = F2a - FQC
AF-?)(LC = FBa - 1_\30
Tip = (X122 + x13035) (1 — d15) — X23P25 P3¢
Loy = (X12015 + X23P37) (1 — d2y) — X13P1 7035 (2.44)

Lsr = (x13015 + X2302f) (1 — ¢3f) — X12015 P2y

The independent six variables can be calculated numerically with the six set of equations.

The numerical calculations are carried out with the multidimensional Secant method of the Broyden’s

method.[?]
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