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ABSTRACT Metastable miscibility gap and spinodal decomposition boundary in Cu-Ti alloys have been es-

tablished by thermodynamic calculation, in which a developed regular solution model and limited thermody-

namic experimental data have been used. It was found that the coherent strain energy has less influence on

spinodal decompositionn in CuT1i alloys, and chemical spinodal decomposition boundary and coherent one are

roughly overlapping. The caleulated results are in coincidence with other experimental data.
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1 INTRODUCTION

Aged hardening CuTi alloy is a kind of
promising electric functional material (for exam-
ple: IC lead frame materials) due to its high con-
ductivity and strength. There is some investiga
tion on the way of strengthening by spinodal de-
composition and ordering in the course of phase
separation in CuwTi alloys so far'''. But there
exists considerable controversy in the literature
on phase separation, especially on the sequence
of ordering and spinodal decomposition. It is a
simple and direct way of predicting phase separa-
tion path by thermodynamics. U nfortunately,
there are few available thermodynamic experr
mental data for determining metastable miscibilr
ty gap, which is an important region for one to
understand the phase transformation essence in
CuTi alloys. The objective of this investigation
is to establish metastable miscibility gap and
spinodal decomposition boundary by means of
setting up a reasonable thermodynamic model
and using limited experimentnal data.

2 DERIVING AN EXPRESSION FOR AG

The general condition for equilibrium of an
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isothermal system at constant pressure is given
by a minimum value for

G=H-TS (1)
G is the Gibbs energy, H the enthalpy
and S the entropy. If a total amount of 1 mole of

w here

components A and B is mixed, the increase in
Gibbs energy of the system is given by

AG = AH - TAS (2)
where A is the molar enthalpy of mixing and
AS the molar entropy of mixing. For the case of
ideal mixing, AH = 0 and AS is given by the
term of Gibbs so that:

AS= - RU1- X)In(1- X )+
XInX ) (3)
where X is the atomic fraction of component

B.

Practically in all cases there is, however, a
non zero heat of mixing and an entropy of mix-
ing not equalling the Gibbs term. This can be
taken into account by putting

AG — A(;id. n A(;e.r.

AS = AS™ 4 AS™ (4)
and
AG* = RT(1- X)In(1- X )+
XInX ] (5)
With (2) it is easily seen that
AG™ = AH — T AS™ (6)
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This expression has to be zero for X = 1or may be expressed as:
X = 0, whereas on the basis of thermodynamics A = W LP (13)

for these same values the first derivative of AG™
with respect to composition must be a finite val
ue. These conditions are fulfilled if AG™ is tak-
en as a power series of X which is divisible by
X(1- X), thus

AG™ = X(1- X)f(X) (7)

From the calculations concerning binary
mixtures of liquids it turns out that generally ex-
perimental values for AG®™" can be represented
with reasonable precision if three terms of the
power series are taken into account. Supposing
that this might also be the case for the copper tr
tanium system, f (X ) must be written as fol
lows:

F(X)= Ao+ A1X + A2X7 (8)

Moreover, as one is considering a certain
temperature range it is advisable to take a tem-
perature influence into account. T herefore, sup-
posing H ; and S; to be constants, then

Ai= R(H,- TS,) (9)
where R is gas constant

With the aid of the above equations the fol-
lowing expression for AG can be expressed as:
AG = RX(1- X)W o- TSo+

X(Hi- TS+ X*(H,- TSy )+
RT((1- X)In(1- X)+ XInX] (10)

In order to determine the constants of equa
tion ( 10), six independent equations are neces
sary. Using the properties of the top of the solid
micibility gap, namely that the second and the
third derivative of the Gibbs energy with respect
to composition must be zero, thus two equations
result, namely

AG”|X:X0= 0
AG™ |y x, =10 (11)
AG = 0== 2(Ho- TSo)+
(2- 6X)(H1- TS1)+
(6X — 12X°)(H,- TS2)+
/X (1- X)) (12)
AG"=—- 6(H - TS)+
(6- 24X )(H,— TS»)+
2x- 1yr/x*1- x)?]

Furthermore, the variation of partial molar

Gibbs energy of component i in solid solution

where M is partial molar Gibbs energy of com-
ponent i in the mixture and ¥; the molar Gibbs

energy of the pure component i and that

AU(;HZ AG— X(@AG/@X) (14&)
Abpi= AG- (1- X)*
(OAG/OX ) ( 14b)

The equilibrium conditions for the two equr
librium phase viz
Abey Iy = Al ly)
AHrilx = AHplx)
provide two other equations, namely:
TUn(1- X1)- In(1- Xq) J+
(x3- X3)(Ho- TSo) )+
x32x - - X32x,- 1))
- rs)+ X33x,- 2) -
X3(3X,- 2)) W2~ 78,)
=0 (16)

(15)

and
T UnX - InX,J)+
(1- Xx1)%- (1- X452 )
[Ho— TS()]+
LXi(1- X1)%= 2X5(1- X,)%)e
[Hl— T51]+
Bx31- X1)%- 3X3(1- X,)%)-
.- 15,)= 0 (17)

3 CALCULATION OF THE METASTABLE
MISCIBILITY GAP AND SPINODAL DE-
COMPOSITION BOUNDARY

If introducing available experimental data
directly into equations (12), (16) and (17), a
comparative error will be led to. By mathematic
imitating for experimental data available in Ref-
erences| 2] and [ 3], one may obtain the values
of T and x for the top of the solubility gap,
namely T = 1 101. 78 K and x = 4. 775% ( in
atom). Moreover two sets of values obtained
from the two phase boundary, namely, T= 898
K, X1=0.02179, X, =0.0737and T = 1053
K, X;=0.035 X,=0.06783 as given in Ref-
erence [ 2]. By introducing three sets of values
mentioned above into equations (12), (16) and
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(17) respectively, the following six values for
the constants are derived:

Ho=- 1.0778 x 10° So= 3.578
Hyi=- 1.479x 10° S;=- 17.007
Hy= 4.693 x 10° S,= 105.93
This gives for equation ( 10), then
AG = RX(1- X)L 1.0778 x 10°-
3.578T + X (- 1.479 x 10’ +
17.007T ) + X?(4.693 x 10" -
105.937 ) J+ RT [(X1nX +
(1- X)In(1- X )] (18)
Let equation ( 18)
metastable miscibility gap can be obtained as

be equal to zero,

shown in Figure 1, in which chemical spinodal
decomposition boundary is also exhibited by de-
termining the variation of solute content with
temperature according to equation ( 12). Some
inflexion values of spinodal at various tempera
ture are listed in Table 1.

Fig. 1 Metastable miscibility gap and
chemical spinodal decomposition boundary
calculated in CurTi alloys

I —miscibility gap;
2 —chemical spinodal decomposition;

[1 —given by Ref.[ 2]
4 DISCUSSION

In the past, most alloy systems were ther
modynamically treated according to the regular
solution model. Excess Gibbs mixing energy is
given by

AGT = X(1- X) Q (20)
where  Qbeing a constant, which is unchang-
ing with solute content and temperature

It is proved that this model is suitable for a
few alloy systems. In most cases, Qis a function
of temperature and solute content. In CuTi al
loy system, a complex phase transformation pro-
cess appears due to continuous (or homogeneous)
transformation ( early stage spinodal decomposr
tion and ordering) and heterogeneous transfor
mation (later stage nucleation and growth), so it
is reasonable to treat 2 as a function of tempera
ture and content.

Comparing metastable miscibility gap calcu-
lated in the paper with available CuTi alloy
phase diagram, it is found that the former lo-
cates below titanium equilibrium solubility curve
in copper, and the highest temperature of misci-
bility gap is below eutectic temperature of the
CuTi alloys.

Table 1 Inflexion values of spinodal
at various temperature
T/IK T/T X X,
300 27 4.755% 107 % 6.748x 1072
400 127 7.000x10"*  6.580x 10" 2
500 227 9.738x10°°  6.371x 10 °
600 327 1.325x 1072 6.100% 10~ 2
700 427 1.800x 102 5.729x 10 *
800 527 2.550x 10" 5.123x10°°

Inflexion values of spinodal at room temper-
ature, obtained by using discriminant AG L0,
are 0. 476% and 6. 75% (in atom), respective
ly. It is shown that all Cu-T1 aloys in which tita
nium content is below the maximum of T1i solu-
bility limit in copper can be separated by spinodal
decomposition at certain temperature. This has
heen proved by a lot of investigations! - % * > ©l
(See Table 2) There are a series of Ti content
and temperature, investigated by some re
searchers, at which alloys of relevant content are
instable to spinodal decomposition. This is in
good coincidence with calculated spinodal bound-
ary.

Cahn first

coherency internal stresses , which is a decisive

considered the influence of
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Table 2 Some experiment results on the
scope of content and temperature
of spinodal decomposition
occuring in Cu Ti alloys

C(?ntent T emperature Source
/ % (in atom) /K
2.07,4.05,6.77 673~ 823 L)
1.32,5.24 673~ 773 (4]
3.7 673~ 723 (5]
3.29 573~ 773 (6]

factor for the morphology of modulation, on
modulated structure in elastically anisotropic ma-
T hus,

above using AG KO0is only a chemical spinodal

terials. Spinodal boundary determined
boundary in which a coherent stress was not con-
sidered. According to Cahn’ s theory, discrimi-

nant of coherent spinodal is AG” + 217 YV, <

2 : :
0, where 201" YV, is the factor of influence of
coherent stress on spinodal decomposition, and Tl

= d(lna)/dx, Y the elastic module, V, the
molar volume. If let = 0. 0124 mol™ ', (In

fact, Tlis a variation value with solute content.
Here is an average one), Y= 1. 148 X 10" N
m A7 V= 7.14% 107 * m?*mol™ ', one may
obtain 212 YV,, =252 7], which is smaller than
AG” 50 as Lo be neglected. It is shown that there
is less influence of coherent stresses on spinodal
decomposition, and chemical spinodal boundary
and coherent one are overlapping in CuTi al-
loys.

It is emphasized that spinodal decomposition
is a continuous transformation process, and mod-
ulated wavelength is growing continuously at
certain temperature even during rapid quench-
ing. The modulated structure is coarsening serr
ously when aging at higher temperature in short
Thereafter,

transformation which belongs to nucleation and

time (a few second). a cellular
growth occurs. Because transformation tempera
ture between spinodal and nucleation growth is
difficult to determine due to the content fluctua

tion in alloy of definite content, temperature at
which spinodal occurs is an approximate value.
So far, the highest temperature obtained by ex-
periment in CurTi alloys is 823K, which is in
good keeping with the calculated results in this
paper.

5 CONCLUSIONS

(1) The change of Gibbs energy of solid so-
lution in CuTi alloys may be expressed as fol
lows:

AG = RX(1- X)) 1.0778 x 10°-
3.578T + X (- 1.479 x 10° +
17.007T ) + X?(4.693 x 10" -
105.937 ) J+ RT ((X1nX +
(1- X)In(1- X )]

(2) CuTi alloys in which titanium content
is below the solubility limit of copper are decom-
posed by spinodal model at the specific scope of
temperature.

(3) Coherent strain has less influence on
spinodal decomposition of CuTi alloys. Chemr
cal spinodal boundary and coherent one are
roughly overlapping.
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