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Abstract

The TiNi-TiRu vertical section formed by the equiatomic phases of the Ti-Ni aud Ti-Ru binary systems was constructed
by the method of thermodynamic calculation, using the principle of equalities between chemical potentials of the components
in coexisting phases, experimental data for the quasibinary section and thermodynamic data for the TiNi and TiRu phases.
The good agreement observed between the calculated and the experimental results indicates that the adopted thermodynamic
model is a reasonable approximation. The set of parameters derived from the optimization is thus recommended for use in

future studies. ©® 1997 Elsevier Science S.A.
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1. Introduction

The study of the phase diagrams of multicompo-
nent systems including the confining Ti-Ni system,
which contains the TiNi equiatomic compound with
significant ability to undergo thermoelastic transfor-
mation, is of interest for the creation of new materials
demonstrating the shape memory effect. This is why
multicomponent systems, containing TiNi, arc of great
practical interest. The Ti=Ni=Ru system is the object
of investigation of this work. The most progressive
method of phase diagram construction for multicom-
ponent systems is the method of thermodynamic cal-
culation, since its experimental investigation is a very
complicated and expensive task. Modelling of alloy
phase diagrams of ternary systems requires the forma-
tion of a common coordinated set of thermodynamic
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data for all binary and ternary phases in the system.
This set is formed by means of agreement with experi-
mental data on phase equilibria and the thermody-
namic properties of phases in the system. The op-
timizing process is successful if reliable initial (experi-
mental) data are used in the calculation,

State diagrams of confining binary systems were
constructed experimentally. Calculations of the Ti=Ni,
Ti-Ru and Ni-Ru systems were performed in Refs.
[1-3). However, the authors of these papers employed
various models for the calculation of the alloy phase
diagrams; this is why we cannot use their results
directly for the evaluation of phase equilibria in the
ternary system Ti-Ni-Ru. Therefore, in this investi-
gation repeated calculations for confining binary sys-
tems were carried out by means of a single model.

For thermodynamic calculation of phase equilibria
in the quasibinary system TiNi-TiRu interaction
parameters for interaction in liquid and solid phases
are required.
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2. Optimization

The chemical Gibbs potential for binary solutions is
described in the quasisubregular model by the for-
mula:

G=G,x+G,(1 ~x) +G,,x*(1 —x)

+G,:3X(l ""‘)2 '{"Gug:r\’z(l "‘X)z
+RT(x In x+ (1 =x)In(1 —x)), )

where G, and G, are the Gibbs potentials of the pure
components, which depend on temperature following
the formula:

G =A,+BT+CTInT+DT", )

where 4,, B, C, and D, are characteristic constants
of the elements; x is the atomic fraction of compo-
nent 13 7 is the temperature in Kelvin; G, and G,;;,
can be expressed as polynomes, which depend on
temperature following:

Gu=A,+B,T+C,TInT+D,,T (3)

where A, B,, C, and D,, arc interaction
parameters for a given solution,

The thermodynamic condition of equilibrium
between two binary solutions is the equality of the
chemical potentials of their components;

b,
%_ﬁf (4)

Hy=pa
whete u; are the chemical potentials of component |
in phase i, The chemical potentials for the compo-
nents of a solution are obtained by means of differ-
entiating Eq. (1)

Thermodynamic potentials of the compounds are
represented by the formula:

Gy=Ay+b,T+C,T InT+D,T?, &)

Table |
Interaction parameters for the binary system Ti-Ni

where A, B,, C, and D, are the stability constants
of the compound.

The thermodynamic condition of equilibrium for a
solution with a constant composition phase is:

G, = mxy + pa(l —xy), ()

where G, is the thermodynamic potential for the
constant composition phase and g, and u, are the
chemical potentials of the phase components.

As well as in a binary system we used the thermo-
dynamic Gibbs potential for variable composition
phases in a ternary system following the formula:

G=Gx+Gy+ G2+ G a8’y + G 0y°

+G 332 + Gy a Xz + Gogy vz + Gy e?
3
+G i ¥°y* + G 3 ¥z + Gy y*s?
hl s \
+G0x°yz + Gy 97z + Gy avz°

+RT(xInx+ylny+zIn2), )

where G,, G, and G, are the Gibbs potentials for the
pure components, which depend on temperature as in
Eq. (2); T is the temperature in Kelvin; G, and G,
(G130 G221 Giaar Gz Gagas Gans Gyaas Gyyags Goaas
Gaan G230 Giany) are the polynomes, which depend
on temperature in the same manner as in Ea. (3).

The Gibbs potentials for the solid phase in the
quasibinary system TiNi=TiRu are described by the
formula:

G= G,A‘ + (;2‘\’ + (;’”2;“2}’ < (;mz‘\f": + (;“22.\5:“’:

+RT(xInx+yIny), (8)

where x is the composition of TiNi; G, and G, are
the Gibbs potentials for TiRu and TiNi, which depend
on temperature as in Eq. (5% G,,, and G,,, can be
expressed as polynomes, which depend on tempern-
ture as in Eq. (3).

Phase Gibbs potential AGmolH BUmol 'K CUmat "KM DUmol 'K )
L G - 112804 82 29.24616 0 0

L Gy = 1REO08 04 5420832 t 0

@ Gy -~ 44 287,64 29.2461 5 0 0

a Gy =44 28704 29.24616 0 0

B Gy, ~81910.168 29.24616 0 0

B G - 209292.04 54.30832 0 0

Y Gy =90244.69% 29.24616 0 0

y Gy - 1821588 54.30832 0 0

TihNi Gy = 26927.805 1163223 -21.52417 4124 x 107"
TiNi Gy -4, 706,112 135.5544 - 23.65863 -3sMaxiot
TiNi, G, -35310.24 156.3288 - 26.86044 -2.7677 x 10"
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Equalities of chemical potentials in coexisting
phases for the quasibinary system TiNi-TiRu are
described by the expressions:

9

my =Xy + oy, + pmazy,
Ny = Xx + fa¥a + @i 2,

and m, and m, are the chemical potentials of TiNi
and TiRu, which are described by the formulas:

m=G+GC'y,
m,=G-G'x,

(10)
1)

and u,, p, and p, are the chemical potentials for the
components, which are expressed as:

dG
u|==G+“a*?-A,

dG
M:=G+d—y- )

dG
[L3=G+-a?"A,
where

dG . dG  _dG

A=xqy *Vay t¥az

Xy ¥ps 2y and Xa, ¥a, 22 are the coordinates of TiNi
and TiRu.

3. Results of optimization and discussion

Thermodynamic data [4,5] for the enthalpy of for-
mation of TiRu, Ti,Ni, TiNi and TiNi, were used for

Tuble 2
Interaction purameters in the binary system Ti-Ru

| 980 °C
\ 5+p \6
n m P, 1575°C TiRu(d)
1670 °C 2120 °C

Fig. 1. Preliminary version of the Ti-Ni-Ru alloy phase diagram in
the Ti-TiNi-TiRu region [9).

the calculation of the stability constants of these
compounds. It was accepted that TiRu, Ti,Ni, TiNi,
and TiNi are the constant composition phases.

Gibbs potentials of variable composition phases,
based on (Ti), (Ru), {Ni) and liquid (for the Ti-Ni
and Ni-Ru systems), were described as an approxima-
tion of subregular solutions (G, G,,, interaction
parameters are not equal to zero); the Ti-Ru system
was calculated previously as an approximation of a
quasisubregular solution. The model of quasisubregu-
lar solutions is shown to account for the Gibbs poten-
tials of variable composition phases, based on L, if the
interaction parameters G, G5 and G5, are taken

Phuse Gibbs potential AQmol™h BUmoal 'K CUmal 'K H DUmal 'K
L G 264403.12 - 243.14865 0 0

L G - 38773747 0 0 0

L Gy 188 280 104.6 0 0

o Gy» =171605.14 -66.771924 0 0

o G2 317467.52 0 0 0

B G2 3043170 = 1863.1626 0 0

B G =2117416.7 946.34122 0 0

B G S78011.88 ] ] 0 ,
TiRu G, =79137.129 11974866 -21.9371379 =4.1446 % 10°
Table 3

Interaction parameters in the binary system Ni-Ru

Phase Gibbs potential AU mol™) BUmol™' K™ CUmol 'K pUmol 'K
L Gz 26 186.358 - 1595615 0 0

L Gyas 237983.82 = 121.1603 0 0

« G - 5§705.2521 343,55451 - 44.790138 0

o Ghas -~ 684.45219 34355451 ~44,790138 0

y G 60014.961 250.13165 -37932813 0

Y Gz, 8515.7788 121.24311 - 15,756023 0
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Table 4
Interaction parameters in the liquid phase in the ternary system
Ti~TiNi-TiRu

Phase  dpaUmol™) AU mol™) A Umol™

L - 418400 -~ 202880 - 292880

Table §
Interaction purameters in the solid phase in the quasibinary system
TiNi~TiRu

Phase A Umot™) Ay U mol™h)
S 8368 8368
2400 caleulated
o experimental

Temperature, K
Y
VN
\

/ /:K( 5’/2’
1600 ="
TING 10 20 30 40 50 60 70 80 90 TiRu

at. % TiRu

Fig. 2. Comparison of caleulated TiNi=TiRu quasibinary system
with experimental data,

into consideration, The thermodynamic properties of
the elements are represented by Eq. (2). Stability
constants for Ti and Ni phases are taken from Ref.
(6. Initial data for the caleulation of stability con-
stants for Ru are represented as entropy and enthalpy
values, which are given in Ref. [7), and differences of
thermodynamic potentials for various phases of Ru
are taken from Ref. (8],

So, the basic binary systems calculation (the de-
scription of the L phase for all binary systems) needed
for the calculation in the ternary system Ti~Ni-Ru
was obtained. It is shown in Tables 1-3,

We used experimental data for nonvariant equilib-
ria with the liquid phase [9] in the subsystem
Ti=TiRu-TiNi (Fig. 1) in order to obtain a thermody-
namic description of the liquid phase in the ternary
system. Using data for coordinates of p.P we ob-
tained interaction parameters A}, Al and Aly,,
(Tuble 4), ) h

A thermodynamic description of the solid phase
based on Ti(Ni,_,Ru,) was obtained using thermody-
namic data for TiNi and TiRu (Tables 1 and 2),
interaction parameters in the liquid phase, and exper-
imental data for the quasibinary system TiNi-TiRu
[10], principally by means of equalities between
chemical potentials of the components in the coexist-
ing phases. Interaction parameters in the solid phase
are given in Table 5.

Thus, the quasibinary system TiNi—-TiRu was calcu-
lated using interaction parameters in the liquid and
solid phases. A comparison between the calculated
and experimental alloy phase diagrams is given in Fig.
2. The good agreement observed between calculated
and experimental results indicates that the adopted
thermodynamic model is a reasonable approximation.
The set of parameters derived from the optimization
is thus recommended for use in future studies.
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