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Abstract: The Ti-Ni-O ternary system was assessed by means of Calphad method using ternary experimental data in previous study.
Isothermal sections at 1 173 and 1 273 K were calculated. The result shows that the present calculated results are in good agreement
with most of the experimental results. The consistent model parameter set determined in this work may provide theoretical guidance

for the deoxidation of TiNi alloy.
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1 Introduction

Shape  memory  materials have  attracted
considerable attention recently as functional materials in
a variety of industrial and medical applications. They
have also been considered as important smart materials
because of their ability to perform both sensing and
actuating functions [1]. Among the practical shape
memory materials, TiNi-based alloys are considered to
be one of the most important shape memory alloys
because of their excellent shape memory effect [2-3],
large pseudo elasticity [4—5], high chemical corrosion
resistance and good biocompatibility. Oxygen is the
interstitial solute element in TiNi alloys, which must be
strictly controlled, because it strongly influences the
microstructure and mechanical properties.

The Ti-Ni-O system is an interesting system from
the view point of the controlling of oxygen content and
the deoxidation of TiNi alloy. Therefore, critically
evaluated thermodynamic parameters of the Ti-Ni-O
system are urgently needed in the deoxidation of TiNi
alloy. The first experimental studies of the phase
equilibria in the Ti-Ni-O system were performed in 1955
by ROSTOKER [6]. But even now, the Ti-Ni-O
phase diagram is not known in detail, no Ti-Ni-O

thermodynamic assessment has been published.

The purpose of the present work is to
thermodynamically evaluate the Ti-Ni-O ternary system
so that the calculation of isothermal sections and other
thermodynamic quantities become possible in the whole
composition and temperature range. The present work is
based on the thermodynamic descriptions of the binary
systems, Ti-Ni by KEYZER et al [7], Ti-O by
CANCAREVIC et al [8] and Ni-O by KOWALSKI and
SPENCER [9]. The NiO-TiO, pseudo-binary systems
were assessed. Then the thermodynamic parameters of
the Ti-Ni-O system were modeled, including the ternary
interaction parameters of BCC, HCP structured alloy and
liquid, and some interaction parameters involving the
third element, and then constructed its phase diagrams at
1 173 and 1 273 K, respectively. The the oxygen
potential was calculated using thermodynamic
parameters of the Ti-Ni-O ternary system, and the
oxygen potential can be transformed into electrical
potential using Nernst equation.

2 Review of literature information
2.1 Binary systems

The Ti-Ni system was assessed previously [10—13].
Both BELLEN et al [12] and TANG et al [13] described
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the B2 phase as an ordered form of the A2 phase. In the
assessment by TANG et al [13], the B19' phase was also
included. The upadted CALPHAD-type thermodynamic
assessment was studied by KEYZER et al [7]. It was
considered that the Gibbs energy expression for the pure
elements in the Ni;Ti structure should refer to the DHCP
structured instead of the HCP structured phase. After
changing the Gibbs energy of the pure element,
parameters for Ni;Ti were reassessed by KEYZER et al
[7]. NiTi, Ni;Ti and Ti,Ni phases were described by the
two-sublattice model in thermodynamic assessment [7].
Because the optimization showed better agreement with
experiments, thermodynamic parameters [7] for the
Ti-Ni system were adopted in this work.

The Ti-O system was recently assessed [8, 14—15].
FISCHER [14] published a thermodynamic calculation
of the system neglecting Magneli phases and oxygen
solubility of rutile. WALDNER and ERIKSSON [15]
presented a complete Ti-O phase diagram from pure
titanium to gaseous oxygen including Magneli phases.
Most extensive evaluation of Ti-O system was done by
CANCAREVIC et al [8]. The results agreed well with
the experimental data and were complete thermodynamic
parameters of this system, the data was used to model the
Ti-Ni-O ternary system.

Ni-O system was assessed by TAYLOR and
DINSDALE [16] using the ionic two-sublattice model
for the description of the liquid phase. Later, the
thermodynamic revaluation of the Ni-O system was
made by KOWALSKI and SPENCER [9] using an
associated solution model for the liquid phase. Complete
thermodynamic parameters of Ni-O system were
reported in Ref. [9], and the data was used to model
Ti-Ni-O ternary system.

2.2 NiO-TiO, pseudo-binary system

The first systematic investigation in NiO-TiO,
pseudo binary system at high-temperature was carried
out by BIRNBAUM and SCOTT [17], NiTiO; with
ilmenite structure was described as the only binary
compound. It was suggested that there also existed a
phase with spinel structure, and the composition may be
Ni,TiO4 [18]. WERNER and GEBRET [19] considered
that the composition should be Ni;TiOs. An improved
phase diagram was published in Ref. [20]. The first
complete experimental phase diagram of the NiO-TiO,
system was reported [21], as shown in Fig. 1.

The assessment of NiO-TiO, pseudo-binary systems
was scarcely reported. Thus, the NiO-TiO, system was
assessed [22] (Fig. 2).The phase diagram of NiO-TiO,
system was calculated and optimized by means of the
CALPHAD method using the experimental data in
precious work.
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Fig. 1 Phase relations in NiO-TiO, system according to MUAN
[21] (SP—spinel; NT—-NiTiO;; R—rutile; L—liquid; SS—solid
solution)
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Fig. 2 Calculated NiO-TiO, phase diagram in this work with
experimental points measured by MUAN [21]

2.3 Ti-Ni-O ternary system

Few experimental studies reported Ti-Ni-O system.
ROSTOKER [6] studied the phase relation character-
istics of the isothermal section of the Ti-Ni-O system at
1 173 K, the focus was concentrated on the Ti-rich
region, twenty-seven alloys were used to delineate phase
boundaries in the ternary section. The isothermal section
with data points is shown in Fig. 3.

In order to study the influences of oxygen on the
properties of TiC-base cermets, HASHIMOTO et al [23]
studied the phase relation characteristics of the
isothermal section of the Ti-Ni-O system at 1 000 and
2 000 °C. The isothermal section at 1 000 °C is shown in
Fig. 4. The phase relationships of the Ti-Ni-O system
were determined mainly in the region below 50% Ti
(molar fraction). At 1 000 °C, a nickel solid solution
(y-phase) was in equilibrium with Ti,0;, Ti;Os, Magneli
phases, TiO,, NiTiO; and NiO.
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Fig. 4 Experimental phase diagram measured by HASHIMOTO et al at 1 273 K [23]

CHATTOPADHYAY and KLEYKAMP [24]
re-examined the isothermal section of Ti-Ni-O system at
1 200 K in the region between Ni(Ti) solid solution and
the binary oxides of titanium. The relative partial Gibbs
energy of oxygen over the Ti,03-Ti;05 region, as well as
the Gibbs energy of formation of NiTiO;, Ti;O0s and
TiNi; were determined between 1 100 and 1 300 K by

the use of solid electrolyte galvanic cells.

Ti-Ni-O system is an interesting system from the
view point of the controlling of oxygen percent and the
deoxidation of TiNi alloy. Up to now, no Ti-Ni-O
thermodynamic  assessment has been published.
Therefore, it is of practical interests to model this ternary
system based on those experimental results.
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3 Thermodynamic modeling

The Gibbs energy functions of all phases are
referred to the enthalpy of pure elements in their stable
states at 298.15 K under 0.1 MPa. Gibbs energy
functions of the pure elements were taken from the
SGTE (Scientific Group Thermodata Europe) unary
database [25].

3.1 Gas phase

The gas phase was described as an ideal mixture
containing the species of Ti, TiO, TiO,, O, O,, O3, Ni
and NiO. The Gibbs energy of the gas phase is given as

G® =3 x,GE +RTY x;Inx, + RT In(P/ P°) (1)

where x; is the mole fraction of the species i in the gas
phase; °GE* is the standard Gibbs energy of the gaseous
species i [26]; R is the gas constant and P’ is the standard
pressure of 0.1 MPa.

3.2 Liquid

The (Ti, O, TiO, TiO; 5, TiO,, Ni and NiO) model
was chosen for description of liquid in the present work.
The Gibbs energy of the liquid is given as

G' =" xG" +RTY x,Inx; +G" )

where x; is the mole fraction of the species 7 in the liquid
phase; OG,-“q is the standard Gibbs energy of the liquid
species i; R is the gas constant and G® is the excess
Gibbs energy.

The excess Gibbs energy (G") is given by the
general formula using the Redlich—Kister polynomial as

n m
G'= Y xx; > L (-x)f +
i,j=1(i#j) k=0

n

Z XX Xy Z LV, 3)
i, =1 j#1) k=i, jil
where the first term represents the binary interaction
terms, the second one represents the ternary interactions.
Lf ; 1is the binary interaction parameter for the i-j binary
and L, is the ternary interaction parameter. ¥ is defined
as

1- E X,
p=i,j, 1
_prEnpnt 4
" 4

Vk:xk+

3.3 Interstitial solid solution phases
In Ti-Ni-O ternary system, there existed some

interstitial solid solution phases, such as BCC, HCP and
FCC. In the present study, it was assumed that oxygen
atoms dissolve interstitially in the BCC £-Ti and Ni-rich
FCC phases as well as in HCP a-Ti phase. Therefore,
these phases were described using a two-sublattice model
with formula unit (Ti,Ni), (O,Va).. In this model, it was
assumed that the metal elements Ti and Ni can substitute
for each other on the metal sublattice and oxygen and
vacancies on the interstitial sublattice. The subscripts a
and ¢ were used to denote the number of sites on each
sublattice. In the case of FCC and BCC structred phases,
a=c=1; for HCP, a=1 and ¢=0.5. The Gibbs free energy
for one mole of formula unit can be expressed as

» _ 09 0~ (el
G" =y1i¥va G tizva T ¥1iYo G rio ¥ YniYva G Nizva +

INiYo OG(/)Ni:O +aRT (yriIn yr + yni Inyni) +
CRT (yy, In Yy, + o In o)+ “G? (5)

E
G? = yrivniVvalriniva T YrivniYoLrinio +
yTiyOyVaLTi:O,Va +yNiyOyVaLNi:O,Va +

Y1ivNiYoYvaltiNova (6)

where y; denotes the site fraction of component i on the
relevant sublattice; °Gi.y, is the Gibbs energy of pure
element i and °Gy,o is the Gibbs energy of a
hypothetical state where all the interstitial sites are filled
with oxygen.

3.4 Ti;Ni

In the assessment of Ti-Ni binary system [7], Ti,Ni
phase was described using a two sublattice model with
formula unit (Ti,Ni) ,(Ti,Ni);. In the present study, this
model was extended into the ternary system by
introducing one more sublattice for interstitial
components, oxygen and vacancies [27]. In this study,
(Ti,Ni),(Ti,Ni);(O,Va);.
Because Ti,Ni phase possesses the crystal structure that
corresponds to FCC, the number of sites on the
interstitial sublattice was given a value of 3, which is the
same as that in the interstitial solid solution model. The

the formula wunit becomes

Gibbs free energy for one mole formula unit is expressed

as
Ti,Ni _ ! noomg TipNi ' noomo TipNi
G = Y1iV1iVva OriTiva T YNiVTiVva ONiTiva T
' " "0 TipNi ' " "o TiZNi
Y1iVNiYva Oriniva T YNiVniYva Oniniva T
TipNi TipNi

o om o mg
Y1iYTiYo Gm,:o +INiYTiYo Gmm;o +
TipNi TipNi

C g D w
yrivnivo G .o F¥nivniYo G .o+

2RT (yp; In yp; + y; In yyy) + RT (yy; In y; +

i 07 +3RT(vo In yig + sy Inyy )+ 5GT(7)
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EATiO. o w v
G = yrivni OmivvaLriniTiova + YNiVvaLlrininiva +

YriYoLrinitio + YNiYoLrininio) +
Y1iVNi VridvaLritiniva T YNidvalniTiniva +
YriYoLritinio T YniYoLlnitinio) +

YoYva(rivrilritiova + YniVrilniiova T
YrivniInictiova + YniVnilninio,va) 3

3.5 NiTi (BCC_B2)

In the Ti-Ni system, there is a Ti-rich A2 phase
which is the disordered form of the B2 phase and the B2
phase can be considered as an ordered state of A2 phase.
In KEYZER’s assessment of the Ti-Ni binary system [7],
NiTi phase was described using a two sublattice model
with formula unit, (Ti,Ni)os(Ti,Ni)os. This model was
extended into the ternary system by introducing one
oxygen on each sublattice. In this work, the formula unit
of the NiTi phase becomes (T1,Ni,0),5(Ti,Ni,0)qs. In the
case that two or more phases are related by an
order-disorder transformation, the Gibbs energy of those
phases can be written with one expression [28—29]. The
Gibbs free energy of NiTi phase can be described as
Gy =G, () + MG () )

The first term Gn?iSfBz (x;) is independent of the
ordering state of the B2 phase, it can be described using
associated solution model. The second term
AGT-B2 (15 is the contribution due to long-range
ordering, it can be expressed as

AGy -2 (37) = iy Gl + nivniGlini + Yo¥oGho +
y1iiGing + ¥1i¥0Gho + nivmiGlim +
MiYoGlio +YorriGhri + YoriGhn +
0.5RT(yr; In y; + yyi Iy + vo In yo) +
O.SRT(y%i In y}i +y;\1i In y;\n +y€) In y:))+
y"yfiyll"iy'(')L(%i:Ti,O + yéy}iyg)L%:Ti,o +
yll"iyy()yllv“iL('i"i:O,Ti + ylriylc)yél%i:o,o +
y;\n)’;n)’z)L?\n:Ni,o + y;)y;\Iiy:)L(()):Ni,O +
y;\liy;)y'ILIiL(I)\Ii:O,Ni + y;\liy;)y;')L(I)\Ii:O,O +
y:Fiy'Oy'I'\IiL?"i:O,Ni + y;\liy;"iygL?\Ii:Ti,O +

C e Do
InivorrilnioTi + YrivniYoLtinio (10)

3.6 NiTiO; ternary phases

The ternary phase NiTiO;, which was newly
evaluated in this study, was treated as a stoichiometric
compound. The (NiO, TiO,) model was chosen for the
description of NiTiO; in the present work. The Gibbs

free energy for one mole formula unit can be expressed
as

OGNITIOS _0 G Halic 124°GRE" 12+ a+bT (11)

where ‘G i the standard Gibbs energy of halite
NiO and OG%‘(‘;iz'e is the standard Gibbs energy of rutile
TiO,.

3.7 Other phases

The other phases consisting in the present
evaluation of Ti-Ni-O system are Ni;Ti, Ti;O,, a-TiO,
Tiy03, Tis0, Ti;0p3, Tiz0s, TigOy;, TigOys, TigOy7,
Ti19O0y9, TizgOs9, halite, spinel, rutile and TiO, binary
phases. The thermodynamic descriptions for these phases
were not changed from their original ones. Therefore,
NizTi was described using the sublattice model,
(Ni,Ti)3(Ni,T1),, halite, spinel, rutile and TiO, phases
were described using associated solution model and all
the other binary phases were treated as stoichiometric
compounds.

4  Optimization of
parameters

thermodynamic

All the thermodynamic parameters are optimized by
Pan-optimizer included in the Pandat Phase Equilibrium
Calculation software, which is a C/C++ software
package for evaluating thermodynamic, kinetic and
thermo-physical model parameters from experimental
measurements. The optimization is conducted until the
sum of the squares of the errors between the calculated
and the experimental thermodynamic properties and the
phase equilibrium is minimized.

Thermodynamic descriptions of pure elements used
in the present work are from the Scientific Group
Thermo data Europe databank [25]. The binary
descriptions of Ti-Ni [7], Ti-O [8] and Ni-O [9] were
accepted as mentioned above. The thermodynamic
parameters evaluated in the present work for the Ti-Ni-O
ternary description were the G and L parameters of liquid,
HCP (o-Ti), BCC (5-Ti), FCC (Ni) and NiTiOs, and the
L parameters of TiNi, Ti,Ni.

This procedure can be conducted as follows: firstly,
the ternary interaction parameters of liquid, BCC, HCP
and FCC were calculated; secondly, the interaction
parameters involving the third element in Ti,Ni phase
were optimized; finally, the interaction parameters
involving the third element in TiNi (B2) phase were
optimized.

All the parameters optimized in this work are listed
in Table 1.



QIU Ai-tao, et al/Trans. Nonferrous Met. Soc. China 21(2011) 1808—1816 1813

Table 1 Thermodynamic parameters of Ti-Ni-O system

Phase Thermodynamic parameter
iquid
YL =90 000207
Liquid LGS =90 000-207
2 yLiquid
i =90 000-20T
L Fio =—250 000
HCP(a)
*LNi Tiowa ==50 000
L3S, 0 =50 000
BCC_A2(f)
OLI%(iz,gl:'i:O,Va =-200 000
FCC(y) O LR Sova =—100 000
Dis B2 0~Dis_B2 _
(NL. T, O) GQlre. ==250 000

Ly =—100000

0,B2 BCC
2B~ _100 000
NiTi(B2_BCC) PON

Ni, Ti,0), 5(Ni,Ti,0
( 1,11, )0.5( 1,11, )0.5 OL?IZN]?’%C =80 000
L S =80000
NiTiO; 0GNTO = 0.5°GRb" +0.5°GRE™ -

(Ni0)o5(TiO2)o.s 10061+2.226 T

5 Results and discussion

The calculated phase diagrams of the Ti-Ni [7],
Ti-O [8] and Ni-O [9] systems are illustrated in Figs. 57,
respectively.

Figure 8 shows the calculated isothermal section of
the Ti-Ni-O ternary system at 1 173 K. Here, the
experimental data by ROSTOKER [6] is also included.
The calculated equilibria are in good agreement except
for the equilibrium of TiO+Ti,Ni+TiNis. The calculated
solubility of the element O in Ti,Ni phase is much lower
than that measured by ROSTOKER [6]. This may be
resulted from the solubility of the Ti,Ni phase in the
Ti-Ni binary systems assessed by KEYZER et al [7],
which is very small.

Figure 9 shows the calculated isothermal section of
the Ti-Ni-O ternary system at 1 273 K. Here, the
experimental data by HASHIMOTO et al [23] are also
included. The calculated equilibria are in good
agreement with the majority of experimental results by
HASHIMOTO et al [23].
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Fig. 5 Calculated Ti-Ni phase diagram using thermodynamic
assessment [7]
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Fig. 6 Calculated Ti-O phase diagram using thermodynamic
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Fig. 7 Calculated Ni-O phase diagram using thermodynamic
assessment [9]
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The oxygen potential can be calculated from the
relevant calculation of the phase diagram of Ti-Ni-O
ternary system. Then the oxygen potential is transformed
into electrical potential using the Nernst equation,
formulated as

P P,
% _ RTIn ;02 —EF (12)

AG = RTIn 0

where F, is the vapor pressure of oxygen in the
titanium melt and Péz is the partial pressure of oxygen

in the atmosphere. When the oxygen content of TiNi
alloy is 0.08%, the vacuum is 10> Pa, the calculated
electrical potential is 2.74 V at 1 773 K, through
Eq. (12) (Fig. 10).
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w(0)/%

0.10

Fig. 10 Relationship between electrical potential obtained by
Nernst equation and oxygen content in TiNi alloy at 1 773 K

and vacuum of 102 Pa
6 Conclusions

1) Based on the previous assessed Ti-Ni, Ti-O and
Ni-O systems and our evaluated NiO-TiO, pseudo binary
systems, the thermodynamic description for the Ti-Ni-O
ternary system is obtained through the extrapolation by
CALPHAD method.

2) The 1 173 and 1 273 K isothermal sections are
calculated. It is shown that the present thermodynamic
assessment is in good agreement with the majority of
experimental results. A consistent model parameter set is
determined so that the calculation of isothermal sections
and other thermodynamic quantities becomes possible.

3) The oxygen potential was calculated using the
thermodynamic parameters of the Ti-Ni-O ternary
system. Then the oxygen potential is transformed into
electrical potential using Nernst equation. This result
may provide theoretical guidance for the electrochemical
deoxidation of TiNi alloy.
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