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Abstract: Phase diagram calculations and phase transformation simulations have been widely
employed to materials design and process optimization. Recent development of a 27-element
thermodynamic database (TCTI2) together with a compatible mobility database (MOBTI3) for Ti-
and TiAl-based alloys is reported. The TCTI2 database has been developed in a systematic way in
order to cope with the complexity in phase relations and phase transformations in both
conventional Ti-based and newly emerging TiAl-based alloys. It can be used with Thermo-Calc and
the add-on Diffusion Module (DICTRA) and Precipitation Module (TC-PRISMA) for calculations of
multi-component alloys. Feasible calculations are ranging from the traditional stable and
metastable phase equilibria (B-transus temperature, evolution of phase fractions vs. temperature,
martensitic temperature, etc.) to some thermophysical properties (density, thermal expansion,
etc.). Using a combination of TCTI2 and MOBTI3, one can simulate diffusion-controlled phase
transformation and precipitation kinetics. The intermetallic TiAl-based alloys are known for their
own complexities and the present modeling for ay-TigAl and y-TiAl based alloys will be discussed.
Typical calculated examples for various properties in titanium alloys are presented with the
emphasis on validation against experimental observations in multi-component commercial alloys.
This database is expected to efficiently support further development of Ti- and TiAl-based alloys,

as well as to promote process simulations with accurate prerequisites.
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1. Introduction
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Titanium alloys have been widely applied in aerospace, biomedical and chemical industries due to
their exceptional strength-to-weight ratio, excellent corrosion resistance and good biological
compatibility [1-3]. Conventional titanium alloys are usually classified into @, a+B, and B alloys,
with further subdivision into near-o and near-p alloys [2]. The subclasses, near-o and near-f, refer
to alloys whose compositions place them near the o/(a+f) or (a+B)/B phase boundaries,
respectively. The microstructure of conventional titanium alloys and their properties strongly

depend on the alloy’s composition [2].

Titanium aluminide (TiAl) based alloys represent a new class of engineering lightweight structural
materials, which become promissing candidates for aerospace and automotive applications [4-6].
TiAl-based alloys exhibit superior specific strength-temperature properties compared with steels,
Ni-based superalloys and conventional titanium alloys particularly in the temperature range of 600
to 800 °C [7]. The phase constituents of TiAl-based alloys are highly susceptible to small changes in

the alloy’s chemistry and heat treatment procedure [8, 9].

One essential research interest in titanium alloys goes to investigate phase equilibria,
transformation and microstructure evolution. The traditional experimental approach can be
onerous and expensive even for a binary system and furthermore the required amount of
experimental work rises sharply for a multicomponent alloy. To accelerate the understanding and
design of titanium alloys, CALPHAD (CALculation of PHAse Diagrams) is emerging as a key
approach. CALPHAD-type simulations have been successfully employed for alloy design and

process optimization for more than 20 years [10-15].

The quality of CALPHAD simulations entirely depends on the accuracy of the database and the
versatility of the software. Therefore, TCTI2 [16] has been developed in a 27-element framework
with 269 binary systems and 95 ternary systems assessed. This thermodynamic database includes
all stable phases and most important metastable phases that may form in titanium alloys. The
database can also be used for predicting solidification behavior of alloys with the
SCHEIL_GULLIVER module in Thermo-Calc. The compatible kinetic database MOBTI3 [17] can be
used together with TCTI2 to study different diffusion-controlled phenomena in titanium alloys,

such as e.g. microsegregation during solidification, homogenization kinetics, growth/dissolution
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kinetics of precipitates, by using the Diffusion Module (DICTRA). More details on the software

package are available at www.thermocalc.com.

In this paper, the authors will introduce the TCTI2 database and present the major achievements in
its development. This paper presents information on phase modeling and a database overview

(Section 2), and demonstrates some applications of the database for titanium alloys (Section 3).

2. Thermodynamic models and database overview

2.1. Database overview

TCTI2 is developed in a 27-element framework: Ag, Al, B, C, Co, Cr, Fe, H, Hf, Mn, Mo, N, Nb, Ni, O,
Pd, Pt, Re, Ru, Si, Sn, Ta, Ti, V, W, Y, Zr. In total, 269 binaries and 95 ternaries [16] have been
assessed. An extensive investigation on crystallography of all solid phases has been performed in
the present development and the phases having the same crystal structure were unified as one

phase. A complete list of phases and models in TCTI2 can be found elsewhere [16].

All necessary volume data (including molar volume and thermal expansion) have been assessed
with the implemented model [18, 19] for most solution phases and intermetallic phases in TCTI2.
This enables one to calculate volume fraction of phases, density and thermal expansivity, as well as

lattice parameters for cubic structures using Thermo-Calc.

2.2. Thermodynamic models

The thermodynamic database consists of descriptions of Gibbs energy for each phase. The key to
develop a thermodynamic database is to optimize the model parameters in Gibbs energy
expressions based on the available thermochemical data (enthalpy, entropy, heat capacity, activity,
etc.) and phase equilibrium data (liquidus, solidus, phase boundary, etc.). All stable solid phases are
modelled in each assessed binary and ternary system unless the equilibria associated with a phase
are not known at all or its stability is questionable. Appropriate thermodynamic models are

selected and used for different types of phases.
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2.2.1. Solution phases

Common solution phases are described with substitutional model. The molar Gibbs energy for

solution phase ® is described as a function of composition (x;) and temperature (T) as:

G, => x°G,+RT > x,Inx,+°G]
I I (1)

0
where (7i is the molar Gibbs energy of a pure element (component) i, which is taken from the SGTE
PURE 5 database [20]; x; is the concentration of element 7; R is the gas constant; 7 is the temperature.
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Gm represents the excess Gibbs energy expressed by
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where L;; and Ijj, are the binary and ternary interaction parameters, respectively, between

components i,j and k and may depend on temperature.

Associate model is used for the liquid phase in some systems and it’s compatible with the

substitutional model.

2.2.2. Sublattice model

The sublattice model is frequently used in CALPHAD modelling. The concept of ‘sublattice’ was
introduced in CALPHAD to distinguish the sites and describe the site occupancies in a more
physically sound way [11]. The basic premise for this model is that a sublattice is assigned for each
distinct site in the crystal structure, which is known as Wyckoff sites. Models with two or more
sublattices are referred to as sublattice models [21]. The number of sublattices for a solid phase
depends on the crystallographic structure and compositional complexity. In actual thermodynamic
assessment simplifications by merging several Wyckoff sites with similar occupancies as one

sublattice are necessary to make a model applicable.
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In TCTI2, most sublattice models consist of only two sublattices (2SLs) or three sublattices (3SLs)

in order to assure the efficiency in calculations. For a 2SL model (A, B, ...)s1(A, B, ...)go assuming

that m constituents are on the first sublattice and n constituents on the second sublattice, the Gibbs

energy can be described as:
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For instance, oy phase (AlTig D0;9), y phase (AITi_L1j) and o,-TizgAl3Nb phase (B89_omega) are
described with a 3SL model.

The ordered B2 phase is modeled with the so-called partitioned model in conjunction with its
disordered counterpart, Bcc_A2. The elaboration on the partitioned model can be found elsewhere

[22,23].

3. Applications

This section will present some application examples. Simulations for phase formation under
conditions deviating substantially from equilibrium can be further made by introducing kinetic

modeling [24, 25].

The impurity level in alloys inevitably accounts for varying features such as B-transus
temperature and volume fractions of a or B vs. temperature. It's well known low levels of
interstitial impurities, such as O and N, can significantly modify phase equilibria in conventional
Ti-alloys. For TiAl-based alloys, certain amount of Nb and Mo tend to impede diffusion
processes. While this behavior can be exploited with regard to creep and thermal stability of
the microstructure, kinetics of phase transformation and recrystallization process might be
slowed down [26]. The deviation from equilibrium conditions can have significant impacts on
evolution of phase fractions.
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3.1 Phase equilibria in multi-component alloys

Ti-6242Si with an outstanding combination of tensile strength, creep strength and toughness [27]
is used primarily for compressor discs in gas turbines. The beta-approach curve (the evolution of
beta-phase volume fraction with temperature) is calculated and presented in Fig. la. The
calculated equilibrium compositions of Al and Mo in o and B for the Ti-6242Si alloy are shown in

Fig. 1b together with experimental data from [28].
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Fig. 1. Phase equilibria for Ti-6242Si alloy: (a) beta-approach curve and (b) variation of Al and Mo content in

o and B phases as a function of temperature.

Fig. 2 compares the calculated phase fractions for a typical TNM alloy from 600 to 1600 °C with
experimental observations [26]. The amount of O is reasonably assumed as 1500 at. ppm here. The
experimental data were obtained under conditions close to thermodynamic equilibrium by [26]
concerning evolution of phase fractions, transition temperatures. Excellent predictions can be

made for this alloy, particularly the y-solvus temperature and the eutectoid temperature where the

a—ag order/disorder reaction occurs.
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Fig. 2. Calculated phase fraction vs. temperature for Ti-43.3A1-4.3Nb-1.2Mo-0.1B alloy.
3.2 -transus Temperature

Generally, the different microstructures of conventional Ti-alloys are obtained by various
thermomechanical treatments. A central point for thermomechanical treatment is the p-transus
temperature, Tp, since it separates the single B phase field from the two-phase a+f field [2].
Therefore, knowledge of Ty is of critical importance to alloy design. Fig. 3 shows a comparison
between observed and predicted B-transus temperatures for a wide variety of commercial Ti-
alloys. The dashed lines indicate an uncertainty of +20 °C. The nominal composition for major

elements and average value for impurities in the datasheet of respective alloy were used in

calculations.
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Fig. 3. Comparison between experimentally observed and predicted B-transus temperatures for Ti-

Alloys.
3.3 Martensitic transformations

Martensitic transformation takes place at the Mg temperature on quenching a titanium alloy from
its B phase region to room temperature. The o’ martensite is modelled as Hcp_A3 on the Ti-rich
side. In fast cooled metastable B alloys, the precursor of the precipitation is the metastable o phase.

Unlike the bulk form of stable ® phase at high pressure, metastable ® phase precipitates as nano-

sized particles in the f matrix in titanium alloys.

In TCTI2, as-measured temperatures of the martensitic transformations pTi/o’ and BTi/® have
been used for validating or improving the descriptions of the Bec_A2, Hep_A3 and o phases in a
number of Ti-X (X=Fe, Mo, Nb, Ta, V, Al, Sn, Zr) binary systems. In principle, the T lines should be
compared with averaged temperatures of A and Mg or Af and My The Ty line was directly
compared with the experimental data, where we try to keep the line between the starting

temperatures and the finishing temperatures. Here is the Ti-V binary system demonstrated as an

example.

10
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Fig. 4. Calculated Ti-rich Ti-V phase diagram with experimental data from [34-36].
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Fig. 5. Calculated Bcc_A2 /Hep_A3 T line (a) and Bec_A2/o Tg line (b) in Ti-V binary system with

experimental data from [29-33].

Experimental data of different sources [34-36] have been used in the Ti-V system for determining the
Bec A2 and Hep A3 phase boundaries, as shown in Fig. 4. It’s shown in Fig. 5 the Bcc A2/Hep A3 T
line fits to the data very well in the Ti-rich region while deviations exist for V content more than 10
at.%. It was found in the assessment the T data contradict the equilibrium phase diagram data
apparently. A compromise was made and the Hcp A3 description was adjusted to get a better fit to the
A2/A3 T line and to keep the Hecp A3 boundary reasonable at the same time. In order to get a better fit
to the A2/w Ty line, the description of omega V was adjusted based on DFT calculations.

3.4. Thermophysical properties

Technical difficulties exist in casting titanium alloys due to their high melting points,
contamination with oxygen and chemical reactions with mould materials. Therefore, solidification
simulations are an important complement to experimental means in the optimization of casting
processes. Thermophysical properties, such as density, enthalpy (Hr-H9gg), thermal expansion,
etc., are normally required as input for process simulations. Accurate values of thermophysical
properties for liquid industrial alloys are particularly essential for high-temperature technologies
[37, 38] and to improve the simulations of casting and welding. A major achievement of TCTI2 is
that such data can be readily calculated for different alloys from room temperature into the liquid
state, which is of vital importance for process (casting, welding) simulation but difficult to measure

or otherwise estimate.

Fig. 6 shows the linear expansion of Ti-6A1-4V up to 1500 °C compared with experimental results
[39-41]. A good prediction can be made even in the region close to the B-transus where the

amounts of o and  change rapidly with temperature.

13
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Fig. 6. Linear expansion rate for Ti-6Al-4V.

A key property for process simulation is enthalpy which is needed to model the release of heat
during the solidification process. Reliable predictions for enthalpy of Ti-64 in both solid and liquid

state are compared with experimental measurements [42] using different techniques, as seen in
Fig. 7.

Density is a fundamental material property, which is crucial for casting process and for
determining surface tension and viscosity from the measured raw data. Fig. 8 shows the calculated

densities of liquid Ti-Al-Nb alloys compared with experimental results [43-44].

14
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Fig. 8. Density of liquid Ti-Al-Nb.

4. Conclusions

The TCTI2 database has been developed for Ti- and TiAl-based alloys within a 27-element
framework (Ag-Al-B-C-Co-Cr-Fe-H-Hf-Mn-Mo-N-Nb-Ni-O-Pd-Pt-Re-Ru-Si-Sn-Ta-Ti-V-W-Y-Zr). It
has been demonstrated the database can be used to precisely calculate phase equilibria, including
phase fractions and compositions, to reliably account for phase transformations with light
impurities (O, N, H, etc.) taken into account, e.g. beta transus temperatures and T( lines of
martensitic transformations, and to faithfully predict some thermophysical quantities in multi-
component commercial alloys. One may couple TCTI2 [16] with the atomic mobility database,

MOBTI3 [17], to study diffusion-controlled phenomena, such as solidification, nucleation,

16
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growth/dissolution and coarsening of precipitates by using the add-on Diffusion Module (DICTRA)

or Precipitation module (TC-PRISMA) in the Thermo-Calc software package.

There are several reasons for the difficulty to develop the CALPHAD databases. For example, in y-
TiAl based alloys the stable phases and the respective amounts vary relatively strongly with
composition and temperature. As we know low levels of light element impurities, such as O, C, N,
can significantly modify phase equilibria in Ti-based alloys. Even very small variations in
composition may drastically change the microstructure. Furthermore, it is difficult to obtain
reliable experimental results for Ti-alloys due to problems such as the risk of contamination,
specifically from oxygen. With new experimental data which are feasible to resolve conflicts among
existing literature data, as well as to close gaps related to missing data, a continuous improvement
and development of the TCTI database can be expected. The development of titanium alloys will be
undoubtedly advanced by using a reliable CALPHAD computational software and accurate

CALPHAD databases, which contributes to a reduction of costly trial and error experiments.
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